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Abstract—Rat peritoneal macrophages were incubated in the presence of S-naphthylamine (8-NA), a
well known carcinogenic agent, and some parameters of respiratory burst were studied. S-NA induced
a time- and dose-dependent stimulation of superoxide anion (O3) production, and this enhancement
was suppressed by the addition of superoxide dismutase enzyme. Also, no cooperative effect between
B-NA and phorbol 12-myristate 13-acetate was observed. Other observations were as follows: (i) the
simultaneous presence of polymyxin B, and staurosporine inhibitors of protein kinase C, inhibited g-
NA-dependent O; production; (ii) NADPH-oxidase contained in postnuclear fraction from S-NA-
incubated macrophages showed a greater activity than control fractions; (iii) the stimulation of O
production elicited by f-NA was several-fold enhanced in activated macrophages compared to resident
cells. These data suggest that 8-NA produces the activation of NADPH-oxidase through protein kinase

C.

Respiratory burst is a coordinate series of metabolic
events that lead to the production of oxygen-free
radicals [1]. This response can be induced in
phagocytic cells by exposure to appropriate stimuli
which activate the O5 generating enzyme (NADPH-
oxidase) [2]. Oxygen-free radicals may both
participate in the defense mechanism againstinvading
microbes [3] and induce damaging effects on
biological molecules such as lipids [4], fibrous
proteins and enzymes [5] and nucleic acids [6].

Oxygen-free radicals also have mutagenic effects.
Indeed, exposure of DNA to Oj -generating systems
causes extensive strand breakage and degradation
of deoxyribose (7], probably due to formation of
OH'. Exposure of mammalian cells to activated
human neutrophils produces chromosome damage
and the DNA within neutrophils themselves is
fragmented during phagocytosis [8]. Oxygen radicals
have been suggested to be involved in the action of
a number of DNA-damaging drugs. Chronic
inflammation can be associated with cancer and it
has been suggested that mutagenic effects of oxygen
radicals produced during the respiratory burst may
promote the development of cancer in chronically
inflamed tissues [9].

In this paper, we have analysed whether a
carcinogenic chemical such as S-naphthylamine (8-
NAY) could stimulate and/or modify the oxygen-
free radical production in macrophages. §-NA is an
aromatic amine which causes bladder cancer [10].
Our results demonstrate that B-NA stimulated
O3 production by peritoneal rat macrophages and
suggest that this stimulation of the respiratory burst
may be associated with the activation of protein
kinase c.

* Corresponding author.
T Abbreviations: 8-NA, f-naphthylamine; PMA, phor-
bol 12-myristate 13-acetate.

MATERIALS AND METHODS

Materials. Chemicals and B-NA were of analytical
grade from Merck (Darmstadt, Germany). Bio-
chemicals were from Boehringer (Mannheim,
Germany) or the Sigma Chemical Co. (St Louis,
MO, U.S.A)). B-NA was freshly prepared and
dissolved in ethanol.

Macrophage preparation. Macrophages were
obtained from peritoneal rat cells as described
previously [11] based on the method of Mosier [12].
Briefly, adherent cells were collected after incubation
in plastic Petri dishes at 37° in Krebs—Ringer—
bicarbonate containing 10 mM glucose and 2%
(w/v) bovine serum albumin under air/CO, (19:1).

Activated peritoneal macrophages were harvested
from rats (100-150 g body weight) 7 days after the
i.p. injection with 0.5mL (5x10® cells) of
Escherichia coli (K12-strain) as described in Ref. 13.
The cellular viability was estimated by their ability
to exclude Trypan blue and it was greater than 95%
after macrophage incubation with any of the §-NA
concentrations tested.

Superoxide assay. O3 production was estimated
by measuring the superoxide dismutase inhibit-
able reduction of cytochrome ¢ at 37° using a
molar absorption coefficient of 21.1mM-lcm™!
as described previously [14]. Macrophages
(1 x 108 cells/mL) were suspended in Krebs—Ringer—
bicarbonate, pH 7.4, containing glucose (10 mM)
and cytochrome ¢ (80 uM). Control cuvettes also
contained superoxide dismutase (90 ug/mL). After
prewarming the cells at 37°, B-NA was added and
absorbance was continuously recorded at 550 nm in
a Uvikon spectrophotometer equipped with an
automatic cell changer.

Preparation of postnuclear supernatants from
macrophages. Postnuclear supernatants were
obtained from macrophages as we described
previously [11]. Briefly, macrophages were incubated
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with 20mM B-NA [or 1% (v/v) ethanol in control
cells] at 37° for 5 min. Reaction was stopped by
placing the cells in an ice-bath. Macrophages were
then collected by centrifugation, suspended in 10 mM
Tris/0.35M sucrose, pH7.2, and homogenized
with a Potter-Elvehjem homogenizer at 4°. The
homogenate was centrifuged at 1000 g to eliminate
nucleus and unbroken cells. The supernatant—
termed postnuclear supernatant—was immediately
used to measure NADPH-oxidase activity.

NADPH.-oxidase activity. The oxidase activity was
determined by measuring the superoxide dismutase
inhibition of cytochrome c¢ reduction at 25° as in
Ref. 15. Cuvettes (1 mL) contained 10 mM phosphate
buffer (pH 7.2) 100 mM NacCl, 1 mM MgCl,, 80 uM
cytochrome c and the postnuclear supernatant. The
O3 production was started by the addition of
NADPH and the absorbance change at 550 nm was
followed.

Protein concentration. Protein concentration was
determined by the modified Lowry method [16] with
bovine serum albumin as standard.

RESULTS

Evidences of O3 production by rat peritoneal
macrophages in the presence of 8-NA

To test whether -NA was able to stimulate the
O3 -generating enzyme, rat peritoneal macrophages
were incubated in the presence of cytochrome ¢ and
absorbance changes were registered before and after
B-NA addition as described in Materials and
Methods. We observed a cytochrome ¢ reduction
after B-NA addition to the cells, but not after g-NA
addition either in the presence of superoxide
dismutase (90 ug/mL) or in the absence of cells.
Redox status of the cytochrome was not modified
by B-NA solvent [1% (v/v) ethanol] either. Thus,
we conclude that cytochrome ¢ reduction was
specifically caused by its reduction with O3 anion,
which was synthesized after the S-NA addition to
the cells.

Time-course and dose-dependent O3 production

Figure 1 illustrates the time-dependent O3
production by B-NA-stimulated resident macro-
phages. The rate of O3 production was linear for
5~10 min and lasted about 30 min. A similar kinetic
pattern was found when phorbol 12-myristate 13-
acetate (PMA) (100 nM) was used as respiratory
burst stimulus (results not shown).

The rate of OF production was dependent on g-
NA concentration. Figure 2 shows O3 production
by resident and activated macrophages in response
to different B-NA concentrations. Maximal stimu-
lating B-NA concentration was 20 mM in resident
macrophages and 5 mM in activated macrophages.
The rate of OF production in response to any B-NA
concentration was about 10-fold greater in activated
than in resident macrophages. It is known that
macrophage differentiation to the activated state
involves a 5-10-fold increase of radical oxygen
production regarding resident cells [17]. Our data
are in agreement with those in the literature.

NADPH-oxidase activity
NADPH-dependent O3 production was assayed
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Fig. 1. Kinetics of OF production by S-NA-stimulated
resident macrophages. Resident peritoneal macrophages
(1 % 10° cells/mL) were stimulated with 5 mM (Q), 10 mM
(A) and 20mM B-NA (O). O;5 production was measured
at different times of incubation. Means + SEM from five
separate experiments performed in duplicate are presented.
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Fig. 2. Effect of f-NA concentration on O3 production by

resident and activated macrophages. Macrophages, 1 x 10°

resident (O) or activated (A), were exposed to different

B-NA concentrations. O5 production was measured 30 min

after adding B-NA. Data are means + SEM from eight
separate experiments.

in the postnuclear supernatant from 20 mM B-NA-
stimulated resident macrophages. Control cells were
incubated with the 8-NA solvent [1% (v/v) ethanol].
Figure 3 shows the O3 -forming activity as a function
of NADPH concentration. A 6-fold lower NADPH-
oxidase activity was found in postnuclear super-
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Fig. 3. NADPH oxidase activity in 20 mM S-NA-stimulated

resident macrophages. Resident macrophages were incu-

bated with 20 mM B-NA (@) or its solvent (O) for 5 min

at 37°. The postnuclear supernatant was obtained from

macrophages as described in Materials and Methods. Data

are means * SEM from two separate experiments
performed in duplicate.

natants from 1% ethanol-treated macrophages
compared with that found in cell extracts from g-
NA-treated macrophages. We also found that 1%-
ethanol treatment of the cells did not alter the basal
oxidase activity measured in cell extracts from non-
treated macrophages.

Effect of inhibitors of protein kinase C

The aim of the next experiment was to analyse
the role of protein kinase C on the mechanism
involved in the activation of NADPH-oxidase by 8-
NA. Resident macrophages were incubated with
PMA and B-NA at different concentrations. Table
1 shows that maximal O3 production was elicited
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by 100nM PMA or by 20mM B-NA. At these
concentrations, S-NA plus PMA-stimulated macro-
phages did not produce more O3 than cells
stimulated independently by either of the stimuli.
However, at submaximal concentration (e.g. with
50 mM PMA plus 10 mM B-NA) a cooperative effect
was observed between both agents. These data could
suggest that both drugs share the same mechanism
of oxidase activation. To test this possibility,
inhibitors of protein kinase C (polymyxin B and
staurosporine) were tested simultaneously with §-
NA. It is well established that protein kinase is the
PMA-intracellular receptor and it seems that PMA
stimulates NADPH-oxidase through the activation
of protein kinase C [18]. Polymyxin B [19] and
staurosporine [20] are potent inhibitors of protein
kinase C and they reduce the PMA-dependent OF
production. Table 1 shows that 20 ug/mL polymyxin
B and 1078M staurosporine reduced B-NA-
dependent Oj production significantly. A more
detailed study on the inhibitory effect of 5 ug/mL
polymyxin B is illustrated in Fig. 4. The inhibition
percentage remained constant (35.2%) with either
of the 8-NA concentrations tested, and it was greater
than that observed when PMA was used as stimulus
(results not shown). This rate of inhibition was
increased to 50.2 and 73.4% when 10 and 25 ug/mL
of polymyxin B were used, respectively. These data
could indicate that the respiratory burst-stimulating
effect of B-NA might be mediated by an activation
of protein kinase C.

DISCUSSION

The present work provides evidence that a potent
carcinogenic chemical, B-NA, is a stimulating agent
of respiratory burst in macrophages. So far, the
tumoral promoter, PMA, has been described as the
most potent stimulating agent of respiratory burst
[3,21]. Apparently, PMA binds to and activates a
phospholipid-dependent protein kinase C which is
then translocated to the membrane where it activates
the NADPH oxidase [22]. Features of the B-NA-
stimulated respiratory burst are similar to those

Table 1. OF production by resident macrophages exposed to B-NA, PMA,
polymyxin B and saturosporine

Stimulant agent of
respiratory burst

~ O; production
(nmol/30 min/mg protein)

PMA (20 1M)
PMA (50 nM)

PMA (100 nM)

B-NA (5mM)

B-NA (10 mM)

B-NA (20 mM)

PMA (100 nM) + B-NA (10 mM)
PMA (50 nM) + B-NA (10 mM)

B-NA (20 mM) + polymyxin B (25 ;t%/mL)

B-NA (20 mM) + staurosporine (10~*M)

7.39x0.36
1.70 £ 0.20
1.53 £ 0.12

Cells were incubated with PMA, S-NA, polymyxin B and staurosporine for
30 min. Data are mean + SEM from three separate experiments.
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Fig. 4. Effect of polymyxin B on O; production by g-NA-

stimulated resident macrophages. Resident macrophages

were incubated with different S-NA concentrations in the

presence (@) or in the absence (O) of polymyxin B (5 ug/

mL). Data are means = SEM of three experiments
performed in duplicate.

previously observed by us [11] and other authors
[23,24] when PMA was used as stimulus. These
data, taken together with (i) the absence of
cooperative effect between PMA and pB-NA
at maximal stimulating concentrations, and (ii)
polymyxin B- and staurosporine-induced inhibition
of B-NA-stimulated O35 production, strongly support
that protein kinase C may be involved in the
intracellular signal transduction pathway of the B-
NA stimulation of O3 production. f-NA might
directly activate protein kinase C or promote
membrane phosphatidylinositol breakdown, leading
to diacyglycerol production which stimulates protein
kinase C.

These data demonstrate that §-NA is a respiratory
burst-stimulating agent, besides being a potent
carcinogenic chemical, sub-lethal damage to genetic
material in inflamed foci caused by phagocyte-
derived oxygen metabolites may be one mechanism
by which cancer  arises in the presence of
inflammation. The observation that human phago-
cytes are important in this mutagenic process {25
27] is consistent with this idea, since there is a strong
correlation between mutagenesis and carcinogenesis
[28]. In addition, it has been stated that human
phagocytes that are activated to produce oxygen
radicals also produce cytogenic damage in cultured
mammalian cells, an observation that may help to
explain the relation between chronic inflammatory
states and cancer in vivo. Xenobiotic tumour
promoters can intercalate into cellular membranes
and are metabolized slowly [29]. In addition, it has
been suggested that phagocytic cells may play a role
in PMA-induced skin tumor promotion [30]. Thus,
a chronic stimulation of protein kinase C can induce
a malignant transformation in the cell [9]. Although
we cannot establish a direct relationship between p-
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NA-induced respiratory burst and carcinogenesis,
our observations suggest a mechanism to interpret
the DNA damage in cells chronically exposed to -
NA.
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