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ABSTRACT
The peptide /V-formyl-Met-Leu-Phe stimulates chemotaxis and me

tastasis in rat Walker carcinosarcoma cells by a receptor-mediated
pathway. Since oxygen radical generation follows chemotactic stimulation
in leukocytes, we looked for similar responses in the Walker tumor.
Upon incubation with 10~* M /V-formyl-Met-Leu-Phe, Walker cells
elicited Chemiluminescence in the presence of 5 x Kl" M lumino!. The

response peaked within 2 min and was maintained for >20 min; it was
dose dependent with a 50% maximal effective dose (EDSO)value of 4.5 x
10 KM, comparable to the 50% maximal effective dose value for che

motaxis. The responses were significantly reduced but not abolished in
the absence of calcium in the external medium and were elicited by the
ionophore A23187. The lipoxygenase inhibitor nordihydroguaiaretic acid
had almost no effect in decreasing the response, while flurbiprofen, a
cyclooxygenase inhibitor was very effective at III"'1M. Evidence for the

generation of oxygen radicals included: (a) marked inhibition of light
emission in the absence of oxygen; (b) inhibition in the presence of
Superoxide dismutase, catatase, and mannitol; and (c) dose-dependent
reduction of acetylated cytochrome c. We postulate that activation of
circulating tumor cells may facilitate metastasis by the release of toxic
oxygen species.

INTRODUCTION
The chemotactic activity of A'-formyl peptides was initially

recognized in natural bacterial products (1) and subsequently
in products from mitochondria! protein synthesis (2). These
peptides have since been studied widely as potent chemoattract-
ants for leukocytes (3) where, in addition to effects on cell
migration, receptor ligand interactions with these agents can
initiate a number of cellular responses including Superoxide
aniÃ³nproduction (4) and lysosomal enzyme release (3). We and
others have recently demonstrated that the rat Walker carci
nosarcoma carries specific cell surface receptors for yV-formyl-
Met-Leu-Phe (5,6) phorbol esters (7) and that the cells respond
to these ligands by chemotaxis (5, 8), increased adhesiveness
(6, 7), and cell swelling (9). In vivo studies showed that fMLP2

enhances the localization of Walker carcinosarcoma cells and
the formation of mÃ©tastasesat sites injected with the chemo-
attractant (10). Since studies so far have indicated many simi
larities between the end point responses of leukocytes and
neoplastic cells to various chemotactic agents (11), we chose to
examine the possibility that peptide stimulation of the Walker
cell line would be followed by Chemiluminescence and oxygen
radical generation. Here we provide evidence to support this
hypothesis.

MATERIALS AND METHODS
Materials. The following materials were purchased from the Sigma

Chemical Company, St. Louis MO: bovine serum albumin; catalase,
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from bovine liver; colchicine; cytochalasin Â¿>,from Helminthosporium
dematioideum; cytochrome c Type 3, from horse heart; 2-deoxyglucose;
fMLP; N-formyl-L-methionyl-L-methionyl-L-methionine; luminol (5-
amino-2,3-dihydro-l,4-phthalazinedione); D-mannitol; nordihydro
guaiaretic acid (4,4'-(2,3-dimethyl-1,4-butanediyl)-bis[ 1,2-benzene-

diol]); phorbol-12-myristate, 13-acetate; Superoxide dismutase from
bovine liver. The calcium ionophore, A23187, was kindly donated by
Dr. Fraser Mustard. All media were obtained from GIBCO, Burlington,
Ontario. Butylated hydroxytoluene (2,6-di-ferf-butyl-4-methylphenol)
was obtained from the Aldrich Chemical Company, Milwaukee, Wl.
Flurbiprofen was a gift from The UpJohn Company, Don Mills, On
tario. Indomethacin was kindly donated by Dr. R. Haslam.

The chemotactic peptides and butylated hydroxytoluene were dis
solved in absolute ethanol to appropriate stock concentrations. The
calcium ionophore, A23187, and luminol were similarly prepared using
dimethyl sulphoxide as the solvent. All other agents were dissolved in
appropriate aqueous buffers.

Cell Lines. Pathogen-free, adult (200 g) male Sprague-Dawley rats
were maintained according to principles set out by McMaster Univer
sity for the care and use of laboratory animals. The Walker carcinosar
coma 256 cell line described previously (5) was maintained by alternate
passage in tissue culture and in vivo as an ascites tumor. Cultures were
maintained in RPMI 1640 medium containing 10% fetal bovine serum
and 1% antibiotic/antimycotic solution.

Chemiluminescence Apparatus. The photon counter was a Thorn
EMI-Gencom instrument, comprising a Model CIO photon counter, a
regulated high voltage power supply (Model 3000R) operated at 1500
V DC, and a Fact 50 MK III thermoelectrically cooled housing for an
EMI 9588A red-sensitive photomultiplier tube which was mounted
vertically. This device is equipped with an evacuated window immedi
ately adjacent to the photomultiplier tube. Above the evacuated window,
there is a light-tight aluminum chamber into which a 6-well culture
plate (Linbro plastics, no. FB6) can be placed. The lids of the culture
dishes were replaced with a specially designed cover which included
miniature stirring motors driving Teflon paddles at 17 rpm to ensure
agitation of the contents of each of the six wells. Provision was made
for gassing the chamber and/or each well and ports were available for
the addition of reagents to each of the culture wells during the course
of an experiment. The temperature in this chamber was maintained at
37Â°C.The output of the photon counter was recorded on a strip chart

recorder (Linear 1200).
Assays of Chemiluminescence. For experiments, tumor ascites fluids

were harvested in heparinized Hanks' balanced salt solution (5 IU

heparin/ml) and erythrocytes were removed by 2 to 3 cycles of osmotic
lysis. Tumor cells were then washed in RPMI containing bovine serum
albumin (0.5 mg/ml; assay medium) and were resuspended in this
medium at a final concentration of 5 x IO6cells/ml. All cell preparation

steps were conducted at room temperature. Cell suspensions prepared
by this method contained 97 Â±1% tumor cells identifiable on Wright
stained cytospin preparations with mean tumor cell viability of 95%
after 6 h as estimated by trypan blue exclusion and intact cell mor
phology. Prior to each experiment, all materials were kept in the dark
for a period of 1 h. Two ml of tumor cell suspension were added to
each culture well in the photometer and allowed to equilibrate for 4
min. Based on the results of early experiments (see below) 10 Â¿Â¿10.01
M luminol was then added to obtain a final concentration of 5 x IO"5

M luminol. This was incubated for another 3 min before addition of the
chemotactic stimuli and/or drugs. Light emission was recorded for a
period of 8-10 min. Tracings were evaluated by measuring the peak
Chemiluminescence (counts per minute) after 8 min or by calculating
the area under the Chemiluminescence light curve (integral Chemilumi
nescence). For this purpose we employed a Microplan II Image Analysis
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TUMOR CELL CHEMILUMINESCENCE

System (Laboratory Computer Systems Inc.. Cambridge, MA).
Discontinuous Assay for Superoxide AniÃ³n.Acetylated cytochrome c

was prepared from horseheart cytochrome c according to the method
of Minakami et al. (12). This was then employed in an assay based
upon previously described methods (4, 13). Briefly, 5 x 10* Walker

tumor cells, suspended in 110 p\ phosphate buffered saline, were added
to reaction tubes containing 0.84 ml phosphate buffered saline, 50 /Â¿I
of appropriate concentration of chemotactic peptide, and 100 Â»Iof 1
HIMacetylated cytochrome c. One half of the tubes in each condition
also contained 20 Â»Iof Superoxide dismutase prepared at a concentra
tion of 1 nmnii. The reaction tubes were incubated for 5 min at 37Â°C,

then chilled, and Superoxide dismutase was added to those tubes which
had not contained the enz.yme previously. Cells were removed from the
reaction by centrifugation and the absorbance of the supernatant was
read at 550 nm. The amount of Oi produced was calculated from the
differences in absorbance of samples with and without Superoxide
dismutase. The extinction coefficient used to calculate Superoxide aniÃ³n
production was 1.8 x IO4M~'cm~'.

Assays for Lipid Peroxidation. The thiobarbiturate assay for malon-
dialdehyde production was used as a measure of cellular lipid peroxi-
dation following chemotactic peptide stimulation (14). Briefly, 5x10*

Walker cells were incubated with appropriate concentrations of fMLP
for 5 min at 37Â°Cin 1 ml phosphate buffered saline. To these tubes

were then added 2 ml of a solution containing trichloroacetic acid (15%
w/v), thiobarbituric acid (0.37% w/v), and 0.25 N hydrochloric acid
(TBA reagent). In a second experiment, 10 ml of cells (5 x 10* cells/
ml) were incubated in a 25-ml Erlenmeyer flask with shaking. Over a
25-min time course, 1-ml aliquots were removed at 3- or 4-min intervals
after addition of fMLP (10"* M, timiIconcentration), and rapidly mixed

with 2 ml TBA reagent in a 13 x 100-mm tube. The tubes were heated
in a boiling water bath for 15 min. the precipitate removed by centrif
ugation, and the absorbance of the supernatants read at 535 nm. Results
have been expressed as nmol of malondialdehyde-equivalents formed
per IO6cells using 1.56x 105cm~' M~' as the molar absorptivity of the

TBA chromophore formed (14).
Data Analysis. All experiments were performed at least twice. Statis

tical differences between experimental groups and controls were deter
mined by Student's t test.

RESULTS

Chemotactic Peptide-induced Chemiluminescence. Walker tu
mor cells do not show background chemiluminescence. Light
production was detected within 10 min following the addition
of fMLP. Addition of the chemiluminogenic probe lumino! (15)
to the system resulted in faster and enhanced chemilumines
cence responses; typically, at a concentration of 5 x 10~5 M,

lumino! produced a 3.8-fold enhancement of the response.
Higher concentrations of lumino! did not produce greater re
sponses (data not shown). Thus, concentrations between 5 x
10~5 M and IO"6 M were employed in subsequent experiments.

In the presence of lumino!, chemiluminescence responses were
highly reproducible. Light production was detected within 2
min following the addition of the chemoattractant fMLP. The
responses increased over a period of 2 to 4 min and were
sustained for at least 20 min (Fig. 1). Since lumino! slightly
increased the production of background light as well, back
ground values were subsequently subtracted from all data. Che
miluminescence was not observed when fMLP was added after
lumino! in the absence of cells.

Since bovine serum albumin has been shown to modify the
chemiluminescence responses of different cell lines (16, 17), its
effect was tested in our system over a concentration range from
0 to 40 mg/ml. Maximal responses were observed at a concen
tration of 0.5 invilii and this was then used in subsequent
assays since concentrations greater than this caused supression
of the response (data not shown). Responses were observed
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Fig. I. Chemiluminescence responses of Walker carcinosarcoma cells (Sx 10'

cells/ml) following stimulation with 10~*M fMLP. The reaction was carried out
in the presence (A) or absence (A) of 5 x IO'5 M lumino! in RPMI 1640 medium

with bovine serum albumin (0.5 mu ml).

over pH ranges from 7 to 9. As no consistent pH effect was
observed, all experiments were conducted at pH 7.4. Small
chemiluminescence responses were detected at cell concentra
tions of 5 x IO5 cells/ml. A concentration of 5 x IO6 cells/ml

provided the best results but higher concentrations did not
enhance light production.

As our assays were performed on ascites tumor cells, we
wished to determine whether host-cell contaminants contrib
uted to the responses. By performing differential counts on
cytospin preparations of our assay cell populations, we looked
for correlations between the percentage of host cells present
and the magnitude of the chemiluminescence response. Analy
sis of 12 samples showed no correlation between these param
eters (r = â€”0.1). In addition we examined the response of
cultured Walker tumor cells to IO"*1M phorbol myristate ace

tate, having been unable to identify fMLP receptors or chemo
tactic responses to fMLP in cultured cells during a previous
study.3 Cultured cells devoid of any contaminating leukocytes,

exhibited strong chemiluminescence responses after stimulation
with the phorbol ester (data not shown).

Dose Responses. Sigmoidal dose response curves were ob
tained when cells were stimulated with concentrations of fMLP
ranging from 10~'Â°to 10~6 M. Half-maximal dose-response
effects (ED50) were observed at 4.5 x 10~8 M (Fig. 2). A

sigmoidal dose curve was also obtained when tumor cells were
incubated with the synthetic peptide f-Met-Met-Met, ED50 =
9.5 x 10~" M (data not shown). No effect on the intensity of

the chemiluminescence response was observed when fMLP was
removed by centrifugation from the assay system after 1-min
incubation with the tumor cells.

Effect of Calcium lonophore. Addition of ID M calcium
ionophore A23187 to Walker cells was followed by a rapid light
production, similar to that after fMLP stimulation. However,
the response was not sustained, and decreased by approximately
50% within 4 min (Fig. 3).

Divalent Cation Requirement. In two experiments we exam
ined the effect of external calcium and magnesium on the
chemiluminescence response. Responses in the absence of cal-

3 D. C. Rayner, unpublished data.
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TUMOR CELL CHEMILUMINESCENCE

cium were significantly reduced (P < 0.05) but not abolished
while removal of magnesium from the buffer had no effect
(Table 1).

Inhibitors of Arachidonate Metabolism. The lipoxygenase in
hibitor, nordihydroguaiaretic acid, had very little effect at 10~6
and IO"7 M in diminishing the fMLP-induced chemilumines-
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Fig. 2. Effect of IMI r concentration on the chemiluminescence of Walker
carcinosarcoma cells. Responses were obtained in 2-ml volumes of RPMI 1640
medium containing 5x10* cells/ml, bovine serum albumin (0.5 mg/ml), and 5
x IO"' M lumino!.
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Fig. 3. Representative chemiluminescence trace obtained following stimulation of Walker cells by IO"5 M calcium ionophore A23187. The experiment was
done in the presence of 5 x IO"5 M lumino!.

Table 1 Ca 2*and Mg2* requirements for ÃŸiLP-induced Walker cell

chemiluminescence

Buffer Surface area (cm2)'

HBSS' + Ca2* + Mg2*
HBSS + Ca2*
HBSS + Mg2*
HBSS without Ca2* or Mg2*

39.5 Â±5.9
38.3 Â±7.2
13.8 Â±0.7'

17.3 Â±1.1
" Area under chemiluminescence trace following 8-min observation after ad

dition ni11M" M IM I I' All measurements were made in colorless Hanks' balanced
salt solution containing 5 x IO"5 M lumino! with or without 1.26 HIMCa2* and/
or 0.8 mM Mg2*. Mean Â±SEM.

'' HBSS. Hanks' balanced salt solution.
r/><0.05.

cence, while the cyclooxygenase inhibitor flurbiprofen signifi
cantly (P < 0.05) decreased the light emission response by
approximately 50% at 10~6M(Table 2). Indomethacin. another

drug known to interfere with the cyclooxygenase pathway, also
significantly inhibited the phorbol myristate acetate-induced

chemiluminescence response by about 30% at 10 /UM.
Cytoskeleton Inhibitors. In the presence of 10~6 M cytochal-

asin b, light production was enhanced 3-fold. In contrast, in
experiments with increasing concentrations of colchicine, the
chemiluminescence response was reduced (Table 3).

Oxygen Requirement and Oxygen Radical Scavengers. Follow
ing a 5-min exposure of cell suspensions to an atmosphere
containing 100% nitrogen, the chemiluminescence response
was virtually abolished (Fig. 4, A and B). However when pop-

Table2 InhibitionoffMLP-andPM.4-inducedchemiluminescencein Walker
cellsby inhibitorsofarachidonatemetabolism

All experiments were performed on 2-ml samples containing 5 x MI"cells/ml
and Sx in ' M lumino!. Cells were incubated for 15 min with indomethacin or
5 min with the other inhibitors before the addition of IO"* M (MLP.

Inhibitor control response"

None
NDGA*

1 (iM
0.1 nM

Flurbiprofen. 1 .Â¡M
Indomethacin, in M

100

91 Â±2
82 Â±10
49 Â±2'
66Â±5C

* Data based on measurement of surface area (cm2) of the chemiluminescence

trace after 8 min of observation. Mean Â±SEM.
* NDGA. nordihydroguaiaretic acid.
c/><0.05.

Table 3 Effect of cytochalasin b and colchicine on fMLP-induced Walker cell
chemiluminescence

All experiments were performed on 2 ml samples containing 5x10' cells/ml
and 5 x 10"' M lumino!. Cells were incubated with the cytoskeletal inhibitors for
3 min before the addition of 10"* M fMLP.

Effect on
chemiluminescence

(% of control
Inhibitor response)*

None
Cytochalasin â€¢>l /IM

Colchicine

1mM
5HIM

100
303Â±13

94Â±8
49Â±19*
15Â±4*

" Data based on measurement of the surface area (cm2) of the chemilumines

cence trace after 8 min of observation. Mean Â±SEM.
*/><0.02.

L

Fig. 4. Requirement for oxygen. Chemiluminescence induced by stimulation
with in " M fMLP in air (.4), following 5 min incubation of cells with nitrogen
(B), and after nitrogen-exposed cells have been returned to air for an additional
5 min (C).
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TUMOR CELL CHEMILUMINESCENCE

ulations of cells previously exposed to nitrogen were subse
quently returned to air for 5 min, the response was restored
(Fig. 4O.

The metabolic inhibitor, 2-deoxyglucose had an inhibitory
effect at concentrations of 10 mM and above. Similarly the
chemiluminescence response of Walker cells was inhibited by
50% in the presence of Superoxide dismutase (l mg/ml), a
scavenger for Superoxide aniÃ³n. In addition, catalase, an inac-
tivator of hydrogen peroxide and mannitol, a known hydroxyl
radical scavenger, also decreased the chemiluminescence re
sponse. The antioxidant, butylated hydroxytoluene, suppressed
light emission by 46% at a concentration of 1 mM (Table 4).
Tryptophan, a known scavenger of singlet oxygen did not
inhibit chemiluminescence at concentrations from 0.1 to 0.9
mM (data not shown).

Superoxide AniÃ³nProduction. Dose-dependent reduction of
acetylated cytochrome c was observed when reactions were
conducted in the presence of increasing concentrations of
fMLP. Following a 5-min incubation, a peak production of
Superoxide aniÃ³n (1.5-1.6 nmol OÃ¤/5x IO6 cells) was found
after stimulation with peptide concentrations above 10~8 M

(Fig. 5).
Lipid Peroxidation. At a sensitivity of 10 pmol of malon-

dialdehyde-equivalents per 10* cells, IO"6 M fMLP did not

stimulate lipid peroxidation in Walker cells over a 25-min time
course. Inclusion of 50 Â¡Â¡Mlumino! in the incubation (with 1
UMfMLP) also had no effect on the formation of TBA-reacting
substances. An investigation into the dose dependency of the
effect of fMLP on formation of TBA reactants by Walker cells
in suspension indicated increasing lipid peroxidation as fMLP
concentration was increased from 1 nM to 1 (Â¿M.The level of

Table 4 Inhibition ofÃŸiLP induced chemiluminescence in Walker cells by
oxygen radical scavengers

All measurements were made on 2-ml samples containing 5 x 10* cells/ml, 5
x IO"5 M lumino!, the indicated concentrations of the various agents and Hi " M
IM I I*in RPMI with bovine serum albumin (O.S mg/ml).

CompoundNo

treatment
Butylated hydroxytoluene, 1.0 mM
Catalase, 947 units/ml
Superoxide dismutase, 1 mg/ml
2-DeoxygIucose

10 mM
24 mM

Mannitol, 5 mM%

Inhibition*0

46 Â±2*
49 Â±8*

50Â±435

Â±9
50 Â±4*
66 Â±4*

" Data based on measurement of surface area (cm2) of chemiluminescence trace

after 8 min. Values are compared to trace obtained in medium without oxygen
radical scavenger.

* P < 0.05.
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Fig. 5. Production of Oj~ after 5 min incubation of cells with fMLP. Assay

based upon reduction of acetylated cytochrome .

TBA reactant formation was, however, very low, not exceeding
20 pmol/106 cells after a 5-min incubation.

DISCUSSION

Measurements of low-level light production by activated cells
and tissues have been employed as a convenient, noninvasive
means to continuously monitor a variety of oxidative processes.
Generation of excited oxygen species, especially singlet oxygen
'O2 may be responsible for such chemiluminescence responses

(18,19). Major sources of singlet oxygen and chemilumines
cence responses include lipid peroxidation, reactions of reduced
oxygen intermediates, and enzymatic activation of oxygen (18).
As chemiluminescence reactions, especially in the presence of
luminili, are not specific for the initial oxygen species present
(18), we undertook to determine which major metabolites of
activated oxygen could be responsible for the chemilumines
cence responses. Evidence for the generation of oxygen radicals
included: (a) the dependence of the reaction upon the presence
of oxygen; (b) inhibition of light emission by various oxygen
metabolite scavengers; and (c) dose-dependent reduction of
acetylated cytochrome c.

The levels of lipid peroxidation observed were just within the
limits of detection of the assay system and in any event were
two orders of magnitude lower than those obtained by workers
using iron complex-treated hepatocytes (20, 21). This lack of
detectable lipid peroxidation may be a result of a combination
of events, not least of which is the nature of the oxidant
produced by stimulated Walker cells. The inhibition studies
with catalase, Superoxide dismutase, and mannitol indicate that
oxidant production was in the external medium and may be of
the Fenton type, i.e., hydroxyl radical (22). By virtue of their
high reactivity, powerful oxidants of this type may have a
limited range of diffusion and thus may not survive long enough
to reach a membrane site where initiation of lipid peroxidation
can take place (23). The thiobarbiturate test is sensitive only to
the peroxidation of fatty acid chains containing three or more
alkene groups (24), therefore, as we do not know if the Walker
cells have a fatty acid profile similar to rat hepatocytes, we
cannot rule out the possibility that TBA-insensitive peroxida
tion occurred. In this context it is notable that leukocytes,
which produce substantially more oxidants than the Walker
carcinosarcoma cells, are also quite refractory to lipid peroxi
dation (25).

The fact that fMLP-induced chemiluminescence production
from Walker tumor cells is strongly enhanced in the presence
of luminol, suggests the formation of a small amount of an
activated oxygen species by the stimulated cells. As chemilu
minescence is also produced by lipid peroxidation in the absence
of luminol (18, 21), it was important to observe no stimulation
of lipid peroxidation in Walker cells exposed to both fMLP
and luminol, compared with cells treated only with luminol.
Assuming that the lack of TBA reactant formation is not a
result of an unusual polyunsaturated fatty acid content in
Walker cells, then a lack of any effect of luminol on fMLP-
stimulated TBA reactant formation substantiates the hypothe
sis that luminol is simply a probe for. and not a stimulus of,
cell-mediated oxidant production.

As in leukocytes (4), chemiluminescence responses were dose-
dependent with the ED50 value (4.5 x 10~8 M) comparable to
the ED50 value (5 Â±2.5 x 10~" M) for chemotaxis and to the
binding affinity constant. KA= 4.9 Â±1.8 x IO"8 M (5). Other
similarities included a dependence upon external Ca2+ and

enhancement of the response in the presence of cytochalasin b
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(4, 13, 26). Inhibitors of the cyclooxygenase pathway were
effective in decreasing the production of light by Walker cells,
activated either by fMLP or phorbol myristate acetate, suggest
ing that part of the chemiluminescence response may be due to
the release of oxygen radicals through the metabolism of ara-
chidonic acid. This contrasts with studies on mouse epidermal
cells and rat neutrophils stimulated with phorbol esters which
showed that drugs effective against lipoxygenase rather than
cyclooxygenase, had significant inhibitory effects on oxygen
radical generation by these cells (27, 28).

It is well accepted that the vascular system plays an important
role in cancer dissemination. The latter is a highly complex and
multistage process involving detachment of cells from the pri
mary tumor, their entry into and exit from the vascular path
ways, and their proliferation in extravascular tissue. The en-
dothelium and basal lamina form an important barrier between
the circulation and extravascular tissue. Recent observations
indicate that endothelial damage caused by X irradiation (29),
drugs (30), or activated neutrophils (31 ) can enhance metastasis
of circulating tumor cells. All these mechanisms are likely to
be dependent upon oxygen radical generation. Activation of
neutrophils is followed by a respiratory burst and the release of
both Superoxide aniÃ³n and hydrogen peroxide (19). In the
circulation these oxygen radicals have been shown to cause
direct endothelial injury (31) and they can alter the collagen
matrix in vitro (32). Since activated nonleukocytic tumor cells
also produce oxygen radicals, we postulate that receptor occu
pancy by chemotactic factors stimulates the release of oxygen
metabolites from intravascular neoplastic cells, leading to vessel
wall injury and the penetration of these cells into host tissue.
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