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The passage of circulating tumor cells across vessel
walls is an important step in cancer metastasis and
is promoted by endotbhelial injury. Because Walker
carcinosarcoma 256 (W256) cells generate oxy-
gen-derived free radicals after cellular activation,
the authors tested the bhypotbesis that these cancer
cells can damage endothelial monolayers by pro-
ducing such reactive oxygen species. To confirm
that oxygen-derived radicals can damage endotbe-
lial cells, 3H.2-deoxyglucose-labeled buman endo-
thelial cell monolayers were exposed to xanthine
oxidase in the presence of 0.2 mmol /Il xanthine. 3H-
2-deoxyglucose release was observed after the addi-
tion of xanthine oxidase in concentrations ranging
Jrom 6.5 X 1073 to 52 X 1073 units/ml. The extent
of damage correlated with xanthine oxidase-depen-
dent chemiluminescence (r = 0.91). Chemilumi-
nescence assays in the presence of 5 X 107> M lumi.
nol confirmed activation of the W256 cells by 1
X 107° M chemotactic peptide fMLP. When fMLP-
activated W256 cells were incubated with endothe-
lial monolayers, concentrations of 2 X 10° to 6
X 10° W256 cells/ml were found to cause a 27%
increase in the specific release of 2-deoxyglucose af-
ter a 90-minute incubation. A small but significant
increase in 3H-2-deoxyglucose release also was ob-
served in the absence of fMLP. Detection of 3H.2-
deoxyglucose release in the presence of activated or
unactivated tumor cells was dependent on preincu-
bating the endothelial cell monolayer with 1 mM
buthionine sulfoximine, an inbibitor of glutathi-
one synthesis. Under these conditions, the specific
release of >H-2-deoxyglucose was increased from
nondetectable levels to 21%, in the presence of 6.5
X 1073 units of the oxidase. Cultured W256 cells

promoted isotope release from endothelial cell
monolayers when activated with phorbol myristate
acetate. Catalase (1000 units/ml) inbibited the tu-
mor cell-induced release of >H.2-deoxyglucose by
84% whereas superoxide dismutase, even at con-
centrations of 1 mg/ml, bad no effect. A require-
ment for cell contact was shown because addition
of cell-free supernatants from fMLP activated tu-
mor cells did not cause 3H-2-deoxyglucose release
and because pretreatment of W256 cells with 1 uM
cytochalasin B inbibited their ability to promote
isotope release even wbhile increasing tumor cell-
generated chemiluminescence threefold. Electron
microscopy revealed that fewer cytochalasin B-
treated W256 cells were attached to the endothelial
cell monolayer than in untreated controls. It is con-
cluded that the W256 tumor cells can damage en-
dotbelial cells directly via a mechanism involving
production of reactive oxygen species. (Am J Pathol
1989, 134:787-796)

Cancer cells frequently disseminate from primary tumors
via the bloodstream. The entrapment of intravascular tu-
mor cells in microvascular networks is probably a prereg-
uisite for their growth into metastatic lesions."? Factors
involved in cancer cell arrest include the physical con-
straints placed on circulating tumor cells as they enter
vessels of small diameter and the expression of adhesion
molecules on the surface of endothelial cells.> Since the
successful establishment of secondary tumors seems to
be associated with prior translocation of cancer cells into
extravascular tissue, however, tumor cell arrest may not
be sufficient for the establishment of secondary tumors.
Most cancer cells do not survive long periods within the
blood stream.’
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Microvascular walls, consisting of endothelium and
basement membrane, act as a barrier to tumor cell extra-
vasation. Although cell migration and the secretion of de-
gradative enzymes have been implicated in cancer cell
damage to basement membrane,®’ the mechanisms in-
volved in tumor cell passage through the endothelium
have been less well documented. Observations from
studies in vitro and in vivo suggest that this might involve
active retraction of endothelial cells after cancer cell at-
tachment® and/or mechanical damage due to cell prolifer-
ation.2®

Several in vivo models of metastasis implicate reactive
oxygen species in endothelial cell damage and the subse-
quent promotion of metastasis. These include the activa-
tion and sequestation of neutrophils in pulmonary capillar-
ies,'® and exposure of animals to agents such as bleomy-
cin,"" high concentrations of oxygen,'? or X-ray."*'
These data and our previous observation that activated
Walker 256 carcinosarcoma cells produce reactive oxy-
gen species’® suggested that free radicals released from
cancer cells might induce endothelial damage. Here we
report that cells from the W256 carcinosarcoma cell line
can cause endothelial cell damage in vitro by the genera-
tion of reactive oxygen metabolites.

Materials and Methods
Materials

The following materials were purchased from the Sigma
Chemical Company, St. Louis MO: bovine serum albumin;
catalase, from bovine liver; cytochalasin B, from Helmin-
thosporium dematioideum; N-formyl-L-Methionyl-L-Leu-
cyl-L-Phenylalanine (fMLP); luminol (5-amino-2,3-dihydro-
1,4-phthalazinedione); phorbol 12-myristate, 13-acetate;
and superoxide dismutase (SOD) from bovine liver. 2-
deoxy-D-{1-*H]glucose was obtained from Amersham
Corporation, Oakville, Ontario at a concentration of 1.0
mCi/ml, (specific activity of 17.0 Ci/mmole). All media
were obtained from GIBCO, Burlington, Ontario. The che-
motactic peptide fMLP was dissolved in absolute ethanol
to appropriate stock concentrations. Luminol was sim-
ilarly prepared using dimethyl sulphoxide as the solvent.
All other agents were dissolved in appropriate aqueous
buffers.

Cell Lines
Pathogen-free, adult (200 g) male Long-Evans rats were

maintained according to principles set out by McMaster
University for the care and use of laboratory animals. The

Walker carcinosarcoma 256 cell line described pre-
viously' was maintained in vivo as an ascites tumor. For
experiments, tumor ascites fluids were harvested in hepa-
rinized Hanks' balanced salts solution (5 IU Heparin/ml)
and erythrocytes removed by 2 to 3 cycles of osmotic
lysis. Tumor cells were then washed in RPMI containing
0.5 mg/ml bovine serum albumin (assay medium) and
were resuspended in this medium at the desired concen-
tration. Cell suspensions prepared by this method con-
tained 98 + 1% tumor cells identifiable on Wright-stained
cytospin preparations with a mean tumor cell viability of
95% after 6 hours as estimated by trypan blue exclusion
and intact cell morphology.

Endothelial Cell Culture and Assays of
Endothelial Damage

Human umbilical cord endothelial cells were obtained by
collagenase treatment and maintained in culture by a
method modified from Jaffe et al.'® Briefly, the cells were
harvested by collagenase treatment and maintained in
medium 199 plus 20% human heat-inactivated serum,
100 ug/ml streptomycin, 100 units/ml penicillin, and 100
ug/mi pituitary-derived endothelial growth factor. The
cells were either passaged once into T25 flasks and then
seeded onto fibronectin coated plastic discs, contained
in 24-well tissue culture dishes, or alternatively seeded di-
rectly into these multiwell dishes after collagenase treat-
ment. Cells were identified as being endothelial in origin
by their cobblestone morphology as well as their expres-
sion of Factor VIl antigen. All cells used in experiments
were either at passage one or two.

The endothelial cells were assayed for damage as fol-
lows. Confluent monolayers were labeled overnight by the
addition of 1 wuCi/well 2-deoxy-[1-*H]-glucose-6-phos-
phate.'” Eighteen to twenty-four hours later the media
were removed and the endothelial cell monolayers were
washed four times with 1 ml of RPMI plus 0.5 mg/ml BSA.
In some cultures 1 mM buthionine sulfoximine was added
to the cells the night before the assay and then included
at this same concentration in all washes as well as the
assay medium itself. The assay for endothelial celi dam-
age was initiated by adding various concentrations of
xanthine oxidase in 0.5 ml RPMI with 0.5 mg/ml BSA and
0.2 mmol/l xanthine. Alternatively, varying numbers of
W256 cells were added in a total volume of 0.5 ml RPMI
plus 0.5 mg/ml BSA. In some experiments the tumor cells
were then activated by adding 1 X 107 M fMLP. After a
90-minute incubation at 37 C in a humidified environment
containing 5% CO,, the medium was removed from each
well. The endothelial cell monolayer was washed once
with 0.5 ml RPMI plus 0.5 mg/ml BSA and this was added



to the medium. Any cells present in these supernatant
fluids were removed by centrifugation for 3 minutes at
200g. The discs on which the endothelial monolayers had
been grown were then removed from the culture dishes,
and placed .into 0.2 ml of Beckman tissue solubilizer. The
radioactivity retained in the monolayer was then deter-
mined along with that in the medium using a Beckman LS
1801 scintillation counter. The release of the 3H-2-deoxy-
glucose into the medium was calculated as a percentage
of the total radioactivity in each well. In controls, consider-
able variation was found in the release of *H-2-deoxyglu-
cose between different endothelial cell preparations. Per-
cent specific release was therefore determined by the for-
mula: A — B/B X 100, where A equals the percent release
found under experimental conditions and B equals the
percent release found in controls, ie, medium without xan-
thine oxidase or tumor cells. Percent release was calcu-
lated as a mean of four to six replicates. Percent specific
release is given as a mean plus or minus standard error.

Chemiluminescence Apparatus and Assay

Details concerning the construction of the chemilumines-
cence apparatus have been published previously.'
Briefly, it consists of an EMI 9588A red-sensitive photo-
multiplier tube that is mounted vertically and monitored by
a model C10 photon counter (Thorn EMI-Gencom instru-
ments). Above the photomultiplier tube there is a light-
tight aluminum chamber into which a 6-well culture plate
(Linbro plastics #FB6) can be placed. The lids of the cul-
ture dishes are replaced with a specially designed cover
that includes six miniature stirring motors driving Teflon
paddles at 17 rpm to ensure agitation and holes through
which air or reagents can be added. During experiments
the temperature in this chamber was maintained at 37 C.

Before each experiment, all materials were kept in the
dark for a period of 1 hour. Two milliliters of tumor cell
suspension (5 X 108 cells/ml) were added to each culture
well in the photometer and allowed to equilibrate for 4 min-
utes. Luminol was then added to obtain a final concentra-
tion of 5 X 107 M luminol. This was incubated for another
3 minutes before adding fMLP. Light emission was re-
corded for a period of 8 to 10 minutes. Tracings were
evaluated by measuring the peak chemiluminescence
(counts per minute) or by calculating the area under the
chemiluminescence light curve over 8 minutes continu-
ous recording (integral chemiluminescence). For this pur-
pose we used a Microplan Il Image Analysis System (Lab-
oratory Computer Systems Inc., Cambridge, MA).
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Preparation of Tissue Cultures For Scanning
Electron Microscopy

Cultures were rinsed in serum free medium and fixed with
2.5% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.5,
at 37 C. Primary fixation was continued for 30 minutes at
22 C. Cultures were postfixed in 1% OsQO,in 0.1 M sodium
cacodylate at 4 C for 30 minutes, rinsed in water, and
dehydrated through graded ethanol (50%, 70%, 90%,
95%). They were then critical-point dried from absolute
ethanol in a critical point dryer (Ladd Research Industries)
using CO; as the transition fluid. The dried preparations
were coated with 20 nm of gold in a sputter coater, and
viewed on a Philips 501B scanning electron microscope
at 15 0or 30 kV.

Data Analysis

All experiments were performed at least twice. Statistical
differences between the experimental and control groups
in the H-2-deoxyglucose release assay were determined
by the Student’s t-test for unpaired samples.

Results

Effect of Xanthine Oxidase and Walker
Carcinosarcoma 256 Cells on
Chemiluminescence and 2-
deoxyglucose Release

Figure 1 illustrates typical chemiluminescence traces, ob-
tained when 5 X 10% W256 cells were incubated with 10~°
M fMLP or when 6.5 X 1072 units of xanthine oxidase
were incubated with 0.2 mmole xanthine. A detailed char-
acterization of the W256 tumor cell response has been
published previously.'® Background production of low
level chemiluminescence was observed in studies of un-
activated tumor cells whereas no chemiluminescence
was observed in the presence of xanthine oxidase alone.
In contrast to xanthine oxidase chemiluminescence,
W256 cell chemiluminescence was sustained for greater
than 20 minutes. Xanthine oxidase chemiluminescence
declined to one third its initial peak value by 10 minutes
(Figure 1).

In the presence of 0.2 mmole xanthine, chemilumines-
cence was dependent on the presence of added xan-
thine oxidase in concentrations ranging from 6.5 X 1072
units to 52 X 1072 units/ml (Figure 2). Increasing xanthine
oxidase concentrations to 104 X 1072 units had no further
effect on chemiluminescence. In the presence of fMLP 5
X 108 tumor cells/ml produced a level of chemilumines-
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cence approximately equivalent to that produced by 6.5
X 1072 units/ml xanthine oxidase. Xanthine oxidase con-
centrations ranging from 6.5 X 1072 to 104 X 1072 units
were therefore choosen to assess the release of *H-2-de-
oxyglucose from human umbilical cord endothelial cells.
The release of *H-2-deoxyglucose from human umbilical
cord endothelial cells incubated with xanthine oxidase
also was observed at concentrations of xanthine oxidase
between 6.5 X 1072 and 52 X 1072 units (Figure 2). In-
creasing the xanthine oxidase concentration to 104
X 1072 units had no further effect on ®H-2-deoxyglucose
release. Specific °H-2-deoxyglucose release reached lev-
els of approximately 50% at these concentrations of xan-
thine oxidase. ®*H-2-deoxyglucose release correlated di-
rectly with xanthine oxidase generated chemilumines-
cence (r = 0.91). Linearity of ®H-2-deoxyglucose release
with increasing xanthine oxidase concentration was de-
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Figure 1. Representative chemilumines-
cence produced by W256 cells or xanthine
oxidase. Left: 5X 10° W256 cells were stim-
ulated with 1 X 10°° M fMLP. Right: 0.2
mmol/l xanthine was incubated with 6.5
X 1073 units/ml xanthine oxidase. Five
bundred millimoles luminol was present
in both experiments.

pendent on the presence of 5 mg/ml soybean trypsin in-
hibitor in the media during the course of the assay.!” Com-
mercially prepared xanthine oxidase typically contains
trypsin as a contaminant.’® In the absence of soybean
trypsin inhibitor approximately 50% of the endothelial cells
detached from the surface of the culture dish, even at
xanthine oxidase concentrations of 13 X 1073 units/ml.
The increase in tumor cell-dependent 3H-2-deoxyglu-
cose release from human umbilical cord endothelial cells
was observed only when the assays were conducted in
the presence of 1 mM buthionine sulfoximine (BSO) on
cells that had been precultured in 1 mM BSO. Both over-
night pretreatment of the endothelial cell monolayer and
the continued presence of BSO in the reaction media ap-
peared nessesary for maximum responses. Under these
conditions the specific release of 3H-2-deoxyglucose
found in the presence of 6.5 X 1072 units xanthine oxi-

Figure 2. The effect of xanthine oxidase
concentration on chemiluminescence
and on the release of >H-2-deoxyglucose
from buman endothelial cells is shown. All
measurements were made in the presence
of 0.2 mmole/l xantbine in RPMI 1640 me-
dium with bovine serum albumin (0.5 mg/
ml). Assays for 3H-2-deoxyglucose release
were conducted in the presence of 5 mg/
ml soybean trypsin inbibitor. Assays of
chemiluminescence were performed in the
presence of 500 mM luminol. Isotope re-
lease in control cultures was 41+ 1%.
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Table 1. The Effect of Buthionine Sulfoximine
on Xanthine Oxidase-Promoted
3H-2-deoxyglucose Release

Buthionine sulfoximine Percent specific
concentration 3H-2-deoxyglucose release
None ND

10 uM ND

100 uM 12+6

1.0mM 21+ 3*

The endothelial cell monolayer was pretreated overnight with varying
concentrations of buthionine sulfoximine. The assay medium contained
xanthine (0.2 mmol/l), xanthine oxidase (6.5 X 10~° units/ml), soybean
trypsin inhibitor (5 mg/ml), buthionine sulfoximine at the given concentra-
tions in RPMI 1640, and bovine serum albumin (0.5 mg/ml). Isotope re-
lease in control cultures was 35 + 2%. ND: not detected.

* P < 0.05 when compared with release of isotope from endothelium
alone.

dase was increased from nondetectable levels to 21%.
This increase was dependent on the concentration of
BSO (Table 1).

Figure 3 illustrates the effect of cancer cell concentra-
tion and cell activation state on the specific release of *H-
2-deoxyglucose from human umbilical cord endothelial
cells. Maximum values for 3H-2-deoxyglucose release
were observed when fMLP-activated W256 cells were in-
cubated with the monolayers. ®H-2-deoxyglucose specific
release increased from undetectable levels at a cell con-
centration of 1.0 X 10® W256 cells/ml to a maximum of
30% at a cell concentration of 6.0 X 10° cells/ml (Figure
3). In the absence of fMLP, there was a small but signifi-
cant increase in ®H-2-deoxyglucose release at cell con-
centrations greater than or equal to 4.0 X 108 cells/ml.
The incubation of fMLP with endothelial cells in the ab-
sence of tumor cells failed to cause an increase in the
specific release of *H-2-deoxyglucose. At concentrations
greater than 2.0 X 10° tumor cells per ml, the endothelial
cell monolayer appeared completely covered by tumor

Figure3. The effect of W256 cell concentra- 40
tion on the release of H-2-deoxyglucose
from umbilical cord endothelial cells. En-
dothelial cells were cultured overnight
with 1 mM buthionine sulfoximine and 1
wCi/ml 3H-2-deoxyglucose. W256 cells
were cocultured with the endothelium for
90 minutes in the presence or absence of 1
X 10° M MLP in RPMI 1640 plus bovine se-
rum albumin (0.5 mg/ml). Isotope release
in control cultures was 42+ 1%.
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Table 2. The Effect of Culture Time on Tumor Cell-
Promoted 3H-2-deoxyglucose Release

Percent specific
3H-2-deoxyglucose release
Length of assay Unactivated Activated

(minutes) W256 cells W256 cells

0 - -
45 9.1+99 139+ 1.8*
90 32+32 224+3.2*
180 6.2+08* 6.2+1.9*

Isotope release in control cultures was 21 + 1%, 31 + 3%, and 47
+ 2% for 45, 90, and 180 minutes, respectively.

* P < 0.05 when compared with release of isotope from endothelium
alone.

cells as viewed by light microscopy (data not shown).
Maximum levels of ®H-2-deoxyglucose release were thus
obtained with a W256 to endothelial cell ratio between 5
to7:1.

In the above experiments, ®H-2-deoxyglucose release
was measured after a 90-minute incubation of W256 cells
with endothelial cell monolayers. After 30 minutes of incu-
bation the specific release of ®H-2-deoxyglucose, pro-
moted by activated W256 cells, was maximum (Table 2).
In the absence of tumor cells, background release of °H-
2-deoxyglucose increased linearly with time. At 180 min-
utes, approximately 50% of the retained 3H-2-deoxyglu-
cose had been released into the surrounding media. This
resulted in a significant decrease in the observed *H-2-
deoxyglucose release, which was specific for the pres-
ence of tumor cells (Table 2).

Because in most experiments, W256 tumor cells were
obtained in the form of an ascites, we assessed the contri-
bution of host leukocytes to *H-2-deoxyglucose release.
Cytospins were prepared and differential cell counts per-
formed for each experiment. No significant correlation
was found between the extent of 3H-2-deoxyglucose re-

1 2 4 6 8
Tumor Cell Concentration (X 10°/ml)
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Table 3. The Effect of Cultured Tumor Cells on Tumor
Cell-Promoted *H-2-deoxyglucose Release

Endothelial treatment Exp. 1 Exp. 2

The Requirement for Cell Contact

Table 5 compares the effect of adding intact tumor cells

Ph°’b9"12'mm3;’2isgte'|:3'a°eta‘e 63243 ;g * ‘1*2 to endothelial monolayers with the effect of adding the
2233:3;%?,2565(385: S 191+52* 288+36 supernatant of these cells. W256 cells were incubated in

W256 cells obtained from an ascites tumor were cultured in BGJ me-
dium with 10% fetal calf serum and 1% antibiotics for 3 days before the
experiment. The culture flask was changed after the first and secnd day
to remove adherent leukocytes. W256 cells were then activated with 1
X 107 M phorbol myristate acetate since fMLP fails to activate cultured
W256 cells." Isotope release in control cultures was 34 + 2% and 39
+ 1% for experiments 1 and 2, respectively.

* P < 0.05 when compared with release of isotope from endothelium
alone.

lease and the number of contaminating neutrophils found
in a given preparation (r = 0.154). Further, cultured W256
cells stimulated with 1078 M phorbol myristate acetate
(PMA), although devoid of contaminating neutrophils, still
induced 3H-2-deoxyglucose release from endothelial cells
to the same extent as did W256 cells isolated as an asci-
tes. Cultured W256 cells still promoted low levels of 3H-2-
deoxyglucose release from endothelial cell monolayers in
the absence of PMA (Table 3).

The Effect of Catalase and Superoxide
Dismutase

The release of °H-2-deoxyglucose associated with the ad-
dition of 2.0 X 10° activated tumor cells per ml to labeled
endothelial monolayers was unaffected by the simulta-
neous addition of superoxide dismutase at concentra-
tions of 0.1 or 1.0 mg/ml (Table 4). In contrast, the addi-
tion of 1000 units/ml of catalase resulted in the nearly
complete inhibition of this response. At catalase concen-
trations of 100 units/ml there was no observable effect on
tumor cell-promoted *H-2-deoxyglucose release (Table
4). The complete inhibition of tumor cell-promoted 3H-2-
deoxyglucose release observed in the presence of 1000
units/ml of catalase was reduced to approximately 40%
inhibition when tumor cell concentrations were increased
from 2.0 X 108 tumor cells to 6.0 X 108 tumor cells per mi
(Figure 4).

medium for 30, 60, or 90 minutes in the presence or ab-
sence of 1076 M fMLP. The cells were then pelleted and
the supernatant assayed for its ability to increase 3H-2-
deoxyglucose release by incubation with endothelial
monolayers for 90 minutes. In control cultures, tumor cells
from the same population were incubated directly with the
endothelium as described above. In the absence of tumor
cells the addition of supernatant to endothelial cells failed
to increase H-2-deoxyglucose release.

To more fully explore this effect, tumor cells were prein-
cubated with 1 uM cytochalasin B before being assayed
for their ability to promote ®H-2-deoxyglucose release. Ta-
ble 6 illustrates the percent inhibition of 3H-2-deoxyglu-
cose release from endothelial monolayers exposed to cy-
tochalasin B-treated W256 cells. The results from these
two experiments clearly indicate that *H-2-deoxyglucose
release is reduced substantially when the tumor cells are
pretreated with cytochalasin B. This is in direct contrast
to the observed chemiluminescence response of cyto-
chalasin B treated W256 cells; the pretreatment of W256
cells with 1 uM cytochalasin B typically increases the level
of chemiluminescence threefold.'® Scanning electron mi-
crographs of tumor cells adherent to washed endothelial
cell monolayers demonstrated 60 to 80% fewer adherent
W256 cells when the tumor cells were pretreated with cy-
tochalasin B. Those tumor cells that were attached in this
case had a distorted morphology with a reduction in the
number of cytoplasmic processes (Figure 5).

Discussion

Previous studies indicated that fMLP-activated W256
cells generate reactive oxygen species.'® We have tested
the possibility that oxygen radical production by these
cells could damage endothelial cell monolayers because
vessel wall damage can be caused by the free radicals
released from activated leukocytes. ' ' By using *H-2-de-

Table 4. The Effect of Superoxide Dismutase and Catalase on Tumor Cell-Promoted >H-2-deoxyglucose Release

Superoxide dismutase Catalase
Cells Control 0.1 mg/ml 1 mg/ml 100 U/mi 1000 U/mi
Unstimulated W256 08+39 - - - -
Stimulated W256 19.2+4.2* 17.2+ 5.6* 184+ 2.3* 25.1+9.5* 33+40

Superoxide dismutase and catalase were added to the endothelial cultures before adding W256 cells. Isotope release in control cultures was 24 + 1%.
* P < 0.05 when compared with release of isotope from endothelium alone.
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tures in the presence or absence of 1000 0
units/ml catalase. Isotope release in con-
trol cultures was 33+ 1%.

oxyglucose release from prelabeled endothelial cells as
an index of cell damage,'”? we found that fMLP-acti-
vated W256 cells are capable of directly damaging endo-
thelial cells in vitro. The mechanism appeared to involve
the generation of reactive oxygen species since: 1) pre-
treatment of endothelium with buthionine sulfoximine, an
inhibitor of y-glutamylcysteine synthetase synthesis, was
required to detect apprecible H-2-deoxyglucose release;
2) catalase inhibited release of the isotope; 3) detectable
isotope release required the presence of tumor cells (su-
pernatants were ineffective); and 4) damage was maximal
when the tumor cells had been activated with fMLP and
correlated with tumor cell-generated chemilumenes-
cence.

Studies of W256 cell-generated chemiluminescence
suggest that hydrogen peroxide, superoxide anion, and

Table 5. Inability of Cell-Free Supernatants to Induce
Release of *H-2-deoxyglucose from Labeled
Endotbelial Cells

1 2 [
Tumor Cell Concentration (X 10%/mi)

hydroxyl radical are all generated after W256 cell activa-
tion.'® Polymorphonuclear leukocytes also produce these
oxygen metabolites when activated.?"? Some studies
with PMNs have indicated that hydrogen peroxide is the
reactive oxygen metabolite most likely to be responsible
for endothelial cell damage.?*?® Other studies have indi-
cated that superoxide anion and hydroxyl radical are also
cytotoxic.2* Two observations support the conclusion that
hydrogen peroxide is predominately responsible for endo-
thelial cell damage by the W256 cell line. First, in the pres-
ence of glutathione peroxidase, hydrogen peroxide is di-
rectly reduced by glutathionine and is effectively scav-
enged.® Therefore, because *H-2-deoxyglucose release
was observed only when the endothelial cell monolayer
had been pretreated with buthionine sulfoximine, which
depletes the cells of endogenous glutathione, cells would
be more susceptible to hydrogen peroxide-mediated
damage.?® Second, inhibition of tumor cell-dependent *H-
2-deoxyglucose release by the addition of catalase and
not superoxide dismutase to the assay suggests that hy-

Conditions t=30 t=60 t=90
Intact unactivated W256
cells l _ _ 60+20 Table 6. The Effect of Cytochalasin B Treatment of
Intact activated W256 w256 Ci el.ls on Release of H-2-deoxyglucose from
cells _ - 16.0+1.0* Endotbelial Cell Monolayers
Supernatant of Inhibition of ?H-2-
gg::twated w256 00446 23+29 32+20 deoxyglucose release after
Supernatant of activated - = cytochalasin B treatment
W256 cells 32+37 3539 00x35 W256 population (Exp. 1) (Exp. 2)
W256 carcinosarcoma cells in suspension culture at a concentration Unactivated W256 cells 56%* 23%
of 5 X 10° cells/ml were activated with 1 X 108 M fMLP for 30, 60, or 90 Activated W256 cells 55%* 13%*

minutes. The cells were then pelleted and the cell-free supernatants added
to the labeled endothelial cell monolayers to assess *H-2-deoxyglucose
release. In control conditions intact cells from the same original population
were added to endothelial cultures. Isotope release in control cultures was
36 + 2%. t = time in minutes.

* P < 0.05 when compared with release of isotope from endothelium
alone.

W256 cells were treated with 1 uM cytochalasin B for 10 minutes,
washed, and tested for their ability to promote *H-2-deoxyglucose release,
asin Figure 3. Inhibition of release was calculated with reference to release
caused by W256 cells that had not been treated with cytochalasin B.

* P < 0.1 when compared with isotope release promoted by untreated
W256 cells.
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Figure 5. Scanning electron micrographs of untreated and cytochalasin B treated W256 cells adberent to endothelial cell mono-
layers. W256 cells were treated with 1 uM cytochalasin B for 10 minutes, washed, and incubated with endothelial cell monolayers
for 90 minutes. The discs on which the endothelial monolayers were grown were then removed, washed in RPMI medium to remove
nonadhberent W256 cells, and fixed in 2% glutaraldebyde and 0.1M cacodylate buffer in preparation for electron microscopy. A:
Untreated W256 cells attached to the endothelial cell monolayer. B: A cytochalasin B-treated W256 cell still attached to the endothe-

lial cell monolayer.

drogen peroxide and not superoxide anion is responsible
for endothelial cell damage.

The treatment of neutrophils with cytochalasin B has
been shown to increase proteolytic enzyme release, %
as well as generation of reactive oxygen metabo-
lites.2"2228 Because W256 cell chemiluminescence is in-
creased threefold by cytochalasin B treatment,'® we ex-
pected that endothelial damage would also be greater.
However, pretreatment of tumor cells with cytochalasin B
greatly reduced their ability to cause 3H-2-deoxyglucose
release. Sacks et al reported a similar effect after cytocha-
lasin B pretreatment of neutrophils that was suggested
to be the result of decreased neutrophil adhesion to the
endothelial cell monolayer.?® Similarily, we found a reduc-
tion in the number of activated tumor cells adherent to the
endothelial cell monolayers after cytochalasin B pretreat-
ment. A reduction in the adherence of activated W256
cells to plastic dishes after cytochalasin B treatment also
has been reported.® This experiment and the observation
that supernatants from activated W256 cells do not cause
endothelial damage suggest that direct contact between
the W256 cell and endothelium may be required for maxi-
mum endothelial damage. These data are consistant with
the proposal of Sacks et al that the damaging agents are

short lived reactive oxygen species. Hydrogen peroxide
stability is greatly diminished in the presence of even trace
amounts of metals such as iron. Under these circum-
stances hydrogen peroxide undergoes a Fenton type re-
action, resulting in the production of hydroxy radicals.>'

A similar mechanism of endothelial cell damage has
been reported when human neutrophils are activated by
phorbol esters or C5a.'"202.252 Because the W256 asci-
tes typically contains a 1 to 2% contaminating neutrophil
population, we were concerned that this might be respon-
sible for the cell damage observed in 6ur assays, but
there is substantial evidence to the contrary. First, there
was no correlation between the magnitude of the chemilu-
minescence response, the degree of endothelial dam-
age, and the number of neutrophils found in a given W256
cell preparation. Second, cultured W256 cells, free of neu-
trophil contamination, still demonstrated chemilumines-
cence'® and were able to promote the release of *H-2-
deoxyglucose from endothelial cells after PMA activation.
Third, fMLP activation of 2 X 10° rat neutrophils (greater
than 100 times the maximal number of such cells present
in the ascites fluid) produced less than 2 nmoles superox-
ide in 1 hour as assayed by ferricytochrome ¢ reduction.?’
The activation of 5 X 10° W256 cells produces approxi-



mately 2 nmoles superoxide anion in 5 minutes when as-
sessed by the same method.'® Endothelial cell damage
as assayed by %H-2-deoxyglucose release was already
maximum when 2 X 10° W256 cells were added to the
assay. Because rat neutrophils make up only 1 to 2% of
the W256 cell preparation, it would seem that the ob-
served damage in our experiments is unlikely to be due
to the activation of contaminating leukocytes.

In these experiments, W256-mediated damage was
dependent on the pretreatment of the endothelial cell
monolayers with the glutathione redox cycle inhibitor,
buthionine sulfoximine. Harlan et al also have reported a
similiar requirement to detect neutrophil-mediated oxida-
tive damage of endothelial cells.3>3 It should be recog-
nized however, that a requirement for BSO pretreatment
in vitro does not nessarily infer a requirement for BSO in
vivo. In vitro, endothelial cell damage by W256 tumor cells
may be limited by a number of factors inherent to the as-
say itself, including a relatively short duration of tumor
cell-endothelial interaction due to the background efflux
of ®H-2-deoxyglucose, as well the limited availability of ox-
ygen due to a high number of respiring cells/well. Further,
because these experiments were conducted with human
umbilical cord endothelial cells, it is unknown to us
whether damage to microvascular endothelial cells would
require BSO pretreatment.

In summary, we have performed in vitro experiments
that show that activated W256 cells cause endothelial cell
damage, detected by the release of *H-2-deoxyglucose.
This injury was dependent on direct contact between the
effector and target cells and could be related to oxygen
radical generation by the cancer cells. In vivo, drug, neu-
trophil, or x-ray-induced endothelial injury are known to
promote metastasis of circulating cancer cells.'®'"'* Free
radical mechanisms are probably involved in the genesis
of these injuries. Therefore, we suggest that cancer cells
also could facilitate their own passage through vessel
walls by generating reactive oxygen species in vivo. This
possibility is currently being studied.

References

1. Weiss L, Orr FW, Honn KV: Interactions of cancer cells with
the microvasculature during metastasis. FASEB J 1988, 2:
12-21

2. Crissman JD, Hatfield JS, Menter DG, Sloane B, Honn KV:
Morphological study of the interaction of intravascular tumor
cells with endothelial cells and subendothelial matrix. Can-
cer Res 1988, 48:4065-4072

3. Nicolson GL: Cancer metastasis: Organ colonization and the
cell surface properties of malignant cells. Biochim Biophys
Acta 1982, 695:113-176

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Cancer Cell Damage of Endothelium 795
AJP April 1989, Vol. 134, No. 4

. Auerbach R, Lu WC, Pardon E, Gumkowski F, dKaminska G,

Kaminski M: Specificity of adhesion between murine tumor
cells and capillary endothelium: An in vitro correlate of pref-
erential metastasis in vivo. Cancer Res 1987, 47:1492-1496

. Lauri D, Orr FW, Bastida E, Sauder D, Buchanan MR: Differ-

ential effects of Interleukin-1 and fMLP on chemotaxis and
human endothelium adhesivity for A549 tumor cells. Lab In-
vest 1989, 60:161-164

. Nakajima M, Welch DR, Belloni PN, Nicolson GL: Degrada-

tion of basement membrane type IV collagen and lung sube-
ndothelial matrix by rat mammary adenocarcinoma cell
clones of differing metastatic potentials. Cancer Res 1987,
47:4869-4876

. Sloane BF, Rozhin J, Ryan RE, Lah TT, Day NA, Crissman

JD, Honn KV: Cathepsin B-like cysteine proteinases and me-
tastasis. Dev Oncol 1986, 40:377-397

. Nicholson GL: Metastatic tumor cell attachment and inva-

sion assay utilizing vasculature endothelial cell monolayers.
J Histochem Cytochem 1982, 30:214-220

. Baserga R, Saffiotti U: Experimental studies on histogenesis

of blood-borne metastasis. Arch Pathol 1955, 59:26-34

Orr FW, Warner DJA: Effects of neutrophil-mediated pulmo-
nary endothelial injury on the localization and metastasis of
circulating walker carcinosarcoma cells. Invasion Metastasis
1987, 7:183-196

Adamson |, Orr FW, Young I: Effects of injury and repair of
the pulmonary endothelium on lung metastasis after bleomy-
cin. J Pathol 1986, 150:279-287

Adamson |, Young L, Orr FW: Tumor metastasis after hyper-
oxic injury and repair of the pulmonary endothelium. Lab In-
vest 1987, 57:71-77

Dao TL, Yogo H: Enhancement of pulmonary metastases by
X-irradiation in rats bearing mammary cancer. Cancer 1967,
20:2020-2025

Hirata H, Tanaka K: Artificial metastases and decrease of
fibrinolysis in the nude mouse lung after hemithoracic irradia-
tion. Clin Exp Met 1984, 2:311-319

Leroyer V, Werner L, Shaughnessy S, Goddard G, Orr FW:
Chemiluminescence and oxygen radical generation by
walker carcinosarcoma cells after chemotactic stimulation.
Cancer Res 1987, 47:4771-4775

Jaffe EA, Nachman RL, Becker CG, Minick CR: Culture of
human endothelial cells derived from umbilical viens. J Clin
Invest 1973, 52:2745-2756

Andreoli SP, Baehner RL, Bergstein JM: In Vitro detection of
endothelial cell damage using 2-deoxy-D-H-glucose: Com-
parison with chromium 51, ®H-leucine, 3H-adenine, and lac-
tate dehydrogenase. J Lab Clin Med 1985, 106:253-261
Ager A, Wenham DJ, Gordon JL: Stimulation of endothelial
cells by protease activity in commercial preparations of xan-
thine oxidase. Thromb Research 1984, 35:43-52

Till GO, Johnson KJ, Krunkel R, Ward PA: Intravascular acti-
vation of complement and acute lung injury. J Clin Invest
1982, 69:1126-1135

Andreoli SP, Mallett CP, Bergstein GM: Role of glutathione
in protecting endothelial cells against hydrogen peroxide oxi-
dant injury. J Lab Clin Med 1986, 108:190-198



796 Shaughnessy et al
AJP April 1989, Vol. 134, No. 4

21.

22.

23.

24.

25.

26.

Hatch GE, Gardner DE, Menzel DB: Chemiluminescence of
phagocytic cells caused by N-formylmethionyl peptides. J
Exp Med 1978, 147:182-195

Becker EL, Sigman M, Oliver JM: Superoxide production in-
duced in rabbit polymorphonuclear leukocytes by synthetic
chemotactic peptides and A23187. Am J Pathol 1979, 95:
81-97

Weiss SJ, Young J, LoBuglio AF, Slivka A, Nimeh NF: Role
of hydrogen peroxide in neutrophil-mediated destruction of
cultured endothelial cells. J Clin Invest 1981, 68:714-721
Ward PA, Till GO, Kunkel R, Beauchamp C: Evidence for role
of hydroxyl radical in complement and neutrophil-dependent
tissue injury. J Clin Invest 1983, 72:789-801

Suttorp N, Toepfer W, Roka L: Antioxidant defense mecha-
nisms of endothelial cells: Glutathione redox cycle versus
catalase. Am J Physiol 1986, 251:C671-C680

Smith RJ, Iden SS: Pharmacological modulation of chemo-
tactic factor-elicited release of granule-associated enzymes
from human neutrophils: Effects of prostaglandins, nonste-
riod anti-flammatory agents and corticosteriods. Biochem
Pharm 1980, 29:2389-2395

27.

28.

31.

32.

Ward PA, Sulavik MC, Johnson KJ: Rat neutrophil activation
and effects of lypoxygenase and cyclooxygenase inhibitors.
Am J Pathol 1984, 116:223-233

Hallett MB, Campbell AK: Two distinct mechanisms for stim-
ulation of oxygen-radical production by polymorphonuclear
leucocytes. Biochem J 1983, 216:459-465

. Sacks T, Moldow CF, Craddock PR, Bowers TK, Jacob HS:

Oxygen radicals mediate endothelial cell damage by com-
plement-stimulated granulocytes. J Clin Invest 1978, 61:
1161-1167

. Varani J, Fantone JC: Phorbol myristate acetate-induced ad-

herence of walker 256 carcinosarcoma cells. Cancer Res
1982, 42:190-197

Pryor WA: Oxy-radicals and related species: Their formation,
lifetimes, and reactions. Ann Rev Physiol 1986, 48:657-667
Harlan JM, Killen PD, Harker LA, Striker GE: Neutrophil-medi-
ated endothelial injury In Vitro: Mechanisms of cell detach-
ment. J Clin Invest 1981, 68:1394-1403

. Harlan JM, Levine JD, Callahan KS, Schwartz BR, Harker LA:

Glutathione redox cycle protects cultured endothelial cells
against lysis by extracellularly generated hydrogen perox-
ide. J Clin Invest 1984, 73:706-713



