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The adhesion of colon cancer cells (colo201) and neu-
rophils to endothelial cells which had been briefly
xposed to either hypoxanthine/xanthine oxidase, or
ydrogen peroxide, or peroxynitrite was analyzed in
he absence of de novo protein synthesis. Such treat-
ents accelerated the adhesions of both colo201 cells

nd neutrophils to endothelial cells. These effects
ere blocked by SOD/catalase or EDTA. The results
rovided evidence that hydroxyl radicals affect the
ell surface of endothelial cells and accelerate cell
dhesion. © 1999 Academic Press

Reactive oxygen species (ROS) are produced in var-
ous pathological conditions such as inflammation,
schemia-reperfusion, and during radiation therapies
nd chemotherapy treatments. Endothelial cells act as
barrier between blood and tissues and thus are ex-

osed to ROS. Endothelial cells are naturally resistant
o oxidative stress because they have abundant anti-
xidative systems including Mn-superoxide dismutase
Mn-SOD) as reported in a previous paper (1). How-
ver, in some cases production of ROS in blood vessels
s capable of affecting endothelial cells which in turn
ffects their adhesiveness. In this paper we reported
esults of a study which suggests that hydroxyl radi-
als accelerate the adhesion of both cancer cells and
olymorphonuclear neutrophils to endothelial cells
ithout the need for de novo protein synthesis. The
echanism for this differs from that due to the induc-
1 To whom correspondence should be addressed. Fax: 181-6-6879-

429. E-mail: proftani@biochem.med.osaka-u.ac.jp.
Abbreviations: ROS, Reactive oxygen species; Mn-SOD, Mn-

uperoxide dismutase; Cu,Zn-SOD, Cu,Zn-superoxide dismutase;
CECF-AM, 39-O-acetyl-29,79-bis(carboxyethyl)-4 or 5-carboxyfluo-

escein diacetoxymethylester; AcD, actinomycin D; CHX, cyclohexi-
ide; PBS, phosphate buffered saline; PMA, phorbol myristate ace-

ate; fMLP, formyl methionyl leucyl phenylalanine; EDTA, ethylene
iamine tetra acetic acid; ICAM-1, intercellular adhesion molecule-1.
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hors. These results demonstrate for the first time that
ydroxyl radicals accelerate cellular adhesion.

ATERIALS AND METHODS

Materials. Xanthine oxidase was purchased from Boehringer
annheim Co. Ltd. and 39-O-acetyl-29,79-bis(carboxyethyl)-4 or

-carboxyfluorescein diacetoxymethylester (BCECF-AM) was pur-
hased from Dojindo Co. Ltd. Peroxynitrite solution was prepared
ccording to the quenched-flow synthesis method (2). Recombinant
uman Cu,Zn-superoxide dismutase (Cu,Zn-SOD) was a generous
ift from Ube Industries, Co., Ltd., and catalase, actinomycin D
AcD) and cycloheximide (CHX) were Sigma products. The other
eagents were of the highest grade available.

Cell culture. Human endothelial cells were isolated from umbilical
eins as previously described (1). These cells were grown at 37°C in
00-mm Petri dishes or 24-well flat bottom microplates in MCDB131
edium containing fetal calf serum (10%), recombinant human basic
broblast growth factor (10 ng/ml), hydrocortisone (1 mg/ml), penicillin
(100 u/ml), streptomycin sulfate (100 mg/ml) and amphotericin B (0.25

g/ml), under a humid atmosphere containing 5% CO2. Cultures of
ubconfluent cells were used for the ROS treatment.

Colo201 colon carcinoma cells were grown at 37°C in 100-mm Petri
ishes with RPMI1640 medium containing fetal calf serum (10%),
enicillin G (100 u/ml), and streptomycin sulfate (100 mg/ml) under
umidified 5% CO2.
Neutrophils were isolated from whole blood samples, of healthy

olunteers according to standard methods (3).

Cell adhesion assays. Adhesion assays were performed as previ-
usly reported by Izumi, et al (4). Briefly, endothelial cells were
lated in 24-well multiwell plates. Two hours prior to ROS treat-
ent, the endothelial cell medium was changed to the one containing
cD (4 mM) or CHX (10 mM). BCECF-AM was added to the cell
uspensions of the colo201 cells or neutrophils to give a concentra-
ions of 3 mM. The cell suspensions were incubated at 37°C for 30 min
nd then washed to remove excess BCECF-AM. Labeled colo201 cells
nd neutrophils were suspended at a concentration of 2 3 105 cells/
l. The endothelial cell medium was aspirated and individual ali-

uots of the cells were treated for exactly 5 minutes with either hypo-
anthine/xanthine oxidase, or hydrogen peroxide, or peroxynitrite.
ive hundred ml of phosphate buffered saline, pH 7.4 (PBS) contain-

ng the ROS generator, hypoxanthine (2 mM)/xanthine oxidase (final
oncentration, 20 mU), H2O2 (100 mM), or peroxynitrite solution
1 mM), were added to each well.
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After the ROS treatments, the PBS was aspirated and 500 ml of the
ulture medium containing CHX or AcD were immediately added to
ach well, after which, a suspension of 5 3 104 cells in 250 ml of the
ell suspensions both of BCECF-AM labeled colo201 and of neutro-
hils were added to individual wells. After incubation for various
imes at 37°C, each well was washed three times with the same
edium and the attached cells were then lysed in 1% Triton X-100 at

7°C. The fluorescence intensity of the lysates was measured at
xcitation and emission wavelengths of 490 nm and 520 nm, respec-
ively. The percent adhesion was calculated on the assumption that
50 ml of the BCECF-AM labeled cell suspension represent 100%.

ESULTS

OS Treatment and Adhesion of colo201
to Endothelial Cells

As shown in Fig. 1-(a), (b), hypoxanthine/xanthine
xidase treatments accelerated the adhesion of colo201
ells to endothelial cells in the absence of de novo
rotein synthesis. Both CHX, an inhibitor of protein
ynthesis, and AcD, an inhibitor of mRNA synthesis,
id not affect this acceleration. In the contrast to the
ffect noted for hypoxanthine/xanthine oxidase, H2O2,
r peroxynitrite had no effect on the adhesion process
Fig. 1-(c), (d)). As judged by a cytochrome c reduction
ssay (5), superoxide production by the hypoxanthine/
anthine oxidase solution used in this study was com-

FIG. 1. ROS treatment and adhesion of colo201 to endothelial cel
f colo201 cells labeled with BCECF-AM was then analyzed. (E), cont
U) with AcD (4 mM); (b), hypoxanthine (2 mM)/xanthine oxidase

eroxynitrite solution (1 mM) with AcD (4 mM) (mean 6 S.D., n 5 6
215
arable to the levels produced by isolated neutrophils
timulated by either phorbol myristate acetate (PMA)
r formyl methionyl leucyl phenylalanine (fMLP);
ypoxanthine/xanthine oxidase solution: 4.8 nM/min,
eutrophils (107/ml) stimulated by PMA: 9.1 nM/min,
eutrophils (107/ml) stimulated by fMLP: 3.5 nM/min.
ndothelial cell viabilities with or without ROS treat-
ent were evaluated using the methylene blue method

6) and showed no significant changes (data not shown).

OS Treatment and Adhesion of Neutrophils
to Endothelial Cells

As shown in Fig. 2-(a), hypoxanthine/xanthine oxi-
ase treatments accelerated the adhesion of neutro-
hils to endothelial cells even in the presence of CHX
s an inhibitor of protein synthesis. While H2O2 had a
endency to accelerate cell adhesion (Fig. 2-(b)), per-
xynitrite solution had no significant effect (Fig. 2-(c)).

ffects of SOD/Catalase and EDTA

In order to clarify the effect of hydroxyl radicals, SOD
nd catalase were added to a solution of hypoxanthine/
anthine oxidase in PBS. The same amount of bovine
erum albumin was also added to the ROS solution in the

Endothelial cells were treated for 5 minutes with ROS and adhesion
(F), ROS treatment. (a), hypoxanthine (2 mM)/xanthine oxidase (20
mU) with CHX (10 mM); (c), H2O2 (100 mm) with AcD (4 mM); (d)
ls.
rol;
(20
).
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ypoxanthine/xanthine oxidase group. The addition of
OD or of catalase partially prevented the acceleration of
ell adhesion, but SOD plus catalase dramatically pre-
ented this for both colo201 and neutrophils (Fig. 3-(a),
b)). Moreover, to prevent the Fenton reaction by chelat-
ng transition metals in hypoxanthine/xanthine oxidase
olution, EDTA was added during ROS treatment, and as

FIG. 2. ROS treatment and adhesion of neutrophils to endothelial
f neutrophils labeled with BCECF-AM was then analyzed. (E), control
ith CHX (10 mM); (b), H2O2 (100 mm) with CHX (10 mM); (c) peroxyn

FIG. 3. Effects of SOD/catalase and EDTA. To inhibit hydro
ypoxanthine/xanthine oxidase solution. De novo protein synthe
ypoxanthine/xanthine oxidase solution 1 bovine serum albumin; X
100 mg/ml) 1 catalase (50 mg/ml). (c) colo201 and effect of EDTA. X
anthine oxidase solution 1 EDTA (50 mM) (mean 1 S.D., n 5 6).
216
hown in Fig. 3-(c) the accelerated adhesion of colo201
ells was blocked.

ISCUSSION

In this study hypoxanthine/xanthine oxidase treat-
ent, which is considered to be a physiologically rele-

s. Endothelial cells were treated for 5 minutes with ROS and adhesion
), ROS treatment. (a), hypoxanthine (2 mM)/xanthine oxidase (20 mU)
te solution (1 mM) with CHX (10 mM) (mean 6 S.D., n 5 6).

radical production, SOD/catalase or EDTA were added to the
was blocked by AcD (4mM). (a), colo201; (b), neutrophils. XO,
SOD1CAT, hypoxanthine/xanthine oxidase solution 1 Cu,Zn-SOD
ypoxanthine/xanthine oxidase solution; XO1EDTA. hypoxanthine/
cell
; (F
itri
xyl
sis
O1
O, h



vant condition, accelerated the cellular adhesion of
c
h
s
h
t
f
t
p
b
N
t
S
c
p
p
t
f
t
p
w
T
a

a
h
d
s
o
i
s
s
m
I
t
b
t
n
1
A
d
i
a
p
s
t
p
r
r
c
a
n
r

crease ROS production. ROS molecules have very short
h
t
p
m

A

f
m
t

R

1

1

1
1

1

1

1

1

1

1

2

2

Vol. 257, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
olo201 cells and neutrophils to endothelial cells. The
ypoxanthine/xanthine oxidase solution produces both
uperoxide anion and hydrogen peroxide and finally
ydroxyl radicals via the Fenton reaction, provided
race amounts of transition metal ions are present. In
act, the presence of SOD/catalase completely blocked
he usual acceleration of cell adhesion effected by the
resence of hypoxanthine/xanthine oxidase. EDTA also
locked the acceleration of cell adhesion in this system.
eutrophil adhesion to endothelial cells was higher

han that of colo201 even at control conditions and
OD/catalase treatment was more effective in blocking
ell adhesion for these cells. The above data raised the
ossibility that neutrophils may naturally produce su-
eroxide anions via their own NADPH oxidase sys-
ems. The ability of neutrophils to do so would account
or some acceleration in cell adhesion even in the con-
rol. Moreover, in the case of neutrophils, hydrogen
eroxide treatment weakly accelerated cell adhesion,
hile it had no effect on the adhesion of colo201 cells.
hese facts are consistent with neutrophils to being
ble to generate superoxide anions.
Several reports have appeared indicating that ROS

ccelerate neutrophil adhesion by the induction of ad-
esion molecules (7, 8, 9) or by a non-ICAM-1 depen-
ent mechanism (10). In this study, de novo protein
ynthesis was blocked by AcD or CHX and no increase
f E-selectin, P-selectin, ICAM-1 and thrombomodulin
n endothelial cells was observed as judged by a FACS
can analysis using specific antibodies (data not
hown). Therefore, the accelerated cell adhesion is,
ost likely, due to the direct effect of hydroxyl radicals.

t has been recently demonstrated histochemically that
he endothelial glycocalyx in rat heart was destroyed
y ischemia-reperfusion treatment (11). It is known
hat ROS entities are capable of modifying glycosami-
oglycan structures or hyaluronic acid in vitro (12, 13,
4, 15) in addition to various proteins (16, 17, 18, 19).

recent report indicates that cell surface carbohy-
rates play a role in shielding the AIDS virus from
mmune recognition (20). Therefore, it seemed reason-
ble to assume that the generation of ROS by the
resence of hypoxanthine/xanthine oxidase could de-
troy the glycocalyx of endothelial cells and as a result
he colo201 cells and neutrophils might easily ap-
roach and attached themselves to these cells. Our
esults are also supported by the inhibitory effect of
ecombinant Cu,Zn-SOD on metastasis of the tumor
ells (21). These findings suggest that ROS may well
ccelerate cell adhesion very rapidly in the rolling of
eutrophils or in the metastasis of tumor cells after
adiation therapy or chemotherapy, both of which in-
217
alf lives and strong non-specific effects and as a result
hey may play an important role in the super acute
hase of inflammation, ischemia-reperfusion or cancer
etastasis through their effects on cell adhesion.
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