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ABSTRACT Superoxide-mediated clastogenesis is char-
acteristic for various chronic inflammatory diseases with
autoimmune reactions and probably plays a role in radiation-
induced clastogenesis and in the congenital breakage syn-
dromes. It is consistently prevented by exogenous superoxide
dismutase (SOD), but not by heat-inactivated SOD, indicating
that the anticlastogenic effect is related to the catalytic
function of the enzyme. Increased superoxide production by
activated monocytes/macrophages is followed by release of
more long-lived metabolites, so-called clastogenic factors,
which contain lipid peroxidation products, unusual nucleo-
tides of inosine, and cytokines such as tumor necrosis factor
«. Since these components are not only clastogenic, but can
stimulate further superoxide production by monocytes and
neutrophils, the genotoxic effects are self-sustaining. It is
shown here that anticlastogenic effects of exogenous SOD are
preserved despite extensive washing of the cells and removal
of all extracellular SOD. Using flow cytometry and confocal
laser microscopy, rapid adherence of the fluorescently labeled
enzyme to the cell surface could be observed with slow uptake
into the cell during the following hours. The degree of labeling
was concentration and time dependent. It was most important
for monocytes, compared with lymphocytes, neutrophils, and
fibroblasts. The cytochrome ¢ assay showed significantly
diminished O; production by monocytes, pretreated with
SOD and washed thereafter. The preferential and rapid
binding of SOD to monocytes may be of importance not only for
the superoxide-mediated genotoxic effects, described above, but
also from a therapeutic standpoint. It can explain the observa-
tion that beneficial effects of injected SOD lasted for weeks and
months despite rapid clearance of the enzyme from the blood
stream according to pharmacodynamic studies.

Anticlastogenic (i.e., chromosomal) breakage preventing
properties of superoxide dismutase (SOD) were reported soon
after the discovery of the enzyme. Swedish authors observed
that the enzyme, alone or in combination with catalase,
decreased the frequency of radiation-induced or spontane-
ously occurring chromosome breaks in human lymphocyte
cultures (1, 2). Later, Brawn and Fridovich (3) reported that
strand breakage in supercoiled Escherichia coli DNA, exposed
to a xanthine—xanthine oxidase system, was prevented partially
with SOD alone and completely with a combination of SOD
and catalase. They concluded that O; and H,O; collaborated
in the production of OH' to cause strand breakage in DNA in
a Haber—Weiss-type reaction. In recent years, the role of
Fenton-type reactions was proposed to explain hydroxyl-
radical mediated DNA damage by interaction of peroxides
with iron-binding sites on DNA (4). Studies done on cellular
systems showed that these genotoxic effects were preventable
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by iron chelators and the hydroxyl scavenger dimethyl sulfox-
ide, but not by SOD (5, 6). In contrast to this, our laboratory
drew attention to indirect action mechanisms, in which O3
appeared to play a primary role, since the damage was
regularly prevented by SOD alone, while catalase was not or
irregularly protective (7, 8). Since inactivated SOD was not
protective, the anticlastogenic effect should be related to the
catalytic function of the enzyme.

Chromosomal breakage and rearrangement in cell cultures
from patients with chronic inflammatory diseases with auto-
immune reactions, such as progressive systemic sclerosis, rtheu-
matoid arthritis, systemic lupus erythematosus, Crohn disease,
ulcerative colitis, and disseminated sclerosis was prevented by
SOD, indicating that superoxide radicals were involved in the
clastogenic process (9). Also, the chromosomal instability and
the increase in sister chromatid exchanges in cell cultures from
Bloom syndrome patients could be reduced to control values
by addition of SOD (150 units/ml) to the medium (10). The
strongest argument for the implication of superoxide in these
clastogenic effects was the observation that exposure of blood
cultures to a xanthine oxidase reaction, photoreduction of
flavins or a phorbol 12-myristate 13-acetate (PMA)-
stimulated respiratory burst resulted in chromosomal break-
age and sister chromatid exchanges.This could be consistently
prevented by addition of SOD (30-150 units/ml), while cata-
lase was irregularly protective (11-13).

Because it did not seem likely that extracellularly produced
O; would reach the nucleus without being scavenged by the
intracellular SOD abundantly available in the cytosol, we
proposed the formation of secondary clastogenic substances as
an explanation. The reports of radiation biologists (14, 15) that
the chromosome damage observed in irradiated persons is
accompanied by transferable clastogenic plasma factors
prompted us to look for such clastogenic factors (CF) in the
plasma of patients with the above-mentioned diseases accom-
panied by “spontaneous” chromosome damage. These studies
showed that CF are indeed regularly present in the plasma and
in supernatants of patients’ cell cultures (8, 10, 16). Transfer-
able clastogenic materials of low molecular weight were also
isolated from supernatants of the above mentioned in vitro
systems, in which chromosome damage was produced by
generation of superoxide from various sources. Formation of
CF was regularly prevented, when the cells were cultivated in
presence of SOD. The clastogenic effects of preformed CF,
after transfer into other cell cultures, were also prevented by
SOD, indicating that superoxide was involved not only in the
formation of these clastogenic plasma components, but also in
their clastogenic action (17, 18). It could also be deduced from
these studies that CF are cellular products. Indeed, exposure of

Abbreviations: SOD, superoxide dismutase; FITC, fluorescein iso-
thiocyanate; PMA, phorbol 12-myristate 13-acetate; ITP, inosine
triphosphate; CF, clastogenic factor(s); PMN, polymorphonuclear
neutrophil.
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cell-free culture media or serum did not result in clastogenic
ultrafiltrates. Biochemical analysis of ultrafiltrates of plasma or
culture supernatants identified various chromosome-
damaging substances, including lipid peroxidation products
(17-19), inosine triphosphate (20), and cytokines such as
tumor necrosis factor a (8, 16), while hydrogen peroxide was
not detectable (8, 19).

It could be shown with the cytochrome ¢ assay that certain
clastogenic components have also superoxide stimulating
properties (21). Given that superoxide generation leads to the
formation of clastogenic substances generating themselves
superoxide, the system is self-sustaining and therefore respon-
sible for long-lasting genotoxic processes, which may lead to
cancer and autoimmune disease (7, 8). In this model of an
auto-sustaining O, generating process, SOD protects by in-
terrupting the vicious circle. The present work shows that
exogenous SOD exerts its protective effects not only in the
extracelluler space, but that cells remain protected after
careful removal of all extracellular SOD.

MATERIALS AND METHODS

Cells. Venous blood from healthy blood donors was anti-
coagulated with heparin. Polymorphonuclear neutrophils
(PMNs) and mononuclear cells were separated by dextran
sedimentation and Ficoll/Hypaque density gradient centrifu-
gation. Pure monocytes were prepared by adherence on plastic
dishes. Human skin fibroblasts from semiconfluent cultures
were detached from the Falcon plastics with a cell scraper.
Single cell suspensions were obtained by successive passages
through needles with decreasing diameter.

Cell Culture. For cytogenetic studies, 1 X 10° mononuclear
cells, obtained by density gradient centrifugation, were incu-
bated in 5 ml tissue culture medium 199 (Sanofi, Paris),
supplemented with 1 ml fetal calf serum from GIBCO. Cell
division was promoted by the addition of 1 ug/ml phytohe-
magglutinin (Wellcome Diagnostics). After 70 h of incubation,
mitoses were arrested in metaphase by addition of colchicine
for another 2 h. Slides were prepared for chromosomal analysis
according to classical cytogenetic proceduces and stained with
Giemsa. The metaphases were examined under the micro-
scope for the presence of gaps, breaks, fragments, exchange
figures, and other types of aberrations.The frequency of
aberrations was compared between sham-treated and clasto-
gen-treated cultures (22).

The clastogen chosen for these experiments was inosine
triphosphate (ITP), previously shown to be a component of CF
and to act via superoxide-mediated mechanisms, since SOD,
but not inactivated SOD, was regularly anticlastogenic (20).
ITP (from Sigma) was dissolved in distilled water to a final
concentration of 20 uM. For anticlastogenesis, Cu-Zn SOD
from bovine erythrocytes (Palleau Production, Chateau-
Landon, France) was added to the medium to a final concen-
tration of 150 cytochrome ¢ units/ml.The SOD activity in cell
supernatants and culture media before and after washing of
the cells was measured spectrophotometrically by monitoring
the inhibition of cytochrome ¢ reduction at 550 nm (23).

Preparation of Fluorescently Labeled SOD. Fluorescein
isothiocyanate (FITC; Sigma) was covalently conjugated to the
SOD (Palleau Production) by constant stirring in 50 mM
Na,C0; at 4°C for 1 h. The FITC-SOD was purified by
Sephadex G-25 chromatography with 10 mM potassium phos-
phate buffer (pH 7.4) as the eluent.

Flow Cytometry. Cells (1.5 X 10°) were incubated in PBS at
37°C in presence of FITC-SOD at various concentrations and
during various exposure times, as indicated for each experi-
ment in Results. To avoid nonspecific binding, the cells were
pretreated with 5% fetal calf serum during 20 min before
exposure to FITC-SOD. After incubation, cells were washed
three times in PBS to eliminate all residual free SOD.
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FITC goat anti-mouse immunoglobulin fragments [F(ab’),]
were used as a negative control. Cytochalasin B (Sigma) was
used at a 200 uM concentration.

Analysis was performed on a FACScan (Becton Dickinson).
In the mononuclear cell suspension, monocytes and lympho-
cytes were gated according to forward scatter and side scatter.
Large cells were monocytes (>99% CD14%), small cells were
lymphocytes (>90% CD3* or CD19"). PMN were distin-
guished from contaminating red blood cells as large granular
cells according to forward and side scatter. FITC fluorescence
was detected at 520 nm. Data were collected and analyzed by
Lysis II software (Becton Dickinson).

High Resolution Confocal Scanning Laser Microscopy of
Monocytes. The mononuclear cell fraction, containing mono-
cytes plus lymphocytes, was incubated during various times (15
min to 3 h) with FITC-SOD (150 units/ml), as described above
for flow cytometry. After three washes, the cells were brought
to adherence on plastic dishes. After 1 h of adherence, the
monocyte monolayer was rinsed with PBS to remove the
lymphocytes. Fixation of monocytes was realized with 4%
formol for 30 min. Nuclei were stained with chromomycin a3
(Sigma) for 30 min at room temperature in the dark. After
rinsing with PBS, the monocyte layer was mounted in Fluoprep
(Bio-Mérieux, Marcy I’Etoile, France). Confocal fluorescent
images were obtained with a MRC-600 confocal scanning laser
microscope (Bio-Rad), equipped with a 25-mW multiline
Argon ion laser (Ion Laser Technology, Salt Lake City, UT),
a z-stepping motor, a 80386,/87 MS/DOS Nimbus microcom-
puter (Research Machines, Oxford, U.K.) and soM (Bio-Rad)
software. The Optiphot (Nikon, Tokyo) was equipped with a
X60 plan apochromat (Nikon) objective with a 1.4 numerical
aperture. Immersion oil with a 1.515 refraction index was used.
The (x,y) scanning was usually made with a 1.0 electronic
zoom. To reduce “noise,” a Kalman filter recording an average
of 10 images/sec was used for confocal imaging. Excitation at
488 nm and emission at LP 515 nm were the wavelengths for
detecting the localization of the FITC-SOD. For imaging of
the chromomycin A3-stained DNA of nuclei, a combination of
two filters was used: one filter for excitation at 458 nm and a
high-pass from 550 nm for emission.

Measurement of Superoxide Production by PMN and
Monocytes. The cells were incubated in 1 ml of 80 uM
ferricytochrome c solution in PBS during 60 min and stimu-
lated with PMA (Chemicals for Cancer Research, Eden Prai-
rie, MN; final concentration 30 ng/ml), after pretreatment
with SOD at various concentrations during 2 h and 3 washes.
The absorbance of the supernatants was measured in a spec-
trophotometer at 550 nm, and the concentration of reduced
cytochrome ¢ was determined by using an extinction coeffi-
cient of 21,000 M~!-cm~!. The total O; production was
calculated, assuming that the reduction reaction is stoichio-
metric (24). Additional dishes were prepared containing 150
units/ml of SOD over the entire incubation period to deter-
mine the SOD-inhibitable fraction of cytochrome ¢ reduced.
Reaction mixtures without cells served as blanks.

RESULTS

Inhibition of Clastogenesis in SOD-Pretreated Cells Resus-
pended in SOD-Free Medium. In five independent experi-
ments, human lymphocyte cultures were exposed to ITP at a
final concentration of 20 wM. This concentration induced
22.2 + 3.85 structural chromosomal aberrations per 100 cells,
similar to our previous study (20). The aberration rates were
significantly (P < 0.01) reduced in the cell cultures which had
been set up with cells preincubated with SOD (150 units/ml
medium) and resuspended in fresh medium without SOD for
exposure to the clastogen (Table 1). The measurements of
SOD activity in the cell supernatants showed a reduction from
150 units/ml to 12.0 = 2.73 units/ml after the first wash. SOD
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Table 1. Inhibition of ITP-induced clastogenic effects by
pretreatment with SOD

Chromosomal aberrations/100 cells

Exp. — SOD + SOD Control
1 20 10 10
2 29 16 4
3 16 8 8
4 24 10 6
5 22 5 10
Mean 222+39 9.8 £32 75 %21

Experimental conditions: concentration, 150 units/ml; incubation
time, 1 h; three washes; resuspension in fresh medium; absence of
extracellular SOD in culture medium.

activity was no longer detectable after the second wash, which
had reduced the concentration again 10 times.

Flow Cytometry Shows Cellularly Bound FITC-SOD. At a
constant incubation time of 1 h, the fluorescent labeling
increased with the SOD concentration. Monocytes regularly
showed more labeling than lymphocytes and PMN, for which
only the highest concentration of 1500 units/ml yielded sig-
nificant results (Fig. 1). The degree of labeling was not only
concentration-dependent, but also time-dependent (Fig. 2).
No fluorescence labeling was observed on erythrocytes in four
independent experiments after incubation times of 1 or 2 h
with SOD concentrations of 150 units/ml (data not shown).
The contamination with erythrocytes therefore did not influ-
ence the results for PMN. Preliminary experiments had shown
that lysis of erythrocytes with 0.83% NH4CI reduced the
binding of FITC-SOD to PMN. Labeling of lymphocytes
(SOD concentration, 150 units/ml) was not improved for
activated cells, after stimulation with phytohemagglutinin (1
pg/ml) during 1, 4, and 24 h prior to incubation with FITC-
SOD.

Fibroblasts showed significant FITC fluorescence in three
independent experiments (Fig. 3). Use of trypsine for detach-
ment of the cells prevented the fluorescence labeling of the
fibroblasts. Preincubation of cells with cytochalasin B during
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FiG. 1. Flow cytometry. At a constant incubation time of 1 h, the
fluorescent labeling of the FITC-SOD-treated cells increased with
enzyme concentration (4, 150 units/ml; B, 750 units/ml; C, 1500
units/ml). Monocytes regularly showed more labeling than lympho-
cytes and PMN, for which only the highest SOD concentration yielded
significant results.
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F1G. 2. Flow cytometry. The fluorescent labeling of monocytes
increased with exposure time at a constant concentration of 150
units/ml FITC-SOD.

4 h diminished the fluorescence but did not completely
suppress it (Fig. 4).

All experiments were performed at 37°C, since preliminary
results had shown absence of fluorescence when the cells were
incubated with FITC-SOD at 4°C. No fluorescence labeling of
monocytes was observed with FITC-labeled goat anti-mouse
immunoglobulin fragments (negative control).

Confocal Laser Microcopy Shows Fluorescence on the Mem-
brane and in the Cytoplasm. FITC-SOD-labeled monocytes

2~

Counta

F1G. 3. Flow cytometry. Not only blood cells, but also human skin
fibroblasts are fluorescently labeled after exposure to FITC-SOD
(concentration, 150 units/ml; incubation time, 2 h).
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F1G. 4. Flow cytometry. Cytochalasin B, an inhibitor of endocy-
tosis, diminishes FITC-related fluorescence, but does not suppress it
(intermediate labeling pattern, ---).

showed a specific pattern of fluorescence, which was absent in
controls. The intensity of fluorescence was time-dependent.
For monocytes incubated with FITC-SOD for 15minupto 1 h,
the fluorescence was limited to the membrane. After a 2- to 3-h
incubation period, FITC fluorescence could also be seen in the
cytoplasm (Fig. 5), as ascertained upon focusing through the
cell. No fluorescence was detectable at the nuclear level.
PMA-Stimulated Superoxide Production Is Reduced After
Pretreatment with SOD, but More for Monocytes Than for

Fi6.5. Confocal laser microscopy. After incubation during 15 min
in presence of FITC-SOD (concentration, 150 units/ml), the surface
of the monocytes show green fluorescence (a). After 3 h, FITC
fluorescence could also be seen in the cytoplasms upon focusing
through the cell. In b, a 1-um-thick focal section taken in the middle
of the cell. No labeling of the nucleus is seen.
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PMN. In seven independent experiments, the PMA-stimulated
superoxide production by PMN and monocytes from a same
donor was compared for SOD-pretreated cells and nonpre-
treated cells (Table 2). Without preincubation, PMN (2.5 X
10) produced a mean of 55.6 = 5.5 nmol of superoxide during
60 min upon stimulation with PMA. Addition of free SOD (150
units/ml) regularly reduced the values to those of blanks,
indicating that the cytochrome c reduction was due entirely to
superoxide. In comparison with the unprotected cells, the
superoxide production by SOD-pretreated PMN, resuspended
in SOD-free PBS, was reduced, but the differences did not
reach statistical significance. In contrast to PMN, the inhibi-
tion of superoxide production by SOD-pretreated monocytes
was more important. At the highest concentration of 1500
units/ml, the average reduction was 63.2% (range 53-85%),
compared with 11% for PMN.

DISCUSSION

According to the cytogenetic results of the present study, SOD
given as a pretreatment, followed by suspension of the carefully
washed cells in fresh medium, provides as good protection
against clastogenesis as the same quantity of enzyme present
in the culture medium over the entire cultivation period. The
observed anticlastogenic effects were certainly not due to
incomplete removal of the SOD from the culture medium. Not
only was enzyme activity not detectable biochemically in the
culture medium, but also the calculated SOD concentrations
after the successive washes were too low for anticlastogenic
effects (25).The small (statistically not significant) difference
between chromosomal aberration rates in SOD-pretreated
cells compared with controls is probably due to genotoxic
effects not related to superoxide production. In addition to its
action as a primer of superoxide production by competent
cells, ITP is known to be an inhibitor of DNA topoisomerases
(26).

FITC labeling of the SOD showed that the protective effect
was related to binding of the enzyme to the cells. Despite the
washes, all cell types present in blood cultures (lymphocytes,
monocytes, neutrophils), except erythrocytes, had become
fluorescent, as demonstrated by flow cytometry. This was also
observed for fibroblasts, a cell type currently used in studies of
clastogenesis and anticlastogenesis. The degree of labeling was
concentration- and time-dependent. It was most important for
monocytes at similar concentrations and exposure times. The
question, whether the enzyme was located only on the cell
surface or whether it also entered the cell, was answered by
confocal microscopy, demonstrating progressive penetration
of the SOD into the cytoplasma of monocytes.

Intracellular uptake of SOD after binding of the enzyme to
cell surfaces had been reported by others using radioactive or
colloidal gold labeling of the enzyme, combined with electron
microscopy (27-29). Only Beckman et al. (30) used FITC, as
we did, and observed a punctuate distribution pattern in
endothelial cells similar to that shown in Fig. 5 for monocytes.
Liposome-encapsulated (27, 31) or chemically modified SODs
such as acylated SOD (28) or PEG-SOD (30) were considered
to penetrate better than the native enzyme. However, the poor
uptake of native SOD by monkey kidney cells, hamster fibro-
blasts and Ehrlich ascites cells observed by others (27) may
have been the consequence of trypsinization, shown to reduce
considerably the binding of native FITC-SOD in our experi-
ments. In addition, binding of SOD to cell surfaces may be
better in single cell suspensions, as prepared for our study, than
for fibroblasts incubated with SOD as a confluent cell layer.
Erythrocytes also showed poor labeling with native SOD in
other studies (27, 28), while SOD incapsulated in liposomes
penetrated via a mechanism described as “invagination” (27).
Receptor-mediated endocytosis was proposed as the mecha-
nism for penetration of this large molecule by others on the
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Table 2. PMA-stimulated superoxide production by monocytes and PMN

Monocytes* NeutrophilsT

SOD 0% 300 1500 0 150 750 1500
I 11.42 4.85 55.78 59.45

11 28.41 16.37 8.94 55.02 46.36 40.98
III 31.51 18.75 14.85 48.26 43.88 46.30 44.12
v 31.37 24.79 49.50 48.03 43.36 45.46
v 28.37 9.90 4.20 54.17 50.74 49.79 50.12
VI 40.00 30.51 18.80 64.12 61.26 59.12 59.97
Vil 32.13 23.27 12.42 62.21 58.54 60.69 56.17
Mean 29.03 20.61 10.68 55.58 52.61 51.80 49.47
SD 8.68 7.18 5.75 5.47 7.03 7.77 7.38

The figures represent nmoles O3 produced during 1 h.
*Data for 0.3-0.5 X 10° cells.
TData for 2.5 X 10° cells.
iData in this row across are in units/ml.

basis of results with various inhibitors of endocytosis (29, 32).
In the present study, cytochalasin B pretreatment, despite
higher concentrations and longer exposure times than those
used by these authors, diminished the fluorescence labeling,
but did not completely suppress it. The binding sites appeared
to be specific for SOD, as far as SOD binding was not inhibited
by bovine serum albumin pretreatment of hepatocytes (29).
Specificity of SOD binding sites is also suggested by our results.
Despite pretreatment of the cells with fetal calf serum, a
procedure known to inhibit the binding of FITC-labeled
proteins, the cells showed FITC fluorescence. Absence of
fluorescence on monocytes, exposed to FITC-labeled goat
anti-mouse immunoglobulins, is in favor of this interpretation,
too. The importance of membrane integrity for the binding
process was documented by its inhibition after previous con-
tact of the cells with trypsine or NH4Cl. The observation that
FITC labeling of the cells was obtained only at 37°C can be
interpreted in favor of a metabolically active process.

We could not find any data in the literature concerning
uptake of SOD by monocytes. Since a role of monocytes in
clastogenesis was evident in our previous work, the preferen-
tial binding of the enzyme to monocytes, in comparison to
other cell types, was of particular interest to us. Monocytes
from polyarthritis patients induced clastogenic effects in lym-
phocyte cultures from healthy persons (31). This was not
observed when heterologous monocytes from healthy persons
were added. However, when increasing numbers of monocytes
from healthy donors were added to cultures from other healthy
donors in presence of PMA, the clastogenic effects increased
correspondingly (33). SOD prevented clastogenesis. Small
amounts of superoxide elicit monocytes/macrophages to re-
lease tumor necrosis factor, which in turn stimulates these cells
to produce more tumor necrosis factor (34). This mediator is
one of the clastogenic components of CF and probably re-
sponsible in part for the vicious circle of CF formation (8). In
addition, immunologically activated monocytes, as well as
PMA-stimulated monocytes, release free arachidonic acid and
various metabolites of the arachidonic acid cascade, of which
certain have clastogenic properties and were found in CF
preparations from culture supernantants (19, 35). In the
present study we show that PMA-stimulated superoxide pro-
duction is reduced by cell-bound SOD. At least for the
chromosomal damage observed in the above-mentioned
chronic inflammatory diseases with autoimmune reactions,
the anticlastogenic effects of SOD may be explained by
diminished superoxide production from monocytes, corre-
lated with diminished production of clastogenic mediators.
Since monocytes do not divide under the given culture con-
ditions, it is not possible to study chromosomal damage on this
cell type. Lymphocytes, which exhibited only poor SOD-
labeling in comparison to monocytes, are the only dividing cells

in blood cultures and those showing the chromosomal aber-
rations in metaphases obtained by stimulation with the mito-
gen phytohemagglutinin. One may ask whether the reduced
aberration rate observed in lymphocytes after incubation of
the cells with SOD is due only to diminished production of
clastogenic compounds by monocytes in the culture system or
whether the even small amount of SOD bound to the surface
of lymphocytes represents an additional protection against
superoxide-mediated clastogenesis. This is probably the case,
since SOD is also protective in fibroblast cultures, in which
other superoxide producing cells are not present. However,
labeling with FITC-SOD was significantly more important for
fibroblasts than for lymphocytes. Whether the protective ef-
fects are exerted by membrane-bound SOD or whether intra-
cellular uptake is necessary for anticlastogenesis remains an
open question. Whereas membrane binding of native SOD is
rapid and visible after 15 min on monocytes and hepatocytes
(27), its passage through the membrane appears to be relatively
slow and variable according to cell type and enzyme properties.
In our experiments, the cells had been pretreated with SOD
during 1 h, a duration not sufficient for intracellular penetra-
tion of the enzyme according to confocal microscopy. Another
question is whether internalized SOD acts at the nuclear level
or in the cytoplasm. No FITC fluorescence was detected by us
on the nuclei in agreement with Petkau (36), who studied
uptake of radioactive SOD in different cellular fractions and
found only minor quantities in the nuclear fraction.

In conclusion, our data indicate that anticlastogenic effects
of SOD are not limited to the destruction of superoxide
radicals generated extracellularly or leaking out of the cell, but
that exogenous SOD, after binding to the cell surface, dimin-
ishes superoxide production by cells and the release of clas-
togenic metabolites generated via membrane-mediated mech-
anisms. The observation of cellular binding of SOD is not only
of interest for the prevention of genotoxic effects by CF and
xenotropic clastogens, acting via the intermediacy of superox-
ide. It is also important from a therapeutic standpoint, in
particular in the above-mentioned chronic inflammatory dis-
eases, in which oxyradical production by activated monocytes/
macrophages contributes to tissue injury. Finally, since binding
of the enzyme to the cells was demonstrated after 15 min, this
could explain why clinical effects last for weeks and even
months (37) despite the rapid clearance of injected SOD from
the blood stream.
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