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Abstract. lonizing radiation has been reported to affect the fibrinolytic activity of exposed
tissue. With cultured bovine aortic endothelial cells, radiation suppr the rel of
plasminogen activator to the conditioned media, with a concomitant increase in intra-
cellular plasminogen activator. Thus study was undertaken to determine whether radia-
tion-impaired plasminogen activator release can be modified by phorbol ester. We
exposed cultured bovine aortic endothelial celis to a sterilizing dose of 10 Gy of y-rays
and found the treatment led to cell injury, as evidenced by an increased release of
prelabeled chromium, and to a reduction of plasminogen activator in the conditioned
media with elevated intracellular plasminogen activator in irradiated cells. Phorbol ester
enhanced plasminogen activator activity in both sham-irradiated and irradiated endo-
thelial cells. It was interesting to note that the increased plasminogen activator in
phorbol ester-stimulated sham-irradiated cells was largely retained inside the cell, while
it was released to the conditioned media in irradiated cells. Apparently, altered plasmin-
ogen activator activity of radiation-sterilized endothelial cells can be modified by

exogenous stimuli.

[P.S.E.B.M. 1990, Vol 195]

tissue is involved in such biological processes as

angiogenesis, wound healing, and tumor metas-
tasis, in addition to the well-characterized clot lysis.
Ionizing radiation exerts varying effects on the fibrino-
lytic activity of exposed tissue. Decreased activity has
been described in lungs (1-4), liver (5, 6), skin (7), and
blood vessels (8, 9) following radiation exposure. In-
creased activity, on the other hand, was noted in irra-
diated gastrointestinal mucosal cells (10, 11) and neu-
rons (12). A decreased release of plasminogen activator
(PA), with a concomitant increase in intracellular PA,
was observed in cultured bovine aortic endothelial cells
(BAEC) (13) receiving a sterilizing dose of radiation
(14).

The fibrinolytic system of normal and malignant
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In the United States, half of all cancer patients
receive radiation as either the primary therapy or as
adjunct therapy. Studies of fibrinolytic changes and
modification of those changes in irradiated tissues are
not merely of academic interest. They signify the rec-
ognition of the importance of functional abnormalities
in radiation-sterilized cells in the overall homeostasis
of the organism. In this study, we sought to determine
whether the impaired PA release from radiation-steri-
lized BAEC could be modified by exogenous stimulus.

Materials and Methods

Bovine Aortic Endothelial Cells. Frozen and
thawed BAEC harvested from three thoracic aortas of
slaughtered cattle were used in these studies. Cells were
suspended in RPMI 1640 tissue culture medium con-
taining 20% newborn calf serum and 10% dimethyl
sulfoxide at a density of 5 X 10° cells/ml and frozen in
liquid nitrogen at passages O (primary culture), 3, and
5. Thawed cells were grown in the same culture medium
minus dimethyl sulfoxide in T-75 flasks. The endothe-
lial nature of these cells was established by the presence
of Factor Vlll-related antigens. After reaching con-
fluency, cells were trypsinized and passaged to 35-mm
culture dishes. Cells in the 35-mm dishes reached >95%
confluency 3-4 days later. Before being irradiated, the
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standard culture medium was replaced with one con-
taining only 2% newborn calf serum.

Irradiation of BAEC. Irradiation was accomplished
by the use of a Philips 6000 Rhm *°Co teletherapy unit,
at 2.63 Gy/min for a total of 10 Gy. Usually, eight
dishes of cells, subcultured from the same parent flask,
were taken to the radiation therapy room. Four dishes
of cells were irradiated at the same time, while the other
four dishes of cells received no radiation (sham irradi-
ated). Irradiated and sham-irradiated cells were re-
turned to the Co, incubator for 3 days without disturb-
ance. Experiments of cells were carried out on the
fourth postirradiation day.

Protein and DNA Determinations. Cells in one of
the four irradiated or sham-irradiated dishes were
scraped into H»>O and frozen at —20°C. Protein and
DNA concentrations in the sample were determined
(13). Protein and DNA in this dish were considered to
represent those in the other three sister dishes. Protein
was assayed using the Lowry technique (15), and DNA
was assayed according to method of Setaro and Morley
(16).

Exposure of Celis to Phorbol Ester. At 72 hr
postirradiation, the culture medium was removed and
cells were rinsed once with Hanks’ balanced salt solu-
tion (HBSS). Each dish of cells was incubated with
serum-free medium with or without 15 nM or phorbol
12-myristate-13-acetate (PMA; Sigma Chemical Co.,
St. Louis, MO). PMA was first dissolved in absolute
ethanol at a concentration of | uM and then diluted to
15 nM with serum-free medium. The same concentra-
tions of ethanol were present in serum-free medium
not containing PMA. Cells were incubated in this me-
dium for 20 hr. The conditioned medium was collected
and stored at —80°C. Cells were rinsed twice with HBSS,
solubilized in 0.5% Triton X-100, and stored at —80°C.

Assay for PA Activity. The fibrin well method
originally described by Unkeless et al. (17) was adopted.
A sample of 0.1 ml of plasminogen-free bovine fibrin-
ogen solution (1 mg/2.5 ml of H,0; Miles Laboratories,
Elkhart, IN) containing 0.12 uCi of '*I-labeled human
fibronogen (Ibrin; Amersham Corp., Arlington Heights,
IL) was pipetted to each of the 24 wells of a Costar
tissue culture plate (Costar, Cambridge, MA). Fibrino-
gen solution was evaporated to dryness by placing the
plate in a 37°C incubator for 18 hr. Fibrinogen, now
coated on the bottom of the well, was clotted with 0.2
ml of reptilase (34 ug/well; Pacific Hemostasis, Bakers-
field, CA). After 90 min at 37°C, reptilase was removed
and the wells were washed three times with H,O to
remove free radioactivity. To each well was added 380
ul of RPMI 1640, 100 ul of 0.1% gelatin, 250 ul of test
sample, and 20 ul of affinity-purified human plasmin-
ogen (50 microunits; Helena, Houston, TX). Plasmin-
ogen or test sample was excluded in control wells to
determine nonspecific or spontaneous release of radio-
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activity. The plate was incubated at 37°C for 2 hr.
Radioactivity in 500 ul of incubation fluid was deter-
mined with a gamma counter (BioData 20/20; Abbott
Laboratories, North Chicago, IL). The amount of ra-
dioactivity in the incubation fluid was indicative of the
degree of clot lysis. Clot lysis caused by test samples in
the presence of plasminogen was considered to indicate
PA activity in those samples. In each assay, a standard
curve was constructed with urokinase (UK; Calbi-
ochem, La Jolla, CA; 0 to 0.15 units/well). PA activity
in test samples was read against the standard curve and
was expressed as UK equivalents per unit of protein or
DNA.

Radiation-Induced Cell Injury. To determine the
extent of cell injury caused by y-ray exposure, confluent
BAEC were incubated with 1.5 ml of serum-free me-
dium containing 2 xCi of Na,’*CrO, (ICN Radiochem-
icals, Irvine, CA) for 4 hr at 37°C. Chromium-contain-
ing medium was then removed, and cells were washed
six times with HBSS. After the last wash, 2% serum
medium was added and cells were irradiated or sham
irradiated. After 24 hr, radioactivity in the culture
medium and in the cell lysate was determined with a
gamma counter (18). The presence of increased radio-
activity in the culture medium of irradiated cells was
considered to indicate radiation-induced cell injury.
Cell injury was divided into two categories: cell lysis
and cell detachment. Cell lysis was represented by ra-
dioactivity in the supernatant of centrifuged (1000g for
10 min) culture medium. Cell detachment was the
difference in radioactivity between the uncentrifuged
and centrifuged aliquots of the same culture medium.

Data Analysis. In order to standardize the effects
of radiation and PMA on PA activity of BAEC obtained
from different aortas, PA activity of sham-irradiated or
non-PMA-treated cells was arbitrarily assigned as being
1, with which the activity of irradiated and PMA-treated
cells was compared by one-way analysis of variance. A
P <0.05 between experimental and control specimens
was considered significant.

Results

Morphologic and DNA and Protein Changes in
Irradiated Cells. No morphologic changes were dis-
cerned in BAEC monolayers immediately after 10 Gy
of y-ray exposure. At 24-hr postirradiation, the mono-
layers were disrupted by spaces left behind by detached
cells and some of the attaching cells became elongated,
losing their normal cobblestone appearance. By 72 hr,
many cells were hypertrophic and the majority of them
had resumed the cobblestone morphology. An uninter-
rupted monolayer with many large cells was reestab-
lished (Fig. 1).

There was significant reduction of protein and
DNA assayed on the fourth postirradiation day in ir-
radiated dishes (Table I). The extent of reduction of



Figure 1. Morphology of BAEC 3 days after exposure to 0 (A) or 10 (B) Gy of y-rays. Note the presence of many hypertrophied cells in the

latter (original magnification, x280).

Table I. Protein and DNA Contents in Sham-
Irradiated and Irradiated BAEC Culture Dishes

Contents (ug/dish} after:

P
Irradiation

187.9+99 8 0.0001
74+19 8 0.001

Sham irradiation

305.6 + 14.2
128+ 1.0

Protein
DNA

Table ll. Radiation-Induced Cell Injury in the Form of
Cell Detachment and Ceill Lysis

% Prelabeled chromium

after: n P
Sham-irradiation Irradiation
Cell lysis 36.7 1.0 450+ 3.0 6 0.038
Cell detachment 28+ 05 59+14 6 007
Combined 395+ 13 51142 6 0.03

DNA was greater than that of protein. As a result, there
was more protein per unit of DNA in irradiated speci-
mens than in sham-irradiated counterparts.

Radiation-Induced Injury in BAEC. Examination
under an inverted phase-contrast microscope revealed
more detached cells in the culture media of irradiated
dishes than in that of sham-irradiated dishes at 24 hr
postirradiation and thereafter. On the basis of chro-
mium release determined at 24 hr, the major form of
injury caused by irradiation was cell lysis. Cell detach-
ment was also increased in irradiated dishes, but the
increase was not statistically significant. Overall cell
injury, i.e., cell detachment plus cell lysis, was signifi-
cantly higher in irradiated dishes (Table II).

Radiation Effect on PA Activity. PA activity was
present in the conditioned medium as well as in the
cell lysate of cultured BAEC. In irradiated dishes, there
was a significant reduction in PA activity in the condi-

tioned medium with an increase in PA activity in the
cell lysate (Fig. 2). When PA activity was analyzed on
the basis of cellular protein or DNA, the mean condi-
tioned medium PA activity in irradiated samples was
still lower than that in the medium of sham-irradiated
counterparts but the difference was not statistically
significant. Intracellular PA, i.e., PA in cell lysate, re-
mained significantly higher in irradiated cells than in
sham-irradiated cells (Fig. 3).

PMA Effect on PA Activity. Greater PA activity
was consistently found in sham-irradiated and irradi-
ated cells exposed to PMA for 20 hr, irrespective of
whether the activity was analyzed on the basis of protein
or DNA or per dish. PMA-stimulated PA in sham-
irradiated cells was largely retained intercellularly with
only a small increase in PA activity in the conditioned
medium. In irradiated cells, the stimulated PA was
released to the conditioned medium (Fig. 4).

Discussion

We demonstrated that irradiation of BAEC in tis-
sue culture resulted in a reduction of PA in the condi-
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Figure 2. PA activity in the conditioned media (shaded bar) and cell
lysates (hatched bar) or irradiated BAEC dishes. The activity was
compared with that in sham-irradiated dishes (open bar) whose
activity was designated as 1. There was a significant decrease in
conditioned media-PA activity and an increase in cell lysate-PA activity
in irradiated dishes. Mean + SE, n = 8.
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Figure 3. When PA activity in the irradiated dishes was analyzed on
the basis of cellular protein (A) or DNA (B), the mean conditioned
media-PA activity (shaded bars) in irradiated samples was reduced
but it was not significantly different from that in sham-irradiated
samples (open bars). Intracellular PA activity (hatched bars) remained
significantly higher in irradiated cells than in sham-irradiated cells.
Mean + SE, n = 8.
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Figure 4. Effect of PMA on PA activity in sham-irradiated (A) and
irradiated (B) BAEC. Conditioned media-PA (shaded bars) and cell
lysate-PA (hatched bars) activity was compared with that in non-
PMA-treated samples (open bars). PMA caused a significant increase
in intracellular PA in sham-irradiated cells and stimulated the release
of PA in irradiated cells. Mean + SE, n = 8.

tioned medium. Reduced PA in conditioned medium
coincided with an increase in intracellular PA activity.
When total PA activity, i.e., PA activity in conditioned
medium plus that in cell lysate, was analyzed on the
basis of units of protein or DNA, the activity was
actually increased in the irradiated samples. Since DNA
generally agrees with cell count, these findings indicate
higher PA activity in individual irradiated cells than in
individual shame-irradiated cells. Recently, Rosen et al.
(19) demonstrated enhanced protein synthesis in irra-
diated BAEC. The increased PA in irradiated cells
observed in the present study could have, at least partly,
resulted from increased synthesis of this serine protease.
In spite of increased cellular PA, the release of this
enzyme appears to have been impaired by y-ray expo-
sure. Another radiation effect on cultured BAEC was
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increased cell injury, as evidenced by elevated levels of
prelabeled chromium in the conditioned medium. It
should be noted that increased chromium release may
result from greater nonspecific cell injury, whereas de-
creased PA release may reflect a radiation-induced im-
pairment of a specific cellular function.

PA is involved in a number of biologic activities,
mostly through its conversion of plasminogen to plas-
min. Of the many biologic activities in which the fi-
brinolytic system participates, one is the resolution of
fibrin clots. Intimal and subintimal fibrin deposition
and fibrinoid necrosis of blood vessels is a common
finding in irradiated organs (20-22). Fibrin formation
and its persistent presence are important aspects in
thrombogenesis and arterosclerosis. The predisposition
of irradiated vessel to arterosclerosis (23) may partly be
due to a suppressed release of PA from irradiated
endothelial cells.

The tumor promoter phorbol ester has a wide range
of biologic effects. Two of those effects are the induction
of synthesis and the stimulation of release of PA in
several tumor cell lines (24-26), as well as in endothelial
cells (27). In the present study we found increased PA
activity in both sham-irradiated and irradiated endo-
thelial cells treated with PMA. The increased PA in
PMA-treated sham-irradiated cells was largely retained
inside the cells, while in PMA-treated irradiated cells,
it was released to the conditioned media. The different
PMA effects on the status of PA in sham-irradiated and
irradiated cells may reflect a yet unidentified radiation
effect on the cellular PA release mechanism that has
become sensitive to PMA stimulation.

Endothelial cells normally have a very slow turn-
over rate. Cells receiving a sterilizing dose of radiation
and not lysed or detached from the vessel wall could
remain there for an extended period of time. The fact
that the PA activity of these cells could be stimulated
by PMA suggests that other metabolic functions of
radiation-sterilized cells could also be modified by ex-
ogenous stimuli.
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