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Red Blood Cells Protect Endothelial Cells against H,O,-Mediated
but Not Hyperoxia-Induced Damage (42741)
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Abstract. We studied the effect of intact red blood cells on the exogenous H,0,-mediated
damage as well as on the hyperoxia-induced injury of cultured endothelial cells. Red blood cells
protected endothelial cells against H,O,-mediated injury efficiently, but had no effect on the
hyperoxia-induced damage. Failure of red blood cells to protect endothelial cells against hyper-
oxia-induced injury was not due to hemolysis. Furthermore, hyperoxia-exposed red blood cells
were still capable of protecting endothelial cells against H,O,-mediated damage. © 1988 Society for

Experimental Biology and Medicine.

Reactive oxygen species such as superox-
ide, H,0,, and hydroxyl radical play an im-
portant role in the pathogenesis of tissue in-
juries in a number of clinical situations in-
cluding adult respiratory distress syndrome
(1), oxygen toxicity (2), and reperfusion in-
jury (3). Considerable efforts have been
made attempting to scavenge these reactive
oxygen species and thus prevent the develop-
ment of tissue injury.

Red blood cells contain a high content of
antioxidant enzymes, such as superoxide
dismutase, catalase, and glutathione peroxi-
dase. Since reactive oxygen species diffuse
across the red cell membrane readily (4), red
blood cells are powerful scavengers of reac-
tive oxygen species. Thus, red blood cells
have been shown to scavenge effectively ex-
tracellular H,O, produced enzymatically (5,
6) or by activated neutrophils (7, 8) and pro-
tect endothelial cells against H,O,-mediated
damage in tissue cultures (5, 9) as well as in
an isolated lung perfusion system (5).

Recently, van Asbeck e al. (9) have shown
that intratracheal insufflation of red blood
cells protects rats against the lethal effect of
hyperoxia. The reason for this protection is
not clear. Reactive oxygen species are prod-
ucts of cellular oxidation-reduction pro-
cesses. Hyperoxia is presumed to cause dam-
age due to the enhanced production of reac-
tive oxygen species which overwhelm the
natural defense systems of the cells (2). Since
reactive oxygen species are produced intra-

cellularly under this circumstance, it is not
clear whether red blood cells have any pro-
tective effects. In this report, we demonstrate
that red blood cells protect endothelial cells
against H,0O,-mediated damage but not hy-
peroxia-induced injury.

Materials and Methods. Culture of endo-
thelial cells. Bovine pulmonary artery endo-
thelial cells (CCL-209) at the 16th passage
were obtained from American Type Culture
Collection (Rockville, MD) and cultured as
described previously (10). Briefly, endothe-
lial cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, GIBCO,
Grand Island, NY) supplemented with 10%
fetal calf serum (FCS, Hyclone, Logan,
Utah) and gentamycin (Shering Corp., Ken-
ilworth, NJ) in Corning 75-cm? tissue culture
flasks (Corning Glass Works, Corning, NY).
Endothelial cell monolayers were then re-
moved by gentle trypsinization (0.025%
trypsin-EDTA-polyvinyl  pyrrolidone,
Sigma Chemical Co., St. Louis, MO) and
suspended in the complete culture medium
at a cell density of 2 X 10°/ml. Confluent
endothelial monolayers were then prepared
by seeding 2 X 10° cells/well into Nunc 24-
well plates (A/S Nunc Interme., Denmark)
and cultured at 37°C in a 5% CO, incubator
for 3 to 4 days to reach confluency before
experiments. All experiments were done in
duplicate and the results were averaged. En-
dothelial cells cultured as described above
showed a homogenous population with cob-
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blestone appearance (11) and maintained a
high degree of angiotensin-converting en-
zyme activity (12).

Preparation and treatment of red blood
cells. Heparinized venous blood was ob-
tained from normal volunteers. After re-
moval of the buffy coat, packed red cells
were washed once and resuspended in
DMEM plus 1% FCS at a final hematocrit of
50% for further use. Labeling of red blood
cells was done by incubating 1 ml of 25% red
blood cells with 20 uCi of 3!Cr-sodium chro-
mate at 37°C for 1 hr. At the end of incuba-
tion, red blood cells were washed three times
with Hanks’ balanced salt solution contain-
ing 5 mM glucose (HBSS). The labeled red
cells were then resuspended in DMEM plus
1% FCS. Exposure of red blood cells t0 95%
O, and 5% CO, was carried out in an oxygen
chamber as described below for the endothe-
lial cells.

Measurement of H,0, cytotoxicity. Hy-
drogen peroxide toxicity against endothelial
cells was determined by two methods: *'Cr
release and the direct counting of viable cells
using trypan blue stain. For the >'Cr-release
assay, confluent endothelial monolayers
were labeled with 1 uCi of >*Cr-sodium chro-
mate in 1 ml of HBSS for 2 hr at 37°C. After
three washes with HBSS, *!Cr-endothelial
monolayers were incubated for 3 hr at 37°C
in a 5% CO, incubator in the presence or
absence of red blood cells (0.01-0.5%) and/
or H,0, (5-30 mM) in 1 ml of DMEM plus
1% FCS. The supernate was then removed
and centrifuged in a microcentrifuge at
13,000 rpm for 3 min at room temperature.
The radioactivity in 0.5 ml of the clear su-
pernate was determined in an autogamma
counter (Packard Instrument Co., Downers,
Grove, IL). The maximum releasable radio-
activity was determined by incubating the
endothelial monolayers with 1 ml of DMEM
plus 1% FCS containing 1% Triton X-100 as
described above and the amount of radioac-
tivity in the supernate determined. Cytotox-
icity was expressed as the percentage of *'Cr
release calculated by the formula as de-
scribed previously (10):

Percentage killing = (4 — B)/(C — B) X 100,

where A4 was the radioactivity in the super-
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nate of samples containing H,O, and endo-
thelial cells, B was the radioactivity in the
supernate of samples containing endothelial
cells alone, and C was the maximum releas-
able radioactivity of the endothelial cells.
For the assay using trypan blue stain, en-
dothelial monolayers were incubated for 3 hr
at 37°C in a 5% CO, incubator in the pres-
ence or absence of red cells and/or H,O, in 1
ml DMEM plus 1% FCS. At the end of incu-
bation, the monolayers were washed twice
with HBSS and trypsinized, and the total
number of viable endothelial cells deter-
mined by counting viable cells, e.g., trypan
blue negative cells, in a hemocytometer.
Measurement of hyperoxia-induced injury.
Due to the high rate of spontaneous release
of 3'Cr by *!'Cr-labeled endothelial cells (8.5
+ 1.0% in 3 hr, n = 6), hyperoxia-induced
injury against endothelial cells was deter-
mined only by counting viable cells using
trypan blue stain as described previously
(13). Briefly, endothelial monolayers in the
presence or absence of red cells (0.01 to 1%)
in 1 ml DMEM plus 1% FCS were exposed to
normoxia or hyperoxia for up to 7 days. For
the hyperoxic exposure, endothelial mono-
layers were placed in oxygen chambers
(Bellco Glass, Inc., Vineland, NJ) which was
flushed for at least 15 min with a mixture of
95% 02 and 5% COz, or 80% 02, 5% COz,
and15% N,, and incubated in a warm room
at 37°C. For the normoxic exposure, endo-
thelial monolayers were incubated in a 5%
CO, incubator at 37°C. The oxygen chamber
was regassed daily. At 3 and 7 days after ex-
posure, endothelial monolayers were washed
twice with HBSS and trypsinized and the
total number of viable cells determined as
described above.
Statistical analysis. Statistical significance
was calculated by Student’s ¢ test (14).
Results. Effect of red blood cells on H,O
mediated damage. Figure 1 shows that exog-
enous H,O, caused an enhanced release of
S5ICr from *!Cr-labeled endothelial cells in a
dose dependent manner. This cytotoxic ef-
fect of H,O, was completely prevented by
0.1% red blood cells. Comparable results
were obtained when H,0, cytotoxicity was
determined using the trypan blue stain (Fig.
2). Again, H,0O, toxicity was completely re-
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F1G. 1. Effect of red blood cells on the HO,-mediated
3ICr release by endothelial cells. Confluent *!Cr-endo-
thelial monolayers were incubated at 37°C for 3 hrin the
presence or absence of H,O, (5—30 mM) and/or 0.1%
red blood cells in 1 ml DMEM plus 1% FCS. At the end
of the incubation, 3!Cr release by endothelial cells was
determined and percentage of killing calculated. The re-
sults are the mean + SEM of three experiments.

versed by red blood cells at a concentration
as low as 0.01%. At this concentration, the
red cell to endothelial cell ratio under our
experimental condition was about 5. Thus
red cells were potent scavengers of exoge-
nous H,O,.

Effect of red cells on the hyperoxia-induced
injury. Figure 3 summarizes the effect of red
cells on the hyperoxia-induced injury against
endothelial cells. The number of endothelial
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FI1G. 2. Effect of red blood cells on the H,0,-mediated
damage of endothelial cells. Confluent endothelial
monolayers were incubated as described in Fig. 1. At the
end of the incubation, the number of viable cells was
determined using trypan blue stain. The results are the
mean + SEM of three experiments.
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Fi1G. 3. Effect of red blood cells on the hyperoxia-in-
duced injury against endothelial cells. Confluent endo-
thelial monolayers were exposed to normoxia or hyper-
oxia in the presence or absence of red blood cellsin 1 ml
DMEM plus 1% FCS for up to 7 days. On days 3 and 7,
the number of viable endothelial cells was determined.
The results are the mean = SEM of three to eight experi-
ments.

cells in control monolayers was 2.35 X 10°
on Day 3 and 3.24 X 10° on Day 7. Red
blood cells at concentrations ranging from
0.01 to 1.0% had no effect on the number of
endothelial cells under control conditions
(data not shown). Exposure to hyperoxia
caused a time and dose dependent reduction
of the number of viable endothelial cells.
Red blood cells (0.01 to 1.0%) did not protect
endothelial cells against hyperoxia-induced
injury by either 80 or 95% O,. At 7 days after
exposure to 95% O,, there was a slight pro-
tection by the red cells, but only the group
with 0.5% red cells reached statistical signifi-
cance.

Effect of hyperoxia exposure on red blood
cells. Tt is possible that failure of red blood
cells to protect endothelial cells against hy-
peroxia-induced injury is due to inactivation
of red cells by hyperoxia rendering them in-
effective in scavenging reactive oxygen spe-
cies and/or causing hemolysis. In the preced-
ing experiments, gross hemolysis of red cells
was not observed when red cells were ex-
posed to as high as 30 mA/ H,O, for 3 hr or
exposed to 95% O, for 7 days. To further rule
out the possibility of hemolysis as the cause
of failure to protect against hyperoxia-in-
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Fi1G. 4. Effect of hyperoxia-exposed red blood cells on
the H,0,-mediated *'Cr release by endothelial cells.
Confluent 3!'Cr-endothelial monolayers were incubated
as described in Fig. 1 except that red blood cells were
previously exposed to normoxia or hyperoxia (95% O,
and 5% CO,) for 7 days. The results are the mean + SEM
of three experiments.

duced injury, red cells were labeled with *>'Cr
and then exposed to normoxia or 95% O, for
7 days. This experiment was possible because
of the slow rate of spontaneous release of
SICr from °!'Cr-labeled red cells. There was
no difference in the *'Cr release by *'Cr red
cells in the two groups (15.8 + 0.6% vs 16.3
+0.7%, n = 3).

Figure 4 is a comparison of control and
hyperoxia-exposed red cells on the protec-
tion against H,O, toxicity. After exposure to
95% O, for 7 days, red cells were less effective
in protecting endothelial cells against 30 mA/
H,0,. However, this effect was seen only at a
red cell concentration of 0.01%. Upon the
addition of H,O, (30 mM), hemolysis was
noted on hyperoxia-exposed but not control
red cells. At 0.1 and 0.5%, but not at 0.01%,
sufficient red cells were left to completely
protect the endothelial cells against H,O,
toxicity.

Discussion. The results presented demon-
strate that human red blood cells, though
protecting endothelial cells against exoge-
nous H,O, toxicity efficiently, do not protect
endothelial cells against hyperoxia-induced
injury. Failure of hyperoxia-exposed red cells
to protect endothelial cells against hyper-
oxia-induced injury was not due to hemo-
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lysis. In addition, hyperoxia-exposed red
cells were still capable of protecting endothe-
lial cells against H,O,-mediated damage,
though they were less efficient than the con-
trol red cells. These observations asre consis-
tent with the current concept that under hy-
peroxic conditions, reactive oxygen species
are produced intracellularly as products of
cellular oxidation-reduction processes (2).
Thus exogenous reactive oxygen species
scavengers would have no protective effect
unless they are incorporated into the cells.
Freeman et al. (15, 16) have shown that lipo-
some-encapsulated superoxide dismutase
and catalase which are taken up by the cells,
but not free enzymes, are able to protect en-
dothelial cells against hyperoxia-induced in-
jury in vitro and protect mice against the
lethal effect of hyperoxia in vivo.

Our results also suggest that protection of
rats against the lethal effect of hyperoxia by
intratracheal insufflation of red cells as re-
ported by van Asbeck et al. (9) is not due to
the direct scavenging of reactive oxygen spe-
cies produced by the cells under elevated
partial pressures of oxygen. In rats exposed
t0 95% O,, an influx of neutrophils into the
lung parenchyma precedes the death of ani-
mals (17). Furthermore, when rabbits are
made neutropenic, the mortality from hy-
peroxia decreases (18), suggesting the impor-
tant role of neutrophils in the hyperoxia-in-
duced injury under in vivo conditions. Thus,
the insufflated red cells may protect the ani-
mals by scavenging reactive oxygen species
produced by activated neutrophils as sug-
gested by van Asbeck et al. (9). However,
ultrastructural studies have revealed that en-
dothelial cells are the prime target of hyper-
oxia-induced injury in vivo (19, 20). Since
the insufflated red cells stay in the alveoli, it
is not clear how they protect pulmonary en-
dothelial cells by scavenging reactive oxygen
species in the alveolar space. In animals sur-
viving the lethal dose of hyperoxia, there was
no neutrophil infiltration in the lungs (9). It
is possible that the insufflated red cells pre-
vent the production of chemotactic factors in
the alveolar space, thus preventing the influx
of neutrophils and subsequent injuries. Fur-
ther studies are necessary to clarify these
points.
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