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The possibility that endothelial cell-derived oxi-
dants could contribute to neutrophil-mediated en-
dothelial cell injury and cytotoxicity has been a
subject ofspeculation. Ratpulmonary artery endo-
thelial cells (RPAECs) were examinedfor the pres-
ence of xanthine oxidase (X0) activity, a well-
known source of 02-. Using a sensitive assay based
on measurements of radioactive xanthine conver-
sion to uric acid by high performance liquid chro-
matography (HPLC), RPAEC extracts werefound
to contain both XO and xanthine debydrogenase
(XD) activities. Extracts from early passage cells
have 55.3 ± 11.7 (mean ± SE) units/106 cells of
total (XO + XD) activity, one unit ofactivity being
defined as the conversion of 1% of substrate to
product in 30 minutes of incubation. XO com-
prised 31.6 ± 3.19% of this total activity. Addition
ofhuman neutrophils stimulated withphorbol my-
ristate acetate (PMA) caused a rapid and dose-de-
pendent increase in RPAEC XO activity from 31.6
± 3. 19% to 71. 7 ± 4.8% oftotal without altering to-
tal (XO + XD) activity. The neutrophil dose-re-
sponse curve for increase in XO paralleled closely
the curvefor neutrophil-mediated RPAEC cytotox-
icity. The basal XO and XD activities and the
neutrophil-induced increase in XO activity were
inhibited by treating RPAECs with allopurinol,
oxypurinol, and lodoxamide, which also inhibited
cytotoxicity, but not by catalase, superoxide dis-
mutase, or deferoxamine. Addition ofH202 failed
to cause an increase in RPAEC X0 activity or XD
to XO conversion. The results suggest that during
neutrophil-mediated injury, rapid conversion of
RPAECXD to XO occurs, resulting in increasedXO-

catalyzed endogenous oxidant production, which
may contribute to the oxidant burden in the killing
mechanism initiated by activated neutrophils. Al-
though the mechanismfor conversion ofXD to XO
is uncertain, it appears that neutrophil-derived
H202 is not sufficient to cause this phenomenon.
Furthermore, neither 02- nor chelatable iron is re-
quired for neutrophil-induced XD to XO conver-
sion. Supernatant fluids from activated neutro-
phils failed to induce XD to XO conversion in
RPAECs. This in vitro system provides an opportu-
nity to define the cellular and molecular mecha-
nisms underlying the in vivophenomenon ofXD to
XO conversion associated with ischemic/reperfu-
sion or inflammatory tissue injury. (Am J Pathol
1989, 134:1201-1211)

Neutrophil-mediated injury to endothelial cells is thought
to be important in many forms of tissue injury.' 2 The
mechanism of this injury is considered to be related to
toxic products such as oxidants, as well as to proteases
secreted by stimulated neutrophils. Recent data, how-
ever, suggest that the endothelial cell is not a passive cell
or target and is actually an important source of inflamma-
tory and immune mediators.31' Unlike the neutrophil, the
endothelial cell has not been shown to contain NADPH
(Nicotinamide adenine dinucleotide phosphate, reduced
form) oxidase, the 02--generating enzyme in the neutro-
phil. However, there is recent evidence to suggest that
chelatable iron in the endothelial cell is critical for the pro-
cess of injury initiated by activated neutrophils.12 This ob-
servation, in conjunction with the recent finding that xan-
thine oxidase (XO) in the presence of substrate and iron
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can produce a reactive oxidant distinguishable from hy-
droxyl radical,13 implies that endothelial cell XO could play
a key role in neutrophil-mediated injury. The presence of
XO in endothelial cells has been suggested by indirect
studies using XO inhibitors and by immunologic tech-
niques using specific anti-XO antibodies.14'15 The latter
study indicates the presence of XO in significant quanti-
ties in capillary but not large vessel endothelial cells.15
More recently XO activity has been demonstrated in iso-
lated bovine endothelial cells.16
XO in the presence of xanthine reduces 02 to O2-.17

Other potent oxidants have also been reported as by-
products of this reaction.13.18 In most tissues this enzyme
is usually present predominantly in the dehydrogenase
form, which uses NAD+ (Nicotinamide adenine dinucleo-
tide) instead of 02 as the electron acceptor.19 Conversion
from xanthine dehydrogenase (XD) to XO has been ob-
served under a variety of nonphysiologic as well as physi-
ologic conditions. For instance, isolation of milk XO under
nonreducing conditions results in most of the activity be-
ing recovered as the oxidase, part of which reverts to the
XD form on addition of sulfhydryl reducing agents.20 Sim-
ilar situations exist in assays of tissue extracts wherein
rapid conversion of XD to XO occurs in the absence of
reducing agents.2'22 Irreversible conversion of XD to XO
also can occur by proteolysis,2023 possibly by calcium-
dependent proteases.24 26 The actual mechanisms re-
sponsible for in vivo conversion of XD to XO are not clear,
although conditions of ischemia followed by reperfusion
appear to be associated with the conversion pro-
cess.22'26'27 An increase in XO activity could represent an
important source of oxidants involved in the injury pro-
cess. This possibility is supported by studies showing that
certain types of ischemia-reperfusion injury can be ame-
liorated by allopurinol, oxypurinol, and other XO inhibi-
tors. 1428-30

The current study was undertaken to examine if XO
and XD activities are present in rat pulmonary artery endo-
thelial cells (RPAEC) and whether XD to XO conversion
occurs during neutrophil-mediated injury. The role of
these enzyme activities in neutrophil-mediated endothelial
cell cytotoxicity was then examined by comparing dose-
response curves and examining the effects of XO inhibi-
tors. Evidence is also presented, suggesting that the kill-
ing of endothelial cells by activated neutrophils in vitro
involves a pathway in which xanthine oxidase plays a role.

Materials and Methods

Reagents

Hypoxanthine, xanthine, uric acid, phenylmethylsulfonyl
fluoride (PMSF), dithiothreitol, superoxide dismutase, Tri-
ton X-100, Ficoll-Hypaque (Histopaque), bovine serum al-

bumin (BSA), buttermilk XO, and phorbol 1 2-myristate 13-
acetate (PMA) were obtained from Sigma Chemical Co.,
(St. Louis, MO). Bovine milk XO (1.32 U/mg protein) was
purchased from Calbiochem (La Jolla, CA). [8-14C]-xan-
thine (40 to 60 mCi/mmol) was purchased from ICN Bio-
medicals, Inc. (Irvine, CA). Na[51Cr]04 was obtained from
New England Nuclear (Boston, MA). Sources for media
and other reagents for tissue culture were as previously
indicated.'2 HPLC grade methanol was obtained from
Burdick & Jackson (Midland, Ml): Tetrabutylammonium
phosphate was purchased from Aldrich Chemicals (Mil-
waukee, WI). Deferoxamine mesylate (Desferal) was from
Ciba-Geigy (Summit, NJ). Unless otherwise specified, all
other chemicals were of reagent grade or better.

Endothelial Cells

RPAECs were isolated from the pulmonary vasculature
by perfusion of microcarrier beads into the vessels and
subsequent retrieval of the beads with endothelial cells
attached by retrograde perfusion.313 On isolation, the
cells exhibited the typical cobblestone morphology of en-
dothelial cells. They were positive for factor Vil by immu-
nofluorescence, bound acetylated low-density lipopro-
tein, and had high levels of angiotensin-converting en-
zyme (ACE) (3.2 X 104 to 1.9 X 105) molecules/cell) as
measured with the synthetic substrate 3H-Benzoyl-phe-
ala-pro.-'4-- The cells were maintained in monolayer cul-
ture using Ryan red medium. They were passaged by me-
chanical scraping using a rubber policeman without expo-
sure to proteases. Growth was at 37 C and 5% CO2.
Stocks were kept frozen in liquid N2. Throughout the
course of the study, the endothelial cells maintained their
cobblestone morphology and levels of ACE activity. For
enzyme assays, cells were plated onto 35-mm wells of 6-
well plates and allowed to grow to confluence overnight,
resulting in approximately 1 X 1 o6 cells per well. For cyto-
toxicity assays, 2 X 1 05 cells were plated onto 16-mm
wells of 24-well plates and used as described pre-
viously.12

Neutrophils

Human neutrophils were isolated from peripheral blood
using a slight modification of Boyum's method as de-
scribed previously.12'37 The cells were finally suspended
in Hank's balanced salt solution (HBSS) containing 0.02%
BSA (HBSS-BSA) and kept on ice until use.

To test the effects of neutrophil secretions on RPAEC
enzyme activities, neutrophils were suspended in HBSS-
BSA at 7.5 x 106 cells/ml and stimulated with either 100
ng/ml PMA or 10-7 M N-formylmethionylleucyl-phenylala-
nine plus 5 ,ug/ml cytochalasin B. After a 30-minute incu-
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bation at 37 C, the cells were centrifuged and the neutro-
phil supernates collected for testing as described below.

Enzyme Assays

Confluent RPAEC monolayers containing approximately
106 cells per well were prepared as described above. On
the day of assay, media were removed and the cells
washed 3 times with HBSS-BSA. Two milliliters of this
buffer was then placed in each well, except for those wells
to be treated with neutrophils or neutrophil supernates,
wherein 2 ml of neutrophil suspension or supernates was
added. The standard treatment contained 1.5 X 107 neu-
trophils per 35-mm well. Where indicated, inhibitors were
added to the RPAECs at this time. Final concentrations of
inhibitors used were as follows: 0.1 mM allopurinol, 1 mM
oxypurinol, 1 mM lodoxamide, 100 units/ml catalase, 50
Ag/ml superoxide dismutase, or 1.0 mM deferoxamine.
The plates were then kept at 37 C in a C02 incubator for
15 minutes, following which PMA (final concentration of
100 ng/ml) was added to those wells to be stimulated by
this agonist. Incubation was then allowed to proceed for
another 30 minutes, except for the time-course studies as
indicated in the figure legends. Media were removed, and
the wells washed twice with phosphate-buffered saline
(PBS). Seven hundred microliters of ice-cold extraction
buffer was then added into each well. Extraction buffer
contained 50 mM sodium pyrophosphate, pH 8.3, 1 mM
ethylenedamine-tetraacetate (EDTA), 0.2% Triton-X100,
1 mM dithiothreitol (except where indicated otherwise),
and 1 mM PMSF. After standing for 5 minutes, the buffer
was repeatedly pipetted back and forth to ensure total
cell lysis and extraction. Control studies comparing this
method vs. mechanical scraping followed by sonication
showed equivalent recovery of enzyme activities, thus in-
dicating complete recovery by this extraction method.

From each sample, two 300-Al aliquots were taken and
placed in two separate 12 X 75 mm disposable plastic
tubes. NAD+ (0.7 mM, final concentration) was added to
one tube for measurement of total (XO + XD) activity,
while the other tube received buffer only (50 mM sodium
pyrophosphate, pH 8.3, and 1 mM EDTA) for measure-
ment of XO activity. Radioactive substrate was prepared
by diluting 14C-xanthine in cold xanthine to give a final con-
centration of 59 ,uM total xanthine with a specific radioac-
tivity of 8.5 ,uCi/Amol when added to each assay tube.
Reaction was allowed to proceed for 30 minutes at 37 C.
Using this amount of cell extract, the assay was linear for
at least 60 minutes of incubation (Figure 1). The samples
were then transferred to disposable ultrafiltration units
(Centricon-10, Amicon Corp., Boston, MA), spiked with
30 gl of 1 mM uric acid, and centrifuged at 4 C for 45
minutes. The ultrafiltrate containing radioactive product
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Figure 1. Kinetics ofXO assay; 300 Al ofRPAEC extracts were
assayedforXO activity as described in Materials and Methods.
At the indicated times of incubation with substrate, the reac-
tion was stopped and samples analyzedfor uric acidforma-
tion by HPLC Activity is in units as defined in Materials and
Methods. The assay is linearfor at least 60 minutes.

(uric acid) and excess substrate was then collected and
stored frozen in tightly capped vials at -20 C for storage
until analysis, usually within 48 hours, by HPLC. This pe-
riod of storage did not cause any artifactual alteration in
the amount of detectable uric acid product.

Quantitation of the radioactive uric acid product was
undertaken by reverse phase HPLC using the ion pairing
reagent tetrabutylammonium phosphate. The instrumen-
tation consisted of a Varian Instruments (Palo Alto, CA)
Vista LC5560 chromatograph equipped with two detec-
tors connected in series, a UV-visible variable wavelength
detector (model UV-200, Varian Instruments), and an on-
line radioactive detector (Flo-One, model HS, Radiomatic
Instruments, Tampa, FL). A DS-654 data system (Varian
Instruments) was used for peak quantitation. Pro-
grammed injection of samples at 0.01 minutes was under-
taken with a Rheodyne model 7126 automatic injector us-
ing a 50 ,l loop. Separation was accomplished using a
Supelco (Bellefonte, PA) LC-8 column, containing C8, 3
,u stationary phase, and measuring 4.6 X 150 mm. Fifty
microliters of ultrafiltrate prepared as described above
was injected onto the column and eluted isocratically at
30 C with a flow rate of 1 ml/min. The solvent composition
was 93% A, which is 5 mM tetrabutylammonium phos-
phate in H20, and 7% B, which is CH30H. Under these
conditions, baseline separation of xanthine from uric acid
was observed with retention times of 4.2 to 4.7 minutes
for xanthine, and 8.7 to 11.6 minutes for uric acid. The
retention time for uric acid became shorter as the number
of injections increased, however, baseline separation
from the xanthine peak was maintained after 50 injec-
tions. The column was exhaustively washed with CH30H
and H20 after every 50 samples. The radioactive uric acid
peak was identified during each run by the UV (254 nm)
absorbance of the uric acid standard with which the sam-
ples were spiked before ultrafiltration as described above.



high activities were encountered. This peak also was

abolished by treatment with allopurinol, suggesting that it
was also a product related to XO activity. Thus, calcula-
tions of activities included this peak as product. Activities
were expressed as percent of total random integration
units contained in the uric acid peak including peak 2,
relative to the total integration units contained in both xan-

thine and uric acid peaks. Expression in this manner cor-

rected for possible variation in total sample recovery from
the column. One unit of activity was empirically defined
as the amount of enzyme that could cause the conversion
of 1% of substrate to product in 30 minutes of incubation
at 37 C, a pH of 8.3, and in the presence of 59 uM sub-
strate. This unit of activity is equivalent to 0.69 imols of
uric acid formed per minute at 37 C. The assay remained
linear for activities as high as those that consumed 60%
of added substrate, using either authentic XO (Calbio-
chem) or RPAEC cell extracts (Figure 3). Such saturation
also was observed when authentic XO was added to
RPAEC cell extracts. Under the above assay conditions,
however, none of the endothelial cell extracts exceeded
50% substrate consumption. The assay was tested for
specificity by examining the effects of known XO inhibi-
tors on the activity of authentic XO (Calbiochem). Figure 4
shows the dose-dependent inhibitory effect of allopurinol
and lodoxamide on authentic XO, thus confirming the va-

lidity of the assay. All results obtained were within this lin-
ear range.

TIME (min)
Figure 2. Effects ofactivated neutrophils and H202 on RPAEC
enzyme activities. RPAEC extracts were assayedforXO andX0
+ XD activities as described in Materials and Methods. At the
end ofthe assay incubation, the samples were ultrafiltered and
injected onto the HPLC column. Representative chromato-
grams representingXO (A to C) andX0+ XD (D to F) activities
are shown. The effects oftreating RPAECs with PMN + PMA (A
and D) and 0.1 mM H202 (B and E) are compared with un-
treated controls (Cand F). Peaks labeledXand U refer to xan-
thine and uric acid, respectively, whereaspeaks 1 and2 corre-
spond to an impurity present in the commercial '4C-xanthine
preparation, and an unidentified by-product ofthe XO/XD re-
action, respectively. Because peak 1 did not interfere in the
assay and quantitation ofthe results, it was not removed before
assay. Enzyme activity was calculated by expressing the areas
under peaks U and 2 as a percentage of the sum of the areas
in peaks X, Uand 2.

This peak also was confirmed by its absence when 0.1
mM allopurinol was added to the reaction mixture. Typical
chromatograms are shown in Figure 2. An impurity pres-

ent in the commercial 14C-xanthine preparation was identi-
fied as peak 1 in the chromatograms. Because its removal
before assay did not affect the separation and quantita-
tion, no attempt was made to do this for subsequent as-

says. Peak 2 was present as a minor (usually <15% of
the main peak) shoulder to the main uric acid peak when

Cytotoxicity Assay

This was measured as percent specific 51Cr release from
preloaded RPAECs exactly as described previously using
bovine endothelial cells.12
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Figure 3. Linearity ofXO assay as afunction ofenzyme dose.
Authentic XO (Calbiochem) was added at the indicated
amounts, and assayed as described in Materials and Methods.
Units ofactivity are defined in Materials and Methods. The as-
say is linear when less than 60 units ofactivity are measured
(corresponding to about 60/lg ofauthentic XO).
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Figure 4. Effects ofXO inhibitors on XO assay. Authentic XO
(20,gg) was assayed in the presence of the indicated doses of
inhibitors. Both compounds inhibited authentic XO in a dose-
dependent manner.

Table 1. Effects ofActivatedNeutrophils on RPAECXO
and XDActivities*

Control PMN + PMA P valuet

XO 17.4 ± 3.65 34.6 ± 7.31 0.023
XO + XD 53.0 ± 8.57 47.3 ± 8.08 NS
%XO 31.6 ± 3.14 71.7 ± 4.76 0.0014
%XO (no DTT)t 45.9 ± 3.44 91.7 ± 6.30 0.0058

* PMN and PMA doses are as described in Materials and Methods.
Enzyme activities are defined in Materials and Methods, and expressed
as mean ± SE in units per 106 cells, except for %XO, which refers to XO
activity expressed as a percentage of the total XO + XD activity.

t Calculated using the paired Student's t-test comparing control vs.
PMN + PMA mean values obtained during each experiment. These results
summarize the data from four (three for %XO (no DTT)) separate experi-
ments performed on different days. NS refers to P < 0.05.

t This refers to the omission of dithiothreitol from the cell extraction
buffer.

Effects of Neutrophils
Statistical Analysis

For comparison of mean values between two sets of data,
the two-tailed Student's t-test was used, using the stan-
dard criterion of P < 0.05 to indicate statistically signifi-
cant differences. Unless otherwise indicated, each experi-
ment was repeated twice.

Results

Enzyme Activities in RPAECs

Using the assay conditions described above, both XO
and XD activities were easily detectable in RPAECs, as
shown in Figure 2 and Table 1. These cells were found to
have 53 ± 8.57 units/106 cells of total XO + XD activity.
The range of values obtained in six different experiments
was 40 to 74 units/106 cells. Slightly less than a third of
this was due to XO, but this increased to greater than 45%
if dithiothreitol was omitted from the extraction buffer, sug-
gesting the presence of a reversible form of XO. Signifi-
cantly lower activities were found in cells passaged
greater than 30 times, becoming virtually undetectable by
the 40th passage. Thus, all subsequent studies were un-
dertaken with cells that had been passaged less than 15
times. These activities were totally inhibited by 0.1 mM
allopurinol added to the assay buffer. Because extraction
was undertaken in the presence of dithiothreitol, EDTA,
and PMSF, this distribution of activities, namely >65% XD
and the remainder XO (Table 1 and Figure 5), is probably
an accurate reflection of actual conditions in the endothe-
lial cell, and not an in vitro oxidative and/or proteolytic
artifact. The data do not rule out the presence of a revers-
ible (by SH reducing agents) form of XO (as noted above),
which is reduced to the XD form on extraction with DTT.

Addition of PMA-activated human peripheral blood neu-
trophils caused a significant increase in RPAEC XO activ-
ity without a concomitant increase in total (XO + XD) ac-
tivity. Results from representative experiments are shown
in Figures 2 and 5, and the overall results from four sepa-
rate experiments using four different neutrophil and
RPAEC preparations are summarized in Table 1. Addition
of 1.5 X 107 activated neutrophils for 30 minutes caused,
on the average, a doubling of XO activity (Table 1). With-
out a corresponding increase in total activity, this implied
that addition of activated neutrophils had caused conver-
sion of XD to XO, such that the latter now comprised most
(>65%) of the cellular enzymatic activity (Table 1 and Fig-
ure 5). PMA-activated neutrophils from a patient with
chronic granulomatous disease also caused conversion
of similar magnitude to 68.4 ± 0.4%. Addition of PMA or
nonactivated neutrophils alone failed to cause any sig-
nificant alteration in cellular enzymatic activities (Figure 5).
Human neutrophils were devoid of detectable XO or XD
activity.

NONE-

O PMA
F=

2 PM4N-
PM4N+PMA~

0 20 40 60 80 100
% xo

Figure 5. Effects ofPMA andPMN on RPAECXO activity. Assay
conditions and the timing of additions of 100 ng/ml ofPMA
and/or 1.5 X 107 neutrophils per well are described in Meth-
ods. %XO refers to XO activity expressed as apercentage ofthe
total (XO + XD) activity, which was unaffected by all treat-
ments. Data represent mean ± SE, withN = 3.
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Figure 6A. Time-course of effects on RPAEC XO activity. The effects ofPAA-stimulated neutrophils (PMN + PMA) and 0. I mM H202
on RPAEC XO activity are shown (top). Omission of dithiothreitol in the cell extraction buffer did not alter the time course or the
magnitude of the effects significantly (bottom). H202 had no significant effects on XO or XD activity. XO activity is expressed as a
percentage of the mean control (untreated cells) value (= 100%). Data represent mean ± SE, with N = 3. The abscissa represents
time after PMA addition (for the PMN+ PAIA group) and after H202 addition, respectively. B: Time-course ofXD to XO conversion.
The ordinate represents XO activity expressed as a percentage of the total (XO + XD) activity, which was not significantly altered
by all treatments. Thus, any increase in %XO is due to XD to XO conversion. Top and bottom panels refer to extraction with or
without dithiothreitol, respectively. Abscissa and data are expressed as described in the legend to Figure 3.

Because the same extent of conversion was observed
even when dithiothreitol was omitted from the extraction
buffer (Table 1 and Figure 6), neutrophil-induced XD to
XO conversion was not reversible, at least by sulfhydryl
reducing agents. Also, because proteolytic inhibitors
were present in the extraction buffer, it is unlikely that the
conversion occurred by proteolysis during cell disruption
and preparation of samples for assay. The time course of
this activated neutrophil-induced XD to XO conversion
was relatively rapid, reaching essentially maximal levels
10 minutes after addition of PMA (Figure 6), which was

independent of the presence or absence of dithiothreitol
in the extraction buffer.

To examine if this XD to XO conversion is due to neu-

trophil secretions (ie, granule contents, oxidants, arachi-
donate metabolites, etc), the supernates of activated neu-

trophils were tested. Neutrophils were stimulated with ei-
ther PMA or fMLP (N-formylmethionyl leucyl phenylalnine)
plus cytochalasin B. Figure 7 shows that neither resting
nor stimulated neutrophil supernates could cause signifi-
cant XD to XO conversion in RPAECs. This conversion
required the presence of intact neutrophils. Figure 7 also
shows that fMLP plus cytochalasin B-stimulated neutro-
phils were capable of causing XD to XO conversion, albeit

not to the degree caused by PMA stimulated neutrophils.
Hence, neutrophil-derived secretions alone are not suffi-
cient to cause XD to XO conversion.

The neutrophil-induced conversion process was de-
pendent on neutrophil dose as shown in Figure 8, with
significant effects seen with as few as 5 X 106 neutrophils
added per well. Maximal effect was attained at doses
equal to 1.5 X 107 or greater. This dose-response curve

parallels closely the one for cytotoxicity. This similarity in
dose-response curves suggests that this neutrophil-in-
duced increase in endothelial cell XO may be important
for the injury and/or killing process.

Effects of XO Inhibitors

Addition of known inhibitors of XO resulted in significant
inhibition of both XO and total XO + XD activities in endo-
thelial cells (Table 2), and significant protection of endo-
thelial cells from neutrophil-mediated cytotoxicity (Table
3). In these experiments, the inhibitors were added to the
RPAECs immediately before addition of neutrophils. To
assay XO and XD enzyme activity, the endothelial cell
monolayers were washed three times with PBS after ex-

posure to neutrophils and before preparation of cell ex-
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Figure 7. Effects of neutrophil supernates on
RPAEC enzyme activities. P + N andfC + N
represent additions of PMA4-stimulated and
fM'LPplus cytochalasin B-stimulated neutro-
phils, respectively. fC represents addition of
agonists only (without neutrophils). N Sup, P
+ N Sup, andfC + N Sup represent addition
of unstimulated, PMA-stimulated, andfMLP
+ cytochalasin B-stimulated neutrophils su-
pernates, respectively.

Uo 0

_>i

(.) 0
N

<c n
w =

E. QU)
C a)

ci

U i

< c

60

40

20

0

tracts for enzyme assay. Thus, the inhibitory effect on XO
and XD activities was seen despite the removal of inhibi-
tors from the extracellular fluid, suggesting either entry of
these inhibitors into cells, or their tight association with the
cells without penetration through the plasma membrane.
Inhibition by allopurinol and oxypurinol was greater than
85% for all activities in both control and neutrophil-ex-
posed cells (Table 2). Lodoxamide at comparable con-
centrations was less potent when incubated with intact
RPAECs and more selective in its inhibitory activity, show-
ing a greater inhibitory effect on XO than XD activity. To
confirm this selectivity, endothelial cell extracts were pre-
pared and assayed in the presence of lodoxamide added
at the time of substrate addition. The results show this
selective effect for XO vs. XD activity (Table 4) by lodoxa-
mide at a dose of 0.1 mM (60% inhibition of XO vs. 31%
inhibition of XD). This selectivity was not apparent at a
dose of 1 mM, which caused greater than 90% inhibition
of all activities (Table 4). Addition of similar doses of allo-
purinol and oxypurinol to the extracts in this manner
caused total inhibition of all enzyme activities. The differ-
ence in potency between lodoxamide and the other two
XO inhibitors also was seen when their effects on authen-
tic enzyme were measured (Figure 4).

The differential effects of the three XO inhibitors on en-
zyme activity parallel their effects on cytotoxicity. Endo-
thelial cells were protected from neutrophil-mediated cy-
totoxicity by all three XO inhibitors in a dose-dependent
manner, but allopurinol and oxypurinol were much more
potent than lodoxamide (Table 3), in agreement with their
relative ability to inhibit XO (Figure 4).

Effects of H202

Because PMA-activated neutrophils are a plentiful source
of H202, and catalase has significant protective effects on

= XO P 0.l1jg/ml PMA
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TREATMENTS

neutrophil-mediated endothelial cell injury,38-40 XD to XO
conversion could be induced by the addition of exoge-
nous H202. Figures 2 and 6 show that 0.1 mM H202 failed
to cause any significant alterations in RPAEC XO or total
activities. Additions of lower (down to 0.001 mM) or higher
(up to 10 mM) doses of H202 also failed to cause any
significant change in either of these activities, except to
inhibit at the higher doses (_0. 1 mM). Thus, H202 per se
does not appear to be the cause for XD to XO conversion
in RPAECs incubated with activated neutrophils.

Effects of Anti-oxidants

To explore further if neutrophil-derived oxidants are impor-
tant for the conversion process, catalase and superoxide
dismutase were incubated with mixtures of endothelial
cells and activated neutrophils. The results indicated that

It
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Figure 8. Neutrophil dose-response curvesforXD to XO coner-
sion and cytotoxicity. Ordinate values are described in the leg-
end to Figure 4 for %XO, and in Materials and Methods for
cytotoxicity inidex. The dose-response values on the abscissa
have been corrected to rejlect the same neutrophil to target cell
ratio for both XD to XO conversion and cytotoxicity (ie, they
have been adjusted to 10t endothelial cells as targets in each
case). Data represenit mean + SE, with N = 3for %XO, and N
= 4for cytotoxicity.
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Table 2. Effects ofXO Inhibitors on RPAEC Enzyme Activities*

Enzyme activity

XO XO + XD

Inhibitor Control PMN + PMA Control PMN + PMA

None 22.0 ± 1.08 46.0 ± 1.54 67.7 ± 0.55 63.1 ± 1.70
0.1 mM allopurinol 5.4 ± 0.83 4.9 ± 0.29 12.3 ± 1.02 6.4 ± 0.20
1 mM oxypurinol 1.9 ± 0.9 1.7 ± 0.86 0.7 ± 0.17 1.5 ± 0.33
1 mM lodoxamide 5.3 ± 1.47 10.9 ± 1.60 39.9 ± 3.85 26.7 ± 1.42

Additions of PMA and PMN, and the enzyme assays are as described in Materials and Methods, except where indicated, an inhibitor was added at
the indicated final concentration to the RPAECs immediately before PMN addition. Enzyme activities are defined and expressed as in Table 1. Data represent
mean ± SE, with N = 3.

the addition of neither catalase nor superoxide dismutase
inhibited the conversion process (Table 5), despite the
ability of catalase to protect endothelial cells from neu-
trophil-mediated injury.28- O Similarly, although deferoxa-
mine also provides protection in this type of injury,12 it
failed to inhibit XD to XO conversion (Table 5). These re-
sults confirm that neutrophil-derived oxidants, whether di-
rectly generated or iron-catalyzed, are neither sufficient
nor necessary to cause RPAEC XD to XO conversion.
Studies are currently underway to define the nature of the
neutrophil product or function responsible for this phe-
nomenon.

Discussion

Recent studies suggest that the endothelial cell has the
potential of playing active and important roles in tissue
injury. In addition to being a target of injury, it has the ca-
pability of secreting a variety of inflammatory and other
mediators, some of which are harmful to itself and sur-
rounding cells, including both 02 and H202.3 11,41,42

To determine if XO could represent a potential source
of these oxidants in endothelial cells, a sensitive and re-
producible assay was developed by adapting previously
described methods using radioactive xanthine as sub-

Table 3. Effects ofXO Inhibitors on Neutrophil-
Mediated Cytotoxicity ofRPAECs*

Inhibitors Cytotoxicity

None 32.7 ± 1.7
1 mM Allopurinol 24.4 ± 2.4t
5 mM Allopurinol 12.8 ± 2.1 t
1 mM Oxypurinol 22.3 ± 1.2t
5 mM Oxypurinol 11.9 ± 05t
1 mM Lodoxamide 27.8 ± 1.5
5 mM Lodoxamide 23.1 ± 11t

Cytotoxicity assays were carried out in the presence or absence of
XO inhibitors. Cytotoxicity is expressed as the % specific 5'Cr-release from
preloaded RPAECs exposed to activated neutrophils and then incubated
for 6 hours. Data represent mean ± SE, with N = 4.

t Indicates statistically significant difference from untreated controls
(None) at P < 0.05.

strate, and quantitation of the radioactive uric acid prod-
uct.43 RPAECs were chosen for study because of the
abundance of data on models of lung injury in rats. Using
this method, it was determined that RPAECs contained
measurable amounts of XD and XO. Under conditions of
cell extraction that were designed to minimize post-cell
disruption artifacts, XO activity comprised approximately
a third of the total XO + XD activity. Omission of dithio-
threitol in the extraction buffer increased this ratio to ap-
proximately one half of total activity, thus suggesting the
presence of a reversible form of XO in these cells. Further
comparative studies need to be undertaken before this
finding can be generalized to endothelial cells of other
species. Species differences in the content of XO in vari-
ous cells and tissues are known to occur,19 thus making
it likely that there will be differences also in the content of
XO in endothelial cells from diverse species.

Neutrophil-induced endothelial cell injury may be medi-
ated by both oxidants and proteases. The source of oxi-
dants was originally thought to be derived solely from the
activated neutrophil. Recently, however, studies using the
iron chelator deferoxamine suggest that iron-dependent
oxidant production by the endothelial cell also is an impor-
tant component of the injury process initiated by neutro-
phils."2 To examine the possibility that endothelial oxidant
production may be stimulated in this injury process via
increased XO activity, the effect of neutrophils on RPAEC
XO activity was determined. The results show a dramatic
increase in endothelial cell XO activity at the expense of

Table 4. Effects ofLodoxamide on Enzymatic
Activities*

Enzyme activity

Total
Inhibitor XO XD (XO + XD)

None 14.8 ± 0.49 58.1 ± 2.11 72.9 ± 2.53
0.1 mM lodoxamide 5.9 ± 0.42 39.9 ± 0.55 45.7 ± 0.40
1.0 mM lodoxamide 2.7 ± 1.68 6.3 ± 2.43 9.0 ± 0.80

* Assays were done using normal untreated RPAEC extracts as de-
scribed in Materials and Methods, except inhibitors at the indicated final
concentrations were added immediately before addition of radioactive
substrate. Activities are expressed as described in Table 1 and presented
as mean ± SE, with N = 3.
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XD activity when PMA-stimulated neutrophils were
added, suggesting direct conversion of XD to XO. Neutro-
phils with impaired oxidative metabolism (from a patient
with chronic granulomatous disease) also caused similar
conversion. The effect was not seen with PMA or nonacti-
vated neutrophils alone. Conversion reached maximal lev-
els within 10 minutes of PMA addition. Such rapid rates of
conversion have been reported to occur in various tissues
when subjected to ischemia-reperfusion,2627 thus sug-
gesting that this endothelial cell response may be physio-
logically relevant. Neutrophil secretions alone were not
sufficient for XD to XO conversion, suggesting that direct
cell-to-cell contact or communication may be necessary.
The extent of conversion was dependent on the number
of neutrophils present, reaching maximal values with 1.5
X 107 cells per well. This dose-response curve parallels
closely that for cytotoxicity, providing support for the con-
clusion that XD to XO conversion represents an important
mechanism for increased endothelial cell oxidant produc-
tion at least in this model of neutrophil-induced injury. This
conclusion is further strengthened by the ability of XO in-
hibitors to provide significant protection against both neu-
trophil-mediated (Table 3) and ischemia-reperfusion in-
jury.28-3044-45 Inhibition of endothelial cell XO by these
compounds may effectively cancel the damaging conse-
quence of XD to XO conversion, although other nonspe-
cific effects of these inhibitors cannot be ruled out at this
time. Because human neutrophils do not contain XO or
XD activity, and these inhibitors are able to inhibit RPAEC
XO activity, the inhibitory effect of these compounds is
likely to be due to the inhibition of endothelial cell XO-
generated oxidants. Penetration of these compounds into
the cells is likely to be enhanced by neutrophil-derived
proteases and oxidants.

The mechanism of neutrophil-induced XD to XO con-
version is unclear, although the results of this study indi-
cate that neutrophil-derived oxidants and other secretory
products alone are not sufficient to mediate this effect.
The inability of catalase and SOD to inhibit conversion and
the ineffectiveness of H202 to cause conversion, plus the
ability of neutrophils from a patient with chronic granulo-
matous disease to cause XD to XO conversion, virtually
rule out H202 and 2- as key mediators of the conversion
process. Thus, the efficacy of catalase and deferoxamine
in inhibiting neutrophil-mediated endothelial cell cytotoxic-
ity cannot be related to their ability to inhibit XD to XO
conversion. These results are consistent with the conclu-
sion that inhibition of cytotoxicity by these agents is prob-
ably mediated by their ability to reduce overall toxic oxi-
dant concentrations generated by both NADPH oxidase
in the neutrophils and XO in the endothelial cells. Viewed
from this perspective, the inechanism of cell injury in this
model is primarily dependent on the overall oxidant bur-
den, a significant portion of which is derived from in-

Table 5. Effects ofAnti-Oxidants oni RPAEC
XO Activities*

%XO

Treatment Dose Control PMN + PMA

None - 40.5 ± 1.83 67.1 ± 1.99
Catalase 100,u/ml 42.1 ± 2.02 73.0 ± 0.98
SOD 50 Ag/ml 42.9 ± 3.67 71.6 ± 2.89
DFO 1 mM 39.1 ± 2.16 73.8± 0.92

* The experimental protocol was as described in Table 3, except anti-
oxidant enzymes or the iron chelator deferoxamine (DFO) were added at
the indicated final concentrations at the time of PMN addition. Absolute
enzyme activities were unaffected by addition of these agents. Data repre-
sent mean ± SE, with N = 3.

creased XO activity in the endothelial cell as a result of
XD to XO conversion. The importance of this endothelial
cell contribution depends on the presence of this en-
zyme, which if variably present in different species could
result in species differences in the susceptibility to this
form of injury. More definitive proof would require direct
quantitative analysis of the amount of oxidant production
attributable to the increase in endothelial cell XO activity.

An alternative mechanism for XD to XO conversion is
local hypoxia due to increased oxygen consumption by
the activated neutrophils resting atop the endothelial cell
monolayer. This mechanism is thought to be important in
tissue and cell injury due to conditions of ischemia fol-
lowed by reperfusion.142627 Under these conditions, acti-
vation of Ca++-dependent proteases is postulated to re-
sult in proteolytic digestion of XD to an irreversible form
of XO with lower molecular weight.25-27 Whether this oc-
curs in neutrophil-mediated injury remains to be deter-
mined, but the cellular system described herein provides
an opportunity to test this hypothesis in a definitive and
direct manner, which has not been possible with prior in
vivo and whole tissue studies. This system can serve as
a useful in vitro model for the previously described in vivo
phenomenon.

Finally, the role of neutrophil granule contents in the
conversion process merits commentary. The known ma-
jor components that are secreted by activated neutrophils
would include proteases, such as elastase, collagenase,
and cathepsins, other hydrolases, and myeloperoxidase.
The effects of these secretory products on endothelial cell
XD to XO conversion have been negative. This would
suggest a requirement for cell-to-cell contact for XD to
XO conversion to occur. Further studies are needed to
elucidate what aspect of neutrophil-RPAEC interaction is
the critical factor or factors in causing XD to XO conver-
sion.
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