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Abstract

To examine the possible involvement of cytokines in reperfu-
sion injury, we have studied production of IL-1 by human vascu-
lar cells, including smooth muscle and mononuclear phago-
cytes. Exposure of cells to hypoxia (P02 14 torr) followed by
reoxygenation led to significant release of IL-1 only from the
mononuclear phagocytes. Elaboration of IL-1 was dependent
on the oxygen tension and duration of hypoxia (optimal at
lower PO2S, 14-20 torr, and after 9 h), as well as the time in
reoxygenation (maximal IL-1 release at 6-9 h). Although a
period of hypoxia was necessary for subsequent IL-1 produc-
tion during reoxygenation of either peripheral blood monocytes
or cultured monocyte-derived macrophages, no IL-1 release oc-
curred during the hypoxic exposure. IL-1 released during reox-
ygenation was newly synthesized, and its production was trig-
gered by the generation of oxygen free radicals, as it could be
blocked by the addition of either allopurinol or free radical
scavengers to cultures and could be stimulated in part by low
concentrations of hydrogen peroxide or xanthine / xanthine oxi-
dase. The potential pathophysiological effects of IL-i-contain-
ing supernatants from reoxygenated macrophages was shown
by their induction of endothelial tissue factor and enhancement
of endothelial adhesiveness for neutrophils, both of which
could be blocked by anti-IL-i antibody. The relevance of IL-1
to hypoxia/reoxygenation in vivo was suggested by the pres-
ence of circulating nanogram amounts of this cytokine in the
plasma of mice during the reoxygenation period following a
hypoxia. (J. Clin. Invest. 1992. 90:1007-1015.) Key words:
ischemia - cytokine/monocyte

Introduction

When tissues become hypoxic, as occurs with hypoperfusion,
and are subsequently reoxygenated, the tissue damage that oc-
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curs during reperfusion shares certain features with the inflam-
matory response ( 1-3). In view of the central role of certain
cytokines, such as IL- 1 and IL-6, and tumor necrosis factor/ca-
chectin (TNF)' ( 1, 4, 5), in the pathogenesis of the inflamma-
tion that occurs, we considered them as possible mediators in
reperfusion injury. In this context, two recent studies have sug-
gested a role for TNF; Colletti et al. (6) showed that a neutraliz-
ing antibody to TNF prevented tissue damage in hepatic isch-
emia, and Maury and Teppo (7) showed that plasma TNF
levels were elevated in certain patients with myocardial infarc-
tions.

Mononuclear phagocytes (MPs) have a central role in or-
chestrating the inflammatory response, especially in terms of
their ability to elaborate cytokines ( 1, 5 ). To understand po-
tential mechanisms underlying reperfusion injury, we exam-
ined whether MPscould produce inflammatory cytokines dur-
ing hypoxia or reoxygenation. Our results show that human
MPs synthesize and elaborate IL-1 after hypoxia/reoxygena-
tion by a mechanism that involves the generation of oxygen
free radicals early in the reoxygenation period. These data sug-
gest that in addition to their role well-known role in causing
tissue damage, oxygen free radicals can serve as a trigger initiat-
ing MPproduction of IL- 1 during reperfusion, thereby mobi-
lizing an inflammatory response.

Methods

Isolation and culturing of monocytes and vascular cells. The mononu-
clear fraction was isolated from human peripheral blood by density
gradient centrifugation (8) (Histopaque 1077, Sigma Chemical Co., St.
Louis, MO) followed by adherence to tissue culture plasticware for 4 h
at 370C. Adherent cells were either used immediately (these cells were
termed monocytes) or cultured for 10-14 d in RPMI 1640 containing
10% human serum and penicillin/streptomycin (100 U/ml-100 ,g/
ml), and then used for experiments (the latter cells were termed mono-
cyte-derived macrophages). Human umbilical vein endothelial cells
(ECs) were prepared as described previously (9), and were used at
passages 1-3. Humanvascular smooth muscle cells were obtained from
the aortic arch of cardiac transplant donors by the method of Gunther
et al. ( 10) as modified by Colucci et al. ( 11 ), were characterized using a
mouse monoclonal antibody to smooth muscle actin (Sigma Chemical
Co.) (12), and were used at passages 2-5.

1. Abbreviations used in this paper: BHA, butylated hydroxyanisole;
BHT, butylated hydroxytoluene; DTPA, diethylenetriamine pentaace-
tic acid; EC, endothelial cell; GAPDH,glyceraldehyde-3-phosphate de-
hydrogenase; LDH, lactate dehydrogenase; MP, mononuclear phago-
cyte; PCR, polymerase chain reaction; TNF, tumor necrosis factor.
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Hypoxia/reoxygenation of cells and measurement of oxygen free
radical formation. Cell cultures were exposed to hypoxia by placing
them in an hypoxia chamber at 37°C (Coy Laboratory Products, Ann
Arbor, MI) ( 13 ). Where indicated, after exposure to hypoxia, cultures
were returned to an atmosphere with ambient oxygen levels (fresh me-
dium was added at the time of reoxygenation). Other agents were
added to MPcultures at the time of reoxygenation, including allopur-
inol, butylated hydroxyanisole (BHA), butylated hydroxytoluene
(BHT), desferrioxamine, diethylenetriamine pentaacetic acid
(DTPA), or mannitol (all obtained from Sigma Chemical Co., except
for desferrioxamine, which was obtained from Ciba Pharmaceuticals,
Summit, NJ).

MPviability of hypoxic and reoxygenated cells was assessed by
trypan blue exclusion, release of LDH(the latter was determined using
a kit from Sigma Chemical Co. according to the manufacturer's in-
structions), and general morphologic characteristics. ATP levels were
determined using the luciferase assay ( 14), and protein synthesis was
assessed by the incorporation of [3H]leucine ( 15).

For certain experiments endothelial cells were exposed to xanthine/
xanthine oxidase (Sigma Chemical Co.) or hydrogen peroxide (Sigma
Chemical Co.), and IL- 1 activity in culture supernatants was mea-
sured. Formation of oxygen free radicals by macrophages on replace-
ment into normoxia was determined by luminol (5-amino-2,3-dihy-
dro- 1,4 phthalazine dione)-dependent chemiluminescence ( 16).

Assays for cytokines: IL-], IL-6, and TNF. IL-l activity was as-
sessed using the D10(N4) Mcell line ( 17 ) on culture supernatants after
centrifugation and filtration (0.2 um) to remove any debris. The limit
of sensitivity of this assay was < 2 U/ml. IL- l activity could be neutral-
ized by the IgG fraction derived from monospecific goat anti-human-
ILa and -f antisera (also see Fig. 1 C). In experiments in which oxygen
free radical scavengers/inhibitors were added to culture media (BHT,
BHA, allopurinol, mannitol, DTPA, and desferrioxamine), controls
performed with medium containing the indicated agent and exogenous
IL-l did not demonstrate inhibition of proliferation in the DlO assay.
Similarly, the amounts of xanthine/xanthine oxidase and hydrogen
peroxide used in our assays had no effect on assessment of IL- I activity
in the Dl 0 assay. IL- 1 antigen was measured in mouse plasma using a
radioimmunoassay kit from Cytokine Sciences, Inc. (Boston, MA) ac-
cording to the manufacturer's instructions. The limit of detection was
20-30 pg/ml.

IL- l antigen was detected by immunoprecipitation of metabolically
labeled macrophage cultures. MPswere incubated in methionine/cys-
teine-poor Minimal Essential Medium (Gibco Laboratories, Grand Is-
land, NY), and then "5S-methionine (0.2 mCi/ml; 1,134 Ci/mmol;
NewEngland Nuclear, Arlington, MA) and 35S-cysteine (0.1 mCi/ ml;
1038 Ci/mmol; NewEngland Nuclear) were added either after 6 h in
hypoxia (PO2 14 mmHg), followed by 6 h in normoxia, or to nor-
moxic cultures. After addition of radiolabel, MPswere incubated for an
additional 6 h in the same environment (normoxia or hypoxia) to
allow for labeling, and then supernatants or detergent lysates of the cells
were subjected to immunoprecipitation with goat anti-human IL-1:#
antiserum (the antibody was generously provided by Dr. R. Chizzon-
ite, Hoffmann-LaRoche, Nutley, NJ). Supernatant was collected, cen-
trifuged, Triton X-100 (0.05%) was added, and then the sample was
incubated with the IgG fraction of anti-IL-$fl antiserum. Cell lysates
were prepared by scraping MPsinto suspension, pelleting them by cen-
trifugation, solubilizing the cell pellet, and then performing immuno-
precipitation with anti-IL-l,B antiserum in the presence of protease
inhibitors. Immunoglobulin/immune complexes were precipitated
with protein G suspension (Sigma Chemical Co.) and subjected to
SDS-PAGE( 15%) (18), followed by autoradiography.

Measurement of IL-I and TNF transcripts by polymerase chain
reaction (PCR). The IL- l a primers used for PCRwere those described
by Narayanan et al. ( 19), and the IL- l,B primers were primer 1 5' AAC
GAGGCTTATGTGCAC3' (sense) and primer 2 5' CAGCTTGTT
ATT GATTTC 3' (antisense). The TNFprimers used for PCRwere

primer 1 5' GACAAGCCTGTAGCCCATGTTG 3' (sense) and
primer 2 5' TGAGTCGGTCACCCTTCT CCAG 3' (antisense).
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers
used for PCRwere primer 1 5' CCATGGAGAAGGCTGGGG3'
(sense) and primer 2 5' CAAAGTTGTCATGGATGACC3' (anti-
sense). To compare transcript levels in MPsexposed to various oxygen
concentrations, PCRwas performed for 10, 15, 20, and 25 cycles. By
analyzing product at each end point, approximate quantitative compar-
isons of initial target sequence could be made between different sam-
ples during the linear phase of the amplification reaction. Each 100-,Ml
reaction contained 3 Ml of cDNA, 200 MMdNTP, equal amounts of
sense and antisense primer (2.0 Mig for GAPDH,4.0 Mg for IL-la, IL-
l#, and TNF), and 5.0 U Taq polymerase (Perkin-Elmer Cetus, Nor-
walk, CT). This reaction mixture was aliquoted into four equal sam-
ples, each undergoing amplification for a specified number of cycles.
After an initial denaturation step at 94°C for 7 min, each cycle con-
sisted of incubations at 94°C for 1 min, 550C for 2 min, and 72°C for 3
min. Products were analyzed on a 3%agarose gel and visualized under
ultraviolet light by staining with ethidium bromide.

Elaboration of IL-6 and TNF antigen into the supernatant of hyp-
oxic/reoxygenated macrophages was determined by ELISA using kits
from Genzyme (Boston, MA) according to the manufacturer's instruc-
tions. The limit of detection in these assays was 156 pg/ml and 20
pg/ml, respectively. For a positive control in the IL-6 assay, macro-
phages were incubated with purified human recombinant IL- 1 at con-
centrations of 5 and 10 ng/ml for 24 h, and supernatants were har-
vested. For a positive control in the TNF assay, macrophages were
incubated with lipopolysaccharide (1 ug/ml; Sigma Chemical Co.) for
indicated times, and supernatants were obtained.

Assessment ofleukocyte-endothelialadherence, ELAM-J, and endo-
thelial procoagulant activity. Assessment of leukocyte-endothelial in-
teraction was performed on confluent monolayers of human umbilical
vein ECs prepared in 96-well plates by the method described by Wright
et al. (20). Tissue factor activity of ECmonolayers was studied follow-
ing a 6-h incubation with conditioned medium derived from either
hypoxic, normoxic, or hypoxic/reoxygenated cells as described previ-
ously (21, 22).

In vivo hypoxia/reoxygenation in a mouse model. Mice were sub-
jected to hypoxic conditions and reoxygenated using a controlled envi-
ronment chamber (access to this chamber was generously provided by
Dr. R. Stark, Department of Pediatrics). Animals were placed in the
chamber and the system parameters were adjusted for a final oxygen
concentration of 5-6% with the balance of the gas mixture made up of
nitrogen. Over the first hour, the oxygen content of the atmosphere was
reduced from ambient levels to 10%, and over the second hour the
oxygen content was further lowered to the range of 5-6%. Reoxygena-
tion was achieved by allowing the chamber to equilibrate with the am-
bient atmosphere. Mice were exposed to hypoxia alone or hypoxia
followed by reoxygenation for varying times. Plasma samples were as-
sayed for IL- 1 antigen in the radioimmunoassay (see above).

Statistical analysis. Data were analyzed by single factor analysis of
variance (see Figs. 1, 2, and 4-8). Posthoc comparisons of individual
means were performed using the Tukey test. In each figure legend, the
origin of the experimental data used for the statistical calculations, the
points used for making comparisons, and P values are indicated. Data
shown are the mean±SD.

Results

Production of IL-I by MPs exposed to hypoxia followed by a
period of reoxygenation. Cultured vascular smooth muscle and
monocyte-derived macrophages were exposed to hypoxia (PO2

14 torr) followed by replacement into normoxia and studied
for elaboration of IL- 1 activity (Fig. 1, A and B). No detectable
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Figure 1. Effect of hypoxia and hypoxia/reoxygenation on the elabo-
ration of IL-I activity by (A) smooth muscle cells, and (B ) macro-

phages. Cultures of human smooth muscle (1o6 cells) or macrophages
(106 cells) were washed with PBS, and then Medium 199, which had
been preequilibrated with a gas mixture consisting of P02 0 torr,

PCO2 40 torr, and the balance made up of nitrogen, was added,

and cells were placed in the hypoxia chamber (PO2 14 torr). After

9 h of hypoxia, the medium was aspirated, fresh medium was added,
and cultures were exposed to normoxia for an additional 6 h. Other
cultures were maintained in normoxia or hypoxia throughout the
experiment (15 h). Aliquots of medium were then assayed for IL-1
activity as described in the text. N, normoxia for 15 h; H, hypoxia
for 15 h; H/R, hypoxia for 9 h followed by reoxygenation for 6 h (the
medium tested in the IL- I assay in the latter case was added on re-

placement in normoxia). Where indicated, conditioned medium was

neutralized by the addition of goat anti-human IL-1,8 and/or anti-
human IL- l a antisera as described in the text ( H/R + a-IL- I or a-

IL-la + a-IL-1I3). Controls with nonimmune goat serum had no

effect on IL-I activity in conditioned media. Data shown represent
two experiments with n = 6 in A and n = 4 in B (these studies used
two different groups of macrophages and smooth muscle cells). There
were no significant differences between the data groups in A. In B,
there was a statistically significant difference between the bar H/R
and the bars designated by **(P < 0.01 ).

IL-I activity was observed in supernatants of hypoxic/reoxy-
genated smooth muscle cells in the D10 assay (Fig. I A). Only
the macrophages elaborated significant amounts of IL- 1 activ-
ity (Fig. 1 B). IL- 1 activity produced by reoxygenated macro-
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phages was mainly neutralized by antibody to IL- 13, although
to achieve complete neutralization of the samples the presence
of anti-IL- a antibody was also required (Fig. 1 B). Elabora-
tion of IL- I by macrophages occurred in a time-dependent
manner, depending both on the period of hypoxia and reoxy-

genation (Fig. 2 A). Maximal IL- 1 release occurred after 6-9 h
in hypoxia followed by 6-9 h in normoxia, but lesser amounts
of IL- 1 were elaborated into the medium after shorter times, as

little as 3 h of hypoxia and 1 h of normoxia. Release of IL- 1 also
depended on oxygen tension during the period of hypoxia, be-
ing observed only at the lower levels of oxygen (21 and 14 torr)
(Fig. 2 B). Thus, exposure of macrophages to an atmosphere
with very low levels of oxygen was necessary, but not sufficient,
to result in IL- 1 elaboration. A subsequent period of reoxygen-
ation after hypoxia was also required.

To assess mechanisms responsible for release of IL- I from
the MPsunder these conditions, it was important to determine
if exposure to hypoxia/reoxygenation altered cell viability
leading to release of IL- 1 as a consequence of damage. Expo-
sure of macrophages to P02 14 torr for 18 h, the longest time

points employed in these experiments, did not affect cell viabil-
ity based on several criteria: cells remained adherent to the
growth surface and did not demonstrate increased uptake of
the vital dye trypan blue, there was no increase in the release of
LDH into the medium, ATP levels were 80%, and overall

protein synthesis was maintained at 80% the levels seen in

normoxic controls. Subsequent exposure to normoxia also did
not alter cell viability, based on these criteria. These data sug-

gest that hypoxia/reoxygenation resulted in release of IL- I by
mechanisms not related to loss of cellular integrity with nonspe-

cific leakage of intracellular contents into the medium.
In view of the time course for IL- 1 release after reoxygena-

tion, with its delay of - 3 h before detection of significant
amounts of cytokine activity in the medium, the possibility
that IL- 1 was being synthesized and then released was consid-
ered. Immunoprecipitation of metabolically labeled macro-
phage detergent lysates and supernatants from hypoxic/reoxy-
genated cultures with anti-IL-l1, antibody demonstrated two
bands on the autoradiograms most likely due to IL-1,8 (Fig. 3

B
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TIME (HR) REOXYGENATION

Figure 2. IL-1 production by macrophages subjected to hypoxia followed by reoxygenation: dependence on incubation times and oxygen con-
centration. (A) Time course. Macrophages (106 cells) were exposed to hypoxia (PO2 14 mmHg) for varying time periods, and then exposed

to normoxia as indicated. Aliquots of conditioned media were removed and assayed for IL-I activity. (B) Oxygen dose-response. Macrophages
( 106 cells) were exposed to an atmosphere containing the indicated partial pressure of oxygen for varying times (from -9 to -3 h), followed
by incubation in normoxia (time = 0 is the time of replacement into normoxia) for 3-12 h. Aliquots of conditioned media were removed and
assayed for IL-l activity. The mean of duplicate determinations from one experiment is shown. There is a statistically significant difference
between macrophages in normoxia and those in hypoxia or hypoxia/reoxygenation as indicated: *(P < 0.05) and **(P < 0.01).
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A, lysate and medium, HR): in cell lysates, a major band was
observed with a relative molecular mass of 35 kD, which
showed similar migration to that reported previously for the
IL- 1I precursor, and in supematants, a diffuse band was ob-
served with a relative molecular mass of 17-20 kD, which
showed similar migration to that reported previously for the
fully processed form of IL- I j (23, 24). In contrast, little IL- lI3
was detectable in metabolically labeled samples derived from
comparable numbers of normoxic and hypoxic macrophages
(Fig. 3 A; Nand H). To determine if increased macrophage
synthesis of IL- 1 occurred in parallel with an increase in the
level of mRNAfor IL- 1, experiments using the PCRwere per-
formed with primers for IL- 1 a and IL- 1 : (Fig. 3 B). In each
case, no significant difference in levels of transcripts were ob-
served in the normoxic and hypoxic/reoxygenated samples.
Similar results were observed when the effect of hypoxia/reox-
ygenation on TNFa transcripts was studied using PCR(Fig. 3
B). Controls with GAPDHalso showed bands of approxi-
mately equal intensity. Thus, enhanced production of IL- 1 in
hypoxic/reoxygenated macrophages was not accompanied by
parallel changes in the level of mRNAfor this cytokine relative
to that found in normoxic conditions.

The role of oxygen free radicals in macrophage IL-I release.
Experiments to elucidate the stimulus for IL- 1 release from
hypoxic/reoxygenated macrophages focused on the produc-
tion of oxygen free radicals under these conditions (Figs. 4 and
5). The presence of the general free radical scavengers BHA
and BHT simultaneous with reoxygenation blocked subse-
quent IL- 1 production (Fig. 4 A). In addition, allopurinol, an

Medium

inhibitor of xanthine oxidase that has also been shown to be a
hydroxyl free radical scavenger (25), prevented IL- 1 produc-
tion in a dose-dependent manner (Fig. 4 A). Mannitol, the
hydroxyl radical scavenger, also partially inhibited IL- 1 produc-
tion, as well as the chelators desferrioxamine and DTPA(26)
(Fig. 4 A). These results suggested the hypothesis that forma-
tion of oxygen free radicals, probably involving formation of
the superoxide and hydroxyl free radicals during reoxygena-
tion, facilitated by the presence of accessible transition metals
(27), triggered IL- 1 production. In support of this, addition of
either xanthine/xanthine oxidase or hydrogen peroxide to nor-
moxic macrophages led to elaboration of IL- 1 activity into cul-
ture supernatants, although the amounts were less than that
observed with hypoxia/reoxygenation (Fig. 4, B and C). This
is probably due to the toxicity of these oxygen free radical gen-
erating systems, which also resulted in cell damage, especially
evident at the higher concentrations of hydrogen peroxide
(2 1%).

The experiments with oxygen free radical scavengers sug-
gested that exposure of macrophages to hypoxia/reoxygena-
tion resulted in the formation of oxygen free radicals. Using a
luminol-dependent chemiluminescence assay ( 16), formation
of free radicals was measured during reoxygenation: they were
evident within 5 min of replacement into normoxia, reached a
maximum by 30 min, and returned to levels close to the base-
line within 3 h (Fig. 5 A). Generation of chemiluminescence
was largely prevented by adding either allopurinol or BHAjust
before reoxygenation of macrophages. These data implied that
free radical production early in the reoxygenation period was
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Figure 3. Immunoprecipitation and PCRanalysis of IL- 1B from conditioned media and cell lysates of macrophages: effect of normoxia, hypoxia,
and hypoxia followed by reoxygenation. (A) Immunoprecipitation. Macrophages were exposed to either normoxia for 12 h (N), hypoxia (PO2

14 torr) for 12 h (H), or hypoxia (6 h) followed by normoxia for 6 h (HR). Cultures were metabolically labeled and immunoprecipitation

of conditioned media and cell lysates with a monospecific antibody to human IL-l I was performed as described in the text. Nonreduced SDS-
PAGE( 15%) and autoradiography were performed. The two areas of the autoradiogram denoted by the arrows correspond to relative molecular
masses of 35 and 17-20 kD, based on the migration of standard proteins run simultaneously: ovalbumin (M, 46 kD), carbonic anhydrase

(Mr 30 kD), trypsin inhibitor (Mr 21.5 kD), and lysozyme (M- 14.3 kD). (B) Amplification of macrophage mRNAby PCR. Cells were

exposed to normoxic conditions for (1) 8 h, (2) hypoxia for 8 h, or (3) hypoxia (7 h) followed by reoxygenation for 1 h. First-strand cDNA
prepared from poly A' RNAserved as template for PCRin combination with primers specific for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), IL- a, IL- I d, or TNF. Results shown are samples taken during the linear portion of the implication reaction: cycle 15 for GAPDH,
cycle 20 for IL- a and TNF, and cycle 20 for IL- 1,B. The photographic reverse image of ethidium bromide-stained agarose gels is shown for
clarity of the faint bands.
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Figure 4. IL- I production by macrophages: effect of oxygen free radi-
cal scavengers, transition metal chelators, and oxygen free radical
generating systems. (A) Effect of oxygen free radical scavengers and
transition metal chelators. Macrophages ( 106 cells) were exposed to
hypoxia (PO2 14 torr) for 6 h followed by 6 h in normoxia. Just
before exposure to reoxygenation, either BHA(at the indicated con-
centration), BHT ( 10, 20 MM), allopurinol (at the indicated concen-
tration), a-D-mannitol (25 mM), DTPA( 1, 10MM), or desferrioxa-
mine (DESFER.; 10 M) was added. At the end of the experiment, an
aliquot of medium was obtained for IL-l assay. (B) Effect of incuba-
tion of normoxic macrophages with xanthine/xanthine oxidase on
IL-1 elaboration. Macrophages (106 cells) were incubated with xan-
thine oxidase (x-oxidase) and/or xanthine (x) for 6 h in normoxia.
An aliquot of conditioned medium was obtained for IL- I assay. (C)
Effect of incubation of normoxic macrophages with hydrogen perox-
ide on IL-l elaboration. Macrophages ( 106 cells) were incubated with
hydrogen peroxide for 6 h in normoxia. An aliquot of conditioned
medium was obtained for IL- 1 assay. In each case, the mean and SD
is shown: (A) one experiment with triplicate determinations; (B and
C) data pooled from two experiments (n = 4). In A, **P < 0.01
compared with H/R in the absence of added agents (0). In B and C,
* P < 0.05 and * *P < 0.01 compared with macrophages incubated
in the absence of added agents.
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Figure 5. Oxygen free radical generation and IL-I production by
macrophages exposed to hypoxia followed by reoxygenation: effect of
time of addition of BHAand allopurinol. (A) Oxygen free radical
generation by hypoxic/reoxygenated macrophages, as assessed using
luminol-dependent chemiluminescence. Macrophages (106 cells)
were exposed to hypoxia (PO2 14 torr) for 9 h followed by nor-
moxia as indicated. Starting at the time of reoxygenation (time = 0),
aliquots of supernatant were withdrawn to detect luminol-dependent
chemiluminescence (open bars). In certain wells, either allopurinol
( 10 MM; closed bars) or BHT ( 10 MM; cross-hatched bars) was added
just before reoxygenation, and samples were obtained for the IL- 1
assay at the indicated times. (B) Production of IL- 1 activity by hyp-
oxic/ reoxygenated macrophages: effect of the time of addition of al-
lopurinol or BHT. Macrophages ( 106 cells) were exposed to hypoxia
(PO2 14 torr) for 9 h, followed by normoxia for 6 h. Allopurinol
(10 ,gM) or BHT(10IsM) was added just before reoxygenation (time
= 0) or at the indicated time after replacement of cultures in nor-
moxia. Aliquots of culture media were obtained for IL- 1 assay after 6
h in reoxygenation in each case. In each case, the mean±SDof tripli-
cate determinations from one experiment is shown. In A and B, * in-
dicates P < 0.05 and * * indicates P < 0.01 compared with (A) nor-
moxic samples in the absence of allopurinol or BHT or (B) the bar
marked none.

the stimulus for subsequent IL-1 production/release. Consis-
tent with this hypothesis, addition of allopurinol early in the
reoxygenation period (simultaneous with placement of cul-
tures in normoxia or 5-10 min later) blocked IL- I production,
whereas addition of allopurinol at later times ( 1-3 h) had less
effect (Fig. 5 B). Similar results were observed with respect to
addition of BHAand inhibition of reoxygenation-induced IL- I
production (Fig. 5 B).

Production of IL-I by freshly isolated monocytes. These
experiments demonstrating IL-I production by hypoxic/reox-
ygenated cultured monocyte-derived macrophages led us to
perform studies with human monocytes freshly isolated from
peripheral blood. After exposure of monocytes to hypoxia and
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Figure 6. Monocyte production of IL- I activity following exposure to
hypoxia/reoxygenation: time course and effect of inhibitors. (A)
Time course. Monocytes (106 cells) were exposed to hypoxia (PO2

14 torr) followed by replacement into normoxia for the indicated
time. Aliquots of culture supernatant were assayed for IL- I activity.
The mean of duplicate determinations from one experiment is shown.
The bars marked * * indicate P < 0.01 compared with normoxic con-
trols. (B) IL-I production by hypoxic/reoxygenated monocytes: ef-
fect of BHAand allopurinol. Monocytes (106 cells) were exposed to
hypoxia (PO2 14 torr) for 6 h followed by normoxia for 6 h. Where
indicated, either BHAor allopurinol were added just before reoxy-
genation. The mean±SDof four determinations pooled from two ex-
periments (each performed in duplicate) is shown. Bars marked **
indicate P < 0.01 compared with H/R(0).

restoration to normoxia, elaboration of substantial amounts of
IL- 1 activity was observed (Fig. 6 A) with a time course similar
to that seen with the macrophages. Baseline IL- I production by
freshly isolated human monocytes adherent to the growth sur-
face was much greater than that for monocyte-derived macro-
phages (compare with baseline of normoxic macrophages in
Fig. 1 C). Over time in culture under normoxic conditions,
elaboration of IL- I by monocyte-derived macrophages steadily
declined to the values shown in Fig. 1 Cfor normoxic cultures.
Production of IL- 1 by monocytes during hypoxia/reoxygena-
tion could be blocked in a dose-dependent manner by the addi-
tion of BHAand allopurinol (Fig. 6 B), suggesting that forma-
tion of oxygen free radicals was the stimulus for IL- I elabora-
tion. Taken together, these observations indicated that fresh
monocytes, as well as macrophages, had the potential to gener-
ate IL-I activity in response to hypoxia/reoxygenation.

IL-I containingMPsupernatantsenhanceendothelialadhe-
siveness for leukocytes and induce tissue factor expression.
Since IL- I has been shown to modulate EC-leukocyte interac-
tion (28) and to induce production of tissue factor (21, 22), it
was important to determine if supernatants of reoxygenated
MPs could perturb these EC properties. Preincubation of EC
monolayers with IL-1-containing conditioned medium from
reoxygenated macrophages increased the subsequent binding
of leukocytes compared with monolayers exposed to macro-
phage supernatants from normoxic or hypoxic cultures (data
not shown). In addition, conditioned medium from reoxygen-
ated MPs led to the induction of endothelial tissue factor, as
shown by the Factor Vlla-mediated Factor X activation,
which could be blocked by anti-tissue factor antibody (data
not shown).

Effect of hypoxia/reoxygenation on production of TNFand
IL-6 by MPs. In view of the expression of IL- 1 by MPsduring
reoxygenation, it was important to determine if other cyto-
kines, especially TNF and/or IL-6, were also produced at the
same time. Whenmacrophages were exposed to hypoxia/reox-
ygenation under conditions that led to optimal production of
IL- 1, no TNFantigen was evident in culture supernatants (Fig.
7 A). Positive controls in which macrophages were incubated
with LPS (5) in normoxia demonstrated production of TNF
activity. Although LPS-induced macrophage elaboration of
TNF was about the same in normoxia and hypoxia, during
reoxygenation there was a considerable reduction in the
amount of detectable TNFactivity in conditioned media from
LPS-stimulated macrophage or monocyte cultures (Fig. 7 A).

Production of IL-6 by reoxygenated macrophages was also
studied using an ELISA. Neither normoxic, hypoxic, nor hyp-
oxic/reoxygenated macrophages elaborated IL-6 antigen into
culture medium at the times indicated (Fig. 7 B). When the
same populations of monocytes were exposed to IL- 1 a in nor-
moxia, production of IL-6 was evident (Fig. 7 B), as described
previously (29).

Effect of hypoxia/reoxygenation on IL-I production in a
mouse model. Our observations that monocytes and macro-
phages in culture elaborated IL-l during reoxygenation led us
to perform studies in an animal model to determine if IL- 1 was
produced in this setting in vivo. For these studies, mice were
exposed to a period of hypoxia followed by reoxygenation, and
plasma samples were studied for IL- 1 antigen using a radioim-
munoassay (Fig. 8). Although somewhat increased levels of
IL- 1 were found in plasma obtained during hypoxia ( 12 and 24
h), these levels only achieved significance during the reoxygen-
ation period. In view of the clearance of IL- 1 (half-time for
disappearance after intravenous administration of 19 min
and after subcutaneous administration of 1.6 h (30), these data
suggest that IL- 1 production occurred in vivo during reoxygen-
ation and, probably, hypoxia as well. Since IL- 1 elaboration by
MPs in vitro occurred only several hours after reoxygenation,
these in vivo observations imply that additional mechanisms
(which could reflect the participation of other cells in addition
to macrophages) are involved in the intact animal.

Discussion

These studies show that exposure of MPs, either freshly ob-
tained monocytes or monocyte-derived macrophages, to a pe-
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Figure 7. Elaboration of TNF and IL-6 by macrophages: effect of hypoxia and hypoxia/reoxygenation. (A) Elaboration of TNF antigen. Mac-
rophages (106 cells) were incubated in normoxia (N), hypoxia (H, P02 14 torr), or hypoxia followed by reoxygenation (H/R) for the indi-
cated times in normal medium or medium containing LPS (1 jg/ ml). An aliquot of culture supernatant was obtained for assessment of TNF
antigen at the end of the experiment. The limit of sensitivity in the TNFELISA was 20 pg/ ml. The mean±SDof quadruplicate determinations
from one experiment is shown. The bars designated ** and * indicate P < 0.01 and P < 0.05, respectively, compared with bar labeled (N). (B)
Elaboration of IL-6 antigen. Macrophages (106 cells) were incubated in normoxia, hypoxia, or hypoxia followed by reoxygenation for the indi-
cated times as above. IL-1a (5 and 10 ng/ml) was added for 6 h to one set of cultures (IL-I). An aliquot of culture supernatant was obtained
for assessment of IL-6 antigen at the end of the experiment. The arrow and dashed line indicate the limit of sensitivity in the IL-6 ELISA. The
mean of duplicate determinations from one experiment is shown.

riod of hypoxia followed by reoxygenation leads to the induc-
tion of IL- I synthesis and release, probably triggered by oxygen

free radicals produced early during reexposure to normoxia.
Under the current conditions, viability of cultured MPs was

not affected. Thus, the data support a role for the early pulse of
oxygen free radicals as the stimulus for IL-I production. The
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Figure 8. IL- antigen in the serum of mice exposed to normoxia,

hypoxia, or hypoxia followed by reoxygenation. Mice were exposed
to the ambient atmosphere (Normoxia, n = 4), hypoxia (PO2 14
torr; 720 min and 24 h, n = 4), or hypoxia ( 1,440 min) followed by
replacement into the ambient atmosphere for the indicated times (n
= 3, in each case except 15 min and 30 min where n = 4). Plasma
samples were processed in triplicate and were assayed for IL- I antigen
(mean±SD) using the radioimmunoassay. Bars designated by * indi-
cate P < 0.05 and ** indicate P < 0.01 compared with normoxic
controls.

general free radical scavengers BHAand BHT, and the xan-

thine oxidase inhibitor allopurinol, diminished IL-1 produc-
tion when added to cultures just before replacement in nor-

moxia. In contrast, addition of inhibitors after the burst of
oxygen free radical production (> 60-120 min after reoxygen-

ation) did not diminish IL-1 elaboration. Although the exact
species of free radical responsible for IL- 1 production has not
been identified, based on the studies represented in Figs. 4 and
5, it is likely that xanthine oxidase-mediated formation of su-

peroxide radical is involved. In the setting of ischemia, high
levels of xanthine oxidase are probably present, resulting from
conversion of xanthine dehydrogenase, and the substrate of the
enzyme, hypoxanthine, also accumulates under the same con-

ditions (31). Formation of hydroxyl radical may also be in-
volved in stimulating macrophage IL- 1 production, since man-

nitol, a hydroxyl radical scavenger, had a partial inhibitory
effect on IL- 1 production during reoxygenation and hydrogen
peroxide had a stimulatory effect.

Elaboration of IL- 1 during reoxygenation required expo-

sure of MPs to hypoxia followed by replacement into nor-

moxia. Immunoprecipitation demonstrated little IL-1 in ly-
sates from either hypoxic or normoxic macrophages. On reoxy-

genation, immunoprecipitation showed IL-I to be present in
cell lysates and supernatants, and functional assays were con-

sistent with release of IL- 1. In contrast, general release of cyto-
solic contents, such as LDH, was not observed. At the tran-
scriptional level, IL-I mRNAlevels appeared comparable in
normoxic macrophages, which did not produce IL- 1, and reox-

ygenated macrophages, which did elaborate IL- 1. These obser-
vations are consistent with the hypothesis that hypoxia/reoxy-
genation specifically induces biosynthesis and release of IL- 1

acting at the translational level. The apparent dissociation be-
tween mRNAlevels and protein synthesis observed in adher-
ent normoxic macrophage cultures and their counterparts dur-
ing hypoxia/reoxygenation is consistent with the observations
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of Schindler et al. (32, 33). According to their model, certain
stimuli, such as C5a or cell adherence to a substrate, modulate
mRNAlevels of IL- 1, whereas another type of stimulus, e.g.,
LPS, induces a translational signal. Hypoxia/reoxygenation
would be a pathophysiologically relevant example of a stimulus
inducing IL- 1 protein synthesis. In contrast, the stimulus im-
parted to the cell during reoxygenation that stimulated IL- 1
production did not activate TNF release, although TNF
mRNAwas certainly present.

The detailed mechanisms involved in the release of IL- 1, a
molecule devoid of a signal peptide ( 1), from macrophages
subjected to metabolic stress remains to be elucidated. How-
ever, there may be a link between enhanced IL- 1 release ob-
served in hypoxia/reoxygenation and that which follows expo-
sure of activated monocytes to high temperatures (42°C),
which has been speculated to occur via a vesicular pathway
(34). Studies using cultured bovine ECs have shown that ex-
pression of certain heat-shock proteins can be blocked by addi-
tion of inhibitors of oxygen-free radical scavengers (35). In this
context, LPS, which also induces synthesis/release of IL- 1, has
been shown to induce oxygen free radical production by periph-
eral blood cells (36, 37). This suggests that oxygen free radicals
may provide an important signal priming mechanisms leading
to IL-1 synthesis/release.

The functional effects of IL- 1 produced by hypoxic/reoxy-
genated MPs on the host response were illustrated by the en-
hanced leukocyte adherence to the ECmonolayer and induc-
tion of tissue factor EC expression. The potential importance
of IL- 1 derived from mononuclear cells during reoxygenation
was underscored by the elevated levels of IL- I activity detect-
able in mouse plasma after hypoxia/reoxygenation. These data
suggest that IL- 1 may contribute to the pathogenesis of the host
response observed in the reperfusion syndrome and point to a
potential therapeutic role for inhibitors of IL- 1 action in this
clinical setting. Based on the previous findings of Colletti et al.
(6), indicating a protective effect of anti-TNF antibodies dur-
ing hepatic ischemia/reperfusion, it may well be that antago-
nists of both IL- 1 and TNF will be efficacious to alter the
course of tissue injury in reoxygenation.
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