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In Vitro Suppression of Serum Elastase-Inhibitory

Capacity by Reactive Oxygen Species Generated

by Phagocytosing Polymorphonuclear Leukocytes

HARVEYCARPand AARONJANOFF, Department of Pathology, Health Sciences Center,
State University of New York at Stony Brook, Stony Brook, New York 11794

A B S T R A C T Humanpolymorphonuclear leukocytes
(PMN) phagocytosing opsonized antigen-antibody
complexes, produce dialyzable species of activated
oxygen which are capable of partially suppressing the
elastase-inhibiting capacity (EIC) of whole human
serum or purified human a1-proteinase inhibitor. Serum
EIC was partially protected by superoxide dismutase,
catalase, or mannitol, suggesting that hydroxyl radical,
formed by interaction of superoxide radical and hydro-
gen peroxide, might be responsible for this effect.
NaN3 also partly protected EIC, implicating myeloper-
oxidase-mediated reactions as well. An artificial super-
oxide radical-generating system, involving xanthine
and xanthine-oxidase, could be substituted for phago-
cytosing PMNwith resultant EIC suppression. These
results are consistent with previous demonstrations of
the release of potent oxidants by stimulated PMN, as
well as earlier studies from our laboratory showing
sensitivity of a1-proteinase inhibitor to inactivation by
oxidants. Oxidative inactivation of proteinase inhibitors
in the microenvironment of PMNaccumulating at sites
of inflammation may allow proteases released from
these cells to more readily damage adjacent connective
tissue structures.

INTRODUCTION

Human leukocytes contain potentially injurious sub-
stances within their cytoplasmic granules, including
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proteases capable of degrading connective tissue struc-
tures and basement membrane (1). These proteases
include human polymorphonuclear leukocyte (PMN)1
elastase (2) and collagenase (3). It has been shown that
PMNaccumulation at sites of inflammation, including
sites of immune complex deposition, may result in the
escape of these enzymes to the outside of the cell with
subsequent damage to surrounding tissue structures (4).
A system of antiproteases is present in the circulation
and tissue fluids which functions to inactivate proteases
released from inflammatory cells (5). a1-proteinase in-
hibitor (a,-Pi) is an important component of this anti-
protease system and is capable of inhibiting both PMN
elastase and collagenase (5). It is believed that the local
balance between released protease and tissue anti-
protease plays a key role in determining whether
damage will occur to connective tissues as a result of
inflammation (5).

A recent report has shown that a,-Pi can be inacti-
vated by exposure to several model free-radical oxidants
as well as to oxidants present in cigarette smoke (6).
Since leukocytes produce and release several reactive
oxygen species during phagocytosis (7), the local balance
between protease and antiproteases may be further dis-
rupted during inflammation by the oxidative inactivation

uAbbreviations used in this paper: a,-Pi, a,-proteinase in-
hibitor; EIC, elastase-inhibitory capacity; H202, hydrogen per-
oxide; HBSS, Hanks' balanced salt solution; HBSSG, HBSS
containing 0.2% glucose; HI, heat-inactivated; 02, superoxide
radical; * OH, hydroxyl radical; PMN, polymorphonuclear
leukocyte(s); SOD, superoxide dismutase.
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of a,-Pi in the microenvironment of PMN. In this event,
tissue components adjacent to PMNat sites of inflam-
mation would be even more susceptible to dacmlage by
proteases simultaneously released from these cells.

Wetested this possibility in an in vitro system. The
present report demonstrates that human PMNstimu-
lated by exposure to opsonized antigen-antibody com-
plexes release dialyzable oxidant species which in turn
are capable of inactivating a1-Pi. Indirect evidence is
also presented to show that pathways dependent on
superoxide radical 02:, hydrogen peroxide (H202),
and myeloperoxidase are involved in the inactiva-
tion of a1-Pi.

METHODS
Preparation of PMN. Leukocyte suspensions containing

-90% PMNwere prepared from fresh, anticoagulated, normal
human blood by dextran sedimentation as previously de-
scribed (8). The cells were suspended in Hanks' balanced
salt solution (HBSS), pH 7.8, containing 0.2% glucose (HBSSG)
to give a final concentration of 4 x 106 PMN/ml. Over 95% of
the PMNexcluded trypan blue, before and after the experi-
mental period. Fresh serum, as a source of complement from
the same individual, was simultaneously obtained.

Preparation of "pretreated" dialysis bags. Pretreated
dialysis bags were prepared by incubating saline-filled dialysis
tubing (type 8-667A, Fisher Scientific Co., Pittsburgh, Pa.)
in 10% (wt/vol) bovine serum albumin for 48 h at 4°C, to adsorb
bovine serum albumin to the outer surface of the bag. The
sealed bags were then washed with saline and incubated in
10% (vol/vol) rabbit anti-bovine serum albumin antiserum
(Miles Laboratories Inc., Elkhart, Ind.), diluted in saline, for
1 h at 22°C. The bags were again washed with saline and then
incubated in 10% (vol/vol) fresh human serum, diluted in saline,
for 1 h (22°C). The bags containing opsonized antigen-antibody
complexes on their outer surface, were then opened and
washed with saline over both inner and outer surfaces and
were cut into standard lengths, such that 1,600 mm2would
be exposed to the dialyzing solution in subsequent experi-
ments. Control tubings containing no immune complex
"coating"or containing antigen alone (bovine serum albumin)
were also prepared.

Source of elastase inhibitor. Dilutions of a standard human
serum containing 2.2 mg/ml ca,-Pi (determined by radial im-
munodiffusion) or of purified a,-Pi (a gift of Dr. J. C. Taylor,
Scripps Clinic, La Jolla, Calif.) were used as a source of
elastase inhibitor.

Assay of elastase inhibitory capacity. 50 gl of a solution to
be tested for elastase-inhibitory capacity (EIC) was incubated
with 100 ,u of 0.06 ,g/,ul porcine pancreatic elastase (Elastin
Products Co., St. Louis, Mo.) for 30 min at 37°C, after which
elastolytic activity was measured using elastin agarose plates
as previously described (6). The molar ratio of active a,-Pi
in the test solution to active elastase was 1, when either 2.5%
(vol/vol) standard serum or 0.075 lug/,ul purified a,-Pi was used.

Special reagents and assays. 02* was measured by a modi-
fication of the method of McCord and Fridovich (9), in which
superoxide dismutase-sensitive reduction of cytochrome c is
followed spectrophotometrically at 550 nm. In assaying 02
concentrations within the dialysis bags, cytochrome c was
present inside the tubing throughout the incubation interval
to trap all 02- which diffused into the dialysand. Superoxide
dismutase (SOD), (type 1, Sigma Chemical Co., St. Louis, Mo.)
was also assayed according to McCord and Fridovich (9). Heat-

inactivated SOD(HISOD) was prepared by autoclaving for
20( mill at 120°C. Both native annd HISOD were diluted in
2 imiM Na2EDTAaind then dialyzed against buffer before use
to remove free metals. Catalase (C-40, Sigmia Chemical Co.)
was assayed according to Beers and Sizer (10) and was freed
from contaminating SODbeforehand by repeated washings
through XM100A diaflo ultrafiltration membrane (Amiconi
Corp., Scientific Systemsi Div., Lexinigton, Mass.). Heat-
inactivated catalase (HI catalase) was prepared by autoclaving
for 20 min at 120°C. Our preparations of SODand catalase
were checked and found to be free of cross-contaminationi.
Xanthine oxidase was obtained froIml Boehringer Nlannllheimll
Biochemicals (Indianapolis, Ind.) as a partially purified prepat-
ration suspended in ammliloniium sulphate.

RESULTSANDDISCUSSION

Inactivation of elastase inhibitor by1 the xatnthine-
xanthine oxidase reaction. Before using PMNto test
for a,-Pi inactivationi by 02:* generated during phagocy-
tosis, a model enzymatic Of-generating systemii was
employed using the xanthine-xanthine oxidase reactioni.
When xanthine oxidase converts xanthine to uric acid,
a reproducible flux of 02- is produced (9). Hydrogen
peroxide (H202) is also generated by this system, since
H202 productioI always accomllpanies 02: production as
a result of spontaneous or enzymatic dismutation of
02: (9). In additioni, H202 and 02, in the presence of
trace metal catalysts normally preseint in biological
fluids, have been shown to generate an even more
potent oxidant, hydroxyl radical (-OH) (11). Table I
summarizes all experiments employing the xanthine-
xanthine oxidase system. In these experiments, the
enzymatic reagents were present in 4.0( ml of external
solution ("dialysate" in Table I), whereas a,-Pi or serumii
were enclosed within dialysis bags conitaining 750 Al of
solution and incubating in the external bath ("dialvsand"
in Table I). Incubation was for 25 min at 37°C in a
gyrorotary water bath. At the end of this interval, both
EIC and 02- conitenit of the dialysanid were measuredl
as described in Methods.

As shown in Table I, the xanthine-xanthine oxidase
"activated oxygen"-generating system was capable of
partially suppressing EIC of both serum and purified
a,-Pi. The xanthine oxidase system had no effect on
activity of elastase alone (Table I). Separate experiments
showed that dialysis tubings exposed for 1 h to the oxi-
dizing radicals did not become "leaky", so that loss of
antiproteases from the bag was not responsible for
these results.

SOD, an enzyme that specifically catalyzes the dis-
mutation of 02 into H202 and oxygen (9), was able to
protect serum again-st inactivation by xanthine oxidase
(Table I). This implies that 02 must be present for
inactivation to occur. Catalase, which decreases availa-
ble H202 (10), also protected serum inhibitors (Table I).
This implies that H202 must also be present for these
inhibitors to be inactivated. HISOD and HI catalase
were without effect (Table I). The fully protective ef:
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TABLE I
Inactivation of Purified a,-Pi and Serum EIC by Xanthine-Xanthine Oxidase

Dialysate contents* Dialysarid contentst Assay results

Xanthine Protective 02: in EIC of
Xanthine oxidase Serum a,-Pi agent dialysand§ dialysand'

- - - - - 0 0

- - + - - 0 100
+ - + - - 0 100±3.0
- + + - - 0 99+2.4
+ + + - - 100 63 1.6
+ + + - SOD 0 102±2.4
+ + + - Catalase 98+2.3 103+2.1
+ + + - Mannitol 97+2.1 97+3.5
+ + + - HISOD 100+ 1.5 62 1.5
+ + + - HI catalase 102±3.1 64±3.1
+ + - - _ NT Ot
+ + - - SOD NT 0

+ + - - Catalase NT 0

+ + - - Mannitol NT 0
- - - + - NT 100
+ + - + - NT 44+2.1

NT, not tested.
* Concentrations: xanthine, 50 AM; xanthine oxidase, 0.6 ,AM. The buffer was
HBSS, pH 7.8.
1 Concentrations: SODand HISOD, 280 U/ml; catalase and HI catalase, 50 U/ml;
mannitol, 20 mM; pure cta-Pi, 0.075 ,gl,ul; human serum, 2.5% (vol/vol). The buffer
was HBSS, pH 7.8.
§ The results (mean of three experiments+ 1 SEM) are expressed as a percentage of
02: detected under standard conditions (only xanthine and xanthine oxidase in the
dialysate). 100% corresponds to 3.4 nM of 02-

The results (mean of three experiments+1 SEM) are expressed as a percentage of
EIC of serum or pure a,-Pi not exposed to xanthine-xanthine oxidase reaction.
EIC = elastase standard - elastase + serum (or a,-Pi)/elastase standard x 100.

¶ Controls for effects of all reagents used on the enzymatic activity of elastase
(EIC = 0 represents 100% elastolysis).

fects of either catalase or SOD suggest that neither
H202 nor 02 alone are capable of inactivating serum,
but that a product of the two may be responsible. This is
supported by the observation that 50 mMH202, an
amount far in excess of that generated by our xanthine
oxidase system, does not inactivate pure a,-Pi (data not
shown). -OH and similar reactive species whose genera-
tion is dependent on H202 and 02 can be neutralized
by mannitol, a free radical scavenger capable of reacting
with OH but unreactive towards H202 or 02 (12).
As shown in Table I mannitol protected serum elastase
inhibitors against inactivation by the xanthine oxi-
dase system.

Taken together, the results in Table I suggest that
H202 and 02 : through generation of a more potent
oxidant (perhaps OH), are capable of suppressing the
EIC of serum, probably by oxidatively inactivat-
ing a,-Pi (6).

Inactivation of elastase inhibitor by phagocytosing
PMN. One in vitro model of immunologic injury uses
opsonized immune complexes fixed to a nonphagocy-
tosable surface such as a micropore filter to simulate
in vivo immune complex deposition (4). PMNadhere
to the surface and are stimulated to release their tis-
sue-damaging lysosomal contents to the outside of the
cell (4). Under similar conditions, PMNare also stimu-
lated to produce and release a number of oxygen re-
lated reactive species, thought to include°2O H202
singlet oxygen, -OH and other molecules with similar
reactivities (7). The experiments summarized in Table II
were performed using opsonized antigen-antibody
complexes fixed to the nonphagocytosable outer surface
of a dialysis bag as a stimulus for release of reactive
oxygen species by human PMN. Under these condi-
tions, _6 x 106 PMNadhered to the 1,600-mm2 outer
surface of the pretreated dialysis tubing and, after 60 min
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TABLE II
Inactivation of Purified a,-Pi and Serum EIC by Phagocytosing PMN

Dialysate contents*
Dialysand contentst Assay results

Pretreated
dialysis tubing Protective 02: in EIC of'

(see text) PMN NaN3 Serum a,-Pi agent (lialysand§ dilarsll'ad

+ - - + - - 0 100
+ + - + - - 100 64±2.3
- + - + - - 0 100±3.1
+ + - + - SOD 0 81±1.9
+ + - + - Catalase 97±2.3 84±2.0
+ + - + - Mannitol 98±2.9 83+±1.9
+ + - + - SOD+ catalase

+ mannitol 0 81+ 1.8
+ + - + - HISOD 97±3.5 60±2.4
+ + - + - HI catalase 103±3.5 58±3.2
+ - - - + - NT 100
+ + - - + - NT 46±2.1
+ + - - - SOD+ catalase

+ mannitol NT
+ + _ _ NT
+ + + - - - NT (
+ + + + - - 103±2.8 79±3.2

NT, not tested.
* Concentrations: PMN, 4 x 106/ml; NaN3, 2 mM. The buffer was HBSSG, pH 7.8.
I The concentrations are the same as Table I. The buffer was HBSSG, pH 7.8.
§ The results (mean of three experiments±1 SEM) are expressed as a percentage of O2 detected
under standard conditions (pretreated tubing, 4 x 1(6 PMN/ml). 100% correspondls to 2.6
nM of 02s:
The results (mean of three experiments ±1 SEM) are expressed as in Table I.

¶ Control for effects of all reagents used on
represents 100% elastolysis).

of incubation at 37°C, 02 could be detected inside the
dialysis bag (Table II). Enzymes released from the PMN
were prevented from interacting with the contents of
the bag by the dialysis membrane. As shown in Table II,
the EIC of serum and of purified a,-Pi present inside
of the bag was partly suppressed. The activity of elastase
alone was unaffected (Table II). Untreated dialysis
membranes (no immune-complex "coating" or antigen-
coating alone) did not stimulate PMNto produce these
effects (Table II, line 4).

As is also shown in Table II, catalase, SOD, and man-
nitol (when present separately) partially protected
serum elastase inhibitor from inactivation. Whenthese
agents were added together, no further increase in pro-
tection was observed (Table II), suggesting that other
antiprotease-inactivating pathways may be functioning
in the case of PMN. In view of the ability of leukocyte
myeloperoxidase to generate a number of potent oxi-
dants (13), PMNmight be expected to also possess a
myeloperoxidase-dependent pathway capable of inacti-

the enzymatic activity of elastase (EIC = 0

vating a,-Pi. To test this, NaN3 was added to the PMN
suspension at a concentration sufficient to inhibit my-
eloperoxidase (13) without inhibiting H202 (13) or 02
production (13). As shown in Table II, NaN3 partially
prevented serum inactivation by phagocytosing PMN.
Combination of SOD, mannitol, and NaN3 resulted in
almost complete protection of serum EIC (92.6+0.8%
of the control value).

Previous work has implicated oxidants released from
PMNas tissue-daimiaging agents in inflaiimmatioin be-
cause of oxidant cytotoxicity (14), oxidant-mediated
degradation of structural polysaccharides (12), oxidant-
mediated bactericidal effects (15), and the reported anti-
inflammatory effects of SOD(16). Our results suggest
that, at sites of inflammation, oxidants released from
PMNcould also act by altering the local balance be-
tween proteases and antiproteases, renidering adjacenit
tissue structures more susceptible to damage by en-
zymes simultaneously released from these cells. In this
connection, it is important to note that the amount of
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02- which could l)e detected in our PNIN suspenlsionls
was 30 times greater than that meassuredl within the
dialysis bags (data not shown). Extracellular fluids con-
tain only traces of catalase and SOD(12), so that pro-
tease inhibitors in the microenvironment of phagocyti-
cally active PMN at sites of inflammation miay be exposed
to a much higher level of oxidants than was the case in
the experiments described in this paper. Finallyv, mono-
nuclear phagocytes (including alveolar miacrophages)
have also been shown to generate a number of potent
oxidlants (7). Therefore, oxidative inactivation of a,-Pi
by these cells max contribute to coninective tissue
dam-age observed in chroniic inflammnatory processes,
including lung diseases such as pulmonarn emphysema.
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