
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY,
0066-4804/99/$04.0010

Sept. 1999, p. 2307–2310 Vol. 43, No. 9

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Cefoperazone Prevents the Inactivation of a1-Antitrypsin by
Activated Neutrophils

FRANCO DALLEGRI,* PATRIZIA DAPINO, NICOLETTA ARDUINO, MARIA BERTOLOTTO,
AND LUCIANO OTTONELLO

Department of Internal Medicine, University of Genoa Medical School, Genoa, Italy

Received 11 March 1999/Returned for modification 16 April 1999/Accepted 11 June 1999

At sites of neutrophilic inflammation, tissue injury by neutrophil elastase is favored by phagocyte-induced
hypochlorous acid-dependent inactivation of the natural elastase inhibitor a1-antitrypsin. In the present study,
cefoperazone prevented a1-antitrypsin inactivation by neutrophils and reduced the recovery of hypochlorous
acid from these cells. Moreover, the antibiotic reduced the free elastase activity in a neutrophil suspension
supplemented with a1-antitrypsin without affecting the cells’ ability to release elastase. These data suggest that
the drug inactivates hypochlorous acid before its reaction with a1-antitrypsin, thereby permitting the anti-
protease-mediated blockade of released elastase. In conclusion, cefoperazone appears to have the potential for
limiting elastase-antielastase imbalances, attenuating the related tissue injury at sites of inflammation.

Human neutrophils are crucial in protecting the host against
infections (10). Nevertheless, they also contribute to the dam-
age of infected tissue sites (18, 24, 32). In this context, much
attention has recently been focused on neutrophil-derived pro-
teases, primarily elastase (8, 12, 32), known to have broad
proteolytic specificity and, consequently, high potential to
cause tissue destruction (8, 32). At sites of neutrophilic inflam-
mation, including processes elicited by microorganism inva-
sion, the elastolytic activity is indeed favored by the ability of
phagocytes to inactivate natural antiproteolytic systems, such
as the elastase inhibitor a1-antitrypsin (a1-AT) (4, 5, 10, 19,
26). Taking into account this phenomenon, the idea of mod-
erating the protease-antiprotease imbalance at inflamed or
infected tissue sites by protecting a1-AT from inactivation
looks like an attractive possibility to approach the treatment of
tissue injury pharmacologically. In the present study, we pro-
vide evidence for the ability of a cephalosporin, cefoperazone,
among other antibiotics, to prevent a1-AT inactivation by neu-
trophils, reducing elastase activity in the pericellular microen-
vironment.

Human neutrophils were isolated from heparinized venous
blood by dextran sedimentation and subsequent centrifugation
on a Ficoll-Hypaque density gradient as previously described
(6). The inactivation of a1-AT by neutrophils was accom-
plished by incubating (30 min at 37°C) 2.5 3 106 neutrophils
with 125 mg of a1-AT (Calbiochem, San Diego, Calif.) and 10
ng of phorbol myristate acetate (Sigma Chemical Co., St.
Louis, Mo.) per ml in a final volume of 0.25 ml (22). At the end
of the incubation period, methionine (500 nmol) was added to
quench residual oxidants, and then the elastase inhibitory ca-
pacity of a1-AT in the supernatant was determined spectro-
photometrically (22) by testing its capacity to inhibit porcine
pancreatic elastase (PPE). Moreover, hypochlorous acid
(HOCl) generated by neutrophils was measured by the tau-
rine-trapping technique (33) as previously described (6),
whereas the ability of neutrophils to release elastase was stud-
ied by measuring the capacity of cell-free supernatants to
cleave the elastase substrate methoxy–Ala–Ala–Pro–Val–p-ni-

troamilide (19). The capacity of a1-AT to complex with PPE,
after being incubated with HOCl (80 mM) in the presence of
100 mg of cefoperazone or cefotaxime per ml, was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as previously described (7). Briefly, 4 mg of
a1-AT was incubated with 1.6 mg of PPE for 30 min. The
samples were then heated at 100°C for 1.5 min in a solution
containing 2% SDS (Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.), 5% b-mercaptoethanol (Sigma), 0.001%
bromophenol blue (Sigma), and 65 mM Tris-HCl (pH 8.8).
The samples were then analyzed by slab gel electrophoresis
according to the method of Laemmli (16) with a 3% polyacryl-
amide stacking gel (pH 6.8) and a 7.5% polyacrylamide resolv-
ing gel (pH 8.8). After electrophoresis, protein bands were
visualized with a silver stain (Bio-Rad, Richmond, Calif.).

When exposed to 2.5 3 106 stimulated human neutrophils
for 30 min, a1-AT (125 mg) was completely inactivated, as
determined by its ability to inhibit PPE. As summarized in Fig.
1, of the various antibiotics tested, only cefoperazone pre-
vented a1-AT inactivation efficiently. Taking into account that
neutrophils inactivate a1-AT with HOCl or another compound
with similar characteristics (22), the effects of antibiotics on the
recovery of HOCl from activated neutrophils were tested. At
the concentrations used herein, cefoperazone had inhibitory
activity, whereas other antibiotics were substantially inactive
(Fig. 1). Cefoperazone did not affect neutrophil O2

2 produc-
tion and degranulation (data not shown), so interference with
cell activation is unlikely. On the contrary, it seems that the
drug is able to trap HOCl that is generated by neutrophils.
Consistent with this possibility, cefoperazone was capable of
competing with taurine for HOCl, thereby preventing the for-
mation of taurine monochloramine (Fig. 2). Moreover, the
absorbance spectrum of HOCl was changed by cefoperazone,
consistent with the reaction of the antibiotic with the oxidant.
One possible explanation of the present results is that HOCl or
other neutrophil-derived oxidants directly inactivate neutro-
phil elastase by a cefoperazone-inhibitable process. In order to
test this possibility, the release of elastase from neutrophils was
tested in the absence and presence of cefoperazone. As shown
in Fig. 3, activated neutrophils were capable of releasing de-
tectable levels of free elastase activity. The levels of detectable
enzymatic activity in the cell-free supernatants were unaffected
by the presence of cefoperazone, even at a concentration of
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400 mg/ml. Thus, the effects of cefoperazone cannot be attrib-
uted to a drug’s ability to interfere directly with elastase activ-
ity. Moreover, the levels of elastase activity were unaffected by
a1-AT (Fig. 3), suggesting that neutrophils inactivate the an-
tiprotease before it can react with released elastase. Finally,
cefoperazone caused a dose-dependent reduction of the elas-
tase activity released by neutrophils in the presence of a1-AT
(Fig. 3). This means that the antibiotic prevented a1-AT inac-
tivation, thereby allowing an a1-AT-mediated blockade of re-
leased elastase.

These results raise several considerations. In fact, at sites of
neutrophil inflammation, the tissue-protective a1-AT screen
can be overcome by excessive waves of extravascular neutro-
phil recruitment and, more easily, by the capacity of neutro-
phils to inactivate a1-AT (19, 27, 32). Taking into account this
neutrophil ability, we can imagine that neutrophil elastase can
easily digest major connective components, such as basal mem-

brane proteins, fibronectin, elastin, collagens, and proteogly-
cans (10, 32). Consistent with this view, inactivated a1-AT as
well as free and active elastase has been found in fluids from
inflamed tissues (1, 29, 34). In this context, some anti-inflam-
matory drugs, such as 5-aminosalicylic acid and sulfanilamide
derivatives (primarily nimesulide and dapsone), have been
shown to prevent the inactivation of a1-AT by neutrophils (21,
22), raising the possibility that they protect the antiprotease
shield from inactivation. Here, we present evidence that the
antibiotic cefoperazone was capable of trapping HOCl so ef-
ficiently that it protected a1-AT from neutrophil-mediated ox-
idation. Moreover, and probably more interestingly, this anti-
biotic was also able to down-regulate the expression of free
elastase activity in a neutrophil suspension supplemented with
a1-AT, i.e., under conditions simulating the microenvironment
at sites of inflammation. Thus, it appears that cefoperazone
can actually inactivate HOCl before its reaction with a1-AT,
thereby allowing a1-AT interaction with and formation of a
blockade for released elastase. Therefore, owing to its poten-
tial to control elastase activity by rescuing a1-AT, this antibi-
otic may alter the protease-antiprotease balance, facilitating
protection of infected tissue sites. This seems to be particularly
interesting in that the concentrations of cefoperazone found to

FIG. 1. Effects of various antibiotics on inactivation of a1-AT by neutrophils
and on HOCl recovery from activated cells. Each antibiotic was tested at 100
mg/ml, i.e., at micromolar concentrations of 155 (cefoperazone), 219 (cefo-
taxime), 183 (ceftazidime), 277 (ofloxacin), 122 (rifampin), and 214 (tobramy-
cin). (A) Inactivation of a1-AT in the presence of various antibiotics. Results are
expressed as means 6 1 standard error of the mean of four or five determina-
tions, depending on the antibiotic. Nil (no antibiotic) versus cefoperazone, P ,
0.01; Nil versus other compounds, P . 0.05 (Kruskal-Wallis nonparametric
analysis-of-variance test followed by Dunn’s multiple comparisons). EIC, elas-
tase inhibitory capacity. (B) Effects of various antibiotics on HOCl recovery from
106 neutrophils. Results are expressed as means 6 1 standard error of the mean
of three to seven determinations, depending on the antibiotic. Nil versus ce-
foperazone, P , 0.05; Nil versus other antibiotics, P . 0.05 (Kruskal-Wallis
nonparametric analysis-of-variance test followed by Dunn’s multiple compari-
sons).

FIG. 2. Cell-free interactions between HOCl and cefoperazone. (A) Effects
of different doses of cefoperazone on the recovery of taurine monochloramine
(Tau-NHCl) from a mixture of HOCl and taurine. The experiments were carried
out by adding ;35 nmol of HOCl to mixtures of taurine plus cefoperazone (final
volume of 1 ml). The taurine concentration was 100 mM (constant). (B) Absor-
bance spectrum of HOCl alone (ª) and in presence of cefoperazone (—). HOCl
and cefoperazone concentrations were 1 mM in phosphate-buffered saline, pH
7.4; final solution, pH 7.4.
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be effective herein can be achieved in serum and in lung tissue
after in vivo administration (13, 23, 30).

It is known that HOCl is a strong oxidant able to react
rapidly with various chemical groups, such as primary amines,
thiols, and thioethers (22, 28). All the cephalosporins have at
least one thioether group. Moreover, the cephalosporins tested
here have one additional thioether group outside the cephalo-
sporin ring. Consistent with these structural characteristics,
cephalosporins, including those found to be ineffective herein,
have been reported to scavenge HOCl efficiently (2, 11, 17, 20).
Nevertheless, these studies regarding the ability of cephalospo-
rins to react with HOCl were carried out with relatively high
drug concentrations and/or by preincubating the drugs with
HOCl before the addition of the HOCl substrate (2, 17, 20).
However, when the drugs were incubated with HOCl and the
substrate simultaneously, no scavenging activity was observed
at the concentrations used herein (17). In this regard, Wasil
and coworkers observed a similar phenomenon with nonste-
roidal anti-inflammatory agents (31). Finally, compared with
previous findings of some of the authors of this paper (20), a
20-fold reduction in the concentration of taurine used to trap
HOCl appears to increase the sensitivity of the assay, thereby
uncovering a particular affinity of cefoperazone for HOCl. In
order to further test this particular behavior of cefoperazone,
HOCl was added to a mixture of cefoperazone and a1-AT, and
then the ability of a1-AT to complex with elastase was tested by
SDS-PAGE. In a parallel experiment, cefoperazone was re-
placed with cefotaxime. As shown in Fig. 4, cefoperazone dis-
played more potent a1-AT-protecting activity than cefotaxime.
This is in agreement with the results of testing the elastase
inhibitory capacity, shown in Fig. 1. Although the different
efficiencies of the various cephalosporins tested herein remain
to be fully understood, the activity of cefoperazone might be
related to its ability to react with HOCl faster than other drugs
react. This seems to be in agreement with the concepts initially
proposed by Wasil et al. (31).

Finally, as far as cefoperazone is concerned, it is unlikely
that its antioxidant activity can exert negative effects on the
microbicidal function of neutrophils. In fact, cephalosporins
are not cell-penetrating agents (25); therefore, very low levels
of these drugs can be expected to reach phagolysosomes,
where bacterial killing takes place. In conclusion, numerous
studies have dealt with the interplay between neutrophils and

antimicrobial agents in the attempt to identify antibiotics able
to act synergistically with the bacterial killing systems of neu-
trophils (25). More recently, the possibility of modulating ex-
aggerated inflammatory responses to microbial invasion in tis-
sues has gained interest. In particular, it has been suggested
that certain antimicrobial agents have antioxidant properties
(11, 15, 17, 20), thereby limiting the ability of neutrophils to
lyse surrounding target cells (2, 3, 20), i.e., by inference, lim-
iting the ability of neutrophils recruited at sites of inflamma-
tion to damage local parenchymal cells. On the other hand, in
the attempt to design strategies to control connective tissue
damage at sites of neutrophilic inflammation, it has been found
that certain modified cephalosporins act as potent inhibitors of
neutrophil elastase activity (9, 14). Although the best thera-
peutic approach to tissue injury in infectious neutrophilic in-
flammatory reactions must be etiology driven, i.e., must use
appropriate antimicrobial treatments, the present study pro-
vides a rational basis for encouraging the development of antibi-
otics also having antiprotease-related histoprotective potential.
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