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Abstract—In the present study we have investigated the effect of six antibiotics (penicillin G, ceftazidime,
cephotaxime, cephoperazon, ampicillin and piperacillin) on the neutrophil cytolytic activity by using
a system constituted of phorbol-12-myristate-13-acetate-triggered neutrophils and *'Cr-labelled
lymphoblastoid Daudi target cells. The results demonstrate that five of these drugs (ceftazidime,
cephotaxime, cephoperazon, ampicillin and piperacillin) are capable of inhibiting the neutrophil cytolytic
activity by inactivating the hypochlorous acid (HOCI) generated extracellularly by the myeloperoxidase
pathway and crucial to the target cell lysis. Penicillin G had no effect on neutrophil-mediated cytolysis.
Thus, these data demonstrate that ceftazidime, cephotaxime, cephoperazon, ampicillin and piperacillin
lower the neutrophil-mediated target cell damage by a HOCI-scavenging mechanism, suggesting a
possible cytoprotective role for these drugs during infections.

Neutrophils are the front-line agents in the immune
defence against microorganisms. They exert their
bactericidal activity after being chemotactically
recruited to sites of infection [1,2]. Moreover, it
is well known that neutrophils may release
extracellularly both the products of the oxidative
burst and the granule contents, resulting in the injury
of tissues surrounding the infected area [3-6]. In
recent years, neutrophils have also been implicated
as mediators of tissue damage in different non-
infectious diseases such as adult respiratory distress
syndrome {7}, myocardial infarction [8], ulcerative
colitis [9], rheumatoid arthritis [10], glom-
erulonephritis [11], emphysema [12] and chronic
obstructive pulmonary disease [13].

Several studies have been reported regarding
possible interactions between phagocytes and
antimicrobial agents [14-23]. Some of these
investigations indicate a synergistic activity of
antibiotics with neutrophils in their antimicrobial
action {15, 16, 20-22]. Other reports suggest a down-
regulation in the phagocyte function by some of
these drugs [14, 17-19].

In this paper we report evidence that five
antibiotics, ceftazidime, cephotaxime, cepho-
perazon, ampicillin and piperacillin, all widely used
in the therapy of bacterial infections, are endowed
with the capacity of limiting the hypochlorous acid
(HOCIt)-dependent tissue damage induced by
neutrophils at the sites of infection.

* Corresponding author: Dr Luciano Ottonello, Clinica
Medica I, Dipartimento di Medicina Interna, Viale
Benedetto XV, 6, 1-16132 Genova, Italy. Tel. (39) 10-
3532240; Fax (39) 10-352324.

+ Abbreviations: HOCI, hypochlorous acid; HBSS,
Hank’s balanced solution without phenol red; FCS; fetal
calf serum; PMA, phorbol-12-myristate-13-acetate; Tau,
taurine; MPO, myeloperoxidase.

MATERIALS AND METHODS

Media and reagents. HBSS, RPMI 1640 and FCS
were from Flow Labs (Irvine, U.K.). Catalase
(bovine liver), superoxide dismutase (type I, bovine
blood), taurine (Tau-NH;), L-methionine, benzo-
ate, mannitol, ferricythocrome ¢ and Triton X-100
were purchased from the Sigma Chemical Co. (St
Louis, MO, U.S.A.). Sodium azide was obtained
from Merck (Darmstadt, Germany). Heparin
(Liquemin) was purchased from Roche (Milan,
Italy). Ficoll-Hypaque was from Nyegaard & Co.
(Oslo, Norway). PMA (Sigma), stored at ~20° as a
stock solution of 2 mg/mL in dimethylsulfoxide (C.
Erba, Milan, Italy) was diluted and used at the final
concentration of 10 ng/mL. 5-Thio-2-nitro benzoic
acid was prepared by reducing 5,5'-dithio-bis(2-
nitrobenzoic)acid (Sigma), as described by Aune
and Thomas {24]. HOC! was generated by adding
sodium hypochlorite (B.D.H. Ltd, Poole, U.K.)
into solution buffered at pH 7.4 {24]. Na,(*!Cr)O,
was purchased from the Radiochemical Centre
(Amersham, U.K.). Ceftazidime (Sigma Tau, Rome,
Italy), Cephotaxime (Hoechst Italia, L’Aquila,
Italy), Cephoperazon (Pfizer Italiana, Latina, Italy),
Ampicillin (SquibbS.p.A., Rome, Italy), Piperacillin
(Cyanamid Italia S.p.A., Catania, Italy) and
Penicillin G (Squibb S.p.A., Rome, Italy) were
dissolved in HBSS adjusting the solutions osmolarity
(290 mOsm/L) and pH (7.4) before using.

Preparation of neutrophils. Heparinized (heparin
10 units/mL) venous blood was obtained from
healthy male volunteers. Neutrophils were isolated by
dextran sedimentation and subsequent centrifugation
on a Ficoll-Hypaque density gradient, as described
previously [25]. Contaminating erythrocytes were
removed by hypotonic lysis. Neutrophils were then
washed three times with HBSS and resuspended in
HBSS. Final cell suspensions contained 97% or more
neutrophils and more than 97% viable cells as

2317



2318

0 10 20 30 40
PERCENT 51Cr RELEASE

Fig. 1. Effects of oxidant scavengers and inhibitors on the
neutrophil-mediated Daudi cell lysis. Superoxide dismutase
(SOD) = 300 units/mL; catalase = 4000 units/mL; azide =
1 mmol/L; mannitol. benzoate, taurine and methionine =
20 mmol/L. The results arc expressed as means of at least
three experiments (SD < 13% of the means). * P < 0.001,

detected by the ethidium bromide fluorescein
diacetate test [26].

Preparation of Daudi cells. The Daudi cell line (B
lymphoblasts) supplied by Prof. G. Damiani
(Department of Biochemistry, University of Genoa,
Italy) was grown in suspension (RPMI-FCS) and
subcuitured every 4-5 days. The cells were labelled
with 100-200 uCi Na,(*'Cr)O, by incubating for 1 hr
at 37° [25] and resuspended in HBSS.

Cytolytic assay. The Daudi cell lysis by PMA-
triggered neutrophils was measured by using a >'Cr
release method [25]. The experiments were carried
out in duplicate using 2 X 10° neutrophils, 5 x 10°
SICr-labelled Daudi cells and 10 ng/mL PMA in a
final volume of (0.5 mL. The tests were performed

L. OTTONELLO et al.

in Falcon plastic tubes (12 X 100 mm, Falcon Plastic,
Oxnard, CA, U.S.A.) in a shaking water bath
(100 rpm) at 37°. After incubation for 2 hr, the ¥'Cr
release from labelled target cells was determined in
the cell-free supernatants. The percentage of cytolysis
(% “'Cr release) was calculated according to the
formula (E—38)/(T—S) x 100, where E is the counts
per minute released in the presence of effectors, T
is the counts per minute released after lysing target
cells with 5% Triton X-100 and § is the counts per
minute spontaneously released by target cells in the
absence of effectors (in each case < 10%).

HOCI assay. The generation of HOCI by
neutrophils was measured by the Tau-NH,-trapping
technique [27], as described previously [24]. The
reactions were carried out with 5 X 10° neutrophils,
20 mmol/L Tau-NH, and 10 ng/mL PMA in a final
volume of 0.5 mL. After 60 min of incubation, the
amount of HOCI trapped by Tau-NH, (yielding
taurine-monochloramine, Tau-NHCI) in the cell-
free supernatants was determined by measuring
spectrophotometrically (¢ = 1.36 x 10° mol/L/em at
412 nm) the oxidation of 5-thio-2-nitro benzoic acid
[25]. A series of experiments was carried out by
using reagent HOCI (40 pmol/L) and Tau-NH,
(20 mmol/L) in the presence of each antibiotic in a
final volume of 1mL. After incubation (15 min at
37°) the amount of the Tau-NHCI generated from
reagent HOCI and Tau-NH, was measured as
described earlier.

Other assays. The generation of superoxide anion
(O,7) by neutrophils, incubated {20 min) in the
presence or absence of antibiotics, was studied by
the superoxide dismutase-inhibitable reduction of
ferricytochrome ¢ [28]. The effects of antibiotics on
the neutrophil viability was studied by the ethidium
bromide fluorescein diacetate test [26]. The effects
of the antibiotics on the viability of Daudi target
cells was studied by using the >'Cr release method
described above.
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Fig. 2. Inhibition of the neutrophil cytolytic activity by various doses of ceftazidime, cephotaxime,
cephoperazon, ampicillin and piperacillin. The results are expressed as means of at least three
experiments with SD < 15% of the means. The % “'Cr release from labelled Daudi cells incubated
with PMA-triggered neutrophils in the absence of antibiotics was 30.3 = 5.6 (mean * SD). (&) 0.1 mg/
mL; (B@) 0.5 mg/mL; (1) 1.0 mg/mL; (M) 2.5 mg/mL; (O) 5.0 mg/mL. * P < 0.05; ** P < 0.001.
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Fig. 3. Per cent inhibition of the recovery of Tau-NHCI from PMA-triggered neutrophils by ceftazidime,
cephotaxime, cephoperazon, ampicillin and piperacillin. The results are expressed as means of at least
three experiments (SD < 12% of the means). The Tau-NHCI recovery from PMA-triggered neutrophils
in the absence of antibiotics was 56.54 = 4.7 nmol/10° neutrophils/60 min (mean * SD). (&) 0.1 mg/
mL; (8) 0.5 mg/mL; () 1.0 mg/mL; (M) 2.5 mg/mL; (0J) 5.0 mg/mL. * P < 0.05; ** P < 0.001.

Statistical analysis. Data were evaluated by
variance analysis.

RESULTS

As depicted in Fig. 1, the cytolytic activity of
PMA-triggered neutrophils against Daudi target cells
was inhibited by catalase (which degrades H,0,),
azide (inhibitor of MPO), Tau-NH, and methionine
(HOCI scavengers): these findings suggest that the
target cell lysis depends on the HOCI production via
the MPO-catalysed transformation of the generated
H,0,. Finally, the lysis was unaffected by SOD
(superoxide anion, O, scavenger), benzoate and
mannitol (hydroxyl radical, OH" scavengers) (Fig.
1), ruling out the involvement of O,” and OH’ in
the lytic event.

As shown in Fig. 2, five of six antibiotics
investigated (ceftazidime, cephotaxime, cepho-
perazon, ampicillin and piperacillin) inhibited the
neutrophil-mediated lysis of Daudi cells in a dose-
dependent manner. No inhibition of the cytolytic
activity was observed when penicillin G was added
(per cent inhibition < 10%). None of the antibiotic
inhibited the superoxide production by neutrophils.
Finally, antibiotics did not affect neutrophil or Daudi
cell viability.

In the presence of exogenous Tau-NH,, the
neutrophil-derived HOCI reacts with this amino acid
(HOCl + Tau-NH, — Tau-NHCl + H;0) to
yield long-lived chloramine Tau-NHCI, which is
measurable [27]. The addition of ceftazidime,
cephotaxime, cephoperazon, ampicillin and piper-
acillin to PMA-triggered neutrophils, incubated with
Tau-NH,, resulted in a dose-dependent reduction of
the Tau-NHCI recovery (Fig. 3). This suggests that
the five antibiotics are likely to compete with Tau-
NH, for neutrophil-derived HOCI. Consistent with
such a possibility, the aforementioned drugs also

Table 1. Antibiotic-induced inhibition of Tau-NHCI
recovery from the mixture HOCI -Tau-NH,

% Inhibition

Dose
Antibiotic (mg/mL) Expt. 1 Expt. 2
Ceftazidime 10 92.7 98.9
Ceftazidime 1 60.3 48.4
Cephotaxime 10 95.5 99.9
Cephotaxime 1 59.1 62.1
Cephoperazon 10 90.1 92.7
Cephoperazon 1 815 88.7
Ampicillin 10 99.8 97.7
Ampicillin 1 72.7 55.0
Piperacillin 10 87.7 80.1
Piperacillin 1 45.4 47.8

The experiments were carried out using 40 nmol HOC!
and 20 ymol Tau-NH; in a final volume of 1 mL.

inhibited the recovery of Tau-NHCI when added to
a mixture of reagent HOCI and Tau-NH, (Table 1).
On the contrary and according to the results from
the cytolytic assays, penicillin G was ineffective in
limiting the Tau-NHCI recovery from both PMA-
triggered neutrophils and the aforementioned HOC!/
Tau-NH, cell-free system (data not shown).

DISCUSSION

The present data suggest that five antibiotics,
ceftazidime, cephotaxime, cephoperazon, ampicillin
and piperacillin, are capable of inhibiting the
neutrophil-mediated lysis of target cells, while
penicillin G, the sixth antibiotic investigated, is
ineffective. As demonstrated by previous data
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[5,29,30] and confirmed here, the neutrophil-
mediated cell lysis is strictly dependent on the HOCI
production by the MPO pathway (H,O,+ CI-
MI_%(—)-»HOCI + H,0). In fact, when the main steps
of the MPO pathway were inhibited by catalase,
azide, Tau-NH, or methionine, the neutrophil-
mediated lysis of Daudi cells was impaired. As the
five antibiotics were found to compete with Tau-
NH; for reagent- or neutrophil-derived HOCI, they
are likely to inhibit the neutrophil cytolytic activity
by inactivating the generated HOCI. It is suggestive
that the observed cytoprotective ability of these
antibiotics reflects the presence of —NH, groups in
the molecule, prone to be chlorinated by HOCI
(A-NH, + HOCl — A-NHCI + H,O, where A-
represents antibiotic molecule). Similar reactions
have been reported for other drugs containing —SH
groups [31]. Finally, it is noteworthy that the
antibiotics studied cannot traverse across neutrophil
membranes [14, 15, 32]. Consequently, their HOCI-
scavenging action can be expected to be limited to
the extracellular surroundings without affecting the
intracellular bactericidal activity of neutrophils.

The lowest drug concentration able to exert the
described inhibitory effects generally was 0.5 mg/
mL. The concentration is higher than that detectable
in serum after 1 g intravenous administration of these
antibiotics (0.1-0.2 mg/mL) [33, 34]. Nevertheless,
high doses of these drugs (up to 4-6 g every 6-8 hr
for at least piperacillin and cephoperazon) can be
used in severe conditions, such as septicemia,
genitourinary and respiratory tract, intraabdominal
and soft tissue infections [33.35]. Also, these
antibiotics can reach biliary and/or urinary con-
centrations several times higher than those in the
serum [33-35]. Therefore, the present data suggests
a possible role of these antibiotics in moderating the
neutrophil cytolytic potential at tissue sites of
infection. Moreover, they might also limit the HOCI-
dependent activation of latent collagenase {36] and
gelatinase [37]. as well as the inactivation of a-1-
proteinase inhibitor (inactivator of elastase) [38].
Thus, it is possible that the HOCl-scavenging
properties of the five antibiotics may also limit the
degradation of connective matrix components by
neutrophils recruited at infection sites. Although
speculative, the cytoprotective activities of cefta-
zidime, cephotaxime, cephoperazon, ampicillin and
piperacillin demonstrated here may have a role
especially in the treatment of severe pulmonary
infections, considering the involvement of neu-
trophils in the pathogenesis of the lung tissue
damage, for example during chronic obstructive
pulmonary disease and the adult respiratory distress
syndrome.

Acknowledgements—Dr L. Ottonello is a recipient of a
post-doctoral fellowship from the Italian C.N.R. This work
was supported by grants from the Italian C.N.R. (Finalized
Project “Biotecnologie e Biostrumentazioni”) and MURST.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

L. OTTONELLO et al.

REFERENCE

. Babior BM, Oxygen-dependent microbial killing by

phagocytes. N Engl J Med 198: 659-668, 1978.

. Klebanoff SJ, Oxygen metabolism and the toxic

properties of phagocytes. Ann Intern Med 93: 480-489,
1980.

. Fantone JC and Ward PA, Role of oxygen-derived free

radicals and metabolites in leukocyte-dependent
inflammatory reactions. Am J Pathol 107: 397-418,
1982.

. Weiss SJ and LoBuglio AF, Phagocyte-generated

oxygen metabolites and cellular injury. Lab Invest 47:
5-18, 1982.

. ClarkRA . Extracellular effects of the myeloperoxidase—

hydrogen peroxide-halide system. In: Advances in
Inflammatory Research (Ed. Weissmann G). pp. 107-
111. Raven Press, New York, 1983.

. Babior BM, Oxidants from phagocytes: agents of

defence and destruction. Blood 64: 959-961, 1984.

. Weiland JE, Davis WB, Holter JF, Mohammed JR,

Dorinsky PM and Gadek JE, Lung neutrophils in the
adult respiratory distress syndrome: clinical and
pathophysiologic significance. Am Rev Respir Dis 133:
218-225, 1986.

. Metha J, Dinerman J, Metha P, Saldeen TGP, Lawson

D. Donnelly WH and Wallin R, Neutrophil function
in ischemic heart disease. Circulation 79: 549-556,
1989,

. Shiratora Y, Aoki S, Takada H, Kiryama H, Ohto K,

Hai K, Teraoka H, Matano S, Matsumoto K and Kamii
K, Oxygen-derived free radical generating capacity of
polymorphonuclear cells in patients with ulcerative
colitis. Digestion 44: 163-171, 1989.

Harris ED Jr, Rheumatoid arthritis. Pathophysiology
and implications for therapy. N EnglJ Med 322: 1277~
1289, 1990.

Johnson RJ, Couser WG, Chi EY, Alder S and
Klebanoff SJ, New mechanism for glomerular injury:
myeloperoxidase-hydrogen peroxide-halide system. J
Clin Invest 79: 1379-1387, 1987.

Janoff A, Elastase in tissue injury. Annu Rev Med 36:
207-216, 1985.

Malech HL and Gallin JI, Neutrophils in human
diseases. N Engl J Med 317: 687-694, 1987.

Gemmell CG, Direct and indirect effects of antibiotics
on phagocytic cell-bacterium interaction. In: The
Biology of Phagocytes in Health and Disease. Advances
in the Biosciences (Eds. Mauri C, Rizzo SC and Ricevuti
G), Vol. 66, pp. 401-409. Pergamon Press, Oxford,
1987.

Styrt B, Ho JL and Klempner MS, Interactions between
antimicrobial agents and phagocytes. In: Phagocytes
and Disease (Eds. Klempner MS, Styrt B and Ho J),
pp. 119-144. Kluwer Academic Publishers, London,
1989.

Oleske J, dela Cruz A, Ahdieh H, Sorvino D, LaBraico
J, Cooper R, Singh R, Lin R and Minnefor A,
Effects of antibiotics on polymorphonuclear leukocyte
chemiluminescence and chemotaxis. J Antimicrob
Chemother 12 (Suppl): 35-83, 1983.

Forsgren A, Antimicrobial agents and host defence.
Scand J Infect Dis 43 (Suppl): 24-33, 1984.

Si-Ying L, Seow WK and Thong YH, Effect of 24
antimicrobial drugs on polymorphonuclear leukocyte
adherence. Int Arch Allergy Appl Immunol 76: 151-
155, 1985.

Duncker D and Ullmann U, Influence of various
antimicrobial agents on the chemiluminescence of
phagocytosing human granulocytes. Chemotherapy 32:
18-24, 1986.

McDonald PJ, Wetherall BJ and Pruul H, Post antibiotic
leukocyte enhancement: increased susceptibility of



21.

22.

23.

24.

25.

26.

27.

28.

29.

Antibiotics and neutrophil cytolysis

bacteria pretreated with antibiotics to activity of
leukocytes. Rev Infect Dis 3: 38-44, 1981.

Silva J Jr, Dembinski S and Schaberg D, Effects of
subinhibitory antibiotics on bactericidal activity of
chronic granulomatous disease granulocytes in vitro. J
Antimicrob Chemother 12 (Suppl): 21-27, 1983.
Howard RJ and Soucy DM, Potentiation of phagocytosis
of Bacteroides fragilis following incubation with
clindamycin. J Antimicrob Chemother 12 (Suppl): 63-
68, 1983.

Zanussi C and Capsoni F, Pharmacological modulation
of phagocyte function. In: The Biology of Phagocytes
in Health and Disease. Advances in the Biosciences
(Eds. Mauri C, Rizzo SC and Ricevuti G), Vol. 66,
pp. 345-355. Pergamon Press, Oxford, 1987.

Aune TM and Thomas EL, Accumulation of
hypothiocyanite ion during peroxidase-catalyzed oxi-
dation of thiocyanate ion. Eur J Biochem 80: 209-214,
1977.

Dallegri F, Patrone F, Ballestrero A, Frumento G
and Sacchetti C, Inhibition of neutrophil cytolysin
production by target cells. Blood 67: 1265-1272, 1986.
Dankberg F and Persidsky MA, A test of granulocyte
membrane integrity and phagocytic function. Cryo-
biology 13: 430432, 1976.

Weiss SJ, Klein R, Slivka A and Nei M, Chlorination
of taurine by human neutrophils. Evidence for
hypochlorous acid generation. J Clin Invest 70: 598
607, 1982.

Babior BM, Kipnes RS and Curnutte JJ, Biological
defense mechanisms. The production by leukocytes of
superoxide, a potential bactericidal agent. J Clin Invest
52: 741-744, 1970.

Test ST and Weiss SJ, The generation and utilization
of chlorinated oxidants by human neutrophils. Adv
Free Radical Biol Med 2: 91-116, 1986.

30.

31

32.

33.

34.

3s.

36.

37.

38.

2321

Dallegri F, Ballestrero A, Frumento G and Patrone F,
Augmentation of neutrophil-mediated erytrocyte lysis
by cells derived from human monocytes. Blood 70:
1743-1749, 1987.

Cuperus RA, Muijsers AO and Wever R, Antiarthritic
drugs containing thiol groups scavenge hypochlorite
and inhibit its formation by myeloperoxidase from
human leukocytes. Arthritis Rheum 28: 1288-1233,
1985.

Yourtee EL and Root RK, Antibiotic-neutrophil
interactions in microbial killing. In: Advances in Host
Defence Mechanism (Eds. Gallin JI and Fauci AS),
Vol. 1, pp. 187-209. Raven Press, New York, 1982.
Mandell GM and Sande MA, Antimicrobial agents.
Penicillins, cephalosporins, and other beta-lactam
antibiotics. In: The Pharmacological Basis of Thera-
peutics (Eds. Goodman Gilman A, Goodman LS, Rall
TW and Murad F), pp. 1115-1198. Macmillan, New
York, 1985.

Bergan T, Pharmacokinetic properties of the cephalo-
sporins. Drugs 34 (Suppl 2): 89-104, 1987.

Holmes B, Richards DM, Brodgen RN and Heel RC,
Piperacillin. A review of its antibacterial activity,
pharmacokinetic properties and therapeutic use. Drugs
28: 375-425, 1984.

Weiss SJ, Peppin G, Ortiz X, Ragsdale C and Test ST,
Oxidative autoactivation of latent collagenase by
human neutrophils. Science 227: 747-749, 1985.
Peppin GJ and Weiss SJ, Activation of the endogenous
metalloproteinase, gelatinase, by triggered human
neutrophils. Proc Natl Acad Sci USA 83: 43224326,
1986.

Ossana PJ, Test ST, Matheson NR, Regiani S and
Weiss SJ, Oxidative regulation of neutrophil elastase —
alpha-1-proteinase inhibitor interactions. J Clin Invest
77: 1939-1951, 1986.



