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We evaluated superoxide (O;7) scavenging activity
of erythromycin (EM) and of EM-iron complex by
means of electron spin resonance spectroscopy, lumi-
nol-dependent chemiluminescence assay, and cyto-
chrome c reduction assay. The EM-iron complex was
produced by mixing EM with equal molar iron chloride
and was stable in neutral buffer. The EM-iron complex
reduced the amount of O;~ produced by xanthine oxi-
dase/hypoxanthine without inhibiting the enzyme ac-
tivity. It also reduced the amount of O™ release from
phorbor ester-stimulated human neutrophils and alve-
olar macrophages. EM alone showed few such effects.
The scavenging activity of the complex was equal to
that of L-ascorbic acid. These results in vitro suggest
a possibility that the O3 -scavenging effect of EM-iron
complex contributes to the anti-inflammatory action
of EM used in treating chronic inflammatory lung dis-
ease independent of its antimicrobial activity. o© 1997

Academic Press

The macrolide antibiotic, erythromycin (EM) is
widely used. Its efficacy when given at a low dose and
for long periods in treating patients with chronic lower
respiratory tract inflammation appears to be indepen-
dent of its antimicrobial action [1, 2]. Several studies
have reported that EM does [1-4] or dose not [5] regu-
late neutrophil functions, reduces mucous secretion [6]
or modulates cytokine release from bronchial epithelial
cells [7, 8], and promotes monocyte-to-macrophage dif-
ferentiation [9]. Thus, EM may inhibit inflammation
by multiple mechanisms.

Toxicity of oxygen-derived free radicals has been sug-
gested as a major cause of inflammatory tissue injury
[10-12]. Antioxidants have demonstrated significant
protective effects against oxidative stress in various
diseases [11-14]. Antiarthritic drugs, such as p-penicil-
lamine, or captopril containing thiol groups are known
as radical scavengers [15, 16].
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Superoxide (O37) is the precursor of a series of highly
toxic oxidants [10-13]. Medicinal compound such as ci-
metidine and pyrimine with metal have been shown to
possess O3~ scavenging activity [17-19]. The purpose
of this study was to determine the O3~ scavenging ac-
tivity of EM and EM-iron complex in cell-free and hu-
man whole-cell systems.

MATERIALS AND METHODS

Chemicals. EM was donated by Dainippon Pharmaceutical Co.
Ltd., Osaka, Japan. 5,5-dimethyl-1-pyrroline N-oxide (DMPO, purity
> 99%) was purchased from Dojindo Laboratories (Kumamoto, Ja-
pan), 3,5-Dimethoxy-4-hydroxycinnamic acid (sinapinic acid), Cu,
Zn-superoxide dismutase (SOD), luminol, cytochrome c : type IV from
Sigma Chemical Co., (St. Louis, MO), dimethyl sulfoxide (DMSO),
phorbol myristate acetate (PMA) from Nakarai Tesque Inc., (Kyoto,
Japan), trifluoroacetic acid (TFA) from Applied Biosystems Division
(Foster City, USA), and xanthine oxidase (XO), hypoxanthine (HPX)
from Boehringer-Mannheim GmbH (Mannheim, Germany).

Preparation of the cells. Human peripheral blood polymorphonu-
clear leukocyte (PMN) were isolated by Ficoll-Hypaque density cen-
trifugation followed by dextran sedimentation. Cells were suspended
in Krebs-Ringer phosphate (KRP) at 1 x 107 cells/ml. Human alveo-
lar macrophages (AM) were obtained by bronchoalveolar lavage
(BAL) from normal volunteers using 200 ml of sterile saline. Lavage
fluid specimens were filtered through sterile gauze and centrifuged
at 500 X g for 10 min at 4 °C. The pellets were washed three times
with KRP. The AM suspensions were > 95% pure (neutrophils <
1%) and had > 97% viability based on Giemsa staining, nonspecific
esterase staining, and trypan blue dye exclusion. AM were resus-
pended in KRP at 1 x 107 cells/ml.

Production of EM-iron complex. EM powder or iron chloride was
dissolved in DMSO, deionized water and then diluted with KRP.
EM-iron complex was produced by mixing the solutions of EM and
iron chloride at various molar ratios. The spectrum of EM, iron chlo-
ride and EM-iron complex were obtained by a Hitachi double wave-
length spectrophotometer (Hitachi Ltd., Tokyo, Japan) at pH 6.8.
Maximum concentration of DMSO in experiments was 2.5%. DMSO
itself did not affect Oz~ assay in any system at the concentration
(data not shown).

Mass spectrometry. Experiments were carried out by matrix-as-
sisted laser desorption/ionization mass spectrometry (MALDI-MS).
The mass spectrometer used was a time-of-flight mass spectrometer
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(KOMPACT MALDI IlI; Shimadzu corp., Kyoto, Japan) operated in
the positive ion and reflector mode. This instrument was equipped
with a drift length of 0.7 m and a nitrogen laser at 337 nm. EM
powder or iron chloride was dissolved in 100% ethanol and diluted
with deionized water at a concentration of 20 mg/ml in 20% ethanol.
The matrix used was sinapinic acid dissolved at a concentration of
10 mg/ml in 0.1% TFA. It was placed over 0.5 ul of the samples
mounted on a stainless steel target. It was dried in a cold air stream
before loading into mass spectrometer [20, 21]. The ion peaks were
calibrated with insulin, BSA, and substance-P in the calibration file
of the software.

Thin layer chromatography (TLC). Each aliquot (15 ul) of the EM
and EM-iron complex solutions was applied to the TLC plate; it was
developed with n-hexane/chloroform/methanol (26:5:1, v/v). The
spots of EM and its reaction products were detected under UV radia-
tion.

Superoxide production. Superoxide was produced by the XO/HPX
system, and by PMA-stimulated PMN or AM. The reaction mixture
of XO/HPX system contained 0.2 U/ml of XO, 360 uM HPX, and 0.5
mM diethylenetriamine-pentaacetic acid (DTPA) in 10 mM sodium
phosphate buffer at pH 7.3. The scavenging activities of EM, EM-iron
complex, SOD, ascorbic acid, and epigallocatechin were estimated by
adding them into the system at various concentrations. The XO activ-
ity was assayed by monitoring uric acid production as an increase
in absorbance at 290 nm on a spectrophotometer for 3 min at room
temperature. The cells were suspended at 1-5 X 10° cells/ml with
0.5 pg/ml of PMA, 45 mM DMPO and 500 pM DTPA in 200 ul of
KRP, with or without EM or EM-iron complex. Every buffer and
solution of reaction mixtures used was treated with Chelex 100 resin
(Bio-Rad Laboratories, Richmond, CA) before use to remove trace
metals.

Electron spin resonance spectroscopy (ESR) spin trapping. The
Oz~ was assayed by ESR spin trapping with DMPO and the O3~
scavenging activity was calculated from the relative intensity peak
height of the DMPO-OOH ESR signal [22]. The reacting mixtures
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were immediately transferred into quartz ESR flat cells (effective
volume 160 ul). Then ESR spectra were recorded (JES-RE1X, JEOL
Ltd., Akishima, Japan) at room temperature under the condition
indicated in figure legends. The effect of EM or EM-iron complex, at
various doses, on the O; release from PMA-stimulated PMN was
observed by the signal intensity of DMPO-OOH adducts after reac-
tion proceeded for 33 min. Computer simulation for experimental
spectra was performed with the ESS-20 ESR simulation program
(Labotec Co. LTD, Tokyo, Japan) described previously [19]. After
recording the ESR spectra, the signal intensities of DMPO-OOH ad-
ducts were normalized against the signal intensity of a manganese
oxide marker. Absolute concentrations of the spin adducts of free
radicals were determined by a double integration of the ESR spec-
trum; 1.0 uM of Tempol solution was used for the primary standard
of ESR absorption according to the method previously described [23].

Chemiluminescence (CL) assay. The CL response induced by the
O3 released from PMN was measured by a six-channel luminometer
equipped with a data-analyzing computer (Model LB 9505C, Labora-
torium Berthold AG, Wildbed, Germany). The reaction was initiated
by addition of 1 ug/ml PMA to 8 X 10° PMN in KRP containing 2
pg/ml luminol. The CL response was continuously recorded for 60
min at 26 °C.

Cytochrome c¢ reduction assay. The ferricytochrome ¢ reduction
rate of O3~ released from PMN was measured as reported previously
[24] at 540 and 550 nm using a Hitachi 557 double wavelength spec-
trometer equipped with a thermostat-controlled cell. The reaction
mixture contained 1 X 10° PMN, 80 uM ferricytochrome ¢ and 0.5
pg/ml PMA in KRP with or without 17.0 uM EM or EM-iron complex.
After incubation at 37 °C for 10 min, spontaneous Oz~ release was
measured for 5 min. PMA was added to the reaction mixture and
ferricytochrome c reduction was observed for 20 min. Ferricyto-
chrome c reduction was completely terminated by addition of 20 ug
of SOD. The amount of reduced cytochrome ¢ was calculated using
a molar absorption coefficient of 19.1 X 10° The initial rate of O3~
release was expressed as nanomoles of cytochrome c reduced/min/
106 cells.
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FIG. 1.

Production of EM-iron complex. EM-iron complex was produced by mixing 681 uM EM and 340.5 uM iron chloride at room

temperature. The spectrum of EM-iron complex had peaks at 300 nm and 350 nm and was distinct from the spectra of EM and iron chloride
at pH 6.8 (A). The production of EM-iron complex was confirmed by MALDI-MS (B) and TLC (C).
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FIG. 2. ESR spin trapping for various radicals generated in XO/

HPX reaction mixtures. The reaction mixture contained 0.2 U/ml
X0, and 360 uM HPX in 10 mM sodium phosphate buffer at pH 7.3.
(A) DMPO-OOH adducts were produced by Oz~ from the XO/HPX
system and after addition of EM (B) or EM-iron complex (C). DMPO-
OH adducts were produced by addition of iron chloride (D). ESR
spectra were recorded at room temperature under the following con-
ditions; modulation frequency, 100 kHz; modulation amplitude,
0.079 mT; scanning field, 336.2 + 5 mT; receiver gain, (A)-(C) 500,
(D) 125; response time, 0.3 sec; sweep time, 2 min; microwave power,
20 mW; and microwave frequency, 9.421 GHz.

Statistical analysis. We repeated each type of experiment at least
three times and confirmed that similar data were obtained respec-
tively. The results, obtained in triplicate, are expressed as mean
values = SD.

RESULTS

Production of EM-Iron Complex

The spectra of EM, the EM-iron complex and iron
chloride at pH 6.8 are shown in Fig. 1A. The uvlvis
spectrum of EM-iron complex was distinct from that of
EM or iron chloride. The binding ratio of EM and iron
chloride was confirmed to be 1:1 based on the maximum
synthesis of the complex at a molar ratio 1:1. The
MALDI-MS spectrum of EM (MW; 734.2) showed a sin-
gle component of 738.7 Da (AD = +4.5) and that of
EM-iron complex showed two components of 737.9 Da
(AD = +3.7) and 781.0 Da (AD = —9.0) (Fig. 1B). These
data and TLC (Fig. 1C) confirmed the formation of EM-
iron complex.

O3z~ Scavenging Effect of EM and EM—-Iron Complex
in the XO/HPX System

ESR spin trapping indicated that DMPO-OOH (ay =
1.49 mT, af, = 1.15 mT, a}; = 0.13 mT) adducts were
produced by the XO/HPX system and DMPO-OH (ay =
1.49 mT, ay = 1.49 mT) adducts were formed by reac-
tion with iron-chloride (Fig. 2). EM did not change the
control signal. However, 136.2 uM of EM-iron complex
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FIG. 3. Scavenging of O3~ by EM-iron complex and SOD. O3~
was generated by the XO/HPX reaction mixture. The O3~ scavenging
activity was calculated from the relative intensity of the DMPO-OOH
ESR spectrum [20].

decreased DMPO-OOH signals significantly and pro-
duced another carbon centered (ay = 1.75 mT, ay =
2.4 mT) signal (Fig. 2C). EM-iron complex appeared to
scavenge O3~ in a concentration-dependent manner but
EM itself did not (Fig. 3). The concentration of EM-iron
complex resulting in reduction of [O37] to 50% of initial
values (ICso) was 30 uM. To estimate the relative scav-
enging activity of EM-iron complex, the 1Cy, values of
known O3~ scavengers were determined (Table 1). The
scavenging activity of EM-iron complex was less than
that of SOD but equal to that of L-ascorbic acid.

The inhibition of XO activity by the EM-iron complex
was only 6% at 170 uM and 225 yM.

Effect of EM and EM-Iron Complex against O3~
Release from PMN and AM

EM-iron complex (68.1 uM) appeared to inhibit the
O3~ release from PMN or AM stimulated with PMA
(Fig. 4). The time course and concentration-dependency
of the inhibition were observed also (Fig. 5). The inhibi-
tion of O3~ release from PMN by EM-iron complex was
increased in a concentration-dependent manner and
the ICso was 47.7 uM. However, EM (68.1 uM) inhibited
only 14.1% of Oz~ release from PMN. The effect of EM-
iron complex was confirmed by determination of CL

TABLE 1

Scavenging Activity of EM—Iron (1:1) Complex and Other
Scavengers (50% of Inhibitory Capacity I1Cs, (M) against
07)

Radical scavengers 1Cs (M)
EM—iron (1:1) complex 3.00 x 10°°
Ascorbic acid 3.32 x 10°°
Epigallocatechin 1.16 x 107
Cu, Zn-SOD 3.46 x 107°
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FIG. 4. Effects of EM and EM-iron complex on O3~ release from
PMA-stimulated PMN or AM by ESR spin trapping. Cells were stim-
ulated with 0.5 ug/ml of PMA in KRP containing 45 mM DMPO and
500 uM DTPA. ESR spectra were recorded under the same conditions
as described for the XO/HPX system (Fig. 2).

assay and cytochrome c reduction assay. At concentra-
tions of EM-iron complex greater than 51.1 uM, the CL
response was inhibited in a concentration dependent
manner (Fig. 6). The rate of ferricytochrome c reduction
by O3~ from PMA-stimulated PMN indicated that EM-
iron complex (17.0 M) inhibited 52.8% of O3~ release.
The same concentration of EM inhibited only 4.2% of
O3 release.

DISCUSSION

Results of the present study indicated that a stable
EM-iron complex was readily produced by the 1:1 reac-
tion between EM and iron chloride in water (Fig. 1)
and the resulting complex was a radical scavenger.
The O3~ scavenging activity of EM-iron complex in the
XO/HPX system was equal to that of ascorbic acid
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FIG. 5. Time course and dose dependency of the inhibition by
EM-iron complex on O3~ release from PMA-stimulated PMN or AM
observed by ESR spin trapping. Control or EM-iron-containing (68.1
M) suspensions of PMN or AM were treated as in Fig. 4. Inhibition
of O™ release form PMN at 33 min after addition of PMA by EM-
iron complex was observed in a concentration dependent manner as
shown in the inset.
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FIG. 6. Time course and dose dependency of the inhibition by
EM-iron complex against O~ release from PMA-stimulated PMN
and AM observed by CL assay. The reaction was initiated by addition
of PMA to PMN cells suspension containing luminol in the presence
or absence of various concentrations of EM-iron complex.

(Table 1). The chemical structure of EM is character-
ized by a large 14-membered lactone ring substituted
with hydroxyl group in position 6 and carbonyl group
in position 9, and it appears to make metal-complexes.
A carbon centered radical possibly originated from EM
was observed in the XO/HPX system by ESR (Fig. 2
C), indicating that not only iron in EM-iron complex
but also its EM ligand might be involved in scaveng-
ing O3

We ruled out the possibility that EM-iron complex
might inhibit the O™ synthesis in cell-free system since
EM-iron complex did not affect uric acid production in
the XO/HPX system (data not shown). We interpret
the O3~ scavenging activity as playing the principal
role also in the whole-cell system. It is because the
complex showed comparable 1C5,, 30.00 M and 47.65
uM, in both systems by ESR assay and because EM
itself has been reported not to affect O>~ production of
PMA-stimulated PMN up to 100 uM [4]. In other re-
port, the IC5, was 500 M and 200 M in the whole-
cell system and the NADPH oxidase cell-free system,
respectively [3]. EM increases intracellular cyclic AMP
[25, 26], but the effect of EM on O3~ production of PMN
through the cyclic AMP-dependent protein Kkinase
(PKA) is under discussion [4, 5]. The whole-cell system
using PMA in the present study should minimize the
effect of EM-iron complex on PKA. However, the contri-
bution of PKA to the effect of EM-iron complex in vivo
is worth investigating further.

The O3~ scavenging activity of EM-iron complex was
observed at concentrations greater than 17.0 uM (12.5
pg/ml) in the XO/HPX system. And 52.8% inhibition of
O3 release from PMN with the complex (17.0 uM) was
observed by the cytochrome ¢ reduction assay. The ef-
fective concentration appeared to exceed the therapeu-
tic serum concentrations of EM (0.5-2 ug/ml) but is
achievable in PMN or pulmonary tissue cells which
accumulate EM at 5 to 24 times extracellular levels
[27, 28].
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Free iron has been reported to be released from iron
bound proteins at the inflammatory sites [29, 30, 31].
In Pseudomonas aeruginosa-infected lungs of patients
with diffuse panbronchiolitis and other chronic lung
diseases, the increased degradation of iron bound pro-
teins was suggested to possibly contribute to their
lung injury via the Haber-Weiss reaction [32]. How-
ever, the concentration of the free iron is still contro-
versial; e.g. it was elevated to 37 uM in sera of patients
with sepsis [33], but was decreased in bronchoalveolar
lavage fluid of patients with adult respiratory distress
syndrome [34].

In the present study, we demonstrated the O3~ scav-
enging activity of EM-iron complex by multiple assay
systems in vitro. To confirm the anti-inflammatory ac-
tion of EM-iron complex in chronic inflammatory lung
diseases, further study in vivo is necessary.
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