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Peroxynitrite, formed by reaction of superoxide and
nitric oxide, appears to be an important tissue damag-
ing species generated at sites of inflammation. In this
paper, we compare the abilities of several antibiotics to
protect against peroxynitrite-dependent inactivation
of o,-antiproteinase, and to inhibit tyrosine nitration
by peroxynitrite, in vitro. Tetracycline, minocycline,
doxycycline, rifamycin and rifampicin were highly-
protective in both assay systems, whereas several
other antibiotics tested were not. The possibility that
antibiotics could affect tissue injury at sites of inflam-
mation by scavenging peroxynitrite is discussed.
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INTRODUCTION

It is well-known that various reactive oxygen
species such as superoxide radical (O,7), hydro-
gen peroxide (H;0,), hydroxyl radical (OH’) and
hypochlorous acid (HOCI) are formed in vivo and
contribute to tissue injury in human disease
(reviewed in).'"%! Indeed, several antibiotics have
been suggested to exert protective effects at sites of
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inflammation by scavenging such species."*# For
example, tetracycline, ceftazidime, tobramycin
and gentamicin have been reported to be HOCI
scavengers!*># whereas sulbactam and ampi-
cillin® scavenge HOCl and OH' and penicillin
scavenges H,0,.1") Thus it is possible that benefi-
cial effects of these antibiotics at sites of inflam-
mation can be mediated by mechanisms
additional to their antibacterial activity.*!

Recently, however, there has been consider-
able interest in reactive nitrogen species as medi-
ators of tissue injury (reviewed in).’11])
Although nitric oxide (NO’) has many important
physiological functions, its production in excess
may contribute to the pathology of chronic
inflammation and septic shock.!"?! An important
mechanism!!%! involved in the toxicity of
excess NO is its very fast!'”] reaction with O, to
give peroxynitrite, ONOO™.

0,” +NO* - ONOO"

Peroxynitrite and/or its breakdown products
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induce peroxidation of lipids, oxidize methionine
and -SH residues in proteins, deplete antioxidants
and cause DNA damage.”'"! In particular, addi-
tion of peroxynitrite to biological systems leads to
nitration of tyrosine residues, and the presence of
these has been suggested to be a “marker” of per-
oxynitrite-dependent damage in vivp, 1013716181
Tyrosine nitration can interfere with signal trans-
duction mechanisms involving phosphoryla-
tion/dephosphorylation.'”!  Peroxynitrite also
inactivates oy-antiproteinase,*”! the major inhibitor
of serine proteases (such as elastase) in human
body fluids. Hence ONOO™ generation in vivo may
facilitate not only oxidative but also proteolytic
damage to biomolecules.

In a previous paper,?! we studied the reaction
of several drugs with ONOO™ and showed that
the antibiotic tetracycline appeared to be able to
scavenge ONOO™ and/or peroxynitrite-derived
species, in that it could protect tyrosine against
nitration, and oy-antiproteinase against inactiva-
tion upon addition of ONOO". In the present
paper, we have extended these studies to several
other antibiotics.

MATERIALS AND METHODS

Reagents

All antibiotics and reagents were obtained from
Sigma Chemical Corp, Poole, Dorset, UK.
Elastase was type E-0258 and o,-antiproteinase
type A9024. Peroxynitrite was synthesized as
described in.”! Concentrations of stock ONOO~
were redetermined before each experiment at 302
nm using a molar absorption coefficient of 1670
cm ™. Concentrations of 250-300 mM were
usually obtained. Antibiotics were made up as
solutions in distilled water fresh daily.

Tyrosine Nitration

This was measured by HPLC as described in.*!
Briefly, a Spherisorb 5 pm ODS2 C;3 column

(Wellington House, Cheshire, England) was
used with a guard column (Hibar from BDH,
Poole, UK) and C4 cartridge. The eluant was 500
mM KH,PO,-H;PO, pH 3.01, with 20% methanol
(v/v) at a flow rate of 1 ml min™' through a
Polymer Laboratories pump (Essex Road,
Church Stretton, UK) and UV detector set at 274
nm. The 3-nitrotyrosine detected was confirmed
by spiking with standards. Peak heights of tyro-
sine and 3-nitrotyrosine were measured and con-
centrations calculated from a standard curve.
The limit of sensitivity was 0.5 pM 3-nitrotyro-
sine: typical retention time under our experi-
mental conditions was 3.6 min.

ol-Antiproteinase Inactivation

This was essentially measured as described in."”’!
oy-Antiproteinase was dissolved in phosphate-
buffered saline, pH 7.4 (140 mM NaCl, 2.7 mM
KCl, 16 mM Na,HPO,, 2.9 mM KH,PO,) to a
concentration of 4 mg/ml and elastase in the
same buffer to 5 mg/ml. The volume of oy-
antiproteinase needed to inhibit elastase 80-90%
(typically 60-70 pl) was added to buffer (500 mM
K,HPO,-KH,PO, pH 7.4) with or without 0.1 ml
compound to be tested to give a volume of 0.945
ml (final o,-antiproteinase concentration about
0.3 mg/ml) and incubated in a water bath at
37°C for 15 min, when peroxynitrite (typically 5
ul) was added to give a final concentration of 0.5
mM. The sample was vortexed for 10 seconds
and incubated for 5 minutes. Then elastase (usu-
ally 50 ul) was added, followed by 2.0 ml of
buffer and the sample incubated at 37°C for a
further 15 min. Then 0.1 ml of elastase substrate
was added and the rate of reaction followed at
410 nm for 30 seconds. Addition of ONOO™ to
some antibiotics led to the development of chro-
mogens. Amoxicillin and ceftazidime produced
slightly yellow colours. The yellow colours of
doxycycline, minocycline and tetracycline deep-
ened after ONOO™ addition with doxycycline
and tetracycline producing an orange-brown
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colour during the course of the incubation. These
chromogens did not affect spectrophotometric or
HPLC analysis.

RESULTS

We compared the ability of various antibiotics to
protect against damage by ONOO™ using two dif-
ferent molecular targets, tyrosine and o;-antipro-
teinase. Tyrosine was chosen because its
nitration, apparently due to ONOO", has been
observed in vivo at sites of inflammation."*! ¢, -
Antiproteinase was selected because it is known

to be inactivated at sites of chronic inflamma-
tion,?* and the generation of ONOO™ provides a
plausible mechanism to account for this.’?")

Inactivation of o1-Antiproteinase and
Protection by Antibiotics

As expected from previous reports,?>??l addition
of ONOO™ to oy-antiproteinase (o;-AP) led to
inactivation of the ability of ¢;-AP to inhibit elas-
tase. On the basis of previous experiments,* a 5
min incubation time with 0.5 mM ONOO™ was
selected. Figure 1, column B, shows that o4,-AP is

Antibiotic screen (1mM) for protection of ONOO™ (0.5mM)-
dependent o,-AP inactivation
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FIGURE 1 A “screen” of antibiotics for the ability to protect o,- AP against inactivation by peroxynitrite. Column A represents the
activity of elastase (i.e. zero inhibition). Addition of a;-AP inhibits the elastase (column B) but treatment of the o-AP with ONOQ~
decreases this inhibitory effect (column C). Antibiotics able to scavenge ONOO™ protect the ;- AP and result in less elastase activity.
ONQO™ was present at a final concentration of 0.5 mM and antibiotics at 1.0 mM. Results are mean * SEM (n = 4). Incubations with
ONQO- were for 5 minutes at 37°C. El—elastase. Control experiments showed that antibiotics had no direct effect on the activity of
elastase itself or on the ability of o, -antiproteinase to inhibit elastase. If @, -antiproteinase was incubated with ONOO™ before adding

antibiotics, subsequent addition of them did not reverse the inactivation.
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a powerful inhibitor of the enzyme elastase, caus-
ing 280% of inhibition under our experimental
conditions. Treatment of o;-AP with ONOO~
caused a severe reduction in its elastase inhibitory
capacity (column C). The effect of including vari-
ous antibiotics in the reaction mixture was exam-
ined: a concentration greater than that of ONOO~
was used for an initial “screen” of effectiveness
(Figure 1). Some antibiotics had very little action
(e.g. ampicillin, ticarcilline) but others were
highly protective. Figure 2 shows the concentra-
tion-dependence of the protective action of the
most effective antibiotics. Concentrations of tetra-
cycline, doxycycline and minocycline less than
one-fifth those of ONOO™ showed substantial
protective effects. Rifampicin and rifamycin were
also significantly protective at low concentrations

but could not achieve complete protection of o-
AP at higher concentrations.

Inhibition of Peroxynitrite-Dependent
Tyrosine Nitration by Antibiotics

When the amino acid tyrosine is exposed to
ONOO" at pH 7.4, 3-nitrotyrosine is formed."18%!
Figure 3 shows a screen of the ability of antibiotics
to inhibit nitration of tyrosine. Ampicillin, amoxi-
cillin, ceftazidime, streptomycin, ticarcilline and
tobramycin were poorly protective, whereas
tetracycline, doxycycline, minocycline, rifamycin
SV, and rifampicin inhibited nitration markedly.
Figure 4 shows the concentration-dependence of
these effects. Again, concentrations of minocy-
cline, doxycycline, rifampicin, rifamycin SV and

Screen for inhibition of ONOO™ (1mM)-dependent tyrosine
nitration by antibiotics
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FIGURE 3 Prevention of peroxynitrite-dependent tyrosine nitration by antibiotics. DL-Tyrosine (1 mM) was incubated with
ONOO™ (1 mM) for 15 minutes at 37°C. Where indicated, drugs were also present in the reaction mixtures at 1 mM. Data are mean
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+ SEM (n = 4). None of the antibiotics tested interfered with the HPLC analysis of 3-nitrotyrosine. Rifamycin and rifampicin inhibited

nitration completely.
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Inhibition of ONOO™ (1mM)-dependent tyrosine nitration
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FIGURE 4 Prevention by antibiotics of peroxynitrite-dependent tyrosine nitration: concentration-dependence experiments were
carried out as described in the legend to Figure 3, except that antibiotics added to give the final concentration stated whilst [ONOO"]

was kept at 1 mM. Results are mean * SEM (n = 4).

tetracycline less than one-fifth those of ONOO™
exerted substantial protective effects.

DISCUSSION

Peroxynitrite generation in vivo has been impli-
cated in a wide range of human diseases, includ-
ing  atherosclerosis"!  lung  disease,?!
neurodegeneration,!'! theumatoid arthritis"" and
inflammatory bowel disease.I'®) Hence agents able
to protect against ONOO™-dependent damage
may be useful. It has already been suggested that

antibiotics might exert protective effects addi-
tional to antibacterial action, such as scavenging of
reactive oxygen species!*®! and inhibition of met-
alloproteinases'®! or phospholipases.””! Our data
suggest that certain antibiotics might also be able
to prevent damage by ONOQO", which is known to
be a cytotoxic agent. Particularly-effective antibi-
otics are tetracycline and related drugs (doxycy-
cline, minocycline) as well as rifampicin and
rifamycin. At concentrations much less than those
of ONOQO, they are able to exert significant pro-
tection against o;-AP inactivation and tyrosine
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nitration, two potentially-important damaging
consequences of ONOO~ generation in vivo.
Steady-state concentrations of ONOO™ in vive are
low (sub-micromolar) because of its very high
reactivity, so if we extrapolate to these low concen-
trations, it seems reasonable to suggest that levels
of antibiotics obtained in vivo during their normal
therapeutic use, often in the 5-10 uM range,®!
might be able to react with ONOO™. This will need
to be established by direct experimentation, how-
ever, since ONOOQO" can react with many biomole-
cules.

The chemistry of tissue damage by ONOO" is
extremely complex.''** Whereas inactivation of
0;-AP is probably due to attack of ONOO™ itself
upon essential methionine residues within the
protein,’” tyrosine nitration may be mediated by
an excited-state trans isomer of ONOOH as well
by as decomposition products such as NO," and
NO, 11831 Hence there is not necessarily a com-
plete correlation between the ability of an antibi-
otic to protect in these different assay systems.*!
Tetracycline, minocycline, doxycycline, rifamycin
and rifampicin were significantly protective in
both assay systems, supporting the view that pro-
tection against damage by ONOO™ might be a sig-
nificant mechanism of action in vivo. However, it
must not be forgotten that tetracyclines and
rifamycins can interact with transition metal ions
to promote oxidative damage”!! and that
ONOO" can displace copper ions from caerulo-
plasmin.® It should never be assumed that bio-
logical effects of an antibiotic necessarily involve
actions upon infecting bacteria.
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