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ABSTRACT: Nonantimicrobial effects of antibiotics may contribute to their activity
in the treatment of infective airway disease. The aim of this study was to identify
antibiotics used for the treatment of infection in cystic fibrosis that may alter the
activity of human neutrophil elastase (HNE) and Pseudomonas aeruginosa elastase
(PE).
The effect of antibiotics on the activity of purified HNE and PE, and HNE in

sputum was assessed using colourimetric and fluorescent substrate assays by kinetic
measurements, and by examining the interaction of HNE with inhibitors.
Ceftazidime, tobramycin, and gentamycin slightly inhibited purified HNE activity

whereas erythromycin and colistin significantly stimulated purified HNE and PE (395
and 557%, respectively). However, only colistin increased HNE activity in sputum
(z102%) and was therefore studied in more detail. This increase in activity was not due
an interference with the specific inhibition of HNE by a1-antitrypsin but colistin was
found to reverse the inhibitory effects of small molecular weight molecules like heparin.
Colistin increases the activity of human neutrophil elastase and Pseudomonas

aeruginosa elastase, two proteases that contribute to the pathogenesis of cystic fibrosis
airway disease.
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Antibiotics used to treat pulmonary infection repre-
sent one of the cornerstones of therapy for patients
with cystic fibrosis (CF). A variety of antibiotics are
used to treat endobronchial infection with the aim
of delaying the progressive pulmonary damaging
characteristics of this disease. Much of this damage
is thought to be due to excessive proteases derived
from neutrophils recruited into the airway in response
to infectious organisms such as Staphylococcus aureus
and Pseudomonas aeruginosa [1]. The latter organism
also produces a thermolysin like elastase that can
directly cause tissue damage as well as inactivating
host antiproteinases such as a1-antitrypsin (a1-AT)
[2]. Aggressive antibiotic therapy combined with
physiotherapy can effectively treat infective exacerba-
tions and may also eradicate, or delay, colonization by
pathogens such as Pseudomonas [3, 4].

Recent studies have suggested that antibiotics such
as macrolides and aminoglycosides may have bene-
ficial nonantimicrobial actions and that these may
contribute to the clinical benefits observed when using
these agents [5–7]. Macrolides appear to have poten-
tially beneficial effects on cytokine production [8],
neutrophil chemotaxis [9], inhibition of proteases
[10, 11] and inhibition of Pseudomonas alginate
biofilm synthesis [12]. It has also been reported that
aminoglycosides, such as tobramycin and gentamycin,
may have beneficial nonantimicrobial effects upon
P. aeruginosa elastase (PE) [7].

The aim of the present study was to investigate
whether other antibiotics commonly administered to
CF patients change the activity of HNE and PE. The
interactions of colistin with HNE were explored in
detail, as this antibiotic was found to stimulate the
protease in its purified form and in CF sputum. The
mechanisms that led to increased protease activity
were investigated with respect to direct effects upon
HNE as well interactions of the enzyme with protease
inhibitors.

Materials and methods

Patient samples

Sputum samples were collected with ethical
approval from 10 CF adolescent and adult patients
(six males, mean age 15.6 yrs, range 9–22 yrs) during
routine physiotherapy. The diagnosis of CF in all of
the patients was confirmed by a positive sweat test.
All of the patients were chronically colonized with
P. aeruginosa (one patient was also confirmed with a
Burkholdera cepacia infection) and the samples were
taken during an acute exacerbation (average forced
expiratory volume in one second 47% of normal
with a range of 21–70%). Immediately upon collection
the samples were centrifuged using a Beckman J2-21
centrifuge (Beckman Coulter Division, Palo Alto, CA,
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USA) at 4 uC and 35,0006g for 150 min to clarify the
sample and to remove cell debris and large deoxy-
ribonucleic acid (DNA) fragments.

Elastase colourimetric activity assay

The activity of HNE (Elastin preoducts Inc., Owens
ville, MO, USA) was measured with a specific peptide
substratemethoxysuccinyl-ala-ala-pro-val-4-nitroanilide
(MSAAP) (Sigma Chemicals, Poole, UK) [13], and
purified HNE or sample was diluted in an assay buffer
(0.1 M hydroxyethyl piperazine ethane sulphonic
acid (HEPES), 0.5 M NaCl, 0.02 M CaCl2, pH 7.5)
[14]. To investigate the effects of antibiotics or HNE
inhibitors, HNE and the test agent were added
together for 10 min (at 20uC) followed by MSAAP
(0.6 mg?mL-1). Samples were measured in triplicate
and each experiment was repeated at least twice. The
substrate and enzyme mixture was incubated for¡2 h
(at 20uC) and measured at 410 nM absorbence on
a Titretek Multiskan MCC/340 colourimetric plater-
eader (ICN Flow Laboratories). A standard curve of
purified HNE (range 2–0.02 U?mL-1) was included
within the assay.

Effect of antibiotics on protease activity

To investigate whether antibiotics stimulated or
inhibited the activity of HNE, purified HNE
(2 U?mL-1) and sputum samples were mixed with a
0.5–0.05 mM range of the antibiotics gentamycin
(Baxter, Thetford, UK), gentamycin (zethylenediamine
tetraacetic acid), ceftadizime (Eli Lilly, Hampshire,
UK), tobramycin (Eli Lilly), erythromycin (Abbott
Laboratories, Kent, UK) and colistin. The effect
of these antibiotics was measured after a 10-min
pre-incubation followed by addition of the MSAAP
substrate, and compared to the protease activity
without the antibiotic. For those antibiotics available
in saline or buffer, a similar volume of this diluent
without the antibiotic was added to other wells to
establish whether there were other interfering sub-
stances affecting protease activity. Colistin was also
investigated further to examine its dose effects
(3.9–500 mM) upon purified HNE (2 U?mL-1) and
HNE activity within sputum. Similar comparison was
made of the dose-dependent effects of the detergent
Brij-35 (3.9–500 mM) (Sigma Chemicals) and Poly-
myxin B (Sigma Chemicals). Colistin and Brij-35
were also added (50 and 500 mM) to 10 CF patient
sputum samples to compare their effects upon the
activity of HNE.

Fluorescence quench assays

To establish whether changes to HNE activity
would also affect the degradation of macromolecular
substrates, fluorescent-labelled placental type-IV col-
lagen, gelatin, and Biodipy FL casein (Molecular
Probes Inc, Eugene, Oregon, USA) were used. Purified
HNE (0.5 U?mL-1) or sputum, were incubated with
colistin (62.5–500 mM) diluted in assay buffer (0.1 M

HEPES, 0.5 M NaCl, 0.02 M CaCl2, pH 7.5). After
10 min pre-incubation, the samples were added to
the fluorescent substrates at 50 mg?mL-1 (gelatin and
type IV collagen) and 5 mg?mL-1 (casein). The samples
were mixed, incubated at 37uC in a humidified
incubator for 24 h and the increase in fluorescence
measured at an excitation wavelength of 485 nM
and emission of 530 nM on a Denley Fluorescent
platereader (Denley Scientific, Slough, Berkshire, UK).
Changes in substrate degradation were measured
against the samples without antibiotic (or detergent)
but with an equivalent volume of buffer. Controls
included the substrate and antibiotic combination
without the sample, and the buffer and substrate but
no antibiotic. Background autofluorescence of the
antibiotic or buffer components was found to be very
low but were subtracted from the sample readings. As
each substrate yielded different levels of fluorescence,
the results were standardized as the fold-increase in
units of fluorescence over 24 h of incubation for the
controls and samples with 500 mM colistin.

Effect of elastase inhibitors with and without colistin

To determine whether colistin disrupted the
inhibition of HNE by low molecular weight and
specific antagonists, competition experiments were
performed. The effect of a1-AT (37.9 nM–7 mM)
[14], N-Methoxysuccinyl-ala-ala-pro-val-chloromethyl
ketone (MSAAPket; Sigma Chemicals) (5 nM–
50 mM) [15], and heparin (15.6 ng–1 mg?mL-1) [16]
were tested on 4 U?mL-1 of purified HNE and a CF
sputum sample. a1-AT, MSAAPket and heparin were
then used at the effective inhibitory dose at 50%
(ID50) and 90% (ID90) level concentrations and pre-
incubated with different concentrations of antibiotic
for 10 min, followed by addition of purified HNE
and the substrate. Changes in optical density (OD) at
410 nM were recorded kinetically at 2-min intervals
for 30 min (at 20uC). For each condition the increase
in OD was plotted and linear regression was used to
fit the best line. Controls included the enzyme and
inhibitor but no antibiotic, the enzyme and antibiotic,
and the enzyme and assay buffer alone. The effective-
ness of these inhibitors upon HNE activity in sputum
samples in the presence of the antibiotic was also
determined at a single time point (30 min).

Kinetic assay

The effects of colistin on the kinetics of HNE-
substrate interaction was measured in terms of
maximum initial reaction velocity (Vmax) and Km

(the substrate concentration at half Vmax). These
values were determined kinetically with increasing
MSAAP substrate (0–2 mg?mL-1) concentration in the
presence of 500 mM colistin and 2 U?mL-1 of sputum
HNE at 20uC. The increases in OD were measured at
2-min intervals for 30 min at OD 410 nM and the
values of Vmax and Km were determined by Michaelis-
Menten calculation.

1137COLISTIN AND ELASTASE ACTIVITY



Effect of antibiotics on the activity of Pseudomonas
aeuruginosa elastase

To determine whether antibiotics modified the
activity of another type of protease implicated in the
pathogenesis of CF, 25 nM PE was incubated with or
without 50 and 500 mM concentrations of erythro-
mycin, colistin, tobramycin, gentamycin and ceftazi-
dine. The enzyme and antibiotic were mixed first and
incubated for 10 min and then added to the fluo-
rescent substrate. Changes in the fluorescence of the
substrate were recorded as previously described.

Statistics

Effects of antibiotics and detergents on purified or
sputum HNE were analysed for significance by the
Mann-Whitney U-test and analysis of variance and
by the Kruskall-Wallis procedure. For the inhibitor
studies best-fit lines were calculated by linear regres-
sion and differences between the gradient of each
slope by the t-test.

Results

Effect of antibiotics on human neutrophil elastase
activity

Using a peptide-based substrate assay, ceftazidime,
tobramycin and gentamycin caused inhibition of HNE
activity by 42%, 30% and 28%, respectively (fig. 1).
In contrast, erythromycin and colistin significantly
stimulated HNE activity (by 395% and 557%,
respectively). This stimulation was not due to
constituents of the buffers used to dissolve the
antibiotics. However, colistin stored at 4uC for w7
days gradually lost its capacity to stimulate HNE.

Colistin and erythromycin stimulate Pseudomonas
aeruginosa elastase

Colistin and tobramycin, and to a greater extent
erythromycin, stimulated PE when measured by
degradation of Biodipy casein (fig. 2). The other
antibiotics did not stimulate PE activity. The specifi-
city of this activity was confirmed when phosphor-
amidon, an inhibitor of thermolysin-like enzymes, was
added (fig. 2).

Colistin stimulates the activity of purified human
neutrophil elastase and human neutrophil elastase in
cystic fibrosis sputum

Of the antibiotics tested only colistin stimulated the
activity of HNE in CF sputum. In the presence of
increasing colistin concentration (3.9–500 mM) both
purified HNE and HNE in sputum were stimulated
significantly in a dose-dependent manner (data not
shown). For purified HNE, 3.9 mM of colistin was
sufficient to increase the activity significantly above
the control (162%, pv0.01), and the maximal stimula-
tion was observed at 250 mM (877%, pv0.001). For
the 10 CF sputum samples a 36% rise above
background activity was observed at 32 mM colistin
(n=10, pv0.05) and a 102% rise in activity at 500 mM
(n=10, pv0.05). The stimulation obtained at 500 mM
colistin varied between 57–135%.

Colistin increases the degradation of macromolecular
substrates by elastase

The stimulatory effects of colistin were also found
to affect the degradation of macromolecular sub-
strates by HNE. HNE significantly increased degra-
dation of gelatin (36%), type IV collagen (39%), and
casein (27%) in the presence of colistin (fig. 3, pv0.05).
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Fig. 1. –Measurement of the effect of the antibiotics gentamycin
(G), gentamycinzethylenediamine tetraacetic acid (Ge), colistin
(Co), erythromycin (Er), tobramycin (To) and ceftazidime (Ce)
(500 mM) upon the activity of purified human neutrophil elastase
(HNE) using the substrate N-(methoxysuccinyl)-ala-ala-pro-val
chloromethyl ketone measured at an optical density of 410 nM.
Control (Ct) shows the activity of HNE (2 U?mL-1) in the pre-
sence of the buffer alone. Data are presented as the mean of three
experiments with 95% confidence intervals. *: pv0.05 compared to
control.
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Fig. 2. –Measurement of the degradation of fluorescent quenched
substrate Biodipy casein (5 mg?mL-1) by 25 nM Pseudomonas aeru-
ginosa elastase (Ct) at excitation 480 nM and emission 530 nM
incubated in the presence of either 500 mM colistin (Co) or
500 mM erythromycin (Er) and with 20 mg?mL-1 phosphoramidon
(Ph) added. Data are presented as the mean of three experiments
with 95% confidence intervals. *: pv0.05 compared to control.
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Colistin alone did not alter the fluorescence of these
substrates (data not shown), and HNE preferentially
degraded type IV collagen over gelatin and casein
(fig. 3). However, the increases in HNE activity
measured with the macromolecular substrates were
not as great as those measured with the peptide-based
substrates (fig. 1).

Detergents increase the activity of human neutrophil
elastase

To demonstrate whether the detergent-like proper-
ties of colistin were responsible for increasing the
activity of HNE, Brij-35 (3.9–500 mM) was added to
the buffer and was found to significantly increase
maximal enzyme activity at 7.5 mM (pv0.001). A
33-fold higher concentration (250 mM) of colistin was
required to stimulate the activity of HNE to the same
level. Added at concentrations from 3.9–500 mM the
related antibiotic Polymyxin B also stimulated HNE
in an identical fashion to colistin (polymyxin E) (data
not shown).

Colistin competes with low molecular weight inhibitors
of elastase

The inhibitory concentration range of a1-AT,
MSAAPket and heparin, on purified HNE was
determined and the IC50 and IC90 of each agent
were added with or without the presence of 500 mM
colistin.

a1-Antitrypsin

At 900 nM and 60 nM a1-AT completely inhibited
HNE activity (data shown for 60 nM dose in fig. 4a)
compared to HNE alone. The addition of 500 mM

colistin alone significantly increased the activity of
purified HNE (fig. 4a). Colistin was unable to reverse
the inhibitory effects of 900 nM (data not shown) and
60 nM (fig. 4a) a1-AT on HNE activity.

N-(Methoxysuccinyl)-ala-ala-pro-val-chloromethyl
ketone

MSAAPket inhibited HNE completely at 5 mM
and to a lesser extent at 0.5 mM (fig. 4b). The addi-
tion of 500 mM colistin alone significantly increased
the activity of purified HNE (fig. 4b). Colistin was
not able to reverse the inhibitory effects of 5 mM
MSAAPket but reversed the effects of 0.5 mM
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Fig. 3. –Measurement of the degradation of fluorescent quenched
placental type-IV collagen (50 mg?mL-1, q), gelatin (50 mg?mL-1,
p) and Biodipy casein (5 mg?mL-1, h) by 0.8 U?mL-1 of purified
human neutrophil elastase (HNE) at excitation of 480 nM and
emission wavelengths of 530 nM. The HNE and substrates were
incubated in the absence (Ct) or presence (zCo) of 500 mM
colistin. Data are presented as the mean of three experiments with
95% confidence intervals. *: pv0.05 compared to control.
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Fig. 4. –Measurement of the competition between a) 60 nM a1-
antitrypsin (&), b) 0.5 mM N-(methoxysuccinyl)-ala-ala-pro-val
chloromethyl ketone (+) or c) 15.6 ng?mL-1 heparin (%), and
human neutrophil elastase (HNE) ($) in the absence or presence
of 500 mM colistin (#). Data are presented as the mean of three.
*: pv0.05 in the gradient of the lines compared to control (HNE).
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MSAAPket (fig. 4b), although the activity was not as
great when colistin alone was added to the enzyme.

Heparin

Heparin inhibited HNE activity completely at
1 mg?mL-1 (data not shown) and 15.6 ng?mL-1

(fig. 4c). The addition of 500 mM colistin alone
significantly increased the activity of purified HNE
(fig. 4c). Colistin was able to partly reverse the effects
of 1 mg?mL-1 heparin (data not shown), and with
15.6 ng?mL-1 heparin (fig. 4c) the activity increased
further above the control but not to the level observed
when colistin alone was added to HNE.

Colistin alters the kinetics of elastase activity

Colistin increased the kinetics of HNE interaction
with the MSAAP substrate. The values of Vmax and
Km were 0.0043 rate of change in absorbance at
410 nm?min-1 (DA410min-1) and 0.0946 M for HNE
alone and 0.0576 DA410min-1 and 0.0776 M for HNE
and colistin, respectively.

Discussion

Nebulized colistin has been used for many years
to treat patients with CF and in many countries it
remains the most widely used nebulized antibiotic.
It has been shown to be of value in eradicating
P. aeruginosa in patients recently colonized with the
organism and its use has been shown to reduce
exacerbation in infected patients [3, 17]. In light of the
previously reported beneficial effects it was surprising
to find that colistin increased the activity of HNE
in purified preparations and sputum as well as that
of PE.

These unexpected findings may be of clinical
relevance to patients with chronic colonization with
P. aeruginosa who are treated with long-term nebu-
lized colistin. While published trials using nebulized
colistin have involved treatment periods of¡3 months
[17], many chronically colonized patients are treated
with nebulized colistin for prolonged periods. In this
setting it is possible that enhancement of HNE and PE
activity will outweigh the positive antimicrobial effects
of this agent. A recent study has provided in vivo
evidence that prolonged administration of colistin is
associated with airway damage in rats and dogs (Van
Devanter, Chiron Corporation, Seattle, WA, USA,
personal communication).

It was of interest that colistin stimulated both
HNE and PE, which are serine- and thermolysin-like
proteases, respectively. The effect upon HNE was seen
in sputum samples at antibiotic concentrations com-
parable to nebulized doses assuming a heterogeneous
delivery of 10–20% of the administered dose [18].
Unfortunately the lack of a specific substrate pre-
vented the effect of colistin on PE activity within
CF sputum being assessed. The mechanism by which
colistin enhances HNE is unclear although the results

of this study would suggest that its effect is mediated
through the ability of the agent to interfere with the
binding of certain inhibitor molecules. An identical
dose-dependent stimulation of HNE was obtained
with the related antibiotic polymyxin B. The poly-
myxins, including colistin, are small cyclic polypep-
tides with detergent-like properties with activity
against Gram-negative bacteria [19]. It has previously
been observered that the detergent Brij-35 is able to
activate HNE [20] and it is likely that this effect is
mediated through a similar mechanism.

In addition to antiproteases, such as a1-AT (or a1
antiprotease) and secretory leukoproteinase inhibitor,
secretions from the inflamed airways contain mole-
cules like heparin/heparan sulfate [16] and DNA [21],
which also inhibit HNE activity. The negative charge
of heparin binds to positively-charged groups on
elastase and may account for its inhibition of activity
[22]. In this present study a low concentration of
heparin inhibited HNE but was unable to do so in the
presence of 500 mM colistin (fig. 4c). In contrast,
a1-AT effectively inhibited HNE even when colistin
was present. Colistin disrupted the ability of heparin
to bind to HNE but was not able to disrupt the stable
irreversible inhibitor-complexes formed with a1-AT.
The ability of colistin to increase HNE activity in
CF sputum suggests that a1-AT accounts for only a
proportion of the HNE inhibitors present in CF
sputum and that some of the enzyme may be bound
to heparin like molecules, forming a pool susceptible
to activation.

Why purified HNE showed a 10-fold increase in
Vmax with colistin present was less clear. HNE pre-
pared from sputum or purified neutrophils appeared
pure on silver stained polyacrylamide gel electro-
phoresis gels (data not shown) but nevertheless may
have contained small molecular contaminants like
heparin. Many published studies where HNE activity
has been measured have not reported the inclusion of
detergents in the assay buffer. Therefore, the condi-
tions for measuring HNE activity either purified or in
respiratory secretions need to be defined carefully and
Brij-35 containing buffers are essential to accurately
measure the activity of HNE. It is likely that the
reduced activity of colistin when added to CF sputum
was due to absorption of the antibiotic into other
charged molecules, since this fluid contains high
concentrations of protein and DNA. Similarly, when
inhibitors of HNE are added to sputum, they are less
effective than when added to an equivalent activity
of purified HNE (unpublished observations).

In conclusion, colistin increased the activity of both
human neutrophil and Pseudomonas aeruginosa elas-
tase, which are both believed to be important to the
pathogenesis of the chronic lung disease characteristic
of cystic fibrosis. The present study also showed that
colistin increased the activity of human neutrophil
elastase in cystic fibrosis sputum. These results suggest
that further clinical studies are required. These studies
should include the measurement of sputum elastase
activity, and markers of tissue damage (e.g. urine
levels of collagen and elastin fragments) pre and
postcolistin inhalation. This will require the recruit-
ment of a large number of patients since significant
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variation was observed in sputum markers between
individuals.
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