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Abstract

Infections caused by multi-resistant Gram-negative bacteria, particularlyPseudomonas aeruginosa, are increasing worldwide. In patients
with cystic fibrosis (CF), resistance inP. aeruginosato numerous anti-pseudomonal agents is becoming common. The absence since 1995,
of new substances active against resistant Gram-negative bacteria, has caused increasing concern. Colistin, an old antibiotic also known
as polymyxin E, has attracted more interest recently because of its significant activity against multi-resistantP. aeruginosa, Acinetobacter
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aumanniiandKlebsiella pneumoniae, and the low resistance rates to it. Because its use as an anti-pseudomonal agent was displa
otentially less toxic aminoglycosides in 1970s, our knowledge of this drug is limited. However, there has been a significant rece

n the data gathered on colistin, focussing on its chemistry, antibacterial activity, mechanism of action and resistance, pharma
harmacodynamics and new clinical application. It is likely that colistin will be an important antimicrobial option against multi-r
ram-negative bacteria, for some years to come.
rown Copyright © 2004 Published by Elsevier B.V. on behalf of International Society of Chemotherapy. All rights reserved.
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. Introduction

The widespread resistance of microorganisms to antibi-
tics threatens to be a future medical disaster[1,2]. Pseu-
omonas aeruginosais one such difficult-to-treat organ-

sm, and reports from the National Nosocomial Infections
urveillance (NNIS) in 1998 indicated that it then ranked
econd among the most commonly isolated Gram-negative
athogens[3–5]. Chronic pulmonary infections withP.
eruginosaare a major clinical problem for patients with
ystic fibrosis (CF)[4,6], and a public health threat[7]. More
mportantly, multi-resistantP. aeruginosaisolated from the
nfected lungs of these patients have a significantly higher

utation rate than those from other clinical sources[8].
Numerous anti-pseudomonal antibiotics are used cur-

ently for the treatment of bronchial infections, includ-

∗ Corresponding author. Tel.: +61 3 9903 9057; fax: +61 3 9903 9629.
E-mail address:jian.li@vcp.monash.edu.au (J. Li).

ing ticarcillin, carbenicillin, piperacillin, tazobactam,
bramycin, gentamicin, amikacin, ciprofloxacin, ceftazidi
imipenem, cilastatin and aztreonam. However, resistan
these agents is becoming more prevalent[9–11]. Surveil-
lance conducted from 1997 to 2000 in the United St
showed that approximately 16% of clinical isolates oP.
aeruginosawere resistant to at least 3 of the core a
pseudomonals (amikacin, ceftazidime, ciprofloxacin,
tamicin, imipenem, and piperacillin) and 1% were resis
to all of these antimicrobials[12]. Outbreaks ofP. aerugi-
nosaresistant to most available�-lactams, aminoglycosid
and fluoroquinolones have been reported among CF pat
as well as in burns units and cancer centres[13–16]. The
annual frequency of studies examining the resistanceP.
aeruginosato currently used antibiotics is increasing, (Fig. 1)
and this highlights the growing concerns regarding effec
treatment of infections caused by this microorganism.
fortunately, there has been no new anti-pseudomonal
released since meropenem in 1995 and significant leve
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Fig. 1. Papers published containing ‘colistin’ vs. ‘Pseudomonas’ and ‘Resis-
tance’ from 1949 to 2003. The results were obtained by searching Chemical
Abstracts Plus with the software of SciFinder Scholar 2004 on 9 August
2004.

resistance to meropenem have already been reported in clin-
ical isolates ofP. aeruginosa[17].

Multi-resistance in other Gram-negative bacteria, includ-
ing strains resistant to carbapenems, is also emerging as a
global health issue[18,19]. Now clinical isolates with muta-
tional fluoroquinolone resistance and metallo-�-lactamases
are being seen with increasing frequency worldwide[20].
Some species such asAcinetobacter baumanniistrains only
susceptible to polymyxins, have become a common problem
especially in intensive care units[21].

Colistin, also known as polymyxin E, is an old antibi-
otic with significant in vitro activity against some multi-
resistant Gram-negative pathogens, includingP. aeruginosa,
A. baumanniiandKlebsiella pneumoniae. When the use of
a �-lactam, aminoglycoside, or quinolone is ineffective, the
polymyxins, particularly colistin, remain drugs of last resort
[12]. Furthermore, resistance to colistin is seldom observed in
spite of a daily selective pressure in patients receiving colistin
by inhalation[22–25]. Hence, in recent years it has attracted
considerable interest as an antibiotic for use against multi-
resistant strains ofP. aeruginosa, Acinetobacterspecies and
Klebsiellaspecies[17,24,26–29]. This trend is demonstrated
in Fig. 1. The present review will focus mainly on chemi-
cal aspects of colistin, its antibacterial activity, mechanism
of action and resistance, pharmacokinetics and pharmacody-
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[32–34]. ‘Colistin’, first reported by Koyama and coworkers
[35], was originally thought to be distinct from polymyxins,
but was later proven to be identical to polymyxin E[36].
It has been available since 1959 for the treatment of infec-
tions caused by Gram-negative bacteria[37]. However, when
early clinical reports suggested a high incidence of toxicity
[38,39], its use was reduced when the potentially less toxic
aminoglycosides and other anti-pseudomonal agents became
available. Therefore, from the decline in its use in the early
1970s up until the mid 1990s, there have been limited studies
on the clinical use of colistin or on its pharmacokinetics and
pharmacodynamics.

Two forms of colistin are available commercially: col-
istin sulphate, chiefly used topically, and sodium colistin
methanesulphonate, used parenterally. Both forms may be
given via inhalation. Parenteral administration of sodium
colistin methanesulphonate in humans has been associ-
ated with nephrotoxicity, neurotoxicity and hypersensitivity
[17,38–43]. On a weight-for-weight basis, colistin methane-
sulphonate is less toxic than colistin sulphate. In rats, toxi-
city (decreased movement, rapid respiration, etc.) was obvi-
ous after an intravenous bolus of 3.0 mg/kg colistin sulphate
(in saline); however, no toxicity was observed after an in-
travenous bolus of 15.0 mg/kg colistin methanesulphonate
in saline (unpublished data). The mechanism of toxicity at
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amics, and recent clinical experience. Recent advanc
evelopment and validation of analytical methods for q

itation in biological fluids have enabled new insights into
harmacokinetics and pharmacodynamics of colistin[30,31].

. Discovery of colistin and early clinical experiences

Colistin is one of the polymyxin antibiotics produc
y Bacillus colistinus. Polymyxins were discovered in 19
molecular level still remains unknown. Lewis and Le
ecently demonstrated that colistin increased the transe
ial conductance in rabbit urinary bladder epithelium o
hen the apical membrane potential was cell interior n

ive [44]. This effect can be reversed over a short expo
ime (<60 min at a concentration of 200�M). However, long
xposure (120 min at a concentration of 200�M) produced

rreversible toxicity[44].
Nephrotoxicity is one of the commonly observed

erse effects following intravenous administration of coli
ethanesulphonate[24]. It usually occurs within the first
ays of therapy, with signs continuing for 1–2 weeks a
easing therapy; however, renal function usually return
ormal within 3–9 weeks[45]. Others have reported neph

oxicity that was reversed as soon as therapy was discont
n response to the first sign of developing renal impairm
24,39,40]which is consistent with the data in vitro[44].

low dose at first followed by subsequent upward titra
as been successful in decreasing the potential for to

46]. However, such an approach may not be an approp
egimen for minimizing the development of bacterial re
ance. In addition, it has been suggested that inhalatio
ebulized colistin sulphate by adults with CF, might ca
ronchial hyper-reactivity with tightness in the chest[47].
ince a discussion of the clinical toxicity of colistin is n

he main purpose of the present review, readers are re
o other reviews on the subject[17,24].

While the early clinical reports suggested a high incide
f toxicity with colistin methanesulphonate[39,42,43], closer
xamination of these reports has revealed an exaggerate
hich can be attributed to inappropriate selection of pat
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and inadequate monitoring[17,23,40,48]. Recently, the role
of colistin againstP. aeruginosa, especially in patients with
CF, has been re-examined[10,23,24,49–51]. A number of
studies have confirmed the safety and efficacy of intravenous
colistin methanesulphonate[41,46,48,50]and provided in-
creased support for its use in the treatment of acute pulmonary
infections due toP. aeruginosa[10,17,23,49,50]. Further-
more, it has been proven to be promising for the treatment
of infections caused by other multi-resistant Gram-negative
bacteria[29,52,53].

3. Chemistry

Colistin contains a mixture ofd- andl-amino acids ar-
ranged as a cyclic heptapeptide ring with a tripeptide side-
chain. The side-chain is covalently bound to a fatty acid via
an acyl group (Fig. 2a). Sodium colistin methanesulphonate
(Fig. 2b) is prepared from colistin by reaction of the free
�-amino groups of the Dab residues with formaldehyde fol-
lowed by sodium bisulphite.

At least 30 components have been isolated from colistin
and 13 identified[54–56]. They differ in the composition of
amino acids and fatty acids[55–57]. Two major components
are colistin A (polymyxin E1) and colistin B (polymyxin
E
E
v -
p n
E -
m liers
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characteristic lariat structure of colistin was proven neces-
sary for antimicrobial activity[61].

Colistin (base) exhibits both hydrophobicity attributable
to the fatty acid moiety, and the basic properties (pKa approx-
imately 10) of the five unmasked�-amino groups. Therefore,
it is amphipathic and able to distribute well in both polar and
non-polar environments, such as in water and in prokaryotic
and eukaryotic lipid membranes. Colistin (base) is resistant
to pepsin (in the pH range of 2.2–4.8), trypsin (pH 4.4–7.5),
pancreatin (pH 4.4–7.5), and erepsin (pH 6.1–7.8), but is in-
activated by lipase[62]. Colistin (sulphate) is less stable in
water above pH 6[63–65]. In the dry state, colistin (sulphate)
is very stable at room temperature, for up to 12 months[66].

Colistin methanesulphonate hydrolyses in aqueous me-
dia and forms a complex mixture of partially sulphomethy-
lated derivatives, with the potential to produce up to 32 dif-
ferent products including colistin. In 1960s, two research
groups used electrophoresis and bioassay to show the appear-
ance of various fractions from its hydrolysis in acetate buffer
[67] or in human plasma and urine[67,68]. Recently, using
high-performance liquid chromatography (HPLC) our group
demonstrated the presence of colistin and various uniden-
tified degradation products arising from the storage of col-
istin methanesulphonate in aqueous solutions[64]. McMil-
lan and Pattison employed nuclear magnetic resonance, in-
f f the
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i per
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2) (Fig. 2a). Minor components include polymyxin E3 and
4 [58], norvaline-polymyxin E1, valine-polymyxin E1 [57],
aline-polymyxin E2, isoleucine-polymyxin E1, isoleucine
olymyxin E1 [59], polymyxin E7 and isoleucine-polymyxi
8 [55]. The proportion of colistin A and colistin B in com
ercial material differs between pharmaceutical supp
nd batches[60]. Colistin A has been synthesized and

ig. 2. (a) Structures of colistin A and B; (b) structures of sodium col
-methylheptanoic acid for colistin B; Thr: threonine; Leu: leucine; Dab�,�

inkage.
rared and electrophoresis to show that the hydrolysis o
ethanesulphonate group in a simple model compounn-

utylaminomethane-sulphonic acid involved a series of c
lex equilibria[69]. Unfortunately, the additional complex

ntroduced by the presence of five sulphomethyl groups
olecule, limited a full investigation of hydrolysis kinet
f colistin methanesulphonate. Interestingly, there have

and B methanesulphonate. Fatty acid: 6-methyloctanoic acid for colin A and
nobutyric acid.� and� indicate the respective –NH2 involved in the peptid
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reports of differences in the incidence of toxicity between the
two main commercially available products of sodium colistin
methanesulphonate: Colomycin® Injection (Pharmax, UK)
and Coly-Mycin M Parenteral® (Parke-Davis, USA)[67].
However, HPLC analysis demonstrated that there was no col-
istin (base) measurable in their fresh solutions (<0.4%) and
the rates of appearance of colistin (base) in plasma in vitro
were comparable[64]. Given that colistin (base) is formed
in vivo following the administration of colistin methane-
sulphonate[70], the differences in toxicity may reside in
the degree of sulphomethylation during manufacture and/or
storage of derivatives intermediate between colistin (base)
and the fully derivatized methanesulphonate, leading to dif-
ferences in the rate of formation of colistin (base) in vivo.
A more rapid appearance in vivo of the more toxic colistin
(base) from one of the products may contribute to its report-
edly greater toxicity.

4. Antibacterial activity and resistance

4.1. Mechanism of action

Most investigations into the mechanism of antibacterial
action of polymyxins have been conducted with polymyxin
B ins.
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polymyxins disrupts the outer membrane and lipopolysac-
charide is released[75]. Electron microscopic results have
demonstrated that membrane vesicles emerge from the sur-
face of Gram-negative bacteria in the presence of polymyxin
B [76–78]. Hancock and Chapple presented a self-promoted
uptake model to explain the detailed antibacterial mechanism
of cationic peptides[79]. Another characteristic of colistin
which is of potential benefit is its unique anti-endotoxin ac-
tivity, being able to neutralize bacterial lipopolysaccharides
[80–82]. In vitro it was shown that colistin formed mixed
monolayers with phospholipids and coexisted in mixed mi-
celles[83].

The killing process with colistin is not dependent upon
bacterial metabolic activity[84], and this may be a signifi-
cant contributing factor towards the slow development of re-
sistance[49], a resistance which develops more slowly than
to tobramycin[23]. As observed in our laboratory[85] and by
others[79], the bactericidal effect of polymyxins is extremely
rapid, making it difficult to fully quantify the killing process.
Masking of the five primary amine groups of colistin to form
colistin methanesulphonate weakens the antibacterial activ-
ity, even after adjusting for the different molecular weights. It
is presumed that the positive charged amine groups at phys-
iological pH play an important role in the interaction with
bacterial lipopolysaccharides.
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, which is regarded as a model compound of polymyx
olistin, with its similar structure to polymyxin B, is believ

o have an identical mechanism of action[71]. Polymyxin B
nteracts electrostatically with the outer membrane of G
egative bacteria and competitively displaces divalent ca
calcium and magnesium) from the negatively charged p
hate groups of membrane lipids[72]. Binding of polymyxin
and of colistin to the membranes can be antagonize

igh concentrations of divalent cations[73,74]. Insertion o

able 1
usceptibility of common clinical Gram-negative bacteria against coli

ef Year Colistin form and test medium Species

96] 1965 Sulphate P. aeruginosa
Methanesulphonate P. aeruginosa
Brain–heart infusion agar

49] 1997 Methanesulphonate P. aeruginosa
IsoSensitest agar Providenciaspp.

Enterobacterspp.
Acinetobacterspp.
Shigellaspp.
Serratiaspp.
Salmonellaspp.
Citrobacterspp.
Klebsiellaspp.
E. coli

93] 2001 Sulphate Acinetobacterspp.
Mueller–Hinton broth B. cepacia

K. pneumoniae
P. aeruginosa
S. maltophilia

90] 2002 Sulphate P. aeruginosanon-m
Mueller–Hinton agar P. aeruginosamucoi
.2. Spectrum of activity

Colistin exhibits a narrow antibacterial spectrum, mo
gainst common Gram-negative clinical isolates. Col

s active against the common species of the Enteroba
ceae andAeromonas, but notVibrio species[86], or some
on-fermentative and fastidious Gram-negatives (Table 1).
roteusspp.[63], Providenciaspp.[49], Morganella mor-

No. MIC50 (mg/L) MIC90 (mg/L) Range (mg/L)

225 3.1 12.5 0.8 to 100
225 12.5 25 3.1 to >100

94 2 4 0.5 to 32
23 >128 >128 >128
47 1 >128 0.5 to >128
23 1 2 1 to 128
12 0.5 0.5 0.06 to 0.5
24 >128 >128 16 to >128
12 1 1 1 to 2
19 1 1 0.5 to 1
50 1 8 0.4 to 16
50 0.5 – 0.5 to 1
60 ≤1 2 ≤1 to 32
12 >128 >128 >128
9 ≤1 ≤1 ≤1 to 2

80 ≤1 ≤1 ≤1 to 2
23 ≤1 32 ≤1 to 64
229 1 16 ≤0.12 to >128
156 0.5 2 ≤0.12 to >128
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ganii andSerratia marcescens[87] are resistant.Aeromonas
species exceptA. jandaeiare susceptible, althoughA. hy-
drophilahas inducible resistance[88]. Of the common or im-
portant non-fermentative Gram-negative bacteria,P. aerug-
inosa and Acinetobacterspecies are naturally susceptible
[49,89,90],Stenotrophomonas maltophiliaare susceptible al-
though some strains can be resistant[49,91–93]. Burkholde-
ria cepaciacomplex[93,94] andB. pseudomallei[95] are
resistant. Of particular importance is its activity towards
multi-resistantP. aeruginosa[96]. E. coli, Enterobacter,
Salmonella, ShigellaandKlebsiellaare also susceptible.

Colistin is also active againstHaemophilus influenzae
[89,97], Bordetella pertussisand Legionella pneumophila
[98]. The pathogenicNeisseriaspp. (including meningococci
and gonococci),Moraxella catarrhalis [99], Helicobacter
pylori [100,101]andBrucellaspecies are naturally resistant
[63]. Campylobacterspecies vary in susceptibility to colistin
[102,103]and activity againstBartonellaspecies is border-
line[104]. Most commonly occurring Gram-positive bacteria
of clinical importance are resistant to colistin.

Compared with colistin (sulphate), colistin
methanesulphonate has inferior antibacterial activity
[62,63,85,105,106]. The heterogeneity and potentially
variable composition of colistin methanesulphonate (in
terms of the degree of derivatization with methanesulphonic
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French, German and UK standards. Attempts have been made
to develop similar methods based on NCCLS methodology
[93]. Correlation of MICs with disc diffusion zone diameters
was noted to be a problem 30 years ago[109] and has been
confirmed in the most recent study using NCCLS methods
[93]. Around 5% of strains with elevated MICs will generate
zone diameters in the ‘susceptible’ range. Misinterpretation
of these strains as susceptible may be reduced if the advice
of the SFM is followed, namely to classify as resistant any
strains where colonies are detected within the zone of inhibi-
tion [107]. The reagent used in colistin disks is the sulphate
salt.

4.4. Acquired resistance

The potential to generate resistance to colistin is report-
edly low[9,49,70,110]. However, data on acquired resistance
to colistin or other polymyxins are limited. Two recent sur-
veys have examined the prevalence of resistance in isolates of
P. aeruginosafrom CF patients[25,90]. In a single CF cen-
tre in southern Germany, 15.3% of 229 non-mucoid strains
and 3.2% of 156 mucoid strains had MICs to colistin sulphate
above 2 mg/L (the German resistance breakpoint)[90]. In the
United Kingdom, 3.1% of 417 strains collected at multiple
CF centres had MICs above 4 mg/L (the BSAC breakpoint)
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cid), and its instability in solution, complicate any stu
f its antibacterial activity. Nevertheless, our group h
emonstrated recently that the fully and various part
ulphomethylated derivatives of colistin are bacteric
gainstP. aeruginosa[64,85].

.3. Susceptibility testing

Susceptibility testing methods and standards for
stin have been developed in France[107], Germany
Deutsches Institut für Normung e.V. (2000). Methode
ur Empfindlichkeitspr̈ufung von bakteriellen Krankhei
rregern (ausser Mykbakterien) gegen Chemotherape
IN 58940. Berlin, Beuth-Verlag), and the United Kingd

108], but not by the NCCLS in the United States[24]. Col-
stin sulphate is most commonly used as the test rea
hereas the less potent colistin methanesulphonate is
linically. As noted above, there are differences in pote
etween the two colistin entities, and at present it is
lear whether data from in vitro testing with the sulph
re suitable for predicting in vivo activity of the metha
ulphonate. It should be noted that following administra
f the methanesulphonate, it is converted, at least in

o colistin (base)[70]. The breakpoints for susceptibility a
ased on colistin sulphate: the Sociét́e Franc¸aise de Microbi
logie has selected≤2 mg/L as the susceptibility breakpoi
nd >2 mg/L as the resistance breakpoint, the British So

or Antimicrobial Chemotherapy has selected≤4 mg/L for
usceptible and≥8 mg/L as resistant.

Disc susceptibility testing is the most commonly reco
ended method for routine testing, and is described in
25], but it was not clear whether the sulphate or the meth
ulphonate was used as the test agent in that study.
ore than 10 years of use in the Danish CF centre, co
ethanesulphonate has continued to demonstrate hig

acy and a low incidence of resistance[23]. However, othe
tudies have demonstrated that resistance to colistin em
ore frequently inP. aeruginosafrom CF patients in whom

nhaled formulations have been used[85,111,112]. This re-
utes the frequently quoted very low potential of colistin
elect for resistance, at least inP. aeruginosaand is notabl
ecause of the high concentrations of colistin used in inh

ormulations. Acquired resistance in species other thaP.
eruginosahas not been well documented.

.5. Mechanisms of resistance

There are limited data on mechanisms of resistance to
stin. Studies onP. aeruginosasuggest a role for OprH (o
1), an outer membrane protein which is over-express

ow Mg2+ environments resulting in resistance to polymy
and gentamicin[113,114]. In Enterobacteriaceae, chan

n negatively-charged surface lipopolysaccharides ind
y the regulatory locipmrA andphoP, generate resistan

o polymyxins[115].
Resistance by mutation is usually at a low leve

almonella[116]. In P. aeruginosa, it has been proven th
igh-level resistance can arise from adaptation in the
nce of colistin/polymyxin B in vitro[117,118]. There is
ross-resistance between polymyxins[71]. However som
trains ofP. aeruginosa, while developing resistance to c

stin, showed increased sensitivity to other antibiotics, s
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as chloramphenicol and in particular tetracycline, to which
these organisms are normally resistant[117].

At a molecular level, resistance may be due to different
lipid compositions of lipopolysaccharides[118–120]or sub-
stitution of protein OprH for magnesium in the outer mem-
brane[113,121,122]. Additional major contributors to the in-
trinsic multi-resistance ofP. aeruginosaare a number of chro-
mosomally encoded multi-drug efflux systems[123–125].
Nevertheless, colistin is not likely to be a substrate for such
efflux systems, given that it interacts preferentially with the
outer membrane and cytoplasmic membrane.

5. Clinical uses

Colistin sulphate is administered orally for the treatment of
bacterial diarrhoea in infants and children and applied locally
for conditions such as otitis externa and eye infections due to
P. aeruginosa[106].

For parenteral use, colistin is administered as colistin
methanesulphonate. Early experience showed it to be an ef-
fective antimicrobial agent for the treatment of septicaemias,
wound infections, urinary tract infections and respiratory sys-
tem infections caused byP. aeruginosa[24,126–128]. The
predominant use over the last 20 years has been for inhala-
tional treatment ofP. aeruginosainfection in CF patients
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tients with ventilator-associated pneumonia caused by multi-
resistantA. baumanniiin a Spanish hospital[52]. Using sim-
ilar doses of colistin methanesulphonate and treating strains
only susceptible to colistin, the investigators cured 12 of 21
patients[52]. Outcomes, namely cure, in-hospital mortality,
pneumonia-related mortality and incidence of renal failure,
were similar to what they observed when patients were treated
with imipenem for carbapenem-susceptible pneumonia[52].
Linden et al. showed colistin methanesulphonate to have good
clinical efficacy in seriously ill patients with multi-resistant
P. aeruginosasepsis, curing 14 of 22 (61%) ventilated in-
tensive care patients with septic shock and/or renal failure
[28]. Similarly, Markou et al. showed a response rate of 73%
(of 26 treatments) in 24 intensive care patients with multi-
resistantP. aeruginosaandAcinetobacterspecies infections,
using intravenous colistin methanesulphonate with a dose of
3 million units three times daily adjusted for creatinine clear-
ance[53]. A single case of severe sepsis caused byK. pneumo-
niaeresistant to all other drug classes and treated successfully
with intravenous colistin methanesulphonate 3 million units
(8.3 mg/kg) three times daily has also been reported[29], and
intraventricular colistin methanesulphonate has been used to
cure a case of ventriculitis caused byA. baumannii[137].
All the clinical studies mentioned above were reported since
1999.

istin
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22,129–132]. Inhalation doses of 1–2 million units (appro
mately 80 to 160 mg) of colistin methanesulphonate per
re recommended. The methanesulphonate is preferr
olistin sulphate inhalation has a high incidence of res
ory irritation [133]. The value of this approach for the p
ention or delay of the onset of chronic colonization w
. aeruginosaand its associated effects on deterioratio

ung function has been confirmed[17]. Recently, an effec
ive system for the inhalation of colistin sulphate dry pow
as been developed to overcome the problems of foa
nd reduced activity following inhalation of the intraven

ormulation of colistin methanesulphonate. This has allo
shorter administration time (<1 min)[134–136]. However

he safety and tolerance of this new inhalation system i
o be extensively investigated[17].

Recently, there has been a resurgence of intere
olistin methanesulphonate for the treatment of infect
ith Gram-negative bacteria resistant to other antibio

24,29,47]. Most attention has been focused on mu
esistant strains ofP. aeruginosaandA. baumannii. Levin
t al. used intravenous colistin methanesulphonate dos
.5–5 mg/kg per day up to a maximum of 300 mg in
r three divided doses to treat a range of infections ca
y multi-resistant strains ofP. aeruginosaandA. bauman
ii in 59 patients, including pneumonia, urinary tract in

ion, bacteraemias, central nervous system infection,
onitis, catheter-related infection and otitis media[128]. In
ases where infection was proven (n= 42) rather than prob
le, good outcomes were observed in 67% overall, alth

or pneumonia a response rate of only 25% was obse
128]. Similar outcomes were observed in intensive care
Recent clinical successes with intravenous col
ethanesulphonate for respiratory exacerbations in C

ients have confirmed its efficacy and safety[41,46,48,50].
he usual recommended dose is 1.5–3 mg/kg (in 10 or 5
aline) administered three times daily as an intravenou
usion over 10–30 min[48].

However, current intravenous dosing regimens with
stin methanesulphonate for treating respiratory infect
n CF patients have been derived from experience wit
se more than two decades ago, and their appropriat
as not been fully established for treating the emer
ulti-resistant Gram-negative organisms. Before this ca
chieved, it is necessary to have a better understanding
isposition and time-course of colistin methanesulpho
nd colistin (base) in humans and their efficacy against
icroorganisms in vivo. This is also of great importanc
rder to minimize the development of resistance.

. Pharmacokinetics of colistin (sulphate or base)
nd colistin methanesulphonate

As noted above, a greater understanding of the pha
okinetics of colistin methanesulphonate and colistin (b
n humans should offer considerable scope for improving
se of colistin for infections. However, in only two publish
harmacokinetic studies, have more specific methods
s HPLC been used to measure concentrations in the p
f humans following doses of colistin methanesulpho

46,70]. Most data reported previously on the concentrat
f ‘colistin’ in plasma and urine were derived using micro
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ological assays[24]. Therefore, unless specified otherwise,
the concentrations, and resultant pharmacokinetic data, dis-
cussed in Section6.2 below were obtained from microbio-
logical assays.

Given that colistin (base) and colistin methanesulphonate
have different structures (Fig. 2), antibacterial activity[85,96]
and toxicity[67,68], their pharmacokinetics are summarized
separately below. However, before reviewing their respective
pharmacokinetics, it is essential to review the methods that
have been used for measuring their concentrations in biolog-
ical fluids.

6.1. Methods for quantifying colistin (base or sulphate)
and colistin methanesulphonate in biological fluids

6.1.1. Colistin (base or sulphate)
Numerous assays for colistin (base or sulphate) have

been developed based on microbiological[138], thin-
layer chromatographic (TLC)[58,139], immunological
[140], capillary electrophoretic[141], and HPLC methods
[30,54,57,60,142–145]. With microbiological methods,E.
coli 95 ISM,Bordetella bronchisepticaATCC 4617 and other
sensitive strains have most commonly been used as the test
strains.B. bronchisepticaATCC 4617 is particularly sensi-
tive to colistin, more so thanE. coli 95 ISM [62]. Unfor-
t arly
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to be colistin methanesulphonate as the reference standard
[144].

A simple, selective and sensitive HPLC method has been
developed by our group for determining colistin (base or
sulphate) in plasma[30]. Reversed-phase HPLC was pre-
ceded by derivatization with fluorescent 9-fluorenylmethyl
chloroformate (FMOC-Cl) in the same solid-phase extrac-
tion cartridge used to separate colistin from plasma. With this
method, colistin can be measured without interference from
the methanesulphonate derivatives and unlike the derivatives
with OPA, those with FMOC were stable for up to 3 days
at ambient temperature[30]. Furthermore, it is able to quan-
tify colistin A and B separately[30]. This method has been
employed extensively for investigating the pharmacokinetics
of colistin following the administration of colistin sulphate
[147]and colistin methanesulphonate in rats[148]and of col-
istin methanesulphonate in CF patients[70]. Recently, Gmur
et al. validated an HPLC assay for colistin A in rat and dog
plasma with derivatization using dansyl chloride[145]. Their
sensitivity and concentration range[145] are similar to ours
[30].

6.1.2. Colistin methanesulphonate
Microbiological assay is the most common method cur-

rently available for quantifying colistin methanesulphonate
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unately, microbiological assays lack specificity, particul
hen samples contain any other co-administered antib

hat are active against the test strain. Furthermore, micr
ogical methods require considerable time for incubation
o 21 h[138]) which, given the potential lack of stability
olistin methanesulphonate in assay media, means tha
re not capable of measuring the concentrations of co
base) in plasma and urine accurately following adminis
ion of the methanesulphonate. An immunological me
as been described for measuring colistin (sulphate) in
ues from fish, but preparation of the immunogen was c
lex [140]. Neither of these two methods is able to quan
olistin A and B separately[140]. While TLC [58,139], cap-

llary electrophoresis[141] and HPLC[54,57,65,142,143
ave been used for the separation of the components o

stin (base or sulphate) in raw materials, only limited HP
ssays[30,60,144,145]have been extended to measur
oncentrations in biological fluids.

The difficulty with analysing colistin (base or sulpha
n biological fluids by HPLC lies in its very weak ultravio
bsorption and lack of native fluorescence. Two HPLC m
ds for measuring colistin sulphate in biological mate
sedortho-phthalaldehyde (OPA) as the derivatizing reag

60,144]. Unfortunately, the OPA derivatives are not v
table. Therefore, reaction conditions need to be care
ontrolled and automated on-line derivatization is usuall
uired[146]. To improve reliability, Decolin et al. employe
equential derivatization with a switching HPLC system
ssay colistin in bovine milk, muscle, kidney, liver and

issues[60]. Le Brun et al. reported a method for measu
olistin in serum, urine and sputum, but with what appe
n biological fluids[62,138]. However, colistin (base), whic
ay arise from the hydrolysis of colistin methanesulpho
uring incubation and in vivo, is more microbiologica
ctive than colistin methanesulphonate[63,67,68,85,96]. In
ddition, colistin (base) diffuses more slowly than coli
ethanesulphonate in agar[149]. Therefore, the accura
f previously reported data on the concentrations of col
ethanesulphonate measured by microbiological metho
ost likely compromised by the presence of the more m
iologically active colistin (base) and its partially sulphom

hylated derivatives, in the biological samples upon collec
nd when formed during incubation[149]. The relative con
entrations of colistin methanesulphonate and colistin (b
resent in a given biological sample at the end of incuba
re likely to depend on the length of incubation and will

er from the proportions present in the sample at the tim
ollection. Thus, reported concentrations are best rega
s ‘apparent’ concentrations.

To date, no HPLC method has been developed for th
ay of colistin methanesulphonate in biological fluids ex
or the one published by our group recently[31]. This simple
nd sensitive method measures the summed concentr
f all sulphomethyl derivatives and colistin (base) in samp
hen combined with data from a separate assay for co

base)[30], it is possible to determine the concentration
iological fluids of colistin and, by difference, those of

ull and partial sulphomethyl derivatives of colistin. This
substantial improvement on the less specific microbio

cal methods. This method has been employed extens
or investigating the pharmacokinetics of colistin metha
ulphonate in rats[148] and in CF patients[70].
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Given the complexity of the hydrolytic products of colistin
methanesulphonate, it will be an analytical challenge to sepa-
rate and measure the concentrations of each form simultane-
ously with sufficient sensitivity, even with HPLC or capillary
electrophoresis coupled to mass spectrometry. The only other
HPLC method for measuring ‘colistin’ used the methane-
sulphonate as a reference standard and employed derivatiza-
tion with dansyl chloride[46]. It was not clear which form
was quantified by this HPLC method[46], colistin or colistin
methanesulphonate or a combination of the two.

6.2. Pharmacokinetics of colistin (base or sulphate)

This section discusses the pharmacokinetics of colistin
following the administration of colistin sulphate. Due to the
potential for toxicity, there have been very few reports on the
pharmacokinetics of colistin (base or sulphate) in humans,
with most information after a parenteral dose of colistin sul-
phate coming from studies in dogs[150], calves[151,152]
and rats[147]. It should be noted that only our recent report in
rats[147]was based on concentrations measured with HPLC;
the others having used microbiological methods.

6.2.1. Absorption
Colistin sulphate is poorly absorbed from the adult gas-

trointestinal tract, mucosal surfaces, inflamed surfaces or
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0.45 and 0.43 at equilibrium concentrations of 1.5, 3.4 and
6.0 mg/L, respectively[147]. Interestingly, there were signif-
icant differences between the fractions of colistin A and col-
istin B unbound (P< 0.006); the values for colistin A (0.35,
0.36 and 0.36) being lower than those for colistin B (0.53, 0.52
and 0.51). The higher binding for colistin A is most likely the
result of its longer chain fatty acid (6-methyloctanoic acid)
compared with colistin B (6-methylheptanoic acid) (Fig. 2a),
and was accompanied by a significantly greater volume of
distribution for unbound colistin B in the rat[147].

6.2.3. Elimination
Terminal half-lives (t1/2) of colistin in calves after an in-

travenous dose of the sulphate (5.0 mg/kg or 25000 U/kg)
were 269± 58 min [151] and 271± 109 min[152], respec-
tively. However, thet1/2 was shorter in dogs (150± 18 min)
after an intramuscular injection (2.2 mg/kg)[150], and in
rats (74.6± 13.2 min) after an intravenous bolus (1.0 mg/kg)
[147]. In patients with CF, thet1/2 of colistin (base) was
251± 79 min after the intravenous administration of colistin
methanesulphonate (1.63–3.11 mg/kg)[70].

There have been very few reports on the clearance
of colistin (base or sulphate). In one of the studies de-
scribed above with calves, the total body clearance (CL) was
3.4± 0.5 mL/min/kg after 5.0 mg/kg colistin sulphate[151].
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urns[47]. There was poor and variable absorption of
oses of colistin sulphate in rabbits[63]. Interestingly, ab
orption from the gastrointestinal tract was observed in
orn cows (<12 h old)[153] and human infants[37]. Colistin
as rapidly absorbed after intramuscular injection in ca
ith a serum peak at 0.5 h[152]. After six healthy volun

eers and five CF patients inhaled a single dose (25 m
ry colistin sulphate powder, HPLC analysis revealed
eak concentrations in serum, with values ranging from

o 159�g/L [134,135].

.2.2. Distribution
The volume of distribution of colistin (sulphate) in calv

as 1.30± 0.29 L/kg[151]and 1.02± 0.29 L/kg[152], while
he value in rats was lower (0.50± 0.06 L/kg) [147]. Bind-
ng of colistin (base) to several tissue components in ra
ersisted up to 5 days after a single intramuscular inje

154–156]. The percentage of colistin unbound in plas
rom dogs ranged from approximately 36–67% at conce
ions between 0.5 and 12 mg/L[150], while in cows a mea
f 44.0± 2.8% across the range from 6.2 to 12.5 mg/L[157].
oth studies employed equilibrium dialysis at 4◦C. The per
entage was much lower in plasma from cows (31.2± 5.6%)
sing ultrafiltration[157]. Unfortunately, it was not clea
hether non-specific binding of colistin to the ultrafiltrat
embrane had been excluded. In our recent report o
harmacokinetics of colistin (sulphate) in rats[147], exten-
ive non-specific binding (>99% at 10 mg/L) to a commo
sed membrane (regenerated cellulose YM-10 from Ami
recluded the use of ultrafiltration. With equilibrium dia
is, the fractions of colistin unbound in rat plasma were 0
n our study with rats administered an intravenous bolu
.0 mg/kg, the CL was 5.2± 0.4 mL/min/kg (n= 5)[147]. Al-
hayyat and Aronson reported that 0.13% of a 1.1 m
ose, 7.5% of a 2.2 mg/kg dose and 18.5% of a 4.4 m
ose of colistin sulphate were eliminated in urine colle

or up to 12 h after an intramuscular injection in dogs[150].
imilar to the 1.1 mg/kg dose above, a low urinary reco

0.18± 0.14%) was observed in our study with rats[147].
hen comparing the renal clearance of colistin (sulph

.010± 0.008 mL/min/kg) with its anticipated clearance
lomerular filtration (2.3 mL/min/kg, assuming a value
lomerular filtration rate of 5.2 ml/min/kg[158]), there mus
e very extensive net reabsorption from tubular urine

nto blood. Furthermore, comparison of the magnitud
he non-renal clearance (essentially the same as the
ody clearance) and normal hepatic blood flow in the
72–95 ml/min/kg[159]) indicates that colistin must have
ery low hepatic extraction ratio. The fate of a large perc
ge of the dose of colistin (sulphate) remains unaccou

or; its metabolic fate is not well described.
With our specific HPLC assay for colistin, no differen

as observed between the pharmacokinetic behaviou
olistin A and B in rats[147]. However, since there was
ubstantial difference in the fractions of colistin A and
nbound in plasma (Section6.2.2), the clearances with re
rence to the unbound drug in plasma were significantly

erent [147]. Clearly, the subtle difference in structures
olistin A and B (arising from the additional –CH2– in the
atty acid of colistin A) leads to substantial differences in
nly their chromatographic behaviour[30,54,60], but also

heir disposition in the body[147].
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6.3. Pharmacokinetics of colistin methanesulphonate

As noted previously, the majority of the pharmacokinetic
analyses following a dose of colistin methanesulphonate have
been conducted with concentrations measured in biological
fluids by microbiological assays. Therefore, the disposition of
‘colistin methanesulphonate’ discussed below is most likely
representative of a complex mixture of colistin methane-
sulphonate, various partial sulphomethylated derivatives plus
colistin. However, our recent reports on the pharmacokinet-
ics of colistin methanesulphonate in rats[148] and CF pa-
tients[70], represent a considerable improvement on previous
work because they use analytical methods that discriminate
colistin methanesulphonate from colistin (base) and do not
cause hydrolysis of the methanesulphonate during sample
pre-treatment[70,148].

6.3.1. Absorption
As with colistin sulphate, colistin methanesulphonate is

very poorly absorbed from the adult gastro-intestinal tract,
urinary bladder[160], mucosal surfaces or even inflamed sur-
faces or burns[47]. There was poor and variable absorption
after oral doses in rabbits[63]. Akin to previous observa-
tions with orally administered colistin sulphate to new-born
bovines (<48 h)[153], Ross et al. noted low but variable ab-
s given
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the ultrafiltration membrane. Hydrolysis of colistin methane-
sulphonate in plasma[64] renders it almost impossible to
determine its binding accurately by equilibrium dialysis or
ultracentrifugation at 37◦C, while our preliminary observa-
tion of weak non-specific binding to the membrane (YM-10
regenerated cellulose, Amicon) adds a complication to its
determination by ultrafiltration[148].

An extensive study on the distribution of colistin methane-
sulphonate was conducted in the early 1970s after an in-
tramuscular injection (2.5 mg/kg) into the rabbit[156]. Un-
bound ‘colistin methanesulphonate’ was detectable, 1 h after
the administration until 72 h, in the liver, kidney, lung, mus-
cle and heart, but not the brain[156]. Bound drug persisted
in all of these tissues, including brain, for 72 h[156]. The
high concentrations of bound drug in the brain may explain
its neurotoxicity. Unbound drug present in the kidney, liver
and muscle declined very slowly and was present at concen-
trations of more than 5 mg/kg up to 5 days after the last dose,
while the unbound drug present in the brain and lung was rel-
atively constant over this period at approximately 1.0 mg/kg
[156]. The authors presumed that bound drug was located on
cell membranes, which may explain not only its cumulative
toxicity, but also the persistence of toxic effects for many
days[156]. Given that a microbiological method was used to
measure ‘colistin methane sulphonate’, it is very likely that
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orption after oral doses of the methanesulphonate were
o small infants, which was in contrast to the lack of abs
ion by adults[37]. An intramuscular injection of colist
ethanesulphonate was rapidly absorbed when adminis

o humans, with maximum concentrations in plasma us
eached after 1–2 h[161]. However, other workers observ
onsiderable individual variation in the rate of absorp
rom an intramuscular injection in humans[62].

.3.2. Distribution
Information on the volume of distribution of colist

ethanesulphonate is very limited. Recently a valu
.09± 0.02 L/kg in CF patients was reported from the c
entrations of drug measured by the abovementioned H
ethod [46], the shortcomings of which have been d

ussed. With the novel HPLC assay for colistin meth
ulphonate developed in our group[31], the volume of dis
ribution of colistin methanesulphonate in CF patients
.34± 0.10 L/kg after an intravenous dose (1.63–3.11 m
very 8 h) at steady state[70], which is comparable to a val
f 0.30± 0.06 L/kg reported in rats dosed intravenously w
5.0 mg/kg of colistin methanesulphonate[148]. The latte
alue was about 60% of that observed for colistin (sulph
n rats (0.50± 0.06 L/kg)[147].

The fraction of colistin methanesulphonate unboun
lasma from dogs was 0.98 at a concentration of 9.6 m

150] but a fraction of 0.66± 0.04 was unbound at conce
rations of 6.2 and 12.5 mg/L in plasma from ewes[157],
both using equilibrium dialysis at 4◦C for 24 h); a lower un
ound value of 0.57± 0.04 found by the latter group usi
ltrafiltration[157] may be due to non-specific adsorption
he bound and unbound colistin methanesulphonate w
ixture of various hydrolysis products, including colistin
Overall, the values for volume of distribution suggest

olistin methanesulphonate is not extensively distributed
ide plasma. Its poor tissue penetration may be a conseq
f their relatively high molecular weight and polarity[106].
evertheless, it would appear that some binding to tissue
rts a profound effect on the persistence of colistin meth
ulphonate in the body. However, colistin methanesulpho
inds to tissue components to a lesser degree than co
base),[154,156]which may arise from a masking of t
mino groups by the methanesulphonate moieties; this
llels the lower toxicity and antibacterial activity of colis
ethanesulphonate.

.3.3. Elimination
Two studies from our laboratory have examined the p

acokinetics of colistin methanesulphonate in rats[147]
nd CF patients[70]. After the intravenous administrati
f colistin methanesulphonate (1.63–3.11 mg/kg every

o CF patients at steady state, the concentrations of
stin methanesulphonate in plasma at 1 h ranged from 2
.8 mg/L, while those at 6 h were between 0.36 and 2.5 m
ubstantial colistin (base) was also measurable in all o
amples collected, with concentrations ranging from 1
.1 mg/L at 1 h and from 0.23 to 1.7 mg/L at 6 h[70]. Thet1/2
f colistin methanesulphonate (124± 52 min) was approx
ately half of that for colistin (base) formed within the bo

251± 79 min) [70]. This is the first report on the conce
rations of colistin methanesulphonate and colistin (bas
F patients measured separately in plasma. After an
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Fig. 3. Mean (±S.D.) plasma concentration versus time profiles for colistin
methanesulphonate and colistin (base) in rats (n= 5) following an intra-
venous dose of the former (15.0 mg/kg)[148].

venous bolus of colistin methanesulphonate to rats, a simi-
lar relativity in the values oft1/2 for the methanesulphonate
(23.6± 3.9 min) and colistin (base) (74.6± 13.2 min) was re-
ported[147]. Profiles for the plasma concentrations of col-
istin methanesulphonate and colistin (base) versus time after
an intravenous bolus of the former in rats are shown inFig. 3
[148]. Obviously there was substantial colistin within 5 min
after administration of colistin methanesulphonate. Com-
pared with the in vitro stability of colistin methanesulphonate
[64], it would appear that there are mechanisms other than
blood/plasma-mediated hydrolysis leading to the rapid in
vivo formation of colistin (base)[70,148].

There are several other reports on the plasma concentra-
tions of colistin methanesulphonate after intravenous admin-
istration to humans[46,48,162]but, unfortunately, the as-
says were unable to discriminate colistin (base) from colistin
methanesulphonate. In the report on the pharmacokinetics
of colistin methanesulphonate by Reed et al.[46], the t1/2
was 3.4± 1.4 h after a first dose and 3.5± 1.0 h at steady
state. In dogs after separate intramuscular injections (both at
2.2 mg/kg), concentrations measured by microbiological as-
says showed that colistin methanesulphonate had a shorter
t1/2 (1.37± 0.18 h) than colistin (sulphate) (2.50± 0.30 h)
[150]. Given the limitations of the HPLC method by Reed
et al. [46] and microbiological assays, values for thet1/2 of
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sulphonate in the bladder and in the collection vessel of the
metabolic cage. However, intrarenal conversion from col-
istin methanesulphonate cannot be excluded, and warrants
further investigation. Furthermore, net renal tubular secre-
tion of colistin methanesulphonate into the urine is apparent,
which is substantially different from the very extensive tubu-
lar reabsorption observed for colistin (base) (Section6.2.3)
[147]. Clearly, derivatization of the free amine groups of col-
istin (base) with the methanesulphonate moiety converts the
molecule from one that undergoes very extensive net tubular
reabsorption to one that undergoes modest net secretion.

Similar to the studies in animals, the urinary recovery
of colistin methanesulphonate was 62.5% during the first
8 h after mean doses of 63± 13 mg were administered in-
travenously to patients with CF[46]. The average apparent
renal clearance was 0.24± 0.15 mL/min/kg and the mean to-
tal clearance was 0.35± 0.09 mL/min/kg. The majority of
the renal excretion (approximately 50%) occurred during the
first 4 h after the dose[46]. Unfortunately urine could not
be collected in our recent study on the pharmacokinetics of
colistin methanesulphonate in CF patients[70]. Neverthe-
less, given that colistin methanesulphonate has the potential
to hydrolyse in aqueous media[64] and our observed recov-
ery of urinary colistin (base) from rats administered colistin
methanesulphonate[148], it is most likely that colistin (base)
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olistin methanesulphonate in the literature, except tho
ur recent reports[147,148]may be composite values re
esenting the terminalt1/2 of the summed concentrations
olistin methanesulphonate and colistin (base) in plasm

atter having been formed by hydrolysis in vivo and du
nalysis.

Elimination of colistin methanesulphonate occurs ma
y the renal route[62]. A high urinary recovery of co

stin methanesulphonate (approximately 60%) was rep
n dogs[150] and rats[148]. Although a large proportion o
he dose of colistin methanesulphonate (approximately 5
ppeared as colistin (base) in the urine in rats, it is most l

hat the colistin (base) arose from hydrolysis of the meth
ould have been present in urine produced by the patie
The fate of the remaining of colistin methanesulpho

ot eliminated by the kidney in humans remains unclear[62].
nly a small part (1% to 10%) of an intramuscular dos

olistin methanesulphonate was eliminated into the faece
ile [62,163]. In contrast, other workers have reported tha

ramuscularly administered colistin methanesulphonate
ot excreted in the bile of humans, suggesting that bi
xcretion is minor[164].

There have been few reports on the metabolism of
stin methanesulphonate in the liver or kidney. Abe e
dministered colistin methanesulphonate (100 mg/kg) i
enously to rabbits and used TLC and a reference sta
o tentatively identify a metabolite of colistin, colistin-N-
lucuronide, in the urine (1.7% of the dose) and bile (6
f the dose)[165].

Overall, our knowledge on colistin methanesulpho
nd colistin (base or sulphate) in patients, particularly
atients, is still limited. More clinical pharmacokinetic
estigations will improve substantially our understandin
he disposition of this promising antibacterial agent. C
ined with a greater knowledge of their pharmacodynam

he useful therapeutic life span of colistin methanesulpho
nd colistin sulphate can be increased.

. Pharmacodynamics of colistin sulphate and
olistin methanesulphonate

Apart from the considerable data on the MICs of
stin sulphate and colistin methanesulphonate (see Secti4),



J. Li et al. / International Journal of Antimicrobial Agents 25 (2005) 11–25 21

very little work has been conducted on the pharmacodynam-
ics of colistin sulphate and colistin methanesulphonate, par-
ticularly against the multi-resistantP. aeruginosa. Recently,
the in vitro pharmacodynamic properties of colistin sulphate
and colistin methanesulphonate were comprehensively in-
vestigated in our laboratory by determining the MICs, time-
kill kinetics, and postantibiotic effect (PAE) against mucoid
and non-mucoid strains ofP. aeruginosaisolated from pa-
tients with CF[85]. For the susceptible strains, the MICs of
colistin sulphate ranged from 1 to 4 mg/L, while the values
for colistin methanesulphonate were significantly higher and
ranged from 4 to 16 mg/L. Based on these findings plus other
published MICs againstP. aeruginosa[63,96], colistin sul-
phate is two to four times more active than colistin methane-
sulphonate. Unfortunately, the individual activities of colistin
A and B have not been investigated.

The time-kill kinetics was explored with two clinical
isolates and ATCC 27853 at concentrations ranging from
0.5 to 64× MIC. Colistin sulphate showed extremely rapid
killing, resulting in complete eradication of the microor-
ganism within 5 min at concentrations of 64× MIC; col-
istin methanesulphonate killed more slowly, requiring a con-
centration of 16× MIC to achieve complete killing within
24 h. After 15 min of exposure to the three isolates, col-
istin sulphate exhibited a significant PAE of between 2
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Undoubtedly, the MICs of colistin sulphate and colistin
methanesulphonate against different isolates ofP. aerugi-
nosamay vary over a broad range. Consequently, care is
needed when comparing the MICs (determined individually
for the two agents in vitro[85] and notwithstanding the po-
tential for some hydrolysis of colistin methanesulphonate to
colistin base during the incubation) with the concentrations
for both agents in plasma after the administration of col-
istin methanesulphonate. To date, the relationship between
the concentrations of colistin methanesulphonate and colistin
(base) in the sputum of CF patients and therapeutic outcomes
remains unclear, as does their relationships to the concentra-
tions achieved in plasma. Thus, to decrease the possibility
of resistance developing to this re-emerging antibiotic and
prolong its life as a useful agent, the strategy of higher doses
administered less frequently is very promising and systematic
pharmacokinetic/pharmacodynamic investigations are essen-
tial.

Given its extensive urinary excretion, colistin methane-
sulphonate may also be a valuable antimicrobial agent for uri-
nary tract infections caused by multi-resistantPseudomonas,
E. coliandKlebsiella[166]. Urine concentrations in humans
measured microbiologically showed a decline from between
100 and 200 mg/L at 2 h to values ranging from 15 to 45 mg/L
at 8 h after an intravenous dose of colistin methanesulphonate
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After allowing for the binding of colistin methan
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ration of currently recommended intravenous doses of
stin methanesulphonate to CF patients[70] were in the sam
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eptible isolates ofP. aeruginosafrom CF patients[85]. The
oncentrations of colistin methanesulphonate in plasma
ubstantially less than the 16× MIC (64–256 mg/L) require
or complete in vitro killing within 24 h and for a significa
AE. Similarly, the concentrations of colistin (base) were
ange at whichP. aeruginosacould not be eradicated in 24
or would there be a significant PAE[85]. Additionally, it

s very likely that exposure to low levels of colistin sulph
nd/or colistin methanesulphonate may increase the pos

ty of resistance developing. Hence, intravenous doses h
han 3–5 mg/kg per day in CF patients may be required t
ure the efficacy of colistin methanesulphonate. It is pos
hat higher doses administered less frequently, for exam
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ith aminoglycosides, may be a more efficacious regim
urthermore, given the time-dependent toxicity of coli
base) in vitro[44] it is very likely that the toxicity may b
inimized by higher doses administered less frequently

imized dosing regimen is being under investigation in
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162]; values well in excess of the MICs for these org
sms[63]. High urinary concentrations of ‘colistin methan
ulphonate’ were also observed by Reed et al.[46] and would
e expected to eradicate the bacteria rapidly from the ur

ract.
Interestingly, in an experimental pneumonia model ca

y multi-resistantA. baumannii, Montero et al. demonstrat
hat colistin methanesulphonate showed weaker antibac
ffect compared with imipenem, sulbactam, tobramycin,
ifampin[167]. However, in the battle against life-threaten
nfections due to multi-resistantA. baumanniiworldwide,
olistin has been proven, in vitro and in vivo, very promis
52,128,137,168–170]. Certainly more clinical investigation
re required.

. Conclusion

While colistin has been established as an effective a
gainstP. aeruginosafor several decades, its clinical use
een limited by the reported toxicities. However, much

hese toxicities may be traced to its inappropriate use b
he 1980s. There is an increasing appreciation of the p
ial value of colistin in patients infected withP. aeruginosa,
specially with the alarming emergence of resistance t
urrently available anti-pseudomonal agents. A better un
tanding of the pharmacokinetics and pharmacodynam
olistin and its methanesulphonate will allow the desig
ppropriate dosing regimens for maximizing efficacy w
inimizing toxicity and the development of resistance.

ent work in our group and in other laboratories and cli
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throughout the world has contributed significantly to a better
understanding of its properties and improvements in its use.
This is particularly vital for the CF patient population when
they are chronically colonised with multi-resistantP. aerug-
inosa. The recent development of methods more specific for
measuring concentrations of colistin (sulphate or base) and
colistin methanesulphonate in biological fluids will make an
important contribution to further work with this antibiotic.

After further research, it is not unreasonable to expect
that colistin will be an important antimicrobial option against
multi-resistant Gram-negative bacteria in the 21st century.
Moreover, with developments in structure-activity relation-
ships, combinatorial chemistry and lead optimization, the
search for molecules with activity against similar microor-
ganisms but with better pharmacokinetics, pharmacodynam-
ics and toxicity profiles may be very profitable.
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