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ities and current low levels of resistance (6, 12, 16, 34), the
polymyxins, and colistin (also known as polymyxin E) in particular, have undergone a revival as agents for treatment of
infections caused by MDR P. aeruginosa, A. baumannii, and
Klebsiella pneumoniae (6, 20, 30). Previously relegated to the
status of a reserve agent after early reports of a “high” incidence of toxicity (21, 44), colistin is now a last line of defense
for the treatment of infections with MDR gram-negative organisms (3, 30, 33).
Colistin is a cationic, multicomponent lipopeptide consisting
of a cyclic heptapeptide with a tripeptide side chain acylated at
the N terminus by a fatty acid (Fig. 1a). The two major components are colistin A (polymyxin E1) and colistin B (polymyxin E2) (41). Two different forms of colistin are available
commercially: colistin sulfate (hereafter referred to as colistin)
and sodium colistin methanesulfonate (CMS) (Fig. 1b). CMS
is produced by the reaction of colistin with formaldehyde and
sodium bisulfite (1), which leads to the addition of a sulfomethyl group to the primary amines of colistin. Colistin is
primarily used topically, whereas CMS is used parenterally;
both forms may be given by inhalation (30). CMS is less toxic
than colistin when it is administered parenterally (4, 45), and
indeed, this was the reason for the development of CMS. In
aqueous solutions CMS undergoes hydrolysis to form a complex mixture of partially sulfomethylated derivatives, as well as
colistin (1, 4, 25). By the use of high-performance liquid chromatographic (HPLC) methods for separate quantification of
CMS and colistin in biological fluids (26, 27, 29), the formation
of colistin in vivo has been demonstrated in patients (24, 31)
and rats (28) receiving parenteral CMS; both the CMS administered and the colistin generated circulate in plasma. Further-

Globally there is a growing threat from the emergence of
multidrug-resistant (MDR) microorganisms (7, 15, 18, 19).
Although the threat from MDR gram-positive organisms has
lessened, at least temporarily, owing to the development of
new antimicrobial agents active against these organisms (36),
the situation is quite different for MDR gram-negative bacteria
(36, 37). With few new antibiotic classes in the drug development pipeline for the treatment of infections caused by MDR
gram-negative bacteria, Pseudomonas aeruginosa in particular,
we are unlikely to see any new advances in the treatment of
infections caused by these organisms in the next few years.
Unfortunately, MDR P. aeruginosa is increasing in prevalence
(19, 35, 48); and infections with this organism are causing
major clinical problems in patients with burns, neutropenia, or
cystic fibrosis and in those who are immunocompromised (14,
47, 48). Several institutions have already experienced outbreaks of P. aeruginosa or Acinetobacter baumannii infections
resistant to all commercially available antibiotics except the
polymyxins (3, 5, 39, 46). It is precisely this scenario to which
the Infectious Disease Society of America refers in its “Bad
Bugs, No Drugs” campaign (18). Given these circumstances, a
review of the activities and clinical use of many older antimicrobial drugs is occurring. With their rapid bactericidal activ-
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There is a dearth of information on the pharmacodynamics of “colistin,” despite its increasing use as a last
line of defense for treatment of infections caused by multidrug-resistant gram-negative organisms. The
antimicrobial activities of colistin and colistin methanesulfonate (CMS) were investigated by studying the
time-kill kinetics of each against a type culture of Pseudomonas aeruginosa in cation-adjusted Mueller-Hinton
broth. The appearance of colistin from CMS spiked at 8.0 and 32 mg/liter was measured by high-performance
liquid chromatography, which generated colistin concentration-time profiles. These concentration-time profiles were subsequently mimicked in other incubations, independent of CMS, by incrementally spiking colistin.
When the cultures were spiked with CMS at either concentration, there was a substantial delay in the onset of
the killing effect which was not evident until the concentrations of colistin generated from the hydrolysis of
CMS had reached approximately 0.5 to 1 mg/liter (i.e., ⬃0.5 to 1 times the MIC for colistin). The time course
of the killing effect was similar when colistin was added incrementally to achieve the same colistin concentration-time course observed from the hydrolysis of CMS. Given that the killing kinetics of CMS can be accounted
for by the appearance of colistin, CMS is an inactive prodrug of colistin with activity against P. aeruginosa. This
is the first study to demonstrate the formation of colistin in microbiological media containing CMS and to
demonstrate that CMS is an inactive prodrug of colistin. These findings have important implications for
susceptibility testing involving “colistin,” in particular, for MIC measurement and for microbiological assays
and pharmacokinetic and pharmacodynamic studies.
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more, the pharmacokinetics of CMS and colistin have been
demonstrated to differ (24, 28, 31).
Even after adjustment for molecular weight differences,
CMS has reduced antibacterial activity compared with that of
colistin, as assessed by MICs (2, 4, 11, 32, 45), and has been
reported to be two to four times less active against P. aeruginosa (11, 32, 45). However, to our knowledge, no previous
publications have reported on the contribution to bacterial
killing made by each of CMS and colistin, the latter being
formed via hydrolysis from CMS. Knowledge of the relative
activities of CMS and colistin has important implications for
standardization of susceptibility studies (e.g., MIC measurement), as well as microbiological assays of “colistin” in biological fluids; pharmacokinetic and pharmacodynamic studies involving “colistin” would also be affected. The aim of this study
was therefore to determine the relative contributions of colistin and CMS to activities against P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains. A reference strain of P. aeruginosa ATCC 27853 (American
Type Culture Collection, Manassas, VA) was used in this study. The strain was
stored at ⫺80°C in a cryovial storage container (Simport Plastics, Quebec, Canada). Fresh isolates were subcultured on horse blood agar (Media Preparation
Unit, The University of Melbourne, Parkville, Australia) and incubated at 35°C
for 24 h prior to each experiment. Calcium-adjusted Mueller-Hinton broth
(CAMHB; lot 332998; Oxoid, Hampshire, England) was used.
Chemicals and reagents. Colistin sulfate (lot 072K1656; 19,530 units/mg) was
purchased from Sigma-Aldrich (St. Louis, MO); 200-mg/liter and 500-mg/liter
stock solutions were prepared in water and stored at 4°C before use. Colistin is
stable under these conditions (25). Sodium colistin methanesulfonate (lot
A1680552; 13,100 units/mg) was purchased from Alpharma Pharmaceuticals
(Copenhagen, Denmark); stock solutions of 1,000 mg/liter in water were freshly
prepared before each experiment to minimize the potential hydrolysis of CMS in
aqueous solutions (25). All stock solutions were filtered by using 0.22-m-pore-

size Millex-GP filters (Millipore, Bedford, MA). All other chemicals were from
the suppliers described previously (26).
Time-kill kinetics. The MIC of colistin (sulfate) and the apparent MIC of
CMS for this strain, as determined by broth microdilution (8), were 1 and 4
mg/liter, respectively.
(i) Colistin methanesulfonate. Time-kill studies were conducted with two
concentrations of CMS (8.0 and 32 mg/liter) that corresponded to two and eight
times the apparent MIC of CMS against P. aeruginosa ATCC 27853, respectively.
An aliquot (200 l) of an overnight culture was added to 20 ml of CAMHB and
incubated at 37°C until early log-phase growth was reached; 5 ml was then
transferred to a 500-ml bottle (Schott Duran, Germany) containing 385 ml of
CAMHB, which gave approximately 5 ⫻ 105 CFU/ml. CMS was added to achieve
an initial concentration of either 8.0 or 32 mg/liter. The experiment was conducted for 240 min in a shaking water bath (100 rpm) at 37°C. Serial samples
were obtained at 0, 30, 60, 75, 90, 120, 135, 150, 165, 180, 210, and 240 min (2 ml
per sample) for viable cell counting and determination of colistin concentrations
and, where relevant, CMS concentrations (see below). Viable cell counting was
conducted by spiral plating (WASP2 spiral plater; Don Whitley Scientific Ltd.,
England) 50 l of appropriately diluted sample onto nutrient agar plates (Media
Preparation Unit), followed by incubation at 35°C for 18 to 24 h. The colonies
were counted with a ProtoCOL colony counter (Don Whitley Scientific Ltd.); the
limit of detection was 20 CFU/ml. For each CMS concentration, three replicates
were performed, each on a separate day. The time course of the concentrations
of colistin formed by hydrolysis from CMS at each concentration were used as
the basis for time-kill experiments involving colistin, as described below.
(ii) Colistin. The media and inoculum were prepared as described above for
CMS. After the inoculation, colistin (sulfate) solution was added at 5-min intervals to mimic the concentration-time course of colistin produced by hydrolysis of
CMS at 8.0 or 32 mg/liter, determined as described above (corrections were
made to allow for differences in molecular weights between the base and the
sulfate forms of colistin). Aliquots from either the 200-mg/liter or 500-mg/liter
colistin solutions were used. The experiment was conducted for 240 min in a
shaking water bath (100 rpm) at 37°C. Serial samples were obtained at 0, 30, 60,
75, 90, 105, 120, 135, 150, 165, 180, 210, and 240 min (2 ml per sample) for viable
cell counting and determination of colistin concentrations. Three replicates were
performed at each concentration, each on a separate day. In a control experiment, colistin was added to achieve an initial concentration of 6.0 mg/liter (six
times the MIC of colistin). Serial samples were obtained at 0, 5, 10, 15, 20, 30, 45,
60, 90, and 120 min for viable cell counting (see above).
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FIG. 1. (a) Structures of colistin A and B; (b) structures of sodium colistin A and B methanesulfonate (CMS). Fatty acid, 6-methyloctanoic acid
for colistin A and 6-methylheptanoic acid for colistin B; Thr, threonine; Leu, leucine; Dab, ␣,␥-diaminobutyric acid. ␣ and ␥ indicate the respective
ONH2 involved in the peptide linkage.
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Determination of colistin and CMS in CAMHB. Samples from the time-kill
studies were taken in duplicate (250 l for colistin and 150 l for CMS) and
placed in 1.5-ml microcentrifuge tubes (Neptune; CLP, Mexico) and immediately
stored at ⫺80°C. The concentrations of colistin and CMS were measured by two
sensitive HPLC methods previously developed by our group, with minor modifications (26, 27, 29). The assay ranges were 0.083 mg/liter to 5.80 mg/liter for
colistin (base) and 0.25 mg/liter to 40 mg/liter for CMS. The accuracy and
reproducibility of the results for the quality control samples for both assays fell
within 10% of the target values.
Data analysis. The killing effects from addition of CMS or colistin were
examined descriptively and were quantified by calculation of the area under the
concentration-time curve of log10 CFU/ml from 0 to 240 min (AUC0–240) normalized by log10 CFU/mlt ⫽ 0, where log10 CFU/mlt ⫽ 0 is the initial log10 CFU/ml
value; this was not performed for the control experiment, where colistin was
added at 6.0 mg/liter at zero time and samples were collected for 120 min.
AUC0–240 was calculated by using the linear trapezoidal rule.

RESULTS
Time course of colistin formation from CMS. The initial
CMS concentrations achieved were 7.64 ⫾ 0.64 mg/liter (n ⫽
3) for 8.0 mg/liter (two times the apparent MIC of CMS) and
29.0 ⫾ 1.98 mg/liter (n ⫽ 3) for 32 mg/liter (eight times the
apparent MIC of CMS). Figure 2a shows the mean colistin
concentrations present after the samples were spiked with
CMS. The concentrations of colistin present immediately following addition of CMS at 8.0 mg/liter were below the limit of
quantification of 0.083 mg/liter for two of three samples and
0.10 mg/liter for the remaining sample; the concentrations
present immediately following addition of CMS at 32 mg/liter
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FIG. 2. (a) Concentration-time course of colistin produced from CMS spiked at 8.0 mg/liter and 32 mg/liter (n ⫽ 3) and from incremental
spiking with colistin (n ⫽ 3); (b) time-kill curves for P. aeruginosa obtained by using colistin methanesulfonate spiked at 8.0 mg/liter and 32 mg/liter
(n ⫽ 3) at zero time, spiked incrementally with colistin to mimic the colistin concentration-time course achieved after spiking of the sample with
colistin methanesulfonate at 8.0 mg/liter and 32 mg/liter (n ⫽ 3), and colistin spiked at 6.0 mg/liter at zero time (n ⫽ 1; control experiment).
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TABLE 1. AUC0-240 of killing curves normalized by
baseline log10 CFU/mlt ⫽ 0
Colistin form

CMS
Colistina

AUC0-240/(log10 CFU/mlt

⫽ 0)

(n ⫽ 3)

8.0 mg/liter

32 mg/liter

186.3 ⫾ 6.0
192.8 ⫾ 10.4

90.4 ⫾ 4.1
70.0 ⫾ 7.4

a
Spiked incrementally to achieve the same concentration-time course of colistin observed from hydrolysis of CMS spiked initially at 8.0 mg/liter or 32 mg/liter.

DISCUSSION
“Colistin” is now a last line of defense against infections
caused by MDR gram-negative organisms (3, 30, 33, 35). Despite renewed interest in the clinical use of “colistin”, confusion has surrounded its use in susceptibility studies, in particular MIC measurement, as well as in microbiological assays
used to measure “colistin” concentrations in biological fluids.
Information on the pharmacokinetics and pharmacodynamics
of CMS and colistin, especially in critically ill patients, is also
lacking (31, 38). Study of the antibacterial activity of CMS, the
parenteral form of colistin, has proven complicated due to the
hydrolytic conversion of CMS to colistin (25); and this is reflected in the literature (30). Prior to the present study, the
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were 0.17 and 0.12 mg/liter for two of three samples and below
the limit of quantification for the remaining sample. This indicates that the amount of colistin present in the batch of CMS
used was very low. Following addition of CMS, comparatively
small amounts of colistin were formed in the first 60 min of
incubation: 0.26 ⫾ 0.04 mg/liter from 8.0-mg/liter CMS and
0.80 ⫾ 0.10 mg/liter from 32-mg/liter CMS. After 240 min of
incubation, these values had risen to 1.49 ⫾ 0.22 mg/liter (⬃1.5
times the MIC of colistin) from 8.0-mg/liter CMS and 5.91 ⫾
0.32 mg/liter (⬃6 times the MIC of colistin) from 32-mg/liter
CMS; this corresponds (in molar terms) to 29.1% ⫾ 2.1% and
30.5% ⫾ 2.2%, respectively, of the CMS being converted to
colistin. The concentration-time profiles of colistin achieved by
using incremental spiking of colistin matched closely those
derived from the hydrolysis of CMS in CAMHB (Fig. 2a).
Time-kill kinetics. The time-kill profiles achieved with CMS
and colistin at each concentration are shown in Fig. 2b. In the
control experiment in which colistin was spiked at 6.0 mg/liter
(six times the MIC of colistin), no viable bacteria were detectable after 15 min. When CMS was spiked at 8.0 mg/liter, killing
began at approximately 90 min when the concentration of
colistin formed by hydrolysis of CMS was approximately 0.5
the MIC of colistin (0.46 ⫾ 0.05 mg/liter of colistin). When
CMS was spiked at 32 mg/liter, killing began at approximately
30 min, with a rapid decline in CFU/ml at 60 min, when the
concentration of colistin formed by hydrolysis of CMS was
approximately 1.0 the MIC of colistin (0.96 ⫾ 0.12 mg/liter of
colistin). In both cases, very similar time-kill profiles occurred
when colistin was added incrementally to achieve the colistin
concentration-time courses observed from the hydrolysis of
CMS spiked initially with either 8.0 or 32 mg/liter CMS. The
mean AUC0–240 values normalized by initial log10 CFU/ml,
AUC0–240/(log10 CFU/mlt ⫽ 0), are shown in Table 1.

relative contributions of CMS and colistin to antibacterial activity have, to our knowledge, never been directly investigated.
The concentrations of CMS chosen for the present study
(8.0 and 32 mg/liter) represent the concentrations achievable
in plasma in vivo (24, 31). A control experiment in which
colistin was spiked at 6.0 mg/liter (six times the MIC of colistin), equivalent to the concentration of colistin generated in
240 min after spiking of the samples with CMS at 32 mg/liter
(Fig. 2a), demonstrated rapid and extensive killing such that
the number of CFU/ml had fallen below the limit of detection
of counting of viable organisms by 15 min (Fig. 2b); this is
consistent with the findings of our previous report (32). In
sharp contrast, when CMS was spiked at zero time to achieve
concentrations equivalent to two and eight times the apparent
MIC for CMS, there was a substantial delay in the onset of the
killing effect (Fig. 2b); in both cases, growth continued for
some time after addition of CMS (⬃75 min for CMS spiked at
8.0 mg/liter and ⬃30 min for CMS spiked at 32 mg/liter). This
is significant, given that a concentration of CMS even eight
times its apparent MIC was unable to cause bacterial killing
until significant amounts of colistin had formed. As has already
been shown with concentration-dependent anti-infectives, including colistin, bacterial killing occurs at concentrations below the MIC (32, 40). At both CMS concentrations, killing was
not evident until the concentrations of colistin generated from
the hydrolysis of CMS had reached approximately 0.5 to 1
mg/liter (i.e., ⬃0.5 to 1 times the MIC for colistin).
Importantly, the time course of the killing effect achieved by
spiking with CMS at zero time (8.0 mg/liter or 32 mg/liter)
was very similar to that observed when colistin was added
incrementally to achieve the same colistin concentration-time
course from the hydrolysis of CMS (Fig. 2). In particular, the
early parts of the killing curves generated from CMS are virtually superimposable on the respective curves from incremental spiking of colistin; this is a time when very little colistin has
been generated from CMS. Given that killing did not begin
until significant amounts of colistin had formed, as mentioned
above, it appears that CMS and the partially sulfomethylated
derivatives possess little, if any, antibacterial activity. For each
concentration of CMS (8.0 and 32 mg/liter), the AUC0–240/
(log10 CFU/mlt ⫽ 0) obtained by spiking of the samples with
CMS or spiking of the samples incrementally with colistin to
achieve the same colistin concentration-time course (Table 1)
were within 3.5% and 22.5%, respectively. Consequently, the
time course of antibacterial activity from CMS can be accounted for by the appearance of colistin. Thus, our study has
clearly demonstrated that at both concentrations of CMS (8.0
and 32 mg/liter), antipseudomonal activity was due to the formation of colistin; CMS alone displayed no antibacterial activity. CMS may therefore be regarded as an inactive prodrug of
colistin.
The present study has demonstrated that the formation of
colistin in vivo following administration of CMS is a prerequisite for antibacterial activity. It is also clear that the in vitro
hydrolysis of CMS to colistin during microbiological procedures conducted in the laboratory (e.g., MIC measurement)
has the potential to make CMS appear to possess antibacterial
activity. Although we recently reported for the first time colistin formation from CMS in vitro (25) and in vivo (24, 28, 31),
to our knowledge no previous work has demonstrated the
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humans (22, 42); however, these particular HPLC methods
suffer from problems similar to those encountered when microbiological assays are used. In particular, such HPLC methods (42) cannot differentiate between the colistin present at
the time of sampling and the colistin formed by hydrolysis
subsequent to sample collection. Thus, most pharmacokinetic
data on “colistin” published to date can be considered representative of a complex mixture of colistin and CMS and its
partially sulfomethylated derivatives. Given that colistin formation from CMS occurs in vivo (24, 31) and, as demonstrated
in the present study, that CMS is an inactive prodrug, future
studies attempting to define pharmacokinetic and pharmacodynamic parameters must rely on assays that are capable of
distinguishing between colistin and CMS, such as the HPLC
methods described previously (26, 27).
An explanation as to why CMS displays little, if any, antimicrobial activity may reside in the postulated mechanism of
action of the cationic peptides, which includes the polymyxins
(16). For gram-negative microorganisms, it is proposed that
the antibacterial activity of polymyxins involves a two-step process that begins with the displacement of divalent cations
(Ca2⫹, Mg2⫹) on cell surface lipopolysaccharides of the outer
membrane, followed by interaction with the negatively charged
cytoplasmic membrane (16); the increasing net positive charge
of the peptide promotes interaction with each membrane (17,
51). Given that at physiological pH the net charge on CMS is
⫺5, the charges on its partially sulfomethylated derivatives
range from ⫺3 to ⫹3 (⫺3 with four attached sulfomethyl
groups, ⫹3 with one attached sulfomethyl group), whereas the
net charge on colistin is ⫹5, the strongly cationic colistin would
be expected to have greater antibacterial activity. While we
acknowledge both the limitations of the present study to draw
definitive conclusions on this issue and the fact that structural
parameters other than charge are important for antibacterial
activity in most peptides (10, 17, 49, 51), the postulated mechanism of action of the cationic peptides combined with the
polycationic nature of colistin may explain why CMS acts only
as a prodrug.
In conclusion, we have demonstrated the formation of colistin during incubation in microbiological media spiked with
CMS by sensitive and specific HPLC methods for the quantification of colistin and CMS. Using a reference strain of P.
aeruginosa, we investigated the contribution to antimicrobial
activity of CMS and its hydrolysis product, colistin, which
forms in solution from CMS. Our conclusion that CMS is an
inactive prodrug of colistin, as well as our demonstration that
colistin forms from CMS in microbiological media, has important
implications for susceptibility testing involving “colistin,” in particular, for MIC measurement, as well as for microbiological assays and pharmacokinetic and pharmacodynamic studies.
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