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Abstract

All of the small number of studies conducted
during the second half of last century to inves-
tigate the pharmacokinetics of polymyxins in
animals used microbiological methods to
quantify the compounds in biological fluids.
Those methods generally lacked the accuracy
and precision required for such investigations
and, in the case of studies involving adminis-
tration of colistin methanesulfonate (CMS),
ongoing conversion to colistin during micro-
biological incubation of collected samples
artifactually elevated the measured concentra-
tion of colistin. The pharmacokinetic studies
reviewed in this chapter involved use of more
accurate, precise and specific methods for the
measurement of the relevant compounds in
biological matrices. The studies have been
conducted in a number of pre-clinical animal
species following administration via various
routes (e.g. intravenous, intrapulmonary), and
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have provided important insights into not only
the global pharmacokinetics as viewed from
plasma but also the tissue distribution and
handling by key organs particularly the
kidneys.
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Polymyxin derivatives used in clinical practice
correspond to complex mixtures of structurally
related but distinct chemical entities obtained by
fermentation. This raises a number of issues such
as purity or differences in composition between
brands and even between batches. But because of
that, expressing polymyxin doses or concentra-
tions is quite complex and may become confus-
ing [1], in particular in the case of polymyxin E
or colistin, the latter administered as a prodrug.
Initial pharmacokinetic (PK) studies on colistin
methansulfonate (CMS), colistin or polymyxin B
in animals were conducted between 1970 and
2000 in various species (rabbits, dogs, ewes,
calves) [2-8] using microbiological assays (i.e.
bioassays) for measuring concentrations.
However, as discussed in Chap. 6, these
techniques are non-specific and cannot distin-
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guish between CMS and colistin or between
colistin and co-administered antibiotics cross-
reacting with the selected test strain [9].
Therefore, only PK studies in animals conducted
with chromatographic assays, including high per-
formance liquid chromatography (HPLC) cou-
pled with fluorimetric detection [10], tandem
mass spectrometry (LC-MS/MS) [11] or ultrap-
erformance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) [12] will be
reviewed. Furthermore, polymyxins are occa-
sionally administered orally for local decontami-
nation, but since their oral absorption is virtually
negligible, this specific situation will not be cov-
ered in this review.

Pharmacokinetics of Colistin
after Parenteral
Administration

7.1

The first pharmacokinetic study of colistin using
a chromatographic assay was published by Li
et al. in 2003 [13]. Colistin sulfate was adminis-
tered to rats as a single 1 mg/kg intravenous (IV)
bolus dose and a specific and sensitive HPLC
assay with fluorimetric detection after derivatiza-
tion, previously developed and validated by the
same group, was used [10]. Colistin clearance
(CL) and volume of distribution at steady state
(Vss) were respectively estimated at 5.2 + 0.4 mL/
min/kg and 0.50 = 0.06 L/kg. This low Vss value
indicates a limited extravascular distribution, in
agreement with physico-chemical characteristics
of colistin including a large molecular weight and
the presence of positive charges (5 amine func-
tions with a pKa close to 10) at physiological
pH. In this study, protein binding of colistin was
determined in spiked plasma by equilibrium dial-
ysis at three concentrations (4, 8 and 12 mg/L)
leading to an average unbound fraction (fu) equal
to 43-45% that was independent of the concen-
tration. Noticeably, colistin A was more exten-
sively bound (mean fu of 36%) than colistin B
(mean fu of 52%) [13]. The initially reported
elimination half-life of colistin
(typ = 74.6 = 13.2 min) [13] was confirmed a few

years later by Marchand et al.
(t;p = 75.4 = 14.1 min) [14] after subcutaneous
administration of colistin 1.5 mg/kg, although
estimates  of  clearance and  volume
(CL =8.5+ 1.0 mL/min/kg, Vss =0.94 +£ 0.25 L/
kg) in this new study [14] were somewhat higher
(up to two fold for Vss) than previously reported;
it should be noted that the later study involved
subcutaneous administration of colistin [14]. The
virtually similar t;, estimate between studies
suggests that colistin disposition is not rate lim-
ited by its absorption after subcutaneous
administration.

Urine samples were also collected in the Li
et al. study, and only 0.2% of the colistin dose
was recovered unchanged in urine [13], with a
corresponding renal clearance
(CLr = 0.010 = 0.008 mL/min/kg) much lower
than renal clearance by glomerular filtration; esti-
mated at 2.3 mL/min/kg under the assumption
that colistin unbound fraction was equal to 0.44
[13] and glomerular filtration rate (GFR) was
5.2 mL/min/kg in rats [15]. This observation sug-
gested an extensive tubular reabsorption of colis-
tin, which was then confirmed by this group
using an in vitro isolated perfused rat kidney
model [16]. The extensive renal tubular reabsorp-
tion of colistin would be expected to enhance its
accumulation in kidney tissue, which may have
implications for its renal toxicity [16]. Active
transport systems such as organic cation trans-
porters (mainly OCTN1) and polypeptide trans-
porter 2 (PEPT2) were proposed to be involved in
the reabsorption of colistin [16, 17]. Because of
this extensive tubular reabsorption, colistin elim-
ination is mostly extra-renal. Yet mechanisms
responsible for colistin elimination are mostly
unknown and no degradation products have been
identified. Furthermore in vitro degradation stud-
ies at 37 °C demonstrate that the rate of colistin
disappearance is virtually similar in homogenates
from various tissues such as liver, kidney, muscle
or brain, but also not much different than in
plasma or phosphate buffer at pH 7.4, suggesting
that enzymes may not be involved in colistin
elimination [18].
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7.2 Pharmacokinetics of Colistin
Methanesulfonate (CMS)
and Colistin after Parenteral
Administration of CMS

7.2.1 Pharmacokinetics of CMS

and Colistin in Rats

The first pharmacokinetic study conducted after
intravenous administration of CMS, the inactive
prodrug of colistin used in clinical practice, in
rats, was also conducted by Li et al. [19] at a dose
of 15 mg/kg of CMS corresponding to ~6.3 mg/
kg of colistin base activity (CBA) [1]. CMS and
colistin were assayed by HPLC [20]. Noticeably
as for any other chromatographic assays, CMS
concentrations were not measured directly, but
obtained by difference between colistin concen-
trations measured after and before CMS hydroly-
sis in plasma samples. Therefore, partially
sulfomethylated CMS derivatives, that may be
present within samples, cannot not be distin-
guished from CMS. Accordingly the authors
clearly stated that estimated CMS pharmacoki-
netic parameters may only be considered as
hybrid parameters for CMS [19]. With this limi-
tation in mind, CMS volume of distribution (Vss)
was estimated at 0.30 = 0.06 L/kg; that is about
30% lower than that of colistin and therefore still
close to the extracellular fluid volume [15]. Total
CMS clearance was found equal to 11.7 = 1.8 mL/
min/kg which is about twice that of colistin [13].
Urinary recovery experiments showed that
61% * 14% of the dose administered was recov-
ered, mostly as unchanged CMS (2/3) and as
colistin (1/3) [19]. However considering the
much lower urinary recovery of colistin (0.2%)
previously observed after its direct administra-
tion [13], it was concluded that post-excretion
hydrolysis of CMS in urine was probably mainly
responsible for this high recovery of colistin in
urine after CMS administration. Consequently, a
more reliable estimate of CMS renal clearance
was obtained by assuming that the sum of CMS
and colistin amounts recovered in urine was actu-
ally excreted as CMS. This CMS renal clearance
estimate was equal to 7.2 + 2.2 mL/min/kg,

which is slightly higher than GFR in rats (5.2 mL/
min/kg) [15]. Li et al. did not measure the plasma
protein binding of CMS, but even if the unbound
fraction was one (i.e. no binding in plasma) the
relative magnitude of the renal clearance of CMS
and of GFR is consistent with net tubular secre-
tion [19]. However, it should again be remem-
bered that CMS parameters correspond to hybrid
values that are difficult to interpret. It was also
possible during this study [19] to estimate that
only 6.8% of the CMS dose was converted sys-
temically into colistin in rats, and another inter-
esting observation was that the elimination
half-life of formed colistin (55.7 = 19.3 min) was
about twice that of CMS (23.6 = 3.9 min) indicat-
ing that the disposition of formed colistin is not
rate-limited by its formation.

A few years after this initial study, a dose-
ranging pharmacokinetic study was conducted in
rats by Marchand et al. [21], using the largest
possible range of CMS doses (5-120 mg/kg of
CMS base corresponding to ~2.1 to ~50 mg/kg of
CBA), considering the limit of quantification of
the LC-MS/MS analytical assay (0.078 pg/mL)
and drug toxicity. No trend of non-linearity was
observed and pharmacokinetic parameter values
were consistent with those previously published
by Li et al. [19], in particular when the dose
administered was the same (15 mg/kg of CMS
base corresponding to ~6.3 mg/kg of CBA). It
was estimated that on average 10.2% of the intra-
venous CMS dose was converted systemically
into colistin. This fm estimate is slightly higher
than that previously reported (6.8%) [19] but still
relatively low. Therefore, these two studies allow
concluding, that at least in rats, only a small frac-
tion of the intravenous dose of CMS is eventually
converted systemically into colistin.

Interestingly also, the unusual colistin concen-
tration versus time profiles in rats, compared with
others species (discussed below), with almost
instantaneous plasma peak concentrations and a
slower decay of colistin compared with CMS
over time, initially observed by Li et al. [19],
were confirmed during the study by Marchand
et al. [21] as illustrated in Fig. 7.1. A more recent
pharmacokinetic study in rats by He et al. com-
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Fig. 7.1 Mean = SD total plasma concentration versus
time profiles of CMS and colistin in rats after a single
15 mg/kg IV dose of CMS (~6.3 mg/kg CBA) obtained by
(a) Li et al., using CMS from Sigma (St Louis, USA) in 5
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Fig. 7.2 Mean + SD plasma concentration—time profiles
of (a) CMS and (b) formed colistin in rats (n = 4) obtained
by He et al., 2013, after IV administration of 28.1 mg/kg

paring four brands of CMS coming from various
countries: Thailand (Atlantic Laboratories),
United Kingdom (Forest Laboratories) and USA
(X-GEN  Pharmaceuticals and  Paddock
Laboratories) [22], may have provided an expla-
nation for this unexpected behavior. Chemical
analysis of the different brands was also per-
formed and similar composition was observed
for all brands by elementary analysis. However,
chromatographic profiles of CMS showed several
peaks with the Altantic CMS chromatographic
profile distinct from the three other brands. This

rats [19] or (b) Marchand et al. using CMS from Sanofi
Aventis, (Paris, France) in 6 rats [21], by permission of
Oxford University Press
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of CMS (~11.7 mg/kg CBA) from various brands, [22] by
permission of Oxford University Press

is consistent with CMS being a mixture of differ-
ent fully and partially sulfomethylated deriva-
tives that may vary between brands [19].
Following IV administration of these four brands
at a dose of 28.1 mg/kg of CMS corresponding to
~11.7 mg/kg of CBA [22], CMS plasma concen-
trations versus time profiles (Fig. 7.2a) and CMS
pharmacokinetic parameters were generally con-
sistent with those previously described [19, 21].
Colistin elimination half-life was again longer
than that of CMS, whatever the brand, confirm-
ing that colistin disposition is not limited by its
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formation. However, plasma concentration ver-
sus time profiles of formed colistin in the study
by He et al. were different from those previously
reported by Li et al. [19] and Marchand et al. [14,
21], and colistin peak concentration was consid-
erably delayed to reach a peak after about 60 min
on average (Fig. 7.2b). Similar to the results of
He et al., a delay in attainment of peak plasma
concentration of formed colistin following IV
administration of CMS (Link Pharmaceuticals)
in rats was observed by Yapa et al. [23].

Therefore the high initial concentrations of
colistin after CMS injection observed by Li et al.
[19] and Marchand et al. [14, 21] could be
explained by the fact that in these initial studies,
the administered CMS solutions may have con-
tained a small fraction of partially sulfomethyl-
ated CMS derivatives, rapidly converted into
colistin after administration. However, as dis-
cussed in the next section, this unexpected behav-
ior was observed in rats but not in other species
after IV administration of the same Sanofi-
Aventis CMS brand.

Another PK study in rats was conducted to
investigate the central nervous system (CNS) dis-
tribution of colistin in vivo and by in situ brain
perfusion [24]. Brain-to-plasma ratios ranged
between 2.1 and 3.7% and were not enhanced by
co-administration of P-glycoprotein (P-gp)
inhibitors (PSC833 or GF12918). Intraperitoneal
injection of lipopolysaccharides to induce inflam-
mation significantly increased brain AUC by two
to threefold. In conclusion, blood brain barrier
transport of colistin is negligible under healthy
conditions but enhanced during systemic inflam-
mation as might be observed in infected patients.

Bouchene et al. recently reported develop-
ment of a whole-body physiologically-based
pharmacokinetic (WBPBPK) model to character-
ize CMS and colistin distribution in various tis-
sues of rats [25]. In order to describe the
disposition of CMS and colistin, the work
involved a combination of in vitro, in silico and in
vivo data to construct the model. A key aspect of
the study was the experimental determination of
the tissue-to-plasma partition coefficient for
CMS and colistin across 10 different tissues/
organs, against which the model predictions were

compared. Notably, the experimentally deter-
mined kidney-to-plasma partition coefficients for
CMS (5.45) and colistin (19.7) were substantially
higher than for any of the other tissues. The accu-
mulation of CMS and colistin in kidney tissue is
undoubtedly a key factor in the development of
nephrotoxicity after administration of CMS. With
appropriate validation studies, the WBPBPK
model holds promise for inter-species extrapola-
tions using species-specific physiological param-
eters [25].

7.2.2 Pharmacokinetics of CMS
and Colistin in Various Animal
Species

In a recent study, epithelial lining fluid (ELF) and
systemic pharmacokinetics of CMS and colistin
were determined in sheep after IV and pulmo-
nary administration of both CMS (sodium) and
colistin (sulfate) at respective doses of 4—8 mg/kg
(corresponding to ~1.7-3.4 mg/kg CBA) and
2-3 mg/kg [26]. Concerning systemic pharmaco-
kinetics, the maximal concentration of formed
colistin was obtained at 3.13 + 0.55 h after intra-
venous administration of CMS. CMS and colistin
clearances were 2.29 + 0.03 L/h (0.95 mL/min/
kg) and 1.32 + 0.23 L/h (0.55 mL/min/kg) which
are at least 10 times lower than corresponding
clearances in rats [13, 14, 19] and 2.5 times lower
than in healthy volunteers for CMS (2.6 £ 0.3 mL/
min/kg) [27]. Contrasting with previous results
observed in rats and humans where colistin dis-
position was rate-limited by its own elimination,
[19, 27] terminal half-life of formed colistin was
not longer than that of CMS. The fm estimate in
sheep (17.4%) is slightly higher than that previ-
ously reported in rats (6.8 and 10.2%) [19, 21]
but still relatively low.

Other investigations have been conducted by
our group in various species including mice
(n =36), rabbits (n = 3), baboons (n = 3) and pigs
(n = 2) with the objective of developing a
WBPBPK model to characterize CMS and colis-
tin distribution in various tissues and eventually
to allow between-species comparisons and
extrapolations [18]. Animals received a single
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dose of CMS (Sanofi Aventis, Paris, France) as
follows: 15 mg/kg of CMS base (~6.3 mg/kg
CBA) administered subcutaneously to mice and
intravenously to rabbits, on average 2.5 mg/kg of
CMS base (~1.0 mg/kg CBA) infused intrave-
nously over 10 min in baboons, and 149.5 mg of
CMS base (160 mg of sodium salt) CMS per pig
corresponding to ~67 mg CBA administered as a
1 h intravenous infusion. Multiple sampling of
blood was conducted in all species except mice
for which 4 animals were used at each of the 9
selected time points. Furthermore, colistin was
also directly administered to baboons by subcuta-
neous 10 min infusion at doses ranging between
0.379 mg/kg and 0.485 mg/kg (of colistin sul-
fate), in order to estimate the fraction of the CMS
dose converted into colistin in that particular spe-
cies. Plasma concentrations of CMS and colistin
were assayed by LC-MS/MS [11] and pharmaco-
kinetic parameters were determined by a non-
compartmental approach (WinNonLin version
6.2, Pharsight Corporation, Mountain View,
California, USA). Data previously obtained in
rats [14, 21] but also in healthy human volunteers
[27], using the same CMS brand and analytical
assay, can be used for comparison. It should be
noted that different CMS batches were used,
which may have an effect on concentration ver-
sus time profiles of CMS and, in particular,
formed colistin. Furthermore, not the same route
of administration was used for every species.
Plasma concentration versus time profiles in
these various species are presented in Fig. 7.3.
Corresponding pharmacokinetic parameters are
listed in Table 7.1 after correction of volume and
clearance terms by body weight.

In humans, baboons, pigs and rabbits, CMS
plasma concentrations decayed more rapidly
with time than colistin (Fig. 7.3) and accordingly,
CMS half-lives were shorter (Table 7.1) [18].
These profiles indicate that in these species the
disposition of formed colistin is rate limited by
its own elimination and not by its formation. By
contrast, CMS and colistin plasma concentra-
tions decayed in parallel with time in mice, which
is typical of a formation rate limited process.

However, these data must be interpreted carefully
since CMS was administered subcutaneously in
mice. With the exception of mice, CMS Vss var-
ied between approximately 130 and 330 mL/kg
(Table 7.1), close to the volume of extracellular
fluid (ECF) [15]. Moreover, these values are in
reasonable agreement with the Vss for CMS esti-
mated in healthy volunteers (196 mL/kg) [27].
CMS CL values in rabbits, pigs and baboons
were virtually identical and close to the value
estimated in humans (2.6 mL/min/kg) [27] but
CL estimates for CMS in rats and mice were
respectively about 5 and 10 times higher than in
human volunteers.

Recently, Viel et al. reported details of a
WBPBPK model to characterize the disposition
of CMS and colistin in pigs, especially in regard
to the renal handling of these compounds [28]. A
number of different pharmacokinetic studies
were conducted; specifically to elucidate the
plasma and kidney pharmacokinetics after single
IV and IM administration of CMS as well as after
repeated IM administration, and also investiga-
tions of tissue-to-plasma partition coefficients
and plasma protein binding of CMS. The experi-
mental data were subjected to WBPBPK model-
ling. Key findings of the experimental and
modelling studies were: extensive accumulation
of colistin in kidney, followed by slow elimina-
tion from that organ; very substantial contribu-
tion of tubular secretion in the renal elimination
of CMS, with some conversion to colistin within
tubular cells; extensive tubular reabsorption of
colistin; some degradation of colistin within
tubular cells; and, a plasma unbound fraction of
approximately 0.4 [28].

Colistin PK-PD has been investigated in vivo
using mice after direct subcutaneous administra-
tion of colistin sulfate to demonstrate that the
AUC to MIC ratio corrected for plasma protein
binding (fAUC/MIC) is the relevant PK-PD index
to predict colistin efficacy against Pseudomonas
aeruginosa and Acinetobacter baumannii [29].
Those studies were preceded by single-dose stud-
ies at 10, 20 and 40 mg/kg to elucidate the phar-
macokinetics of colistin in infected neutropenic
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Fig. 7.3 Mean + SD plasma concentration—-time profiles
of CMS (closed circles and full line) and formed colistin
(open circles and dotted line) in: mice (n = 4 per time
point) after subcutaneous administration of CMS base
15 mg/kg (~6.3 mg/kg CBA); rats (n = 6) after IV bolus
administration of CMS base 15 mg/kg (~6.3 mg/kg CBA)
[21]; rabbits (n = 3) after IV bolus administration of CMS

mice. The plasma protein binding in these ani-
mals was determined using both ultracentrifuga-
tion and rapid equilibrium dialysis, with very
careful attention to minimize non-specific bind-
ing to equipment used in the measurements. Over
the dose range examined, the pharmacokinetics
of colistin was nonlinear; the apparent clearance
decreased with increasing dose while the half-life
increased. The percentage of colistin bound in
plasma of infected neutropenic mice was inde-
pendent of plasma concentration over a wide

0o 2 4 6 8 10 12 14 16 18
Time (h)

base 15 mg/kg (~6.3 mg/kg CBA); pigs (n = 2) after 1 h
infusion of 149.5 mg of CMS base (~62.3 mg CBA);
baboons (n = 3) after 10 min infusion of on average
2.5 mg/kg of CMS base (~1.0 mg/kg CBA), and in healthy
volunteers (n = 12) after 1 h infusion of IMIU of CMS
equivalent to 80 mg of sodium CMS (~33 mg CBA)

range (~2-50 mg/L). The average plasma
unbound fraction of colistin over this range by
the two methods of determination was 0.084; this
was very much lower than the value of ~0.5 found
for critically-ill patients and healthy humans
[29]. PK differences observed between rodents
and non-rodents, such as differences in plasma
protein binding of colistin, should be considered
before extrapolating efficacy results from rodents
to humans after treatment by CMS.
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Table 7.1 Pharmacokinetic parameters of CMS and
colistin after IV CMS bolus administration in: mice
(n =36, 4 mice per time), rats (n = 6) and rabbits (n = 3)
at a dose of 15 mg/kg of CMS base (~6.3 mg/kg CBA),
after 1 h IV infusion of 2 MIU of CMS (~66 mg CBA) in

pigs (n = 2), after 10 min IV infusion of 2.5 mg/kg on
average of CMS (~1.0 mg/kg CBA) in baboons (n = 3)
and after 1 h infusion of 1 MIU of CMS equivalent to
80 mg of sodium CMS (~33 mg CBA) in healthy human
volunteers

Pharmacokinetics parameter
Species CLcus (mL/min/kg) Vcms (mL/kg) tip,cms (min) ti2.coii (MiN)
Mice? 222 1032 33.0 33.0
Rats® 129+25 333 £42 247 +3.7 324+5.0
Rabbits 2.5+0.13 133+ 1.6 43.0+3.5 80.8 8.3
Pigs 2.7+0.8 250 + 88 509 4.2 129+ 0.4
Baboons 26+0.8 152 +£20 38.5+7.6 130+ 15
Healthy Volunteers® 2.6+0.3 196 + 26 120+ 7.2 180 + 34

estimates based on the mean of 4 mice per time
bpreviously published (21)
¢previously published (27)

7.3 Pharmacokinetics of CMS
and Colistin after
Nebulization

Pharmacokinetics of CMS
and Colistin after
Nebulization in Rodents

7.3.1

CMS nebulization seems very appealing for the
treatment of pulmonary infections. However
because CMS is an inactive prodrug, it was inter-
esting and important to characterize its pre-
systemic  conversion into colistin  after
nebulization. More specifically, it was important
to estimate how much of the CMS dose is con-
verted to colistin pre-systemically (in the lungs)
and how much of the dose is directly absorbed.
This question was addressed for the first time in
rats and data were published in 2010 [14]. A
schema for the pharmacokinetic behavior of
CMS and colistin after CMS intra-tracheal
administration in rats is presented in Fig. 7.4.

In order to estimate the various pharmacoki-
netic parameters appearing on Fig. 7.4, CMS
(Sanofi-Aventis) was administered to healthy rats
at a dose equal to 15 mg/kg in base (~6.3 mg
CBA), either by intra-tracheal nebulization using
a microsprayer aerosolizer, model IA-1B
(PennCentury INC., Pennsylvania, USA) (n = 5)
or intravenous administration (n = 6) [14]. In
order to complete the PK analysis, it was neces-

sary to include another group of rats (n = 6)
administered directly with colistin sulfate. The
subcutaneous route was selected at a dose of
1.5 mg/kg. Blood samples were collected for
concentration measurements in plasma, and
broncho-alveolar lavage (BAL) was conducted in
extra rats (n = 14) after intra-tracheal administra-
tion for determination of CMS and colistin in
ELF, after correction by urea concentration. CMS
and colistin were assayed by LC-MS/MS in
plasma and BAL as well as urea in BAL. A non-
compartmental pharmacokinetic analysis was
conducted [14]. Using the Penn Century aerosol-
izer, most of the nebulized dose of CMS was
eventually absorbed either directly or after pre-
systemic conversion into colistin. It is important
to realize that in clinical practice only a small
fraction of the aerosolized dose is most likely
capable of reaching the absorption/infection site,
which precludes direct data extrapolation from
rat to human. CMS maximum plasma concentra-
tions were much lower after nebulization than
after IV administration and the peak was delayed
(Fig. 7.5b). Colistin plasma concentration versus
time profiles observed after CMS intravenous
administration and nebulization were distinct,
with a delayed peak and sustained concentrations
with time after CMS nebulization. However,
plasma colistin concentrations were in the same
order of magnitude independent of the route of
administration (Fig. 7.5). It was estimated that
after intra-tracheal administration with the
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verted into colistin within the systemic circulation; fy, jne
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Fig. 7.5 Mean = SD total plasma concentration-versus-
time profiles of CMS and colistin after (a) IV administra-
tion of 15 mg/kg of CMS base (~6.3 mg/kg CBA) (n = 6),

PennCentury system, 70% of the CMS dose was
directly absorbed to reach the systemic circula-
tion and that 39% was converted pre-
systematically and absorbed as colistin. These
estimates reflected the experimental error and it
was considered that 2/3 of the CMS was directly
absorbed and 1/3 converted pre-systemically into
colistin. The fraction of CMS converted into
colistin after CMS intravenous administration in
rats was estimated at 12.5% in the current study
[14], compared with 10.2% in the previous dose-
ranging study conducted by our group [21] and
6.8% in the pioneer study by Li et al. [19]. As a
consequence of the relatively important CMS
pre-systemic conversion in the lung, colistin sys-
temic exposure (AUC) was about 4 times greater
after CMS nebulization than after IV administra-
tion in this experimental animal model [14].

is the fraction of the CMS dose converted into colistin pre-
systematically and Fy; june is the fraction of colistin which
is then absorbed into the systemic circulation [14]

b Nebulized group
100
10
L ]
.. & Q &
1 & & 3 @ &
@
® Cms
0.1
O colistine ¢
0.01
0 60 120 180 240 300 360 420

Time (min)

or (b) intra-tracheal nebulization of 15 mg/kg of CMS
base (~6.3 mg/kg CBA) (n=5). (Adapted from Marchand
et al., 2010 [14])

However although a significant fraction of CMS
was converted into colistin pre-systemically, ELF
concentrations of the active moiety were much
lower (about 10 times lower at 30 and 120 min
post-nebulization) than corresponding CMS con-
centrations, suggesting that colistin formation
rate limits its absorption. In other words, colistin
is rapidly absorbed after being formed within
ELF, explaining that its concentrations remain
always low compared with those of CMS. No
modeling to better characterize these rate-
limiting steps was conducted during this study.
Interestingly, these questions have been
addressed in more detail by Yapa et al. [23]. In
this study, CMS was provided by Link
Pharmaceutical Ltd. (Auckland, New Zealand).
CMS and colistin were administered to rats intra-
tracheally using a 2.5 cm polyethylene tube
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inserted via the mouth to the tracheal carina at
various doses, respectively 14 or 28 mg/kg for
CMS (~5.8 and ~11.6 mg/kg CBA) and 0.41,
0.62, 0.99 and 1.49 mg/kg for colistin. They were
also administered intravenously at either 14, 28
or 56 mg/kg for CMS (~5.8, ~11.6 or ~23.2 mg/
kg CBA) and 0.21, 0.41 or 0.62 mg/kg for colis-
tin. CMS and colistin concentrations were mea-
sured in plasma and BAL. Concentration versus
time profiles of CMS and colistin in plasma and
concentrations in ELF at predetermined sampling
times after intra-tracheal administration of CMS
compare favorably with those obtained by
Marchand et al. at the same dose [14]. However,
using the Link Pharmaceutical Ltd. CMS brand,
colistin plasma concentration-time profiles after
CMS 1V administration, showed a delayed colis-
tin peak as observed by He et al. [22] but not
Marchand et al. [14] and Li et al. [19]. CMS and
colistin concentrations in plasma and ELF were
analyzed with a simultaneous population phar-
macokinetic model including multi-
compartments to describe a relatively complex
colistin disposition within lung after intra-
tracheal administration [23]. The fraction of the
dose exposed to the lung after intra-tracheal
administration was 40.9% for CMS and 48.5%
for colistin, lower than previously described by
Marchand et al. [14]. However, Yapa et al. esti-
mated that on average 22.6% of the CMS dose
was converted into colistin in ELF compared
with only 3% in the systemic circulation [23],
while Marchand et al. obtained respectively 39%
and 10-12% for these same parameters [14, 21].
One potential explanation for the extensive CMS
conversion in lungs after intra-tracheal adminis-
tration, is its reduced availability for renal clear-
ance [23]. One of the major findings in the Yapa
et al. study was that intra-tracheal administration
of CMS achieved much higher and sustained
exposure of colistin in lungs than was possible
with IV administration [23].

More recently, Gontijo et al. observed that
after direct intra-tracheal administration of colis-
tin (0.35 mg/kg), average ELF to plasma AUC
ratio was equal to 1214 [30] and that colistin
exposure in lung was much higher after nebuliza-

tion than IV administration, confirming observa-
tions by Yapa et al. [23]. A complex absorption
pattern of colistin after nebulization was again
observed by Gontijo et al., but the best PK model
to describe the data incorporated non-linear
transfer which was further challenged by increas-
ing the dose [30].

A recent study in neutropenic infected mice
compared ELF and plasma pharmacokinetics of
colistin after intra-tracheal nebulization at two
doses (2.64 mg/kg and 5.28 mg/kg) versus intra-
venous administration (2.64 mg/kg) [31].
Whereas plasma concentrations of colistin were
similar after intravenous administration and neb-
ulization, concentrations in ELF were signifi-
cantly higher than plasma concentrations after
nebulization with corresponding maximum con-
centrations equal to 169 and 5.72 mg/L (dose of
2.64 mg/kg).

7.3.2 Pharmacokinetics of CMS
and Colistin
after Nebulization in Other
Species

A pharmacokinetic study after CMS nebulization
has been conducted in pigs [32]. In particular the
aerosol delivery system used in pigs is currently
used in patients and is expected to deliver much
less of the dose to the pulmonary alveoli than
when using the Penn Century system or direct
intra-tracheal administration in rats. Furthermore,
this study was conducted in piglets infected with
an experimental model of pneumonia induced by
P. aeruginosa whereas healthy rats were used
previously [14, 23]. Twelve ventilated, infected
piglets were included in the study, 6 received an
IV infusion of CMS (3.2 mg/kg (~1.3 mg CBA)
over 30 min every 8 h) and the remaining 6
received 8 mg/kg of CMS (~3.3 mg/kg CBA)
over 30 min, every 12 h, by nebulization using a
vibrating plate nebulizer (Aeronen Pro®, Aerogen
Ltd., Galway; Ireland) [32]. Lung tissue samples
were respectively obtained 1 h after the 4th intra-
venous infusion and the 3rd nebulization. CMS
and colistin concentrations were measured in
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plasma and lung by HPLC [33]. After CMS IV
infusions, colistin could not be detected in lung
tissue whereas after aerosol delivery a median
peak of colistin was estimated at 2.8 pg/g within
lung tissue. The absence of colistin in lung tissue
after IV administration of CMS was correlated
with a lack of antimicrobial efficacy. After 24 h
of treatment, 67% of pulmonary segments had
bacterial counts <10* CFU/g following nebuliza-
tion and 28% after IV administration. Therefore,
these data suggest that CMS nebulization in
patients could be of better value than intravenous
dosing for the treatment of pulmonary infections.
However measuring antibiotic concentrations in
whole tissue homogenates is not recommended
for reasons previously discussed [34]. ELF con-
centrations are probably more relevant to charac-
terize the intrapulmonary distribution of
antibiotics and predict antimicrobial efficacy
against extra-cellular pathogens. Interestingly
dose-normalized colistin plasma peak concentra-
tions (Cmax) and area under concentration-time
curve (AUC) were respectively 6 and 2.7 times
lower after nebulization than after IV administra-
tion of CMS, suggesting that systemic side effects
could be lower after CMS nebulization than IV
administration [32].

Two different devices used in clinical practice,
Eflow rapid® and Pari LC star® were compared
by scintigraphy after nebulization of CMS at a
dose of 1 MIU (corresponding approximately to
33 mg of CBA) in baboons [35]. A higher aerosol
distribution into lungs was observed by imaging
when nebulization was performed with a Pari
LC® Star than with an Eflow Rapid® nebulizer.
Accordingly, ELF concentrations simulated by
PK modelling from measured plasma concentra-
tions have confirmed a higher ELF CMS and
colistin exposure after nebulization through the
Pari LC® Star system than Eflow Rapid® nebu-
lizer [35].

As partially presented above, the most recent
study performed by Landersdorfer et al., has doc-
umented ELF and plasma pharmacokinetics of
CMS and colistin in sheep after IV and pulmo-
nary administration of both molecules [26]. CMS
and colistin were not quantifiable in broncho-

alveolar lavage fluid following intravenous CMS
administration. CMS and formed colistin were
not quantifiable in plasma after endotracheal neb-
ulization of CMS at a dose of 2.6 mg/kg CBA
(~6.2 mg/kg CMS sodium) whereas very high
concentrations of both molecules were observed
in ELF (between 1147 = 710 mg/L and
63 = 34 mg/L at 1 h and 24 h for CMS and
between 400 + 243 mg/L and 184 + 190 mg/L at
the same times for colistin). The therapeutic
availability and the drug targeting index which
characterize the targeting advantage in terms of
exposure to CMS or formed colistin after nebuli-
zation were higher than 1, consequently, and in
accordance with studies performed in rats [23,
26], a targeting advantage of pulmonary adminis-
tration compared to intravenous administration
was observed in sheep.

Pharmacokinetics of
Polymyxin B in Animals

7.4

Polymyxin B and colistin are both old antibiotics
used in the treatment of multidrug-resistant
Gram-negative infections but not with the same
clinical availability in various parts of the world.
Europe and Australia have access to only colistin
whereas in some other countries (e.g. United
States, Brazil), both drugs are available. They
have similar chemical structures with only one
amino acid different in the ring structure [36].
However, a major difference in formulation exists
since colistin is administered as an inactive pro-
drug (CMS), whereas polymyxin B is adminis-
tered directly as its sulfate salt, which is active.
Differences in terms of antibacterial concentra-
tion achievable both in plasma and in urine, in
terms of toxicity but also in terms of pharmacoki-
netics are observable with these two molecules
[36].

Due to its administration as an active form, the
polymyxin B pharmacokinetics is simpler than
that of colistin. The first recent modern pharma-
cokinetic study of polymyxin B in animals was
performed in rats and relied on the measurement
of four major components: polymyxin BI,
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isoleucine-polymyxin B1, polymyxin B2 and
polymyxin B3, after IV administration of a single
bolus dose equal to 4 mg/kg [37]. Since no major
pharmacokinetic ~ difference was observed
between these four components, polymyxin B1,
which is the most abundant component, was
selected as the representative entity to describe
the pharmacokinetics of polymyxin B. Polymyxin
B1 pharmacokinetics was described by a one-
compartment model and characterized by a clear-
ance of 1.65 + 0.62 mL/min and a volume of
distribution of 198.1 + 44.12 mL. Consequently
the mean half-life value was estimated at
1.46 + 0.39 h. Similar to colistin, the renal excre-
tion of polymyxin B was negligible, with less
than 1-5% of the dose recovered unchanged in
urine collected up to 48 h [37, 38]. Consequently,
renal insufficiency did not appear to have a sig-
nificant impact on polymyxin B elimination in
rats, in accordance with previous observations in
patients with renal insufficiency [39, 40].
However, accumulation of polymyxin B in kid-
ney tissue was observed, with concentrations 30
times higher in tissue than in serum in rats [41],
and proximal tubular cells in the renal cortex and
outer stripe of outer medulla seemed to be the
main region of polymyxin accumulation [38].
Similar accumulation in renal proximal tubular
cells was also observed in mice [42]. In rats, the
accumulation of polymyxin B in renal tubular
cells appeared to involve at least in part the trans-
porter megalin that mediates uptake of substrates
from tubular urine, and the accumulation was
correlated with the onset of polymyxin B-induced
nephrotoxicity [43]. Polymyxin B elimination
may also occur by biliary excretion since the four
major compounds of polymyxin B (B1, B2, B3
and isoleucine-polymyxin B) were detected in
bile 4 hours after intravenous administration of
3 mg/kg in rats [38]. Polymyxin B concentrations
were similar in muscle, heart, liver and in serum,
but low concentrations were observed in brain
[38]; however, whole tissue homogenate concen-
trations used in this study should be considered
with great caution [34]. Polymyxin distribution
studies in lung are limited and divergent results
were found between this present study in rats

which evaluated lung tissue homogenate concen-
trations [38] and a previous study in mice using
ELF concentrations [12].

Pharmacokinetics of Novel
Polymyxin-Like Compounds
in Animals

7.5

Polymyxin B and colistin are used to treat seri-
ous infections caused by mutlidrug-resistant
Gram-negative bacterial strains. However, both
compounds are nephrotoxic which can restrict
their use [44, 45]. Novel synthetic polymyxin-
like antibiotics (NAB) which are potentially less
toxic have been developed by Bachem AG
(Budendorf, Switzerland) [46]. Among various
compounds, NAB 739 and 740 present an anti-
microbial activity that compares favorably with
that of polymyxin B, although always slightly
lower against most of the stains (Escherichia
coli and Klebiella pneumoniae). Another deriva-
tive, NAB 7061, is not efficient by itself but
demonstrates a strong synergism with clarithro-
mycin and rifampicin [46, 47]. These NAB
compounds present only 3 positive charges at
physiological pH, compared with 5 for poly-
myxin B and colistin. Reducing the number of
charges seems to reduce by a factor 6 to 7 the
affinity of NAB compounds for isolated rat kid-
ney brush border membrane [46] and conse-
quently their potential renal toxicity compared
with polymyxin B and colistin [48, 49]. The
pharmacokinetics of NAB 739 and NAB 7061
was investigated in rats following IV bolus
injection at a dose of 1 mg/kg [50]. The mean
half-lives of NAB 739 and 7061 (respectively
69.0 £21.9 and 66.2 + 12.3 min) were close to
that of colistin (74.6 = 13.2 min) [13] or poly-
myxin B (87.6 =23.4 min for polymyxin B1 and
79.8 + 16.2 min for a polymyxin B2 and B3
mixture) [37]. The estimated volume of distri-
bution of NAB 739 (222 + 20.5 mL/kg) was
slightly lower than that of NAB 7061
(339 £ 96 mL/kg), colistin (496 + 60 mL/kg)
[13] or polymyxin B (close to 800 mL/kg) [37].
Total clearance of NAB 739 (2.63 + 0.54 mL/
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min/kg) was also lower than for other polymyx-
ins (5.22 = 0.4 mL/min/kg for colistin and
between 6.5 and 7 mL/min/kg for polymyxin
B). Although higher than those of colistin or
polymyxin B, urinary recoveries were still rela-
tively low with about 20% of the dose recovered
in urine for NAB 739 and 7% for NAB 7061,
with corresponding renal clearances estimated
at 0.53 = 0.30 mL/min/kg and 0.28 £ 0.16 mL/
min/kg. These renal clearance values are
approximately 30-50 times higher than those of
colistin or polymyxin B which in fact consti-
tutes the major pharmacokinetic specificity of
these NAB compounds.

7.6  Conclusions

Although polymyxin antibiotics have been com-
mercialized more than 50 years ago, reliable PK
studies based on chromatographic assays have
only been conducted recently. As a consequence,
polymyxin PK has been investigated almost
simultaneously in animals and humans. This is a
rather unusual situation since traditionally ani-
mal studies are called pre-clinical studies as
they are conducted first and provide valuable
information before conducting studies in
humans. As a result of research conducted over
the last decade or so important data concerning
the effect of CMS dose, brand or route of admin-
istration on colistin PK, have been obtained in
animals. Other important questions such as non-
renal elimination mechanisms remain to be
addressed in animals. PB-PK approaches that
could be of potential value to predict the effect
of infection and of major pathophysiological
alterations observed in critically ill patients on
polymyxin disposition will be developed and
validated in humans before being extrapolated
to patients. Last but not least, because of the
absence of major between-species differences in
polymyxin PK, animal models of infection may

be used to better characterize polymyxin PK-PD
administered alone or in combination, which
remains a major issue to improve treatment effi-
cacy, reduce toxicity and delay mutant
selection.
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