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ABSTRACT

Purpose The objective was the development of a whole-body
physiologically-based pharmacokinetic (WB-PBPK) model for
colistin, and its prodrug colisimethate sodium (CMS), in pigs
to explore their tissue distribution, especially in kidneys.
Methods Plasma and tissue concentrations of CMS and colistin
were measured after systemic administrations of different dosing
regimens of CMS in pigs. The WB-PBPK model was developed
based on these data according to a non-linear mixed effect ap-
proach and using NONMEM software. A detailed sub-model
was implemented for kidneys to handle the complex disposition
of CMS and colistin within this organ.

Results 'The WB-PBPK model well captured the kinetic profiles
of CMS and colistin in plasma. In kidneys, an accumulation and
slow elimination of colistin were observed and well described by
the model. Kidneys seemed to have a major role in the elimina-
tion processes, through tubular secretion of CMS and intracellu-
lar degradation of colistin. Lastly, to illustrate the usefulness of the
PBPK model, an estimation of the withdrawal periods after vet-
erinary use of CMS in pigs was made.

Conclusions The WB-PBPK model gives an insight into the
renal distribution and elimination of CMS and colistin in pigs;
it may be further developed to explore the colistin induced-
nephrotoxicity in humans.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/5 1 1095-018-2379-4) contains supplementary
material, which is available to authorized users.
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ABBREVIATIONS

ADME Absorption, distribution, metabolism, excretion
BLOQ Below the limit of quantification

BW Body weight

CBA Colistin base activity

CMS Colistimethate sodium

DV Observed value

fu Unbound fraction

GFR Glomerular filtration rate

GIT Gastro-intestinal tract

HPLC-MS/  High-performance liquid chromatography
MS coupled with tandem mass spectrometry
1\ Interindividual variability

M Intramuscular

IPRED Individual prediction

% Intravenous

LOQ Limit of quantification

MRL Maximal residue limits

NLME Nonlinear mixed effects

OFrV Objective function value

PBPK Physiologically-based pharmacokinetic
PK Pharmacokinetics

PRED Population prediction

RV Residual variability

SIR Sampling importance resampling

t| R Half-life

VPC Visual predictive checks

WB-PBPK  Whole body physiologically-based pharmacokinetic
WP Withdrawal period
INTRODUCTION

Colistin is an old peptide antibiotic from the polymyxin family
that is used in human and veterinary medicines. In food
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producing animals, colistin is widely used as colistin sulphate
to treat bacterial digestive infections. The use of its pro-drug,
the colistimethate sodium (CMS), is the most frequent in hu-
man medicine but CMS can also be found as animal treat-
ment. In human, in many cases colistin has become the last
resort antibiotic against multi-resistant bacteria (1). Colistin is
the active moiety and is formed from CMS hydrolysis within
the body (2). CMS is a mixture of methanesulfonated mole-
cules, which are hydrolysed in colistin by loss of
methanesulfonate groups (3). The structures of colistin and
CMS are responsible for their complex absorption, distribu-
tion, metabolism, and excretion (ADME), which depend on
poorly described biological mechanisms (see below). Because
of the renewed interest for colistin, clarifying this complexity is
nevertheless essential in order to improve dosing adjustments
and to avoid toxic effects (4).

Colistin and CMS have a high molecular weight (1167 g/
mol and 1632 g/mol, respectively) and are ionized (cationic
and anionic, respectively) at physiological pH (5), implying a
weak passage of cellular membranes and physiological bar-
riers. Hence, their distributions are supposed to be mainly
within the extracellular spaces (6). According to few studies
in animals, colistin is also suspected to bind to tissues (7,8).
Concerning elimination mechanisms, CMS is partially excret-
ed unchanged in urine, as seen in healthy humans and rats
(2,6). Conversely, colistin excretion in urine is very low due to
a major tubular reabsorption after glomerular filtration (2),
and colistin tends to accumulate in kidney tissue (9,10).
Specifically, colistin mainly accumulates within cells of the
proximal tubules (11), where this extensive reabsorption takes
place (12,13). This is an active process for which carrier-
mediated uptakes involving different renal transporters, like
PEPT2 (14) or megalin (10), have been identified.
Moreover, an accumulation of polymyxins in intracellular or-
ganelles (like mitochondria and endoplasmic reticulum) has
been shown (12) which could be linked to cellular death-
pathways (15) and nephrotoxic effects (15,16). Colistin metab-
olism has not been described, but considering its peptidic
structure it probably involves hydrolysis mechanisms (1).

Thus, the disposition of CMS and colistin within kidneys is
not fully understood but has great implication in clinical prac-
tice, due to the dose-limiting nephrotoxicity. Classical phar-
macokinetic approaches could be used to describe plasma
profiles of both compounds but are inefficient to handle tissue
concentrations. Moreover, it is quite difficult to collect exper-
imental data in humans, especially in tissues, for obvious eth-
ical reasons. Physiologically-based pharmacokinetics (PBPK)
modelling, based on animal experiments, is a pertinent ap-
proach for this task. In addition to their ability to describe
tissue distributions, these models are useful to perform some
extrapolations from animals to human (17). A previous whole-
body PBPK (WB-PBPK) model has been developed for CMS

and colistin from rat experiments (18). However, several
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assumptions were made, especially for the renal/urinary dis-
tribution of CMS and colistin, without experimental data in
tissue to support them. One advantage of this PBPK model
was the use of a non-linear mixed effect (NLME) modelling
approach (19) in order to handle inter-individual variabilities.
Here, we refined this WB-PBPK model using numerous ex-
perimental plasma, urinary and tissue data from pigs, with a
special focus on kidney exposure to colistin. Pigs were chosen
for their physiological proximity to human (20), facilitating
future inter-specie extrapolations.

The description of colistin pharmacokinetics in whole body
1s also interesting in the veterinary field. Indeed, for food safety
concern, maximal residue limits (MRL) for colistin have been
defined in edible tissues originating from food producing an-
imals (21), e.g. pigs. These MRLs ensure that consumers can
eat products from animals treated with colistin, without risk
for their health. Therefore, a period is necessary between the
last administration and the production of foodstuffs in order
that colistin concentrations decrease below the MRL. This
time is regulatory defined as the withdrawal period (WP).
Linear regression based-methods are traditionally used to es-
timate the WP (22). However, the development of population
PBPK modelling for this purpose in on going, due to their
ability to predict tissue concentrations (23).

The aim of this study was first the development of a
population PBPK model in pigs for colistin and its
prodrug, CMS, using a NMLE approach with a focus on
the renal disposition of both compounds. As an application
of this PBPK model, its predictive ability to describe plas-
ma and tissue concentrations was then used for estimating
withdrawal period of colistin in pigs, highlighting one of
the advantages of this modelling approach.

MATERIALS AND METHODS
Chemicals

CMS (Colymicine 1 MIU; Sanofi Aventis, Paris, France)
was used for all experiments. It was freshly reconstituted
in 0.9% NaCl prior to each administration. To avoid any
spontaneous hydrolysis of CMS into colistin, reconstituted
CMS solutions were kept at +4°C and administered with-
in the first hour after reconstitution.

Animals

Forty-six (46) crossbred female swine (Duroc X Landrace X
Large white) were purchased from INRA (Le Rheu, France)
with no history of polymyxin treatments. The animals were
housed in collective pens and acclimatized for one week under
standard farming conditions before the experiments. They
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were between 12 and 14 weeks old with a body weight (BW)
ranging from 45 to 55 kg at the beginning of the experiments.

Then pigs were housed by groups of two for those receiving
repeated intramuscular (IM) administrations. Pigs carrying a
venous catheter were kept alone in metabolism cages for a
maximum of 4 days.

Animal killing was performed with electronarcosis, that
induced instantaneous insensibility, following by bleeding
with aorta section.

All experiments were conducted in accordance with the local
ethical comity and were registered under the references 2905—
2015112717486085 and 6528-201608251410563.

In Vivo Experiments
Catheter Implantation

For pigs receiving at least one intravenous (IV) administration
of CMS, central venous catheters were implanted. These an-
imals were firstly sedated with an IM injection of ketamine at
20 mg/kg (Imalgene, Mérial, Lyon, France) and xylazine at
2 mg/kg (Rompun, Bayer, Loos, France). Then, they were
intubated and kept anesthetized by inhalation with isoflurane
2.5% (IsoFlo, Zoetis, Malakofl, France) during all the surgical
procedure. An incision was performed on the neck under local
anaesthesia with xylocaine (Xylovet, CEVA, Libourne,
France). After dilaceration of superficial tissues and muscles,
two catheters were implanted in the jugular vein, one for drug
administration and one for blood sampling. After surgery, pigs
rested 48 h alone in their box. Then, they were housed sepa-
rately in metabolism cage in order to facilitate drug adminis-
tration and blood/urine sampling.

Sampling

Blood sampling: for pigs harbouring a venous catheter,
1.5 mL of blood was taken at each sample. Catheter
was then flushed with heparinised saline solution. Pigs
without catheter were restrained by an operator using a
snout rope while a second one was sampling blood with a
vacuum tube from the external jugular vein. Immediately
after sampling, plasma was chilled on ice bath, then sep-
arated by centrifugation (3000 g) at 4°C and kept in poly-
propylene tubes at —80°C: until assay.

Urine sampling: spontaneous urination was gathered only
from animals kept in metabolism cage; volume of urine
was measured and then a 20 mL-sample was kept in
polypropylene tubes at —80°C until assay.

Tissue sampling. each organ (except muscles, fat and skin)
was entirely collected after killing, weighted and its vol-
ume measured by water displacement. A sample was tak-
en from the area of the left gluteal muscle (including skin)
for skin and muscles analysis. A piece of abdominal fat

was taken for the adipose analysis. Then, tissues were cut
into small pieces, rinsed with saline solution, put into
polypropylene tubes and kept at —80°C until assay.
Tissues were chilled within the first 30-min following
the euthanasia of pigs. The possible hydrolysis of CMS
during that period, and its impact on the estimations of
partition coefficients (see experiment n°3 below), were
considered as negligible.

Experimental Setup for PBPK Model Calibration

Different dosing regimens (doses and route of administration)
of CMS were administered for model calibration (a brief
description is given in Table I). Some pigs were used for sev-
eral experiments (n°l, 2 and 3, see below): in that case the
potential residual concentrations from previous administra-
tions were considered for modelling.

Experiment N°1/ Plasma and kidney PK after a single IV admin-
wtration (10 pigs): a 1-h constant IV infusion of CMS at
125,000 Ul/kg of BW (corresponding to 3.75 mg/kg
CBA or 10 mg/kg of CMS base (24)) was administered
via the central catheter. Blood samples (n =12 per pig)
were taken from 0.5 h to 32 h after the start of CMS
administration. Urine samples were collected over two
intervals (0-8 h and 8-24 h after CMS administration)
for 6 pigs, and for the remaining 4 animals between 6
and 9 successive urine samples were collected depending
on technician availability. Four pigs were sacrificed at
32 h and their kidneys were immediately removed and
processed as described in sampling section.

Experiment N°2/ Plasma PK afier a single IM administration (6
pigs): GMS solution (125,000 Ul/kg of BW) was admin-
istered as two injections of about 10 mL into gluteal mus-
cle of each side. Blood samples (n = 12 per pig) were taken
from 0.25 h to 24 h after the injection.

Experiment N°3/ Tissue partition coefficients (6 pigs): A dosing
regimen was elaborated to achieve steady state of CMS
and colistin in order to estimate the tissue to plasma par-
tition coeflicients (Kp): pigs were firstly infused during 1 h
with a loading dose of CMS at 75,000 Ul/kg; then a
break of 1.5 h was done to get sufficient  vivo hydrolysis
of CMS into colistin; finally, 50,000 Ul/kg of CMS was
administered as a 4 h-infusion. Blood samples were taken
during the 4 h-infusion to assess steady-state in plasma; at
the end of the infusion pigs were sacrificed and their
blood, lungs, brain, heart, abdominal fat, skin, gluteal
muscle, duodenum, liver and kidneys were immediately
removed and processed as described in sampling section.
Experiment N°4/ Plasma and kidney PK during and afier repeated
IM admuwnistrations (15 pigs): repeated CMS administrations
were performed to study colistin renal accumulation. Pigs
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Table I  Summary of Pharmacokinetic Experimental Studies of CMS and Colistin in Swine Used for Calibration and Validation of the PBPK Model
Modelling N° of Route Dose of CMS (Ulkg) Number Number Numbers of samples per
purpose experiment of pigs of doses pig (min-max)
Calibration I Y 125,000 (1 h-infusion) 10 I Blood: 12
Urine: (2-9)
Kidneys: |
M 125,000 I Blood: 12
Y 75,000 during | h; 1.5 h without I Blood: (1-4)
administration; 50,000 during 4 h All organs: |
4 M 50,000 (divided in two administrations I5 7 maximum Blood: (1-4)
per day) (i.e. 14 injections) Kidneys: |
Validation 5 M 50,000 (divided in two administrations 20 3 Blood: |
per day) (i.e. 6 injections) Kidneys, fat, skin, liver, muscles: |

The abbreviations for the route: IM: intramuscular injection; IV: intravenous injection. Some pigs were used in different experiments (n°l, 2 and 3) in model

calibration

were randomly divided into 5 groups of 3 individuals.
They received two IM injections of CMS per day at
25,000 Ul/kg with a day-delay of 9 h (and 15 h during
night). One group received 2 administrations (1 day) and
were slaughtered 15 h after last injection; one group re-
ceived 6 administrations (3 days) and were slaughtered
15 h after last injection; last 3 groups received 14 admin-
istrations (7 days) and were sequentially slaughtered at 15,
39 and 63 h after last injection. IM administrations were
given on the neck and on top of gluteal muscles with a side
alternation at each injection. Blood samples were taken
during the treatment period in a sparse sampling way
(between 1 and 3 per pig), each animal being sampled
every 48 h at most. At sacrifice, blood and kidneys were
collected and processed as described in sampling section.

Experimental Setup for Model Validation

Experiment N°5/ Tissue and plasma PK after IM injections of
CMS following the recommended veterinary dose (20 pigs):
repeated CMS administrations were performed over
3 days with two IM injections per day at 25,000 Ul/kg
with a day-delay of 9 h (and 15 h during night). Then,
pigs were sacrificed by groups of 4 at 1 h, 3h, 5.5h, 7.5 h,
15 h after last administration and their blood and fat,
muscles, kidney, liver, skin (edible tissues) were collected
as described above.

Determination of the Unbound Fraction (fu) of CMS
in Plasma

The plasma fu of colistin in pigs (40%) was obtained from the
literature (25). As no value was retrieved for CMS in the
literature, we determined fu cazs by ultrafiltration. Briefly,
CMS was added to blank plasma from pig at a theoretical
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concentration of 5 pg/mL and 0.5 pg/mL, then ultra-
filtrated through a cellulose-membrane (Centrifree, Merck,
Alsace, France) by centrifugation (3000 g) at 37°C during
30 min. A similar experiment was performed in buffer instead
of plasma in order to take into account the loss due to CMS
hydrolysis at 37°C in plasma (3), and the potential non-specific
binding of CMS to the lab material (5). All filtrates were kept
at —20°C before assay (less than 1 week). All these experiments
were realized in triplicates.

Analytical Methods

Plasma and urinary CMS and colistin concentrations
were assayed with a validated high performance liquid
chromatography tandem mass spectrometry (HPLC-MS/
MS) method using polymyxin B as internal standard, as
described elsewhere (26). With this analytical method,
CMS determination is achieved in an indirect way: a sep-
arate aliquot of each sample was pre-treated with
sulphuric acid at 0.5 M (for 1 h at room temperature) to
hydrolyse CMS to colistin and the concentration of CMS
was then determined by difference between the concen-
trations measured before and after the acid hydrolysis,
accounting for the differences in molecular weights of
CMS and colistin.

For tissues, this method was adapted. Briefly, stan-
dards and quality controls were prepared from blank
tissues. A sample of 100 mg for each organ was taken
and 980 pL of blank plasma was added before homog-
enization with T-18 Ultra-Turrax homogenizer (KA®-
Werke GmbH & Co. KG, Germany). Then 20 uL of
a colistin solution (diluted in a 50/50 mix plasma/water)
was added to obtain standard curves. After vortexing
and centrifugation (4000 rpm for 10 min), supernatants
were assayed as described for plasma (26). For samples,
the same procedure was realized but 20 pL of a 50/50
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mix plasma/water solution was added instead of 20 pL
of colistin solution. Calibration range of colistin was
from 0.020 pg/mL to 10 pg/mL in plasma and 0.2 to
100 ng/g In tissues; the concentrations of quality con-
trols were at 0.16, 0.63 and 3.80 pg/mL in plasma and
0.5,5 and 75 pg/g in tissues; the limit of quantification
were 0.02 pg/mL for colistin in plasma; 0.2 pg/g for
colistin in all tissues. For CMS, the LOQ was
0.15 pg/mL in plasma and 1 pug/g in tissues.

For the assay in kidney, the intracellular localization of
colistin made imprecise the discrimination between colistin
and CMS concentrations. Indeed, the lysis of cells occurred
both during the crushing phase and the acidic phase used for
CMS determination. Therefore, the concentrations measured
in kidneys corresponded to the sum of CMS and colistin,
expressed as colistin.

Development of the PBPK Model
Model Structure

The PBPK model was based on a previous published
model developed from rats, using plasma and various tis-
sue concentrations (18). It 1s composed of 9 compartments
corresponding to the main body organs (lungs, heart, liv-
er, fat, skin, gastro-intestinal tract, brain, muscles, and
kidneys), two blood compartments (arterial and venous)

a M

IM depot

N

v

and one excretion compartment (urine) (Fig. la).
Remaining body was lumped into a compartment named
“rest of body”. Volumes of compartments and blood flows
were fixed to physiological values reported in the litera-
ture (25,27-42). These values depended on individual
bodyweights and cardiac output (which also depends on
bodyweight), respectively (Table II). The cardiac output
was corrected by the haematocrit to get the total plasma
flow. Because molecular weights of CMS and colistin are
small with respect to passage across endothelial walls, it
was expected that distribution within extracellular fluid
was rapid (6) and a perfusion limited model was assumed
for all organs except kidneys in which active intra-cellular
transport occurs (see below).

Drug distribution in each tissue compartment (except kid-
ney and bladder) was upon the dependency of Kps. CMS and
colistin Kps were determined at the end of the perfusion
established to reach the steady state for both drugs (experi-
ment n°3) as follows (Eq. 1):

_ ?ZZJ_SS (1)
Cpl(lLSS

where £ is the partition coeflicient of the tissue, Ctis_gg 1s the

concentration measured at steady-state in the overall tissue, 1.c.

containing both extracellular and intracellular spaces; Cplas s

is the plasma concentration of CMS or colistin at steady-state.
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Fig. I A global diagram of the physiologically based pharmacokinetic (PBPK) model of CMS and colistin in swine. The whole body PBPK model is described (a),
as well as the detailed mechanism in a generic tissue (except kidneys) (b), of the IM route (c) and of the deep compartments (d). During model development,
supplementary components were added in the final model and are represented in blue (see Results). Kidney sub-compartments and urine are detailed in Fig. 2. All
estimated parameters (in italic) are detailed in Table IV Vtissue: tissue volume; Qtissue: blood flow; Kp_tissue: partition coefficient; IV: intravenous dose; IM:

intramuscular dose.
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Table Il Physiological and Chemical-Specific Parameters for PBPK Model

Compartments Volume (fraction of BW) References Blood flow (fraction of CO) References
Arterial blood 0.027 (28,41) | -
Venous blood 0.053 (28,41) \ -

Lung 0.027 (35 \ -

Brain 0.0034 (31,39,41) 0.020 (39,40)
Heart 0.0062 (31,41 0.037 (29,30)
Muscles 0.38 (31,40) 0.20 (34,40,41)
Skin 0.077 (31,41 0.050 (37)
Adipose 0.18 (31,41 0.17 (34,40)
GIT 0.062 (31,39,40) 0.22 (3839)
Liver 0.027 (31,3941 Hepatic artery + GIT blood flow: 0.27 (34,38,39)
Kidneys 0.0048 (31,41 0.13 (38-40)
Vascular 0.067 * (27,29) - -
Extravascular 0.12° (30) - -
Tubular lumen 0.20*° (36) - -
Intracellular 0.613*¢ - -
Bladder 0.010° - - -

Rest of Body 0.14¢ - 0.12° -
TOTAL / - I -
Other parameters (units) Value References

Cardiac output? (L/h/kg) 8.5 (27,39,40)

Haematocrit 0.40 (42)

GFR (Lh/kg) 0.074 (32,33)

Urinary flow (L/h/kg) 0.0022 Experimental data

Tubular flow (L/h/kg) 67% of GFR (36)

Colistin partition coefficient (Kp) Mean value +/— SD (unitless) References

Lung 0.73 =031 Experimental data

Brain 0.71 =037

Heart 029+0.14

Muscles 0.10 £0.029

Skin 043 «0.17

Adipose 025=+0.11

GIT 041 =0.17

Liver 052026

Kidneys NC -

Rest of body 0.40 Fixed to the mean of others Kps

Unbound fraction CMS 0.37 Experimental data (see Table IIl)

Unbound fraction colistin 0.40 (25)

NC: not concerned; GFR: glomerular filtration rate; GIT: gastro-intestinal tract

? defined as fraction of kidney volume

®fixed to human value

€ calculated by subtracting all fractions of the 3 other sub-compartments

9 arbitrary fixed

¢ calculated by subtracting all fractions of the other organs

" calculated by subtracting all fractions of the other organs except arteries, veins and lung
& Cardiac output was multiplied by (| — haematocrit) to get the total plasmatic flow

The hydrolysis of CMS into colistin was assumed to take ~ common hydrolysis constant (&, cazs) (Fig. 1b). This assump-

place in every compartment (including plasma), with a  tion was supported by a previous experiment in rats, showing
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no significant differences of the hydrolysis rates between plas-
ma and various tissue homogenates (18). This constant was
estimated during model calibration. Thus, for each tissue an
intrinsic hydrolysis clearance (C1y,q cazs) was expressed as fol-
lows (Eq. 2):

CLiya_cvis = Vtissue K pa_cus (2)

Where V. 1s the volume of the corresponding tissue.

For colistin, the elimination occurs via mechanisms not yet
described. Similar to CMS, an elimination process was de-
fined based on a constant (K, coz;) common to all the organs
(Fig. 1b) and estimated during model calibration. The intrinsic
degradation clearance (CLgyq cors) was defined as (Eq. 3):

CLug_corr = Viissue-K aeg_corr (3)

Where V. 1s the volume of the corresponding tissue.
Kidneys were divided into sub-compartments (Fig. 2) due
to the particular distribution/elimination pathways of poly-
myxins within this organ. Renal vascular, extra-vascular and
tubular intracellular spaces as well as luminal proximal tubu-
lar compartments were defined. CMS was eliminated in kid-
neys either by urine excretion or by hydrolysis into colistin.
The latter one was assumed to take place in every sub-
compartments of the kidney (according to a constant rate
Kyya cas)- Concerning the urine excretion of unchanged
CMS, it was due either to glomerular filtration or potentially
to secretion of CMS from the extra-vascular space to the

tubular lumen (through tubular cells), as outlined for rats in
a previous study (2). Therefore, a glomerular filtration clear-
ance (CLgrr cas) was included in the structure of the base
model, originating from kidney vascular space compartment
and going into the proximal tubules one (43). CLgrr cazs was
calculated as the product of the glomerular filtration rate
(GFR) and the fit_cpzsin plasma (experimentally determined).
The potential secretion of CMS was tested during model
development.

Within kidney, colistin was also eliminated either by urine
excretion or by metabolism (degradation). The urinary excre-
tion corresponded to the colistin filtrated by the glomeruli
(expressed by CLrr cors) that was neither metabolized nor
reabsorbed within the tubules. Indeed, colistin undergoes ma-
jor tubular reabsorption: it was observed that more than 90%
of excreted colistin was reabsorbed in rats (9). Colistin is then
mainly located in proximal tubular cells as shown with i vitro
studies with polymyxins (11-13). Therefore, a reabsorption
clearance of colistin (CL,,, cors) was estimated in the model,
originating from the tubular lumen into the intracellular sub-
compartment. Colistin renal metabolism was assumed to take
place in every sub-compartment (at constant rate correspond-
ing to Ky, cory)- Due to the lack of data and the kidney phys-
iology that is close between human and pig (20), the flow in the
proximal tubule (Qtub) was fixed to the human value, i.e.
about 67% of GFR (44). Bladder compartment was used as
a transitory compartment receiving urine from tubular lumen
and evacuating it, with an exit flow (Quri) determined in pigs

Urine Quri Bladder
colistin  CMS .
colistin CcMS
Qrus
Kidney Tubular lumen
compartment K,
colistin <222 v
Kdeg,cal.!
" CLGFR_cMs
CLyeabs_coLll CLsec cus CLGFR_coLt
Intra-cellular
PR, D Vascular
Binding colistin «-2%-M5 cms o Qkip
o colistin (ZP¥4MS s
colistin
............................. " Kaeg cour
»" Kaeg_coLt
'
CL
sec-cms Qkip — CLgFr_cMs
Extra-vascular Qi — Clarr_cout
Qkip X
colistin (2S5 cms
‘ Kaeg_coLt

Fig.2 Schematic representation of the renal sub-compartments in the PBPK model of CMS and colistin in swine. All estimated parameters (in italic) are detailed
in Table IV. During model development, supplementary components were added in the final model and are represented in blue (see Results). Qg p: renal blood
flow; Qug: urinary flow; Qrug: tubular flow; Clarr cms/Clarr_cou: filtration clearance of CMS and colistin.
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kept in metabolism cage. This compartment was not consid-
ered as a vascularized tissue (no distribution).

For IM administrations, a compartment of depot was added
(45). Two absorption rate constants originating from this depot
compartment to the venous one were estimated, one for CMS
(K cars) and one for colistin (Ks cory). Intrinsic hydrolysis of
CMS and elimination of colistin were supposed to occur in this
compartment such as in all other compartments (Fig. 1c).

The control file describing the PBPK model is presented in
the supplementary files.

Model Cdlibration and Modelling Method

A NLME modelling approach was used for the estimation of
unknown parameters, inter-individual variabilities (ITV) and re-
sidual variabilities (RV) (19). Model structure was modified if
needed and model selection was based on the physiological plau-
sibility (as described above) and a parsimonious approach. A
decrease of the objective function value (OFV) of more than
3.84, corresponding to a 5% significance level, was considered
as a significant improvement in model fit. The sampling impor-
tance resampling (SIR) method (46) was used to obtain the 95%
confidence intervals (IC 95%) of the parameter estimates (5 iter-
ations with 1000, 1000, 1000, 2000, 2000 samples and 200, 400,
500, 1000, 1000 resamples for each).

For IIV, a log-normal distribution of parameters was as-
sumed. ITV was firstly estimated for each parameter separately
and retained only if a significant decrease in OFV was observed
without adding uncertainties in the estimation of fixed effects
(forward selection process). In a second step, all IIV parameters
for which the p-value was <0.05 in the univariate analysis were
included in the model, and a stepwise backward selection was
then performed, with a threshold of p-value of <0.05. For RV,
additive and proportional error structure models were tested.
Furthermore, for CMS and colistin concentrations determined
in the same sample (see details of the analytical method), the L2
data item method was used in order to estimate potential cor-
relation between their RV (47). The M3 method was used to
handle data below the LOQ (BLOQ) (48).

The calibration step was performed with all experimental
data described in section “Experimental setup for model
calibration” and summarized in Table I. Concentrations were
log-transformed before modelling. For urine data, CMS and
colistin could not be discriminated due to the spontaneous hy-
drolysis of CMS into colistin after excretion (2,6). Thus, all ob-
served concentrations were converted as CMS quantities (thanks
to molecular ratio and measured urine volume) and pooled.
Accordingly, urinary CMS and colistin model predictions were
also pooled. Predictions in kidney corresponded to the amount of
colistin and CMS 1n the different kidney sub-compartments
(vascular, extra-vascular, intracellular and tubular lumen) divid-
ed by the sum of their respective volumes. Moreover, colistin and
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CMS concentrations in kidney were pooled for the analysis (cf.
analytical methods).

The determination of CMS and colistin half-lives in plasma
and kidneys was done by graphical identification of the different
phases of decrease for predicted concentrations in log-scale, and
then by calculating the time required for the typical concentra-
tions to decrease by 50% in each phase. Total clearances of each
compound were calculated as the dose of CMS, or as the total
formed quantity of colistin, divided by the area under the curve
of the plasma CMS, or colistin concentration, respectively. The
renal clearances (CLg) in this study accounted for the removal of
compounds in kidney by different routes, 1.e. secretion/excretion
processes and hydrolysis of CMS or degradation of colistin.
Thus, they were defined as the product of renal extraction ratio
by the renal flow (Qyy):

(CM_CZMJH) 0 ()

CLp =

With (,,;: arterial concentration of CMS or colistin; Gy yu:
concentrations of CMS or colistin in renal vascular
compartment.

Model Evaluation

The performances of the PBPK model were tested in a 2-step
approach. An internal validation was firstly done based on
graphical and statistical criteria. Goodness-of-fit was assessed
by plotting observed (DV) versus individual predictions
(IPRED) and population predictions (PRED). Then Visual
Predictive Checks (VPC) were generated, stratified by exper-
imental designs and organs, with 1000 simulated replicates
from the calibration dataset (Experiments n°l to n°4, see
Table I). The 5th and 95th percentile of the model predictions
were plotted to check if 90% of the experimental data were
included within this interval.

Then, an external validation was done with the independent
dataset that was not used for calibration (Experiment n°3). This
experiment followed the recommended veteriarian CMS doses.
All parameters estimated during model calibration (fixed and
random effects) were fixed. No RV was estimated for concentra-
tions 1n tissues (except kidneys) during calibration because these
tissue data were only used to determine the CMS and colistin
Kps. Therefore, a common RV value between those estimated
in plasma and kidney was chosen for the predictions of colistin
concentrations in all other tissues. Concentrations of CMS and
colistin within each organ were simulated with the final model
and the predictive ability of the PBPK model was assessed by
visualizing the distribution of the validation dataset within the
90% prediction intervals (10% of the data expected to be outside
the interval). Only compartments involved in withdrawal period
calculations (fat, skin, muscles, liver and kidney) and plasma were
analysed.
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A local sensitivity analysis was performed on the estimated
structural parameters to assess their influence (associated to po-
tential uncertainties) on model predictions. This analysis was per-
formed only for kidney predictions, which was the main tissue of
interest. The sensitivity analysis consisted in a = 10% perturba-
tion of each parameter estimate, all other parameters estimate
being unchanged. The output considered for sensitivity was the
time when the median model prediction for concentration in
kidney felt below its MRL (0.20 pg/g).

Model Application: Withdrawal Period Estimation

To estimate withdrawal period, we generated a 98% prediction
mterval (.e. 99% unilateral) (49) from 1000 simulations of the
individual predicted profiles (without RV) of virtual pigs of 50 kg
receiving the dosing scheme of CMS used in veterinary medi-
cine. Then, the same approach was done with a virtual pig of
100 kg (which is close to the real slaughter weight). These simu-
lations were performed with all structural parameters and their
IV (if present) estimated with the final model. Times for which
the upper prediction limit felt below the MRL for each tissue
intended for human consumption were determined. Then, the
highest time from all of them was chosen as the final withdrawal
period.

Software

The modelling was performed using NONMEM 7.4 (ICON
Development Solutions, Ellicott City, Maryland, USA) with the
first order conditional estimation method including eta-epsilon
mteraction (FOCE-I) and ADVAN 14. Perl speaks NONMEM
(50) and Pirana (51) were used in order to facilitate the modelling
work. All graphs were done using R software (version 3.4.1,
www.R-project.org).

RESULTS
Unbound Fraction of CMS in Plasma

We experimentally determined the fu ¢y by ultra-filtration at
37°C (Table III). About 28% of CMS was lost in buffer

solution due to the CMS hydrolysis and to the non-specific
binding to the tube. The measurement of colistin concentra-
tions in the buffer samples at 37°C indicated that less than 6%
of CMS was hydrolysed into colistin after 30 min (data not
shown). Moreover, we had previously estimated in human and
rat plasma samples spiked with CMS and kept for 30 min at
37°C, that about 8% of CMS was converted into colistin (in-
house data). Therefore, the hydrolysis of CMS in plasma and
buffer were quite low over the period of this experiment
(30 min) and could be considered as negligible. Overall, by
neglecting the degradation of CMS into colistin and assuming
that the non-specific binding was similar during the ultrafil-
tration experiments in plasma and buffer, the average
JSu_cars was estimated to be 37 + 3% in pigs.

Model Structure and Calibration

The structure of the base model was developed in order to fit the
experimental data. Colistin Kps were calculated as the ratios of
concentrations measured at steady-state in tissue and plasma.
However, for muscles, 3 concentrations over 6 were below the
LOQ and were fixed at LOQ/2 for calculations of Kps. Results
for Kps of colistin are reported in Table II. Concerning Kps of
CMS, about 80% of tissue concentrations (except kidney) were
under the LOQ) (1 pg/g of tissue) at steady-state. Therefore,
these Kps could not be measured experimentally and were esti-
mated by the model (M3 method for data below the LOQ).
However, estimation of one specific Kp for each organ was im-
possible and a Kp of CMS common for all tissues (A, cas) as
well as a common RV value for CMS concentrations in tissues
were estimated (except for kidneys).

One additional compartment was added to each vascular
compartment (arteries and veins) in order to fully describe the
plasma colistin kinetic profile. These two compartments, referred
as “deep compartments”, were volume-less and with two differ-
ent estimated transfer constants (KDEE[LCOL[ and KDEEPfO[ TT COL J)
(Fig. 1d).

Structural modifications were needed for the kidney sub-
model (permeability-limited model). Due to the protein binding
of CMS, a secretion clearance of CMS (CL,, ) from the
extra-vascular compartment towards the tubular lumen
through the intracellular compartment was added to explain

Table Il Results of Experiments for the Determination of Plasmatic Unbound Fraction of CMS In Pigs (n = 3)
Theoretical CMS concentration Media Measured CMS concentration CMS concentration in Fraction of loss Unbound fraction
in parent solution (ug/mL) in parent solution (ug/mL) ultratfittrate (ug/mL)
Phosphate buffer 6.3 45+05 28% NC
Pig plasma 44 12x+0.12 73% 0.38 + 0.04*
0.5 0.49 0.12+0.01 75% 0.36 = 0.02°

NC: not concerned

# Calculated accounting for the loss due to the CMS degradation (hydrolysis) and the non-specific binding to the tube determined in phosphate buffer
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the urinary excretion of CMS (Fig. 2). A rate of degradation of
colistin (A, cory in kidneys different from that in other organs
was estimated but did not improve significantly the fitting.
Non-linear mechanisms for renal elimination of colistin were
also tested, without significant improvement of the fitting. An
intracellular binding compartment (volume less) significantly
improved the fitting (OFV decrease of 20), with two different
estimated “in and out” transfer constants (Kox cors
and Koz cory)- Because CGMS and colistin could not be distin-
guished in urine, the fraction of colistin reabsorbed in proximal
tubules could not be accurately estimated. Therefore, the pro-
portion of colistin reabsorbed (driven by CL,,.;, cors) was esti-
mated from data in human healthy volunteers (6) and fixed at
97.5%.

The parameter estimates of the PBPK model after model
calibration are reported in Table IV. For each structural pa-
rameter, CI 95% were satisfying (the wider interval being for

Table IV CMS and Colistin Parameters Optimised in the PBPK Model

the colistin absorption constant from IM depot, A7 cor)
highlighting the good precisions of the estimates. Overall, un-
certainty for CMS parameters was lower than for colistin
ones. Proportional residual errors were chosen as the best
error models and the highest estimated RV was for kidney
concentrations (57%). Two inter-individual variabilities, one
associated to Ay, corr (26.6%) and the other to CLszc cus
(43.5%), were estimated.

Model Evaluation

Model diagnostics showed acceptable goodness-of-fit plot for the
final model (supplementary material, Fig. S1). The VPCs gener-
ated for the internal validation showed a good agreement be-
tween model median predictions and CMS and colistin concen-
trations measured in plasma, either after one IV of CMS (exper-
iment n°1, Fig. 3a), one IM of CMS (experiment n°2, Fig. 3b) or

Meaning

Parameters (unit) Value [C1 95%] IV [Cl 95%)]
CMS
Krya cms (h™ D) 0.262 -
[0.238-0.290]
Kim cms (h™") 1.78 -
[1.39-2.35]
Kbmix cms (unitless) 0.217 -
- [0.189-0.242]
Clsec ems (Lh™ ) 8.39 0.193 (43.5%) [0.0840-0.403]
[6.53-10.94]
Colistin
Keg cour (h™ h 0.389 0.0737 (26.6%)
[0.334-0.456] [0.0437-0.139]
K cou (h™") 5.99 _
[3.09-13.77]
Koeep cou (h™") 0.187 -
[0.135-0.295]
Koeer our cou (h™") 0.104 -
[0.0670-0.149]
Kon cou (™) 0.0910 -
- [0.0524-0.157]
Kore cou(h™") 0.0145 -
[0.0051-0.0230]
Clyegts cou (L™ h 106 (fixed) -
Residual errors (proportional)
RVyias_cms 0.171 (41%) -
[0.136-0.225]
RVyias_cou 0.166 (41%) -
[0.136-0.205]
Common RV term of CMS  0.0824 -
and colistin in plasma [0.0541-0.116]
RVissue cmis 0.111 (33%) -
- [0.0644-0.192]
RV 0.331 (57%) -
[0.193-0.574]
RVURrNE 0.258 (51%) —
[0.171-0.402]

CMS hydrolysis constant (common for all compartments)
Absorption constant of CMS for intra-muscular route
Kp of CMS compartments (common for all compartments)

Tubular CMS secretion from kidney vascular space to tubular lumen

Colistin non-renal eliminating constant (common for all compartments)
Absorption constant of colistin for intra-muscular route

Transfer constant of colistin from vascular compartments towards
deep compartment

Transfer constant of colistin from deep compartment towards
vascular compartments

“Binding” constant of colistin in kidney intracellular compartments
“Unbinding” constant of colistin in kidney intracellular compartments

Reabsorption of colistin tubular lumen into intracellular compartment

Proportional residual error for plasmatic CMS concentrations
Proportional residual error for plasmatic colistin concentrations
L2 data item method

Proportional residual error for the tissue CMS concentrations
Proportional residual error for kidney total concentrations

Proportional residual error for urinary total concentrations

IIV: inter-individual variability; Cl: confidence interval
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Fig. 3 Visual predictive checks of the PBPK model for CMS and colistin plasma concentrations after one IV (@) and one IM (b) of CMS, used for model calibration.
Plasma data come from experiment n°l for A (125,000 Ul/kg of CMS after IV infusion over | h) and from experiment n°2 for B (125,000 Ul/kg of CMS after IM
injection). Blue dots represent the observed plasma concentrations; the grey areas represent the 90% prediction interval of the model, whereas the black solid
line represents the median; the purple area represents the 95% confidence interval around the median; the horizontal dashed black lines represent the LOQ. In
the smaller panels, blue areas represent the simulation-based 95% confidence intervals for the fraction of model simulated samples below the LOQ (BLOQ) at
each time point, whereas the blue solid line represents the actual observed fraction of BLOQ samples.
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after the dosing regimen implemented to achieve steady-state
(experiment n°3, Fig. 4a). Median predictions of plasma concen-
trations were also reasonably well described after repeated IM
administrations (experiment n°4, Fig. 4b), even if the median
predictions were slightly below the measured peak of plasma
concentrations for both compounds. However, distribution and
elimination phases were well fitted. The wide prediction inter-
vals, though, highlighted that variability could be overestimated.
Overall, data BLOQ) were well predicted by the model as shown
on Ig. 3a, b. For the repeated IM injections, collected data were
sparse so the fractions of data BLOQ) were not presented due to
graphical reasons. However, the only discrepancy was at 9 h just
before the second IM injection because all observed colistin data
were BLOQ) in contrast to the model prediction (Fig. 4b).

Concerning kidney sub-model, cumulative urinary
amounts after one IV administration of CMS were well pre-
dicted by the model (Fig. 5). For concentrations in kidney, the
typical prediction captured well the renal accumulation (Fig.
6¢), but there was a high variability between the different
experiments, with some under-predictions (Fig. 6b) or over-
predictions (Fig. 6a and late points of Fig. 6¢). This variability
was taken into account by the model thanks to the high esti-
mated IIV and RV. However, the large 90% PI suggest that
variability could be overestimated in kidneys.

To assess the PBPK model predictive ability, an external
validation was performed with an independent dataset that
was not used during model calibration. Median plasma con-
centrations of both compounds were quite well fitted by the
model typical predictions (Fig. 7). In kidneys, the elimination
phase was in good match with observed data (Fig. 8) but the
typical prediction under-estimated the maximal concentra-
tions. For other tissue concentrations, most of the observed
data were below the LOQ for CMS and colistin
(Supplementary files, Fig. S2 and S3) and this was well pre-
dicted by the model. However, typical concentrations of CMS
in muscles and of colistin in skin were slightly under-predicted.
Opverall, these results gave good confidence in the PBPK mod-
el predictive ability, even if there was a slight overestimation of
the total variability.

CMS and Colistin Pharmacokinetics in Plasma
and Tissue

After IV and IM injections of CMS, plasma concentrations of
CMS declined quickly and were under the LOQ 8 h post-
administration (Fig. 3a, b). By contrast, colistin plasma con-
centrations declined slower and were still quantifiable more
than 24 h after CMS administration. The estimated half-life
(t19) of CMS was 1.2 h. For colistin, an mnitial (lasting from 0
to 10 h after dosing) half-life of distribution of 1.8 h was cal-
culated, followed by a terminal half-live of 10.5 h. This termi-
nal t; o for colistin was described in the model thanks to the
additional deep compartments. The maximal concentrations
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Fig. 4 Visual Predictive Checks of the PBPK model for CMS and colistin P>
plasma concentrations after a dosing scheme to achieve steady-state (a) and
repeated IM administrations (b) of CMS, used for model calibration. Plasma
data come from experiment n°3 for A (75,000 Ulkg IV during | h; 1.5 h
without administration; 50,000 Ul/kg IV during 4 h) and from experiment n°4
for B (50,000 Ul/kg of CMS divided in two IM injection per day). Blue dots
represent the observed plasma concentrations; the grey areas represent the
90% prediction interval of the model, whereas the black solid line represents
the median; the purple area represents the 95% confidence interval around
the median; the horizontal dashed black lines represent the LOQ. No data
below LOQ (BLOQ) were observed in A. For B, fractions of BLOQ are not
represented due to the sparse sampling but they are discussed in the text.

of colistin were predicted to occur 1 h after the end of the IV
infusion, or 2 h after IM injection. As shown by the median
prediction in Fig. 4a, the plasma steady-state of CMS and
colistin was achieved at the end of experiment n°3 for Kp
determination, thanks to the use of a loading dose of CMS.
Concerning drug elimination, total CMS clearance was esti-
mated to 11.6 L/h for a virtual pig of 50 kg, whose 7.9 L/h
was associated to renal clearance, which included the glomer-
ular filtration, the tubular secretion and the CMS hydrolysis
within kidneys. For colistin, the total clearance was found to
be at 7.4 L/h whereas the renal clearance, which was mostly
due to intracellular metabolism, accounted for 1.5 L/h (see
below).

For tissues other than kidneys, all colistin Kp values
were less than one (Table II) as well as the common esti-
mated Kp for CMS (Table IV). In kidneys, the CMS con-
centrations were predicted to decrease quickly after an ad-
ministration of CMS (Supplementary material, Fig. S4).
Therefore, we can consider that at late time points after
administration there was only colistin remaining in kid-
neys. Residual renal concentrations were still high 31 h
after the single IV injection (7.0 = 3.4 ug/g, Fig. 6a) and
63 h after the last IM injection (5.6 = 1.9 pg/g, Fig. 6¢); the
terminal t;,o of colistin in kidneys was estimated to be
about 38 h. After twice daily IM administrations of CMS
25,000 UlI/kg, colistin concentrations in kidney were 7.0 £
1.3 pg/g after 1 day (2 doses), 14.7 £ 9.9 png/g after 3 days
(6 doses) and 24.6 £5.9 pg/g after 7 days (14 doses) (ex-
periment n°4, Fig. 6¢). The model predicts that steady-
state in kidney should be almost reached after 5 days of
treatment.

The relative disposition of CMS and colistin within the
kidneys as predicted by the PBPK model is presented on
Fig. 9. Typically, 68% of the initial dose is predicted to be
excreted in urine as a mix of CMS and colistin, with 56%
due to the net tubular secretion of CMS and only 12% due
to the glomerular filtration of CMS. In urine, CMS accounted
for more than 99% of the total quantities. Among the fraction
of the CMS dose converted into colistin (32%), only 2% were
converted into the kidney. Colistin extraction ratio in kidney
would be 18%, with glomerular filtration of the unbound
fraction in plasma, almost complete reabsorption (0.2% of
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tion in proximal tubules. Overall, kidneys would account for
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For the other compartments, the evolution of the mass
balance of CMS and colistin after one IV of CMS are repre-
sented in the supplementary materials (Fig. S5).
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Fig. 5 Visual predictive checks of the PBPK model for cumulative urinary quantities concentrations after one IV of CMS, used for model calibration. Urinary data
come from experiment n°l (125,000 Ul/kg of CMS after IV infusion over | h). Blue dots represent the observed plasma concentrations; the grey area represents
the 90% prediction interval of the model, whereas the black solid line represents the median. The purple area represents the 95% confidence interval around the

median.

Model Application: Withdrawal Period Estimation

The withdrawal period was calculated from depletion in kid-
neys because colistin concentrations within this organ
remained the longest above the LMR. The simulation of the
PBPK model gave a WP of 23 days for a virtual pig of 50 kg
(Fig. 10) and 25 days for a virtual pig of 100 kg
(Supplementary material, Fig. S6). The sensitivity analysis re-
vealed that Kon cornRorr corr and Kgy corr were the 3 pa-
rameters that particularly influenced the output, i.e. the time
when the median model prediction of the renal concentration
fell below the MRL. The most influential parameter
was Kopr corr, because 10% variation of its value caused
8% to 9% variation of the output (Table V).

DISCUSSION

A whole body PBPK model was developed for colistin and its
pro-drug, CMS, with a nonlinear mixed effect modelling ap-
proach. This model could reasonably well predict the median
CMS and colistin concentrations in plasma (Fig. 7) and tissues,
especially for kidneys (Fig. 8). For pigs, the PK of CMS in
plasma was monophasic, with a t;,o of 1.2 h, whereas the
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PK of colistin was biphasic, with a distribution t; o of 1.8 h
and a terminal t; 5 of 10.5 h (Fig. 3a, b). These half-lives in
pigs were in good agreement with those in healthy volunteers
(6) except that a monophasic elimination of colistin was de-
scribed. However, this biphasic profile was also observed in
sheep, another large-animal model (52). As colistin is known to
non-specifically bind to biological and non-biological matrix
(7,53,54), deep compartments linked to vascular ones were
implemented in the PBPK model to fit the plasma concentra-
tions of colistin at late time points. These compartments may
reflect either a permeability-limited distribution of colistin in
some organs, e.g. due to a weak intracellular penetration, or a
high affinity binding to some extracellular component (e.g. red
blood cells (53)), thus resulting in a slow release of colistin
towards plasma. However, evidences of these mechanisms
should be sought in experimental studies.

Concerning distribution, plasma unbound fraction of
CMS was determined for the first time in pigs, thanks to
an ultra-filtration method and by taking care of CMS
degradation and potential adsorption to laboratory mate-
rial. This value (37%) was close to that of colistin (40%)
found in literature for pigs (25), highlighting a non-
negligible protein binding. Colistin is known to bind to
a-1-acid glycoprotein (at least for human) due to its



Pharm Res (2018) 35: 92 Page 150f 22 92

(experimentn©1) (experiment n°3)

a 100

e®°% o

1
IIIIII

Renal concentrations (ug/g)
Renal concentrations (ug/g)

L ]
10 —
] 10
i o ]
4 . 4
i . i
1 T T T T T T 1 T T T T T T T
0 5 10 15 20 25 30 35 0 1 2 3 4 5 6 7
Time (h) Time (h)
(o
(experiment n°4)
100 —
10 —

1111

1

Renal concentrations (pg/g)

T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Time (h)
Fig. 6 Visual predictive checks of the PBPK model for total renal concentrations after one IV (), the dosing scheme of infusions for steady-state (b) and repeated
IM administrations (c) of CMS, used for model calibration. Kidney data come from experiment n°! for A (125,000 Ul/kg of CMS after IV infusion over | h); from
experiment n3 for B (75,000 Ul/kg IV during | h; 1.5 h without administration; 50,000 Ul/kg IV during 4 h, those pigs received one I[Vand one IM, 48 hand 24 h
before t = 0 h, respectively) and from experiment n°4 for C (50,000 Ul/kg of CMS divided in two IM injection per day). Blue dots represent the observed plasma
concentrations; the grey areas represent the 90% prediction interval of the model, whereas the black solid line represents the median. The purple area represents
the 95% confidence interval around the median. No data were below the LOQ (0.15 ug/g).
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Fig. 7 VPC of the PBPK model for CMS (a) and colistin (b) plasma concentrations after 3 days of IM administrations of CMS, used for model validation.
Observed data come from an independent experiment (n°5: 50,000 Ul/kg of CMS divided in two IM injection per day during 3 days) that was not used for model
calibration. Blue dots represent the observed plasma concentrations; the grey areas represent the 90% prediction interval of the model, whereas the black solid
line represents the median; the purple area represents the 95% confidence interval around the median; the horizontal dashed black lines represent the LOQs. In
the smaller panels, blue areas represent the simulation-based 95% confidence intervals for the fraction of model-simulated samples below the LOQ (BLOQ) at

each time point, whereas the blue solid line represents the actual observed fraction of BLOQ samples.

cationic properties (56) but the mechanisms of CMS pro-
tein binding have not been investigated yet. Regarding
tissue distribution, all Kp values (experimental ones for
colistin and estimated ones for CMS) were lower than 1.
This result reflected a poor distribution into tissues that
could be in accordance with an extracellular distribution
of CMS and colistin within organs. Our values were in
good agreement with the experimental Kps determined in
rats for colistin (18), suggesting that these values could be
used for inter-species extrapolations.

Concerning the elimination, CMS total clearance was
higher (0.23 L/h/kg) than the colistin one (0.15 L/h/kg) for
a standard pig weighting 50 kg. These results compare
favourably with previous results in pigs (57). By contrast, these
clearances are greater than those reported in healthy volun-
teers for CMS and colistin (0.12 L/h/kg and 0.040 L/h/kg
for a man weighting 73 kg, respectively) (6), which is in con-
tradiction with the classical allometry scaling laws based on
weight (58). Therefore, extrapolation of clearances between
the two species may be challenging.

To our knowledge, this is the first time that an accumula-
tion of colistin in kidneys was quantified over time after re-
peated CMS administrations. Indeed, after a twice-daily IM
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administration of CGMS (50,000 Ul/kg/day) for 7 days, colis-
tin concentrations in kidney were more than 3-fold higher
than after the first administration (Fig. 6¢). This was related
to the long t; o of colistin estimated in this organ (~38 h). A
previous study in rats already attested that the concentrations
of colistin were high in kidney after 7 days of treatment (65.7
fold higher than in plasma), but the renal accumulation was
not investigated over time (59).

To go further into the underlying mechanisms of the renal
disposition of CMS and colistin, we divided the kidney into
physiological sub-compartments (Fig. 2) (43). The unbound
fraction of CMS in plasma, estimated herein, implied a tubular
secretion of CMS because glomerular filtration was insufficient
to explain the amounts measured in urine (Fig. 2). According to
our model, this tubular secretion was the major elimination
pathway for CMS in kidney, 4 to 5-fold higher than glomerular
filtration (Fig. 9). This net tubular secretion of CMS into urine
was already supported by studies in rats (2) and suggested in
humans (60), but as the unbound fraction of CMS in plasma
was unknown, it remained hypothetic. The median proportion
of the initial dose of CMS excreted in urine was predicted to be
68%, in accordance with the 60 to 70% of CMS dose recov-
ered in urine in rats and humans (2,6).
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Fig. 8 VPC of the PBPK model for total renal concentrations after 3 days of IM administrations of CMS. Observed data come from an independent experiment
(n°5: 50,000 Ul/kg of CMS divided in two IM injection per day) that was not used for model calibration. Blue dots represent the observed plasma concentrations;
highlighted with grey are the areas between the 5th and 95th percentiles of model simulations, whereas the black solid line represents the median. No data were
below the LOQ (0.15 ug/g).

Regarding colistin pharmacokinetics in kidneys, the tu-  was fixed to a physiological value estimated from data in
bular reabsorption is known to be career-mediated thanks ~ man (6), due to an identifiability problem. This reabsorp-
to PEPT2 and megalin (10,14). In our model, the clear-  tion explained the colistin accumulation within tubular

ance of reabsorption from the tubular lumen (CLy,q; cor) cells and the very small amount of colistin excreted in

Fig.9 CMS and colistin disposition Tubular lumen CMS colistin
within kidneys as given by the PBPK 100%  100%
model. Each percentage represents o GFR
the fraction of the initial dose b Vascular
(100%) involved in each process. space
fu cmsffu cour: unbound fraction of Glomerular fu_coy - GFR /
CMS/colistin; GFR: glomerular fil- filtration ~18%
tration rate.
ﬂ:bsorption
~18%
> =) Degradation
~18%
Hydrolysis
in:; collystin <tk

Tubular secretion
~56%

/
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URINE
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Fig. 10 Withdrawal period estimation in a 50-kg pig. Model simulation in kidney after 3 consecutive days of CMS IM injections (50,000 Ul/kg of CMS divided in
two injections per day) for 1000 virtual pigs of 50 kg. The grey area includes the Ist and 99th percentiles of model simulations, whereas the black solid line
represents the median; the horizontal dashed black line represents the kidney MRL for colistin (0.20 ug/g). WP: withdrawal period, rounded to the next whole

day.

urine. Colistin might also undergo a tubular secretion, as
for CMS, but because of the predominant reabsorption,
this was not identifiable by our model.

Several hypotheses were considered in the model to de-
scribe the colistin accumulation in kidneys and its slow
elimination in this organ. For instance, we tried to estimate

a different colistin intrinsic constant of elimination
(R cor) in kidney, or to estimate a release of colistin from
the kidneys towards the systemic circulation. However,
these hypotheses did not improve the fitting or parameters
were not identifiable. Moreover, the latter assumption, be-
sides the modelling results, was also in contradiction with

Table V Results of the Local

Sensitivity Analysis Estimated parameters

Impact of a 4+ 10% in value on output®
(in % of variation)

Impact of a — 10% in value on output®
(in % of variation)

CMS
Kiya cms 1.09
Kim_cms 0.22
Kb v 0.54
Clace oms 0.54

Colistin
Kaeg_coul 4.59
Kim cour <0l
Koeer cous < 0.1
Koeer our cou < 0.1
Kon_cou 2.95
Kore cour 8.29
Clreass cou < 0.1

0.67
0.40
0.44
0.66

5.45
< 0.1
< 0.1
< 0.1
3.50
9.05
< 0.1
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4The output is the time when the median model prediction of the kidney concentration crossed the corresponding
MRL. In bold are the parameters that are the most influential for output. All parameters are detailed in Table IV
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the results of previous studies showing i vivo that when the
reabsorption of colistin or polymyxin B in renal tubules
was inhibited, the renal exposures was reduced consider-
ably but the kinetic profiles in plasma remained unaltered
(10,61). The fact that total clearance of polymyxin
remained unchanged, whether the reabsorption was
inhibited or not, suggested that polymyxin was eliminated
within the kidney, either excreted in urine or metabolized,
but did not go back to the systemic circulation. Finally, the
use of a renal intracellular “binding” compartment, with a
slow release, was the best choice for the goodness-of-fit and
for physiological reasons. Indeed, the observed
colocalization with cell organelles (12) and the known
non-specific binding properties of polymyxins to cellular
membranes (1) could support this assumption. Sensitivity
analysis suggested that these intracellular binding parame-
ters were the parameters that most influenced the kidney
exposure to colistin (Table V). This kind of intracellular
binding has already been presented in another PBPK mod-
el developed and validated for doxorubicin (belonging to
an antitumor antibiotic family) (30). Furthermore, due to
this intracellular accumulation, about 20% of the total
formed colistin quantities were predicted to be metabo-
lized within the kidneys, highlighting a major role of kid-
neys in colistin elimination. Further i vitro studies should
be performed to investigate this intracellular binding and
the intra-renal elimination.

These new renal data, about CMS tubular secretion
and colistin accumulation over time, may be useful to ex-
plore the nephrotoxicity associated to the use of GMS and
colistin. Indeed, in a recent meta-analysis, nephrotoxicity
ranged from 24% to 74% in CMS-treated patients but
most of the events were reversible (62). The duration ther-
apy and the daily dose are risk factors of renal toxicity (1).
In our study, the renal steady-state was quasi-achieved af-
ter 5 days of treatment (>120 h) and high renal concentra-
tions were reached (>20 pg/g) (Fig. 6¢). However, no clin-
ical sign of renal insufficiency was observed in our animals
and the creatinine concentrations in plasma stayed within
the normal range over the whole treatment period (data
not shown). Nevertheless, measurement of other bio-
markers (like urinary creatinine or plasma cystatin C)
might have been better to detect early signs of nephrotox-
icity (63), in addition to histological analysis. According to
modelling results, the intra-renal conversion of CMS into
colistin was very minor compared to the colistin that was
reabsorbed and accumulated inside tubular cells. The ac-
cumulation of polymyxin inside proximal tubular cells is
supposed to be responsible for the nephrotoxic effects in-
volving apoptosis and oxidative stress (15,16). However,
the model slightly underestimated peak concentrations in
kidney (Fig. 8), which may be of importance for nephro-
toxic predictions. Of note, a high amount of CMS (56% of

initial dose) transited inside tubular cell. This is important
as CMS (and its numerous partially methanesulfonated
derivatives) is invoked as a potential contributor to the
observed nephrotoxic effects (60). Nevertheless, this model
could be refined when new data will be available.

As a model application, we chose to estimate the with-
drawal period (WP) after IM injections of CMS in pigs
following the veterinarian recommended doses. WP is de-
fined as the time after last administration for which 99%
of animals have residual edible tissue concentrations be-
low the MRL, in Europe. Kidney was the tissue of interest
because of the accumulation and of the slow colistin de-
pletion (Fig. 8), compared to all other edible tissues
(Supplementary files, Fig. S2 and S3). Simulations from
the PBPK model gave an estimated WP of 23 days for a
50-kg pig. Since our last experimental concentration was
measured 3 days after last administration, further experi-
mental data around the estimated WP would have been
preferable to confirm it. Overall, the model prediction
seemed reasonable as our estimated WP (23 days) was
close to the official one given in the summary of product
characteristics of the veterinary medicinal product
(21 days). The renal accumulation observed in our repeat-
ed CMS injections experiment highlighted that an extra
label use of CMS would probably need longer WP. No
data of such use for colistin are currently recorded but the
use of PBPK models in these extra label situations has
already proved its interest (64). Furthermore, this PBPK
model was developed with colistin and its prodrug CMS
but it could be easily adapted to pigs injected directly with
colistin, as possibly done in veterinary medicine (63).

To our knowledge, this is the first study using a NLME
approach for a PBPK model related to withdrawal period
calculation. The process of PBPK models development for
food safety is well established as explained in a recent review
of veterinary pharmacology (23). This method allows to
predicting the time course of drug concentrations in any tissue
of interest. Different doses and route of administrations can be
used to develop a PBPK model as we did, enhancing its ro-
bustness of prediction (23). The classical statistical methodol-
ogy for WP estimation uses inferences on a limited number of
healthy animals whereas the real-life target is diseased ani-
mals. We also used healthy animals but the PBPK model
can easily handle patho-physiological changes of parameters,
like for a diseased animal, to see the effect on tissue drug
concentrations. In addition, the use of NLME modelling
brings many advantages. Noticeably, it gives estimation of
population variabilities like inter-individual variability, which
is discriminated from the unexplained but quantified residual
variability. This is important as the WP calculation applies for
a global “population of treated animals” and must include
99% of them. The prediction of WP was based on simulations
taking into account IIV but not RV, because what is
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important is the actual concentration in tissue (which depends
on II'V) and not the measured concentration (which depends
also on RV). As there was only one tissue sample per animal
(destructive sampling), ITV might be difficult to estimate and it
1s possible that RV, which was high for renal concentrations
(57%), was inflated by unidentified ITV. This bias, resulting in
an underestimation of the IIV, could result in an underesti-
mation of the WP. On the other hand, VPCs indicated that
there was a potential overestimation of the overall variability,
without knowing if it was IIV or RV that was inflated: this bias
would result in a contrary over-prediction of WP. This issue
rises the necessity, for an accurate estimation of WP, of an
accurate estimation of both II'V and RV. The NMLE ap-
proach is also efficient to handle sparse data (like in experi-
ment n°4) and thus could limit the number of necessary ani-
mals. Furthermore, this method allows a sophisticated han-
dling of data below the limit of quantification compared to
the classic one. Indeed, in the latter approach, the rule is to
omit or fix the data BLOQ) at half of the LOQ but it could
bias the results (22).

Lastly, it is necessary to highlight some analytical consider-
ations. Due to the high instability of CMS, direct measure of
its concentration was not possible (26). The indirect method
used could not discriminate renal CMS and colistin concen-
trations, which were pooled. Therefore, the estimations of
parameters in kidney might have been biased. Moreover,
CMS is a mixture of many methanesulfonated derivatives
carrying various number of methanesulfonate groups (3). It
was not possible to determine the concentration of each com-
ponent separately; therefore, all these derivatives were consid-
ered as being CMS. As previously explained, colistin (which
has no methanesulfonate group) is widely reabsorbed, whereas
CMS (which have 5 methanesulfonate groups) is not.
Therefore, some partially methanesulfonated derivatives, i.e.
considered as CMS, might also be reabsorbed. These com-
pounds may have an ADME closer to colistin than to CMS.
All these concerns highlight the need of further analytical de-
velopments allowing to discriminate CMS and colistin in kid-
neys and to quantify the various methanesulfonate derivatives.

CONCLUSION

To conclude, this PBPK model coupled with a NMLE ap-
proach gave new insight into the mechanistic pharmacokinet-
ics of CMS and colistin, especially within kidneys. This may
have implications to limit the colistin induced-nephrotoxicity
in human medicine. We also used this model to estimate with-
drawal period in pigs treated with CMS, highlighting the util-
ity of such an approach in veterinary medicine. Furthermore,
PBPK models are helpful to perform inter-species extrapola-
tion (from animal to human), but also intra-specie extrapola-
tion (from adult to children). Thus, this model could be useful
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to adapt CMS dosing-regimen in pediatric population, a sub-
population which s less studied. Some works about this topic
are ongoing in our team.
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