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ARTICLE INFO ABSTRACT

Keywords: P-glycoprotein inhibitors, like zosuquidar, have widely been used to study the role of P-glycoprotein in oral

P-glycqprotein absorption. Still, systematic studies on the inhibitor dose-response relationship on intestinal drug permeation are

;tOPOSI%e lacking. In the present study, we investigated the effect of 0.79 nM-2.5 uM zosuquidar on etoposide permeability
osuquidar

across Caco-2 cell monolayers. We also investigated etoposide pharmacokinetics after oral or IV administration
to Sprague Dawley rats with co-administration of 0.063-63 mg/kg zosuquidar, as well as the pharmacokinetics of
zosuquidar itself. Oral zosuquidar bioavailability was 2.6-4.2%, while oral etoposide bioavailability was 5.5 +
0.9%, which increased with increasing zosuquidar doses to 35 + 5%. The intestinal zosuquidar concentration
required to induce a half-maximal increase in bioavailability was estimated to 180 pM. In contrast, the ICsg of
zosuquidar on etoposide permeability in vitro was only 5-10 nM, and a substantial in vitro-in vivo discrepancy of
at least four orders of magnitude was thereby identified. Overall, the present study provides valuable insights for
future formulation development that applies fixed dose combinations of P-glycoprotein inhibitors to increase the
absorption of poorly permeable P-glycoprotein substrate drugs.

Efflux transport

Oral absorption
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in vitro-in vivo correlation

1. Introduction

Zosuquidar (also referred to as LY-335979 or RS-33295-198) is a
third generation P-glycoprotein (P-gp) inhibitor developed in the mid
1990's for co-administration with chemotherapeutics to counteract
multidrug resistance in cancer therapy (Dantzig et al., 1996; Slate et al.,
1995). Zosuquidar is a competitive P-gp inhibitor that binds to the
central binding pocket of P-gp (Alam et al., 2019; Alam et al., 2018;
Nosol et al., 2020), and it has been the subject of several clinical trials (;
Fracasso et al., 2004; Gerrard et al., 2004; Lancet et al., 2009; Le et al.,
2005; Morschhauser et al., 2007; Rubin et al., 2002; Ruff et al., 2009;
Sandler et al., 2004), including one phase III trial (Cripe et al., 2010).
Although zosuquidar is not marketed as a P-gp inhibitor, it has been
heavily utilised as a model inhibitor in the research of ADME properties
of potential P-gp substrates. For instance, zosuquidar has commonly
been applied to alter the distribution of P-gp substrates to the CNS by
inhibition of P-gp mediated cellular efflux in the blood-brain barrier
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(Bihorel et al., 2007; Chen et al., 2009; Choo et al., 2000; Dai et al.,
2003; Karssen et al., 2002; Mittapalli et al., 2012; Nagaya et al., 2020)
and to a lesser extent to increase the oral absorption of P-gp substrates
(Adane et al., 2012; Al-Ali et al., 2020; Bardelmeijer et al., 2004; Mat-
suda et al., 2013; Mouly et al., 2004; Kono et al., 2021; Tsukimoto et al.,
2015). Recently, the influence of factors such as sex, dosing time, and
food intake on P-gp expression and function in the small intestine has
also been investigated (Dou et al., 2020; Mai et al., 2019; Mai et al.,
2018; Mai et al., 2021), and zosuquidar has been applied as an inhibitor
in this context as well (Kara et al., 2021). However, a thorough under-
standing of zosuquidar doses needed to increase oral absorption of P-gp
substrates, as well as information about the pharmacokinetics of zosu-
quidar itself, are missing, and both are needed to apply zosuquidar in
formulation design. In oral absorption studies, zosuquidar has been
dosed at maximally two different doses, and consequently, systematic
investigations of the dose-response relationship of zosuquidar on the
oral absorption and oral pharmacokinetics of P-gp substrates are
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lacking. For example, 20 mg/kg oral zosuquidar increased the oral
bioavailability of etoposide from 4.0% to 34.5% (Al-Ali et al., 2020),
which was significant, but still far from the 92% oral etoposide
bioavailability reported in mdrla(—/—) knockout rats (Al-Ali et al.,
2018a). These findings indicated that a 20 mg/kg dose of zosuquidar did
not completely inhibit the P-gp function. Therefore, systematic knowl-
edge about the zosuquidar dose-response relationship may solidify the
application of zosuquidar as a model P-gp inhibitor and thereby aid in
the design of drug formulations that contain P-gp substrates.

As a result of the missing investigations mentioned above, the in
vitro-in vivo-correlation of P-gp inhibition by zosuquidar is also lacking.
Numerous studies have estimated the potency of zosuquidar as a P-gp
inhibitor in vitro (Al-Ali et al., 2018b; Choo et al., 2000; Green et al.,
2001; Heredi-Szabo et al., 2013; Ozgur et al., 2018a, 2018b; Shaik et al.,
2007). However, it is still not clear which zosuquidar dose is needed in
vivo to negate P-gp function in the intestine. Performing in vitro-in vivo
correlation of zosuquidar effects on the pharmacokinetics of a P-gp
substrate may contribute with novel understanding of the complex dy-
namics of interactions between substrate, inhibitor, and transporter in
the small intestine. Therefore, we investigated the effect of increasing
zosuquidar concentrations on the transcellular etoposide permeability
across Caco-2 cell monolayers, as well as on the pharmacokinetics of
etoposide in rats, and we correlated the observed in vitro and in vivo
effects.

Additionally, the oral pharmacokinetics of zosuquidar itself is only
sparsely described in the public domain with no estimates of absolute
oral bioavailability. Zosuquidar has been reported to be rapidly cleared
from the intestine in mice (Bardelmeijer et al., 2004), and the phar-
macokinetics of zosuquidar in mice or rats may play a crucial role in the
design of studies, where zosuquidar is used as a P-gp inhibitor. There-
fore, systematic knowledge about zosuquidar pharmacokinetics is
necessary to obtain a better understanding of the effects elicited by
zosuquidar on the P-gp substrates in question. Accordingly, we investi-
gated the pharmacokinetics of zosuquidar in rats and assessed the
interplay between zosuquidar and etoposide pharmacokinetics.

2. Materials and methods
2.1. Materials

Ultrapure water was obtained from an in-house Milli-Q water puri-
fication system (Millipore, Burlington, MA, USA). Fetal Bovine Serum
(Biowest) was from VWR (Radnor, PA, USA). Zosuquidar 3HC] and
etoposide was from Medkoo (Morrisville, NC, USA). In the present
publication, any given amount of ‘zosuquidar’ refers to the free molecule
without the HCl salt component. All other chemicals were obtained from
Merck (Darmstadt, Germany).

2.2. Cell culturing

Caco-2 cells were obtained from Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen (DSMZ). Caco-2 cells were seeded at a den-
sity of 1 x 10° cells per filter on polycarbonate filter inserts (1.12 cm?,
0.4 pM pore size, Corning, Corning, NY, USA). Experiments were per-
formed 14 days after seeding in a Transwell system. Cells were main-
tained in Dulbecco's modified eagle medium supplied with 10% fetal
bovine serum, penicillin (100 U/ml), streptomycin (100 pg/mL), -
glutamine (2 mM), and non-essential amino acids (1x) under atmo-
spheric air supplied with 5% CO4 and 95% relative humidity (Heracell
150i incubator, Thermo Fisher Scientific, Waltham, MA, USA). Culture
medium was changed three times per week.

2.3. Etoposide permeability across Caco-2 cell monolayers

Permeability experiments were carried out in three to four individual
cell passages. Donor solutions containing etoposide and lucifer yellow
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were prepared in 10 mM HEPES HBSS pH 7.4 from a 20 mM etoposide
stock in DMSO and a 2.6 mM lucifer yellow (lithium salt) stock in ul-
trapure water. Receiver solutions consisted of 10 mM HEPES HBSS.
Zosuquidar solutions of 100 times the final apparent concentrations
were prepared from a 10 mM zosuquidar stock in methanol for spiking.

The permeability of 50 pM etoposide was assessed in both the apical
to basolateral (A-B) direction and in the basolateral to apical (B-A) di-
rection without zosuquidar or in the presence of 0.79 nM-2.5 pM zosu-
quidar. Growth media was removed from the cells by vacuum suction
(Vacusip, Integra Biosciences, Hudson, NH, USA), and the cells were
equilibrated in 10 mM HEPES HBSS for 10 min on a Talboys 1000MP
incubating microplate shaker (Troemner, West Deptford, NJ, USA, 220
rpm, 37 °C). Donor or receiver solutions were added with 495 or 990 pL
in apical or basolateral wells, respectively. Immediately hereafter, all
donor and receiver wells were spiked with 5 or 10 pL of a 100 times
concentrated zosuquidar solution in the apical or basolateral wells,
respectively. The resulting solutions contained 1% (v/v) methanol and
0.25% (v/v) DMSO.

Sampling was performed at 15, 30, 60, 90, and 120 min by taking a
50 pL sample that was immediately diluted 1:1 in methanol:water in an
HPLC vial, and the sampled volume was replaced by 50 pL of the cor-
responding receiver solution. Donor samples were taken from the main
donor solution at 0 min and at 120 min from each donor compartment.
Both samples were diluted as described above and analysed by
fluorescence-coupled HPLC (HPLC-FL) for both etoposide and zosuqui-
dar. After HPLC-FL analysis, 50 pL of the remaining sample volume was
transferred to a black, clear bottom 96-well plate (Corning, Corning, NY,
USA) and analysed for lucifer yellow.

Etoposide and lucifer yellow flux across Caco-2 monolayers was
calculated by linear regression of the accumulated amount permeated at
steady-state (time 30-120 min), and the apparent permeability (Papp)
was estimated by dividing with the donor concentration of etoposide.
Etoposide recovery was 95-117% and lucifer yellow recovery was
82-110%. Etoposide efflux ratio for each apparent zosuquidar concen-
tration was calculated by dividing the B-A P,,, with the A-B P,p),. Eto-
poside P,p, was plotted against the apparent zosuquidar concentration
and regression was performed in GraphPad Prism 8.4.0 using Eq. 1

Top — Bottom

Hill Slope
1Csg
1+ (%)

where Y is the etoposide Py, X is the zosuquidar concentration, Bottom
and Top are the low and high etoposide Py, plateaus, respectively, ICs5o
is the zosuquidar concentration at the midway point between low and
high Py, plateaus, and the Hill Slope is the Hill Coefficient, determining
the slope of the dose-response curve.

Y = Bottom + (@)

2.3.1. Zosuquidar recovery

During the studies, it was observed that zosuquidar in aqueous so-
lutions tended to adsorb to plastic and glass surfaces, which interfered
with the common practices for preparing solutions. For this reason,
zosuquidar was added to cell culture plates at the start of the perme-
ability studies by spiking the donor and receiver wells with concentrated
zosuquidar solutions in methanol as described above. Furthermore, the
zosuquidar recovery in solution was investigated when applied in i) the
basolateral, ii) the apical compartment, iii) the cell layer, and iv) in the
plastic of the cell culture plate. Zosuquidar recovery was determined for
all wells containing 79, 250, 790 nM or 2.5 pM. For lower apparent
concentrations, the lower limit of quantification (LOQ) of the HPLC-FL
method was not sufficient to determine the zosuquidar recovery accu-
rately. The zosuquidar concentration in the basolateral and apical
compartment was assessed as described above under sampling during
the permeability study. To assess zosuquidar content in the cell layer
after the experiment, the filter containing the cell layer was cut out with
a scalpel and transferred to a 1.5 mL low binding tube (Sarstedt, Newton,
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NC, USA), and 500 pL 0.1% triton-X in 3:1 acetonitrile:water was added
to extract zosuquidar and precipitate proteins. The filter and cell
monolayer were then thoroughly mashed with a 1.5 mL Kimble pellet
pestle (DWK Life Sciences, Rockwood, TN, USA) and shaken on a vertical
rotator (10 rpm, PTR-60, Grant Instruments, Shepreth, UK) overnight.
To assess zosuquidar content in the cell culture plate, 1.5 mL 57:43
methanol:35 mM ammonium acetate, pH 4.5 (zosuquidar HPLC-FL
mobile phase) was added to each well and insert after the filter and
cell layer was cut out. The plate was then incubated on an incubating
microplate shaker for 1 h (room temperature, 220 rpm), and a sample of
1 mL was taken and transferred to a 1.5 mL micro tube. To sediment any
precipitated protein, the cell layer and cell culture plate samples were
centrifuged (15,000 RCF, 22 °C, 10 min, Multifuge X1R, Thermo Fisher
Scientific, Waltham, MA, USA). Supernatant from the cell layer samples
were diluted 1:2 in ultrapure water and analysed by HPLC-FL, and su-
pernatant from cell culture plate samples were transferred and analysed
directly by HPLC-FL.

Zosuquidar recovery was calculated for the four compartments as the
absolute amount of zosuquidar present in each compartment, relative to
the added amount of zosuquidar by spiking to start the experiment,
while correcting for the amount removed by sampling and added by the
replacement with relevant receiver media. The zosuquidar recovery
values as a percentage for each well in both A-B and B-A experiments
were then pooled.

2.3.2. Cell layer integrity assessment

The permeability of lucifer yellow at a concentration of 100 pM was
utilised as a passive permeability marker. Lucifer yellow Py, was below
1.1 x 107® cm/s and was not affected by increasing concentrations of
zosuquidar.

Before and after each experiment, transepithelial electrical resis-
tance (TEER) was measured to assess cell monolayer integrity with an
EVOM2 epithelial voltohmmeter connected to an Endohm 12 culture
cup (World Precision Instruments, Sarasota, FL, USA). The TEER of
Caco-2 cells before the experiments ranged from 557 to 747 Q x cm? and
dropped by 42% on average after the experiment. No single filter dis-
played a drop in TEER of more than 65% during the experiment. TEER
measurements were consistent with previous in-house studies (Al-Ali
et al., 2018a). Based on the TEER measurements and lucifer yellow Py,
all cell layers were considered intact, and treatments were not consid-
ered to affect cell layer integrity.

2.3.3. Etoposide and zosuquidar quantification by fluorescence-coupled
HPLC

Etoposide and zosuquidar were quantified by HPLC-FL (Shimadzu,
Kyoto, Japan). Etoposide was detected at an excitation wavelength of
230 nm and an emission wavelength of 330 nm and zosuquidar was
detected at 240/415 nm excitation/emission with ‘medium’ sensitivity
setting and x4 gain. For etoposide, the mobile phase consisted of
38:61.5:0.5 methanol:ultrapure water:acetic acid, and for zosuquidar
the mobile phase consisted of 57:43 methanol:35 mM ammonium ace-
tate pH 4.5. 20 pL of the sample was injected and a flow rate of 0.3 mL/
min was applied over a reversed phase column (XBridge C18 2.5 pM, 2.1
x 30 mm, Waters, Milford, MA, USA) kept at 40 °C. The retention time
was 2.0 min for etoposide and 2.4 min for zosuquidar. The LOQ was 35
and 8 nM for etoposide and zosuquidar, respectively. Calibration stan-
dards were prepared in the respective mobile phase from a 20 mM
etoposide stock solution in DMSO and a 10 mM zosuquidar stock solu-
tion in methanol. Calibration standards in the range 0.034-25 pM for
etoposide and 0.008-2 uM for zosuquidar was prepared and analysed
and linear regression with 1/x weighing was applied.

2.3.4. Lucifer yellow quantification

Lucifer yellow was quantified on a Fluostar Omega plate reader
(BMG Labtech, Ortenberg, Germany) via the top optics with 440-10 nm
excitation filter setting, 520 nm emission filter setting, and 200 flashes
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per well. A calibration curve was prepared by serial dilution in the plate
ranging from 0.04 to 5 pM lucifer yellow. Linear regression was applied
and LOQ was 0.04 pM.

2.4. Etoposide solubility in ethanol-water mixtures

Ethanol-water mixtures of 0, 10, 25, 40, 50, 60, 75, 90, and 100% v/v
ethanol were prepared by addition of appropriate amounts of absolute
ethanol to volumetric flasks and filling to volume with ultrapure water.
2-6 mg etoposide was weighed in individual 1.5 mL LowBind tubes
(Sarstedt, Newton, NC, USA). 500 pL ethanol-water mixture was added
to each tube, and the tubes were shaken on a vertical rotator (10 rpm)
for approximately 24 h at ambient temperature (20-22 °C). Visual in-
spection confirmed that there was undissolved etoposide in all tubes.
Subsequently, the tubes were centrifuged (25,000 RCF, 15 min, 22 °C,
Multifuge X1R, Thermo Fisher Scientific, Waltham, MA, USA) and a 10
pL aliquot of the supernatant was diluted in etoposide mobile phase and
analysed by HPLC-FL.

2.5. Pharmacokinetic dose escalation study in rats

The study was conducted according to the European convention for
the protection of vertebrate animals used for experimental and other
scientific purposes (ETS no. 123, Directive 2010/63/EU) and Belgian
law controlling the experiments on animals (Royal Decree of May 29,
2013 for the protection of laboratory animals). The study was performed
under the following ethical protocols: ECD project: Project 027-Early PK,
ECD procedure: 138-Absorption.

2.5.1. Formulation stability and pH

To assess precipitation and pH upon dilution in rat intestinal fluid,
formulations were diluted with a modified rat simulated intestinal fluid
(rSIF) based on the rSIF reported by Berghausen et al. (2016). The
modified rSIF contained 25 mM sodium taurocholate, 5.16 mM lecithin,
30 mM maleic acid, 19 mM NaCl and was adjusted to pH 6.0 with NaOH.
Formulations were diluted 1:1 in rSIF and precipitation upon dilution
was assessed visually. The pH of the administered zosuquidar-
containing formulations were 2.7, 6.5, 4.3, 3.6, 3.2, 2.7, and 2.2, and
pH values after dilution in rSIF were 6.4, 6.8, 6.8, 6.8, 6.7, 6.4, and 4.4
(groups B, E, F, G, H, I, and J, respectively, Table 1). For 2.0 and 6.3 mg/
mL zosuquidar (groups B, I, J, Table 1), precipitation was observed, but
all dilutions of lower zosuquidar concentrations remained clear. Eto-
poside did not precipitate from any formulation. For the precipitated
rSIF-formulation mixtures, the suspension was centrifuged (25,000 RCF,
37 °C, 5 min, Multifuge X1R, Thermo Fisher Scientific, Waltham, MA,
USA), and the supernatant was sampled and diluted 100 times in
zosuquidar mobile phase and analysed by HPLC-FL. The resulting initial
solubilities for formulations B, I, and J were 0.45, 0.52, and 0.47 mg/mL
zosuquidar, corresponding to 44, 52, and 15% of the dose strength being
in solution.

2.5.2. Dosing

Male Sprague Dawley rats with a mean weight of 303 g + 12 g on the
day of administration were randomly divided into ten groups of six
animals and dosed according to Table 1. The animals were acclimatized
minimum 5 days in groups of 6 in polysulphone cages (floor surface =
58 x 52 x 20 cm = 3016 cm? / rodent retreat) and wooden sticks
provided as enrichment. The animals were housed in buildings with
controlled environmental conditions with a temperature of 22 + 2 °C,
relative humidity of 55 + 10%, and a light cycle of 12 h. Animals had
free access to Safe 04 Maintenance Diet (Safe, Rosenberg, Germany) and
water throughout the entire study.

Intravenous (IV) administration was performed by injecting 2.5 mL/
kg solution into the saphenous vein with a syringe using a 27G needle.
Oral administration was performed by oral gavage of 10 mL/kg solution.
For groups A-C, where solutions were administered both IV and orally,
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Table 1
Study design overview.

International Journal of Pharmaceutics: X 3 (2021) 100089

Group description 1V Etoposide 1V Etoposide + Oral Zosuquidar

1V Zosuquidar

Oral Etoposide Oral Etoposide + Zosuquidar Dose Escalation

Group A B c* D E F G H I J
Administration route Oral v Oral v Oral J\% Oral Oral Oral Oral Oral Oral Oral
Administered volume (mL/kg) 10 2.5 10 2.5 10 2.5 10 10 10 10 10 10 10
Etoposide dose (mg/kg) - 5 - 5 - - 20 20 20 20 20 20 20
Zosuquidar dose (mg/kg) - - 20 - - 5 - 0.063 0.63 2 6.3 20 63
Ethanol conc. (% v/v) 30 40 30 40 30 40 40 40 40 40 40 40 40

@ Three of six animals died shortly after IV administration.

the oral administration was administered 3-5 min before the IV
administration, and the sampling timer was started at the IV dose. The
ethanol concentration in oral and IV administrations was adjusted so
that all groups received the same total dose of ethanol. For all groups,
plasma sampling was performed at 15, 30, 45 min, 1, 2, 3, 4, and 6 h. For
groups A-C with IV administration, an additional plasma sampling was
performed at 5 min. Blood sampling was performed by tail vein puncture
into Micro haematocrit tubes 32-64 pL EDTA (Vitrex Medical, Herlev,
Denmark) and plasma was centrifuged and transferred into 10 pL end-to-
end pipettes for the bioanalysis (Vitrex Medical, Herlev, Denmark) and
immediately frozen at —80 °C until analysis. At the end of the study, the
animals were euthanised based upon the principles of euthanasia stated
in the AVMA Guidelines for the Euthanasia of Animals (American Vet-
erinary Medical Association, 2020).

2.5.3. Bioanalysis

Plasma samples of the etoposide- and zosuquidar-dosed groups were
analysed using a qualified LC-MS/MS method. The capillary samples
were washed out with 10 parts of 2% BSA in PBS pH 7.5 prior to further
sample preparation. All samples were subjected to protein precipitation
with acetonitrile, followed by LC-MS. Calibration standards for etopo-
side and zosuquidar and quality control to cover the calibration range
were prepared in rat plasma. Calibration standards, quality control
samples and study samples were processed at the same time. The peak
area of the analyte was plotted against the analyte concentrations, and a
linear regression model with 1/x% weighing was used. LOQ was 4 ng/mL
for etoposide and 0.2 ng/mL for zosuquidar.

LC-MS/MS analysis were carried out on a Triple Quad 6500+ mass
spectrometer (Sciex, Danaher Corporation, DC, USA), which was
coupled to an HPLC system (Shimadzu, Kyoto, Japan). Sample extracts
were injected onto an Acquity UPLC BEH C18 1.7 pm 2.1 x 50 mm HPLC
column (Waters, Milford, MA, USA) kept at 50 °C. Mobile phases con-
sisted of 0.01 M ammonium acetate in water and acetonitrile, starting at
5% acetonitrile, held for 0.25 min followed by a gradient to 95%
acetonitrile over 1.25 min.

For etoposide, the MS operated in the negative ion mode using the
TurbolonSpray™-interface (electrospray ionization) and was optimized
for the quantification of etoposide (MRM transition m/z 587.2 > 381).
For zosuquidar, the MS operated in the positive ion mode and was
optimized for the quantification (MRM transition m/z 528.2 > 241).

2.5.4. Data analysis

All pharmacokinetic parameters were calculated individually for
each animal and then pooled in groups for graphing and statistical
analysis. For IV curves of etoposide, the initial plasma concentration was
estimated by linear regression of the In(plasma concentration) versus
time from 5 to 15 min. For IV zosuquidar (group C), the pharmacokinetic
profile was fitted to a two-compartment elimination model consisting of
two exponential terms:

Y = ax e X 4 p x gk 2
where Y is the plasma concentration, X is time after dosing, ke; is the

initial elimination rate, key is the terminal elimination rate, and a and b
are the initial plasma concentrations for each exponential term,

respectively. The initial plasma concentration of zosuquidar was a + b.
The area under the curve (AUC) was calculated in GraphPad Prism
8.4 after inserting the estimated initial plasma concentration for IV
curves (groups A-C) and 0 ng/mL for the oral curves (groups D-J) at 0
min. Each AUC(, was then normalised by dividing with the dose of
etoposide or zosuquidar administered. Absolute bioavailability was then
calculated by dividing the dose-corrected AUCy.¢y, by the mean dose-
corrected AUCp.¢n of a control IV group (group A for etoposide, and
group C for zosuquidar, Table 1). For IV and oral etoposide as well as
oral zosuquidar administrations, the elimination rate constant was
calculated by linear regression on the linear part of the In(plasma con-
centration) vs. time, and the plasma half-life (t,,) was calculated:

in(2)
ke

t, = 3)
For IV curves of etoposide and zosuquidar, the systemic clearance
(CL) was calculated:

Dose

CL=—"F"—
AUC_¢n

@
Finally, log-linear regression was performed on the etoposide
bioavailability (Y) vs. the orally co-administered zosuquidar dose (X):

Y = log(X) xa+b )

2.5.5. Statistical analysis

Descriptive statistics were calculated in GraphPad Prism 8.4. Eto-
poside bioavailability, the initial plasma concentration (Cismin), Cmax
and t,, were compared to group D (Table 1) by one-way ANOVA fol-
lowed by a Dunnett's test. All P-values below 0.05 were considered
statistically significant.

3. Results and discussion

3.1. Zosuquidar accumulated in Caco-2 cell monolayers and cell culture
plates

Zosuquidar is a highly lipophilic weak base (CLogP = 4.8, predicted
pKa = 7.6 (Drugbank, 2021)). Preliminary observations suggested that
zosuquidar adhered to both glass and various plastic surfaces. Therefore,
the free zosuquidar concentration in solution in the cell culture plates
and inserts, as well as the amount accumulated in the Caco-2 cell
monolayer, during the etoposide permeability study was investigated.
The free zosuquidar concentration in the receiver compartments (both
apical and basolateral) was reduced by 60-72% (data not shown) after
only 30 min, and only 1.55 4+ 0.06 and 7.01 + 0.37% was left in solution
after 120 min in the apical and basolateral compartment, respectively
(Fig. 1B). Furthermore, zosuquidar recovery was 58.7 + 5.0% in the
Caco-2 monolayer and 31.8 + 11.3% in the cell culture plate. Consid-
ering the high lipophilicity of zosuquidar, the accumulation of zosu-
quidar into the Caco-2 cell monolayer was most likely due to cell
membrane accumulation.

The zosuquidar cell membrane accumulation may theoretically lead
to increased zosuquidar mediated P-gp inhibition, as zosuquidar was
accumulated at the site of the transporter. Conversely, the adsorption of
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zosuquidar onto the cell culture plate would theoretically lead to a
lowered effect of zosuquidar on P-gp-mediated efflux. However, neither
effect was observable in the etoposide flux curves, where all flux curves
were linear from 15 min with no apparent tendency to flatten or steepen
during the experiment (not shown).

Other studies have shown that the presence of serum abolished ac-
tivity of some well-known P-gp modulators in vitro (Lehnert et al., 1996;
Ludescher et al., 1995), probably by protein binding and subsequent
lowering of free modulator concentrations. The present zosuquidar
accumulation data illustrates that care must be taken in the design and
interpretation of in vitro studies that applies zosuquidar or other com-
pounds that tends to bind to protein, plastic or similar.

3.2. Zosuquidar abolished the polarisation of etoposide permeability in
Caco-2 cell monolayers

The bidirectional permeability of etoposide in the presence of
increasing zosuquidar concentrations and estimated kinetic parameters
are shown in Fig. 1 and Table 2, respectively. In the absence of zosu-
quidar, etoposide P,p, showed a B-A polarised transport with an efflux
ratio of 15.4 + 1.3. Similar etoposide efflux ratios have been reported
and was the result of P-gp-mediated efflux of etoposide (Al-Ali et al.,
2018a; Guo et al., 2002; Makhey et al., 1998). The minimum apparent
zosuquidar concentration necessary to abolish P-gp mediated etoposide
efflux was 79 nM (Fig. 1A). Increasing the applied zosuquidar concen-
tration to 2.5 pM maintained the efflux ratio at approximately one. Thus,
the presence of 79 nM-2.5 pM zosuquidar was required in vitro to fully
inhibit P-gp mediated etoposide efflux. Additionally, the polarised
permeability of etoposide was slightly asymmetric as A-B permeability
increased 4-fold and B-A permeability decreased 5-fold in the presence
of more than 79 nM zosuquidar. This asymmetry has been reported for
many P-gp substrates in both absorptive and secretory directions
(Troutman and Thakker, 2003), and could point towards involvement of
an unknown basolateral carrier or transporter of etoposide.

The estimated apparent ICsq of zosuquidar on P-gp mediated efflux of
etoposide was 5.80 + 1.70 nM for secretory etoposide transport and
9.50 + 5.61 nM for the absorptive etoposide transport (Table 2). The
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Fig. 1. A) Apparent permeability of 50 pM etoposide
across Caco-2 cells in the apical-to-basolateral (A-B)
and the basolateral-to-apical (B-A) direction at a
zosuquidar concentration of 0.79 nM-2.5 pM. The
permeability of etoposide without zosuquidar (con-
trol) is plotted on the y-axis for comparison (open
symbols). The lines depict non-linear dose response
regression (Eq. 1). Shown as mean + SEM, n = 4 for
B-A and 3 for A-B, SEMs smaller than the symbol size
are not shown. B) Recovery of zosuquidar in solution
in the apical or basolateral compartment, in the cell
monolayer, or in the cell culture plate at 120 min.
Expressed as % of added zosuquidar, corrected for

]
! ! ! ! sampling and replacement during the experiment.

X< \6"3\ @ﬂe‘ \’b\e Pooled data shown for A-B and B-A studies with an
?‘Qrbgo\'b Oe'\\\ N apparent zosuquidar concentration of 79, 250, 790

nM or 2.5 pM over three independent cell passages.
Expressed as mean + SEM, n = 3 cell passages x 4
concentrations x 2 (A-B + B-A) = 24.

ICsp of zosuquidar on bi-directional etoposide permeability has not been
reported before, to our knowledge. In other cell lines with different
substrates, estimated ICsp-values of zosuquidar on P-gp-mediated efflux
includes 70 nM in MDCKII-MDRI1 cells with abacavir as substrate (Shaik
et al., 2007), 50 nM and 40 nM in IPEC-J2 MDR1 cells with digoxin and
rhodamine-123 as substrates, respectively (Ozgur et al., 2018a, 2018b),
and 24 nM in Caco-2 cells with digoxin as a substrate (Choo et al., 2000).
Both substrate and enzyme concentrations affect the estimation of the
ICsq value, so some variation was expected. However, the finding that
zosuquidar adsorbs to various surfaces may also contribute to inter-
laboratory variation given that the handling of zosuquidar in buffered
aqueous solutions pose an additional challenge when preparing solu-
tions for transcellular permeability experiments. Spiking the individual
cell culture plate wells with concentrated zosuquidar solutions in
methanol, like in the current study, should yield a relative accurate
estimation of zosuquidar effects on P-gp function. In conclusion, the
present study solidified that zosuquidar is a highly potent P-gp inhibitor.

3.3. Etoposide solubility in ethanol-water mixtures

For the preparation of oral etoposide solutions for animal dosing, we
investigated the solubility of etoposide in various ethanol-water mix-
tures (Fig. 2). In pure water, the solubility was 0.0924 + 0.0034 mg/mL,
and in absolute ethanol, it was 0.891 + 0.008 mg/mL. The highest
solubility of etoposide was observed in 75% v/v ethanol, where it was
9.23 + 0.42 mg/mL. For oral administrations in the in vivo study, the
administered solutions were prepared with 2.0 mg/mL etoposide in a
40% v/v ethanol, where the etoposide solubility was 3.01 + 0.03 mg/
mL.

3.4. Zosuquidar pharmacokinetics

We examined the pharmacokinetics of etoposide and zosuquidar in
Sprague Dawley rats after oral co-administration. As zosuquidar is a
specific P-gp inhibitor, it was expected to elicit significant effects on
etoposide pharmacokinetics, but it was also assumed that etoposide
would not affect zosuquidar pharmacokinetics significantly, since

Table 2
In vitro regression parameters.
Bottom (x107° cm/s) Top (x107° ecm/s) ICso Hill Slope R?
(nM)
B-A 1.35 £ 0.02 7.16 + 0.65 5.80 + 1.70 —1.04 + 0.24 0.959
A-B 0.498 + 0.110 1.91 £0.14 9.50 £+ 5.61 0.615 £+ 0.199 0.847

Obtained regression parameters (Eq. 1) of etoposide P,y against the zosuquidar concentration in the basolateral(B)-apical(A) direction (n = 4) and in the A-B direction

(n=23).
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Fig. 2. Etoposide solubility in ethanol-water mixtures at ~22 °C. Shown as
mean + SD (n = 3), SDs smaller than the symbol size are not shown.

zosuquidar is an inhibitor of P-gp and not a substrate. This assumption
has proven true in clinical trials. For example, were zosuquidar phar-
macokinetics unaltered by combinatory chemotherapy with vincristine,
doxorubicin, cyclophosphamide, and prednisolone (CHOP regimen)
(Morschhauser et al., 2007).

The pharmacokinetic profile after IV administration of 5 mg/kg
zosuquidar (Fig. 3) could be modelled by a two-compartment pharma-
cokinetic model with an initial log-linear distribution phase from 5 min
to 15-30 min and a terminal log-linear elimination phase from 1 to 6 h.
The t, of zosuquidar was 4.50 + 0.56 min in the initial distribution
phase and 140 + 24 min in the terminal elimination phase (Table 3).

The pharmacokinetic profiles of zosuquidar after oral administration
are shown in Fig. 4. For 0.063 mg/kg zosuquidar co-administration, the
obtained plasma concentrations at some time points were below the
LOQ (0.2 ng/mL) of the applied bioanalytical method, and this group
was therefore not included in the analysis. The AUCqygn of orally
administered zosuquidar was highly dependent on the zosuquidar dose.
The absolute bioavailability of zosuquidar varied between 2.58 + 0.23
and 4.21 + 0.81% (Table 3). The ty, of zosuquidar after oral adminis-
tration was in the range 82.0 + 5.5 to 238 + 14 min (Table 3).

In vitro, when the formulations with 2.0 or 6.3 mg/mL zosuquidar
(groups B, I, and J) were diluted 1:1 in modified rSIF, precipitation was
observed and may therefore also occur in vivo. Zosuquidar precipitation
was, however, not evident in the obtained bioavailabilities as bioavail-
ability was relatively constant over the different dosing groups.

-
o
o
o

Zosuquidar plasma conc. (ng/mL)

Time (h)

Fig. 3. Pharmacokinetic profile of zosuquidar after administration of 5 mg/kg
zosuquidar IV bolus. Logarithmic y-axis. Shown as mean + SEM, n = 3. The line
represents a two-compartment model fit (Eq. 2).
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The pH of the formulations before and after dilution showed as ex-
pected that, the presence of increasing zosuquidar concentrations low-
ered pH from 6.5 to 2.2. However, upon dilution in modified rSIF, the pH
was 6.4-6.8 across all formulations, except for the highest dose of
zosuquidar, where the pH was 4.4. The measured pH of a corresponding
1:1 mixture of 40% ethanol and rSIF was 6.8, which explained the
apparent pH increase upon mixing. Still, despite different pH of the
formulations, the rSIF had enough buffering capacity to buffer the for-
mulations, except for the highest dose of 63 mg/kg zosuquidar. How-
ever, neither precipitation nor differing pH values of the formulations
seemed to significantly affect zosuquidar bioavailability, as it was in the
same range for all zosuquidar groups, regardless of the administered
concentration. According to the predicted zosuquidar pK, of 7.6, zosu-
quidar would exist primarily on protonated form in these pH ranges,
which may have limited zosuquidar permeation and thereby contributed
to the low observed bioavailability.

As indicated in Table 1, three of six animals who received the 5 mg/
kg IV zosuquidar dose died shortly after administration. This was sur-
prising given that 20 mg/kg zosuquidar IV was dosed in a previous study
with no reported issues (Anderson et al., 2006). Animals were dosed
with high doses of ethanol in the present study to ensure solubilisation of
the administered compounds, but no animals in groups A and B, which
received the same ethanol dose IV or orally, died or showed severe
symptoms of intoxication during the study (Table 1). Thus, zosuquidar
and ethanol may have potentiated the toxic effect of each other, which is
important to note for the design of any future studies.

Estimates of absolute bioavailability of zosuquidar after oral
administration are not available in the public domain. Generally, there
are very few available data on zosuquidar pharmacokinetics with less
than a handful of studies in mice or rats, and there are some data sets
from clinical studies that reported plasma levels of zosuquidar after
various dosing schemes (Fracasso et al., 2004; Lancet et al., 2009; Le
et al., 2005; Morschhauser et al., 2007; Rubin et al., 2002; Sandler et al.,
2004). Thereby, the presented absolute zosuquidar bioavailabilities in
the present study are the first ones reported, and together with the
pharmacokinetic parameters of zosuquidar, they contribute with novel
information for the formulation development using zosuquidar to in-
crease bioavailability poorly permeable P-gp substrate drugs. For com-
parison, zosuquidar plasma concentrations were reported in female
Sprague Dawley rats after IV administration of 2, 6, and 20 mg/kg
(Anderson et al., 2006), with reported zosuquidar plasma concentra-
tions of approximately 1 pg/mL at 2 h after a 6 mg/kg IV bolus. In
contrast, the zosuquidar plasma concentration in the present study was
only 0.13 pg/mL 2 h after a 5 mg/kg IV bolus. Zosuquidar pharmaco-
kinetics after oral administration in man are highly variable, and tpax is
typically reported in the range of 1-4 h depending on the dose. t, also
varies in the different reported studies as a function of dose and
administration route from approx. 6-24 h (Le et al., 2005; Morschhauser
et al., 2007). A high level of zosuquidar metabolism in hepatic micro-
somes from both rat, dog, monkey, and human have been reported
(Ehlhardt et al., 1998), and zosuquidar seems to undergo a high level of
first-pass metabolism upon oral administration in man (Rubin et al.,
2002). Zosuquidar CL after IV administration was 102 + 12 mL/min/kg
in the present study, which exceeded the hepatic artery and portal vein
blood flow of 67 mL/min/kg reported in adult rats (Delp et al., 1998).
This also indicated extensive hepatic metabolism of zosuquidar, and that
other elimination pathways are likely involved as well. Conclusively,
oral zosuquidar bioavailability was found to be quite low in the present
study, and the reported absolute zosuquidar bioavailability as well as
the pharmacokinetic profiles after a single oral dose in the present study,
contributes with new valuable knowledge for researchers designing
studies in rats, where zosuquidar is applied as a model P-gp inhibitor.

Low bioavailability has also been reported for the intestine-specific
P-gp inhibitor, encequidar (HM30181) (Kwak et al., 2010; Paek et al.,
2006; Smolinski et al., 2021). Low oral bioavailability of encequidar was
a key feature in the development to ensure a local intestinal effect with
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Table 3
Pharmacokinetic parameters of etoposide and zosuquidar after oral or IV administration to male Sprague Dawley rats.
Group A B C D E F G H I J
Etoposide

Adm. route v I\ - Oral Oral Oral Oral Oral Oral Oral
Dose (mg/kg) 5.0 5.0 20 20 20 20 20 20 20
AUCq.en (pg/mLxh)  4.30+0.25 5.75+0.30 0.947+0.156  0.859+0.081 2.47+0.44 3.86+0.50 4.27+0.47 3.53+£0.46 5.96+0.91
Bioavailability (%) - 134+7 5.51+0.91 4.99+0.47 14.4+2.5% 22.4+2.9% 24.842.7* 20.5+2.7* 34.7+5.3*
C15min (pg/mL) - - 0.381+0.082  0.541+0.058 1.29+0.16* 1.62+0.26* 1.69+0.18*  1.44+0.15* 2.15+0.34*
Crax (pg/mL) - - 0.390+0.084  0.563+0.067 1.59+0.29* 2.24+0.54* 2.11+0.20*  1.66+0.17*  2.53+0.34*
tmax (min) - - 15[15;30] 30[30;45] 45[30;45] 38[26;60] 45[15;60] 38[26;49] 38[26;45]
t, (min) 30.3+0.8 41.6+1.3 80.8+13.2 57.4+4.9 39.3+3.0* 51.4+2.4* 56.5+4.8* 60.7+5.4 74.9+4.0
CL (mL/min/kg) 19.7+1.1 14.7+0.8 - - - - - - -

Zosuquidar

Adm. route - Oral v - Oral Oral Oral Oral Oral Oral
Dose (mg/kg) 20 5.0 0.063 0.63 2.0 6.3 20 63
AUCq.¢n (ng/mLxh) 94.2+12.4 830+87 BLQ 4.45+0.86 8.67+0.77 43.6+5.4 118+21 436491
Bioavailability (%) 2.81+0.37 - 4.21+0.81 2.58+0.23 4.1240.51 3.52+0.62 4.12+0.86
Cmax (ng/mL) 23.7+3.6 - 1.34+0.28 2.10+0.27 10.9+1.2 31.3+£3.2 105+21
tmax (Min) 120[60;135] - 120[101;120] 120[45;135] 90[45;120] 53[30;75] 60[45;120]
t, terminal (min) 173+10 140+24 82.0+5.5 217427 161+13 194+23 238+14
ty, initial (min) - 4.50+0.56 - - - -
CL (mL/min/kg) - 102+12 - - - -

Area under the curve from 0 to 6 h (AUCy_¢1,), bioavailability, plasma concentration at 15 min (Cjspin), maximal plasma concentration (Cpay), and plasma half-life (t,,)
given as mean + SEM, tyax given as median [Q1;Q3], (n = 6, except for group C: n = 3). For etoposide parameters: Bioavailability, C;smin, Cmax, and t,, compared to
control (group D) by one-way ANOVA followed by a Dunnett's test, significant difference (p < 0.05) marked by *. BLQ = zosuquidar content in plasma samples were

below LOQ.
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Fig. 4. Pharmacokinetic profiles of zosuquidar in male Sprague-Dawley rats
after zosuquidar was co-administered alongside oral (20 mg/kg) or IV* (5 mg/
kg) etoposide. Zosuquidar doses of 2.0, 6.3, 20, or 63 mg/kg. Shown as mean +
SEM, n = 6, SEMs smaller than the symbol size are not shown, straight con-
necting lines for illustrative purposes.

minimal systemic effects, and was emphasised as a potential advantage
over other P-gp inhibitors, like tariquidar, elacridar, and zosuquidar
(Smolinski et al., 2021). However, in the present study, zosuquidar
elicited similar oral absorption to encequidar with bioavailabilities of
4.12 and 6.25%, respectively, as well as Cy,ax values of 10.9 and 7.1 ng/
mL after 6.3 mg/kg zosuquidar and 10 mg/kg encequidar, respectively
(Smolinski et al., 2021). This shows that zosuquidar may still be a
relevant compound for increasing the oral bioavailability of P-gp
substrates.

3.5. Etoposide pharmacokinetics after zosuquidar dose escalation in rats
The pharmacokinetic profiles of etoposide after IV administration is

shown in Fig. 5. Elimination followed first order kinetics. As shown, the
elimination of etoposide was significantly decreased by an oral dose of

20 mg/kg zosuquidar as etoposide AUCy.g, and t; increased by 34 and
37%, respectively (Table 3).

Intestinal excretion mediated by P-gp have been reported to
contribute to the clearance of etoposide, as approximately 10% of the
administered etoposide dose was found unchanged in the intestine in
FVB mice, whereas only approximately 2% was found unchanged in
Abcbla/1b(—/—) knockout mice (Lagas et al., 2010). In another study in
rats, zosuquidar plasma concentrations above 270 ng/mL after a 2 mg/
kg IV administration only lead to a very minor increase in the brain:
plasma ratio. Therefore, it was deemed unlikely that the Cp,x of only
23.7 + 3.6 ng/mL zosuquidar after an oral dose of 20 mg/kg zosuquidar
(Table 3, group B) in the present study would contribute to any signif-
icant effects on etoposide pharmacokinetics as a result of systemic
exposure of zosuquidar. Thus, the decrease in etoposide clearance after
IV administration and oral zosuquidar co-administration could have
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Fig. 5. Pharmacokinetic profile of etoposide after administration of 5 mg/kg
etoposide IV and after co-administration of 5 mg/kg etoposide IV and 20 mg/kg
zosuquidar orally. Logarithmic y-axis. Shown as mean + SEM (n = 6), SEMs
smaller than the symbol size are not shown, straight connecting lines for
illustrative purposes.



R.B. Nielsen et al.

been caused by a decreased intestinal excretion as a result of high
zosuquidar concentrations in the small intestines. As zosuquidar
bioavailability could be limited by first-pass metabolism, as described
above, it was also likely that zosuquidar could affect hepato-biliary
excretion of etoposide, despite low zosuquidar plasma concentrations
after oral administration.

Orally administered etoposide showed a low oral bioavailability, a
low Cpax, and an early tpyax of 15 min (Table 3). The pharmacokinetic
profile of etoposide was altered by the co-administration of zosuquidar
doses above 0.063 mg/kg. When compared to etoposide dosed without
zosuquidar, bioavailability and Cp.x increased by 161 and 308%,
respectively, both in a statistically significant manner, after co-
administration of just 0.63 mg/kg zosuquidar. tpm.x tended to increase
as well after co-administration of all applied zosuquidar doses above
0.063 mg/kg (Fig. 6, Table 3). Similarly, a statistically significant in-
crease in bioavailability, Cjsmin and Cpax Was observed for all doses of
oral zosuquidar co-administration above 0.063 mg/kg.

The absolute etoposide bioavailability increased with the dose of co-
administered zosuquidar in an apparent log-linear manner (Fig. 7). In
the case of 20 mg/kg zosuquidar co-administration, the bioavailability
increased in a statistically significant manner to 20.5 + 2.7%, however,
it was lower than the groups that received 6.3 and 2.0 mg/kg zosuquidar
co-administrations. Al-Ali et al. (2020) conducted a study under similar
conditions in the same facilities, where 20 mg/kg etoposide was dosed
orally in 7 mL/kg 57% ethanol, corresponding to the same dose of
etoposide and ethanol as in the present study. The resulting etoposide
bioavailability was 34.5 + 0.2% (shown as a square in Fig. 7). The
bioavailability of etoposide from Al Ali et al. and the present study dosed
with 20 mg/kg zosuquidar individually deviates slightly from the cor-
relation, but collectively follow the log-linear relationship.

The 63 mg/kg co-administered dose of zosuquidar resulted in an
etoposide bioavailability of 34.7 + 5.3%, which was still far below the
92% absolute etoposide bioavailability reported in P-gp knockout rats
(Al-Ali et al., 2018a). However, Al-Ali et al. also reported that the ab-
solute etoposide bioavailability was 27 + 5% in wild-type rats compared
to 5.51 + 0.91% in the present study, which makes direct comparisons
challenging. Nonetheless, since there was a noticeable increase in
bioavailability after co-administration of 63 mg/kg zosuquidar
compared to 6.3 and 20 mg/kg zosuquidar, it may be possible that doses
above 63 mg/kg may increase the absolute etoposide bioavailability
even further.
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Fig. 6. Pharmacokinetic profiles of etoposide in male Sprague-Dawley rats
after oral administration of 20 mg/kg etoposide and oral co-administration of
0.063, 0.63, 2.0, 6.3, 20, or 63 mg/kg zosuquidar (ZSQ). Shown as mean + or -
SEM, n = 6, SEMs smaller than the symbol size are not shown, straight con-
necting lines for illustrative purposes.
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Fig. 7. Absolute etoposide bioavailability in male Sprague-Dawley rats after
oral administration of 20 mg/kg etoposide as a function of the dose of orally co-
administered zosuquidar. The control group dosed with 20 mg/kg etoposide
without zosuquidar is plotted on the y-axis for comparison. Significantly
different from 20 mg/kg etoposide (*, p < 0.05) according to one-way ANOVA
followed by a Dunnett's test. The line represents log-linear regression (Eq. 5),
where 20 mg/kg zosuquidar was not included (R* = 0.656). Etoposide
bioavailability after oral co-administration of 20 mg/kg etoposide and 20 mg/
kg zosuquidar from Al-Ali et al., 2020 reprinted for comparison. Shown as
mean + SEM, n = 6, SEMs smaller than the symbol size are not shown.

Cismin and Cpax also tended to increase with increasing doses of co-
administered zosuquidar, indicating increased absorption. The elimi-
nation of etoposide was lowest for the control group of 20 mg/kg oral
etoposide with a t, of 80.8 + 13.2 min. This finding was apparently
contradictory as a lower elimination rate would be expected, when co-
administering zosuquidar, like shown in Fig. 5 for the IV administered
etoposide. This observation may reflect that the elimination of etoposide
was not an ideal first order elimination, and as a result, the elimination
rate was underestimated, because Cpax Was significantly lower for this
group. For the groups that received oral co-administration of 0.63 mg/
kg zosuquidar or more, there was a correlation between the orally co-
administered zosuquidar dose and the elimination rate with increasing
zosuquidar doses leading to increased t,, (Table 3). Thus, increasing
doses of orally co-administered zosuquidar of 0.63 mg/kg and above,
significantly increased Cismin and Cpax, and correlated with decreased
elimination rate. Conclusively, the increased etoposide bioavailability
following zosuquidar co-administration was attributed both to increased
absorption and decreased elimination of etoposide, which was both
mainly attributed to a local intestinal effect elicited by zosuquidar.

3.6. In vitro-in vivo correlation

From the present dataset, it was not possible to clarify if doses higher
than 63 mg/kg zosuquidar could increase the etoposide bioavailability
even further than 35%. As shown in the preformulation precipitation
studies, higher zosuquidar doses may precipitate in the intestine, and as
an ethanol-water formulation was applied in the present study, it is
questionable if higher intestinal zosuquidar concentrations could be
achieved. Therefore, an ICsy on P-gp function in vivo, based on
bioavailability cannot be derived exactly. However, at a co-administered
dose of 2.0 mg/kg zosuquidar, etoposide bioavailability increased to
approximately 22%, which was roughly half of the observed effect be-
tween no zosuquidar co-administration (5%) and 63 mg/kg zosuquidar
(35%) (Fig. 7). Assuming that the administered volume of oral formu-
lation was immediately diluted in 11 mL/kg fluid in the rat small in-
testine (McConnell et al., 2008), the concentration of zosuquidar would
be approximately 180 uM, where zosuquidar was soluble according to
preformulation studies. In Caco-2 monolayers, P-gp activity was reduced
by 50% by only 5-10 nM zosuquidar, illustrating that there was a sub-
stantial in vitro-in vivo discrepancy of at least four orders of magnitude.
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The in vitro-in vivo correlation above assumes that the entire
gastrointestinal tract is a single static compartment with immediate
mixing. Obviously, the dynamics of the intestines are more complex
than the static in vitro system, and the observed discrepancy may in part
be ascribed to dilution and unequal distribution of etoposide and zosu-
quidar along the length of the gastrointestinal tract. Naturally, both
etoposide and zosuquidar needed to be at the same location at the same
time for zosuquidar to elicit an effect on etoposide absorption. Recently,
we showed that oral absorption of the P-gp substrate, digoxin, was
increased when a P-gp-inhibiting surfactant and digoxin were adsorbed
together on a carrier material (Nielsen et al., 2019). Digoxin absorption
was likely enhanced by the co-release of substrate and inhibitor, which
resulted in a more even distribution. Additionally, although zosuquidar
bioavailability was very low, it may be possible that a relevant amount
was absorbed from the intestine and immediately metabolised by first-
pass metabolism (Rubin et al., 2002). Hereby, the absorbed and first-
pass metabolised amount of zosuquidar would not contribute to the
zosuquidar bioavailability, and because it was removed from the small
intestine, would not elicit an effect on the oral absorption of etoposide.

4. Conclusions

In the present study, we showed that the P-gp inhibitor, zosuquidar,
abolished the polarised permeability of etoposide across Caco-2 mono-
layers at low nM concentrations. In vivo, orally co-administered zosu-
quidar elicited a low oral bioavailability and increased oral etoposide
absorption and decreased etoposide clearance, primarily by limiting
intestinal excretion. We estimated that intestinal zosuquidar concen-
trations in the pM-range were necessary to increase etoposide absorp-
tion, which highlighted a substantial in vitro-in vivo discrepancy on the
effects of zosuquidar on etoposide permeability. The present study
provides novel information about in vitro-in vivo correlation of intestinal
P-gp inhibitor concentrations and substrate bioavailability. Thereby, the
study may be useful for future study designs or formulation development
using zosuquidar to increase bioavailability of etoposide or other poorly
permeable P-gp substrates.
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