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Abstract: One of the major concerns for all in vivo experiments is intra- and inter-subject variability,
which can be a great source of inaccuracy. The aim of this study is, therefore, to estimate the ability of
parallel vs. cross-over design studies in order to describe the relative pharmacokinetic performance
of the studied drug formulations. We analyzed the data from a drug development program that
examined the performance of innovative abiraterone acetate formulations against the identical
reference product in three stages. In stages 1–3, groups A–F were dosed with the reference product
once in a parallel manner. Stage 4 was performed to evaluate the intra-individual variability (IIV) by
repeated administration of the reference product to the same animals. Although the geometric mean
(90% CI) values of abiraterone AUClast in groups A–F were similar to the IIV group (24.36 (23.79–41.00)
vs. 26.29 (20.56–47.00) mg/mL·min·g), the results generated in the isolated parallel groups provided
imprecise estimates of the true AUClast values ranging from 9.62 to 44.62 mg/mL·min·g due to chance.
Notably, in 4 out of 15 possible pair comparisons between the parallel groups, the confidence intervals
did not include 100%, which is the true ratio for all comparisons tested after identical formulation
administration to all groups. A cross-over design can significantly improve the methodology in
short-term comparative pre-clinical pharmacokinetic studies, and can provide more precise and
accurate results in comparison to more traditional pre-clinical study designs.

Keywords: abiraterone; variability; pharmacokinetics; cross-over design; rat; in vivo study

1. Introduction

Pre-clinical pharmacokinetic (PK) studies play a key role in several stages of pharma-
ceutical research, as they are currently an irreplaceable source of basic pharmacokinetic
data, and they also allow a relationship to be established between exposure and drug-
induced toxicity (toxicokinetics) before a new molecule is administered to humans [1,2].
Furthermore, animal studies are sometimes needed during the development of innovative
drug formulations in order to confirm the performance of the drug formulation, estimated
from in vitro and modelling studies [3].

Clinical pharmacokinetic trials currently have a rather sophisticated methodology,
which is guided by major regulatory agencies worldwide. The methodology of clinical
studies has been cultivated for a long time to deliver reliable, accurate and precise data,
while minimizing study subjects’ exposure to test compounds. Therefore, the methodology
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of a clinical pharmacokinetic study is inherently dependent on the hypothesis tested and
the aim of the study.

On the other hand, relatively little attention has been paid to the optimal ways of
performing the pre-clinical pharmacokinetic studies. When planning these studies, parallel
design is usually adopted [4,5]. The limited sampling strategy has also gained popularity in
recent years, as it enables pharmacokinetic data to be obtained in a simplified model [6,7].
However, these approaches are often chosen without further considerations and irrespective
of the aim of the study.

One of the major concerns for all in vivo experiments is intra- and inter-subject vari-
ability, which can be a great source of inaccuracy. Gender, age, weight, hormonal status
and eating habits are just a few examples of the factors which introduce variability into the
study data [8]. Actual status of the gastrointestinal system, (e.g., gastric and intestinal pH,
gastric emptying and intestinal transit, bacterial colonization or surface area [9–11]), renal
function, hepatic abundance and drug transporters further contribute to the actual fate
of a compound in the body [12]. Furthermore, genetic polymorphisms within the genes
which encode for drug-metabolizing enzymes or transporters may further substantially
affect drug absorption, distribution, or elimination.

As a result, it is almost impossible to ensure the same inner and outer conditions
for each subject enrolled in a study. Previous experiments with mice have shown that
animals act differently across laboratories despite strict standardization [13]. It has also
been demonstrated that mice phenotypes can fluctuate to the extent that the obtained
results may differ between batches [14].

We hypothesized that to obtain precise and accurate results during pre-clinical phar-
macokinetic studies aimed at comparing drug formulation PK performance, a parallel
study design may not be appropriate, and a cross-over design of the pharmacokinetic
experiment that limits the consequences of inter-subject variability should be chosen.

Therefore, our aim was to estimate the ability of parallel vs. cross-over design studies
to describe the relative pharmacokinetic performance of the studied drug formulations.

2. Materials and Methods
2.1. Materials

For anesthesia, isoflurane (IsoFlo 250 mL, Zoetis/Pfizer, Prague, Czech Republic),
ketamine (Narkamon 100 mg/mL inj sol, Bioveta, Ivanovice na Hané, Czech Republic), and
xylazine (Rometar 20 mg/mL inj sol, Bioveta, Ivanovice na Hané, Czech Republic) were
used. Amoxicillin with clavulanic acid (Synulox RTU inj 100 mL, Zoetis/Pfizer, Prague,
Czech Republic) was used as a perioperative antibiotic, ketoprofen (Ketodolor inj 100 mL,
LeVet Pharma b.v., Oudewater, The Netherlands) as an analgesic, and enoxaparin (Clexane
inj 4000 IU/0.4 mL, Sanofi-Aventis, Prague, Czech Republic) and heparin (Heparin Léčiva
inj 1 × 10 mL/50KU, Zentiva, Prague, Czech Republic) as anticoagulants. Surgical skin
glue was obtained from Henry Schein (Brno, Czech Republic). The reference formulation
of abiraterone acetate (Zytiga, Janssen-Cilag Spa, Latina, Italy) was provided by Zentiva,
k.s. (Prague, Czech Republic). Before dosing, the tablets were crushed and the powder was
placed into gelatin capsules containing 4.2 mg of abiraterone acetate.

2.2. Animals

Male Wistar rats were purchased from Velaz (Prague, Czech Republic). They were
kept under standard conditions with a 12 h light–dark cycle, 22 ± 2 ◦C temperature, and
50 ± 10% relative humidity. They had ad libitum access to water and a standard granulated
diet, with the exception of 4 h before and after dosing with abiraterone acetate. The rats
were treated in compliance with the Guiding Principles for the Use of Animals at Charles
University, First Faculty of Medicine, and all measures were taken to minimize animal
suffering. The experimental animal project was approved by the Ministry of Education,
Youth and Sports, Czech Republic (MSMT-9445/2018-8).
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2.3. Experimental Design and Procedures

We analyzed the data from a drug development program that examined the per-
formance of innovative abiraterone acetate formulations against the identical reference
product (Zytiga, Janssen-Cilag Spa, Latina, Italy) in 3 stages. Stage 4 was performed to
evaluate the intra-individual variability by repeated administration of the reference product
to the same animals. For more detailed information about each stage, see Table 1.

Table 1. Summary of formulations administered to rats and number of rats enrolled into each stage
and group. R–reference formulation, T1–T3—innovative formulations.

Stage Group Formulations Number of Rats

1
A R/T1 4
B R/T1 4

2
C R/T2 6
D R/T2 4

3
E R/T3 3
F R/T3 3

4 IIV R/R 6

Each stage was conducted in a randomized, single-dose, single-center, laboratory-
blinded, two-period, cross-over design comparing bioavailability between the test and
reference formulations. For the present analysis, animals that were dosed with the reference
product in stages 1–3 are considered as individual groups A–F (n = 24). These animals
were administered the reference product on one occasion only, which allows for a parallel
comparison of the reference product bioavailability between the groups A–F.

In stage 4, the identical reference product was administered to animals (n = 6) in both
periods in order to investigate the intra-individual variability of abiraterone acetate in a
single-dose, single-center, laboratory-blinded, two-period, cross-over design. The group of
animals dosed in Stage 4 is labelled as the intra-individual variability (IIV) group.

Prior to dosing, the rats underwent a surgery where A. carotis was cannulated with
catheters made of medical-grade polyurethane (1.9-3Fr, Instech Laboratories, Plymouth
Meeting, PA, USA). Before the surgery, the rats were anesthetized by isoflurane (2.5–5%)
following xylazine (5 mg/kg, i.m.) and ketamine (100 mg/kg, i.m.). Amoxicillin with
clavulanic acid (140/35 mg/kg, s.c.) was applied to prevent infection during the surgery
and ketoprofen (6 mg/kg, s.c.) was used to minimize post-surgery pain. Catheters were
flushed with physiological saline (200 µL), heparin (50 µL), and sealed with heparinized
glycerol every day after surgery to avoid clogging.

After three days, the rats were randomly placed into groups and a formulation con-
taining abiraterone acetate was administered via oral gavage together with 1 mL of water.
To reach a fasted state, access to food was restricted between 4 h before and 4 h after dosing.
After drug dosing via gavage, blood samples (100 µL) were collected for 7 h (pre-dose, 0.5,
1, 1.5, 2, 2.5, 3, 4, 5 and 7 h). Blood withdrawn was replaced by physiological saline (100 µL),
and catheters were flushed by heparinized saline (1250 IU/mL) and sealed by heparinized
glycerol. Centrifugation of blood samples was performed (4500× g, 4 ◦C, 10 min) and
obtained serum aliquots were stored at −80 ◦C until further analysis. A washout period of
at least forty-eight hours was kept between study periods, based on the previously reported
half-life in rats (so that there are at least five half-lives between the periods) [15]. Sufficient
length of the washout was confirmed by measuring plasma levels of abiraterone below
LLOQ before starting the second period.

2.4. Analytical Methods

For the determination of abiraterone, plasma samples were processed as follows. In
25 µL of plasma, proteins were precipitated by the addition of 100 µL of acetonitrile (con-
taining 32 ng/mL abiraterone-d4 as an internal standard). The mixture was vortexed and
centrifuged at 9800× g for 10 min. The supernatant was injected into the UHPLC-MS/MS
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system. Nexera X3 UHPLC coupled with Triple Quad 8045 MS (Shimadzu, Kyoto, Japan)
was used with Kinetex EVO C18 column, 100 × 2.1 mm, 1.7 µm particles (Phenomenex,
Torrance, CA, USA), thermostated at 40 ◦C. The mobile phase (A: 0.1% formic acid in
deionized water, B: acetonitrile) was pumped in at a flow rate of 0.35 mL/min, and the
following gradient program was applied (min/% B) 0/30, 1.5/90, 3.0/90, 3.5/30, 6.0/30.
The autosampler temperature was maintained at 10 ◦C and the sample injection volume
was 2 µL. Effluent from the column was directed to the MS ion source between 2.6 and
3.8 min only. For the rest of the time, the effluent was directed to the waste. The MS
was operated with positive electrospray ionization, with ion source settings as follows: a
nebulizing gas flow of 3 L/min, a heating gas flow of 10 L/min, an interface temperature
of 300 ◦C, a desolvation line temperature of 250 ◦C, a heat block temperature of 400 ◦C,
and a drying gas flow of 10 L/min. A multiple reaction monitoring (MRM) mode was
used for abiraterone quantification. An MRM transition of 350.3 > 156.1 (Q1 pre-bias—17 V,
Q3 pre-bias—27 V, collision energy—57 V) was monitored for abiraterone and transition
354.3 > 160.1 (Q1 pre-bias—17 V, Q3 pre-bias—30 V and collision energy—57 V) was moni-
tored for abiraterone-d4. The method was validated concerning linearity, detection limit,
accuracy, precision, recovery, selectivity, and matrix effects. A seven-point calibration
curve was constructed using the analyte-to-internal standard peak area ratio. Weighted
least-squares linear regression (1/x2 weighting factor) was used. The developed method
was linear in the range of 0.5–600 mg/mL (R2 > 0.9996). The detection limit was 0.03 ng/mL
(determined as a concentration providing a signal corresponding to 3.3 times blank matrix
baseline noise), which was sufficient for the determination of abiraterone in plasma samples.
The accuracy expressed as the relative error in % was within ±7.1%. Inter-day and intra-day
precision expressed as relative standard deviations in % were between 2.4 and 5.2%. The
selectivity of the method was assessed by analysis of six different plasma samples in the
scan MS mode. No interfering compounds appeared within the retention time window of
abiraterone. It should be noted that the method uses tandem MS in the MRM mode, which
further increases the selectivity. Recovery of the method was checked by a comparison
between the abiraterone concentration found in a plasma sample spiked with the standard
before precipitation of proteins and the concentration found in a plasma sample spiked
after precipitation of proteins, at three concentration levels (1, 50 and 250 ng/mL). The
matrix effect was evaluated with six different plasma samples spiked with abiraterone
standard after precipitation of proteins at two concentration levels (1 and 100 ng/mL).
Abiraterone concentrations found in the plasma samples were between 80 and 108% of the
concentration found in the spiked 80% acetonitrile. Calibration was performed every day
and quality control samples were injected after every seven samples.

2.5. Data Analysis and Statistics

Phoenix WinNonlin® 8.3 (Certara, Princeton, NJ, USA) was used to analyze statistics
and pharmacokinetics. For AUClast, natural logarithmic transformation was used for all
statistical inference. For AUClast, non-compartmental analysis using linear trapezoidal
rule with linear interpolation was employed. For parallel comparisons of groups A–F, the
two-one-sided t-tests rely on the assumption that the observations for the groups come
from distributions that have equal variances. This assumption is taken since an identical
reference formulation was administered to all groups. For the cross-over comparison
in the paired design in stage 4, the ANOVA model with the fixed effects subject and
period was used. The residual variance from the model was used to construct a 90%
confidence interval (CI). For all pharmacokinetic calculations, actual sampling times and
ln-transformed concentration data normalized by animal weight were used. All figures
and histograms were constructed using GraphPad Prism 9.3.1 (GraphPad Software, San
Diego, CA, USA).
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2.6. Simulation Methods

All simulations were performed in R [16], version 4.0.2, by using the Mersenne Twister
algorithm for random number generation. In brief, individual test-to-reference ratios
were simulated on the basis of log-normal distribution, where the simulated geometric
means ratio (GMR) was 1 and the coefficient of variation was 0.73 and 0.96 for cross-over
and parallel design, respectively. These variations were observed in our program for
the reference formulation Zytiga. In the case of parallel design, homoscedasticity and
balanced treatment groups were respected. The total sample size corresponded to 24 for
both designs. For each design, 10,000 simulations were conducted, and the proportion of
ratios falling within the standard bioequivalence acceptance range 0.8 to 1.25 was expressed
in percentage.

3. Results

In stages 1–3, groups A–F were dosed with the reference product once in a parallel
manner. The geometric mean AUClast values of the groups A–F ranged from 9.62 to
44.62 mg/mL·min·g. In stage 4, the group labelled IIV was administered with the same
reference product in two periods, described as IIV1 and IIV2. The geometric means of
AUClast values are presented for all the groups in Figure 1. The geometric mean (90% CI)
AUClast value of groups A–F was 24.36 (23.79–41.00) mg/mL·min·g, and the geometric
mean (90% CI) AUClast value of IIV groups was 26.29 (20.56–47.00) mg/mL·min·g.

Figure 1. Geometric mean AUClast (90% CI) of individual parallel groups A–F within the program
with abiraterone acetate reference product in fasted state. To the right of the division line, AUClast

values of group IIV are presented for periods 1 and 2 separately.

All possible parallel comparisons between groups A–F were calculated, as well as the
comparison of period 2 against period 1 for the IIV study. AUClast ratios and 90% CI are
presented in Figure 2.

Figure 2. Results of bioequivalence evaluations, and AUClast ratios with 90% CI between groups A–F
in parallel design. To the right of the division line is the group IIV AUClast ratio to compare periods
from cross-over design. Log scale was used on y axis.

Simulations of the probability that the resulting ratio would fall into the range
of 80–125% (standard bioequivalence acceptance range), based on the observed inter-
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individual variability from groups A–F or IIV in parallel or cross-over design and a sample
size of 24 animals, are summarized in Table 2. Histograms showing the distribution of the
resulting ratios in cross-over and parallel designs are presented in Figure 3.

Table 2. Parameters used in simulations with calculated probability that the resulting ratio would
fall into the range of 80–125%. CV: intra-subject for cross-over, total for parallel.

Cross-Over Parallel

Simulations 10,000 10,000
Sample size 24 24

CV 73% 96%
Ratios 80–125% 76% 49%

Figure 3. Histograms showing distribution of the resulting ratios in cross-over and parallel designs.

4. Discussion

When any pre-clinical study is being planned or performed, the 3R principles must
be followed. These principles include a reduction in animal use, a replacement of other
methods whenever feasible, and minimized pain felt by the animals to the greatest possible
extent [17]. In parallel with the 3R principles, more attention has been paid in recent
years to the design of pre-clinical pharmacokinetic studies [18,19]. Some attempts to
standardize the procedures used in these studies are emerging to improve the quality of
the obtained data [3,20]. Our work was conducted to elaborate on the impact of inter- and
intra-subject variability within comparative pre-clinical studies, which is an important
factor that may substantially affect the obtained results. Abiraterone has been selected as a
model compound belonging to BCS class IV, which is a class with reported high inter- as
well as intra-animal pharmacokinetic variability [9].

Our analysis indicates that, although the geometric mean (90% CI) values of abi-
raterone AUClast in the parallel groups A–F were similar to the IIV group (24.36 (23.79–41.00)
vs. 26.29 (20.56–47.00) mg/mL·min·g) after the administration of the identical reference
formulation, the results generated in the isolated parallel groups provided likely imprecise
estimates of the true AUClast values ranging from 9.62 to 44.62 mg/mL·min·g only due to
chance. The differences between individual groups were extensive, with a maximum value
of geometric means more than 4 times higher than the minimum value. Notably, in 4 out of
15 possible pair comparisons between the parallel groups, the confidence intervals did not
include 100%, which is the true ratio for all comparisons tested after identical formulation
administration to all groups. That means that in 27% of the studies, identical formulations
would be claimed to provide different absorption characteristics compared to the reference
formulation. This observation represents a practical example of false positive results that
may be generated in studies in parallel design with a limited number of animals enrolled,
where it is not feasible to keep all factors standardized and balanced.

It has been described that, despite maximum efforts to standardize the conditions
of animal experiments, there is still high variability between various batches in parallel
design [13]. Within our work, the same conditions were maintained for all rats throughout
their housing and experiments, and identical methodology, analysis, and other processes
have been applied.
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However, there was still high variability in response between the parallel groups,
which can be explained by differences between the subjects and their behaviors: individual
genetic background, susceptibility to stress, eating habits that may differ even when all rats
are fed the same way, physical activity, and the number of physiological conditions. Many
of these factors cannot be measured or controlled during the experiments.

Stage 4 of our program was designed as a cross-over study to investigate intra-subject
variability. In this study, all animals received the same formulation in both periods, and the
extent of absorption (AUClast) from period 2 was compared to period 1 in a paired design.
There was no huge difference between the periods, showing that the intra-subject variability
was rather low. The coefficient of variability (CV) decreased from 96% in the parallel setting
to 73% in the cross-over design. A decrease in variability of this magnitude is a significant
factor for the sample size calculation of any planned experiment. For example, to test the
significance of a 1.5-fold difference between groups with 80% (β = 0.2) power and α = 0.05,
a minimal sample size of 116 and 66 probands was estimated when the CV is 96% and
73%, respectively. The use of a cross-over design would, therefore in such a case, allow the
number of animals to be reduced by almost one half.

Additionally, for both parallel and cross-over design, simulations of probability to
obtain accurate results confirming equivalence were created. For both designs, the same
sample size (n = 24) was tested, with the CV obtained from our current work presented. The
results show that 76% of runs generated ratios within 80–125% in cross-over design. In the
case of parallel design with the same total number of animals, the number of ratios within
the 80–125% range falls to 49%. In other words, for comparative studies of this size, there
is almost 80% probability of achieving the correct conclusion of similar PK performance
between both administrations of identical formulation, while only 50% of studies will
generate the same true conclusion in the parallel group design.

Our observation corresponds to the known consequences of variability in human com-
parative pharmacokinetic studies. For human comparative studies, cross-over design has
been recommended as the gold-standard methodology by both the Food and Drug Admin-
istration (FDA) and the European Medicines Agency (EMA) for several decades [21–23].

The cross-over design brings an indisputable advantage, as a smaller sample size is
sufficient to provide reliable results because each subject serves also as its own control. In
such a design, a large component of variability that is related to inter-individual differences
is eliminated. The choice of such a design in comparative pre-clinical study also fits in
with attempts to minimize the number of experimental animals (e.g., the Animal Welfare
Act originally from 1966 [17] or Directive 2010/63/EU of the European Parliament and of
the Council from 2010 [24]). On the other hand, there is a disadvantage to the cross-over
methodology in small animals such as rats, i.e., the need for mature surgical techniques and
advanced peri-operative care of the animals in order to minimize blood loss and maintain
the animals in good overall status throughout the study.

Contrary to our findings, Daublain et al. reported the rather surprising observation
that intra-animal exposures were found to be more variable than inter-animal exposures in
their analysis of PK studies with more than 16,000 research compounds [9]. However, this
observation is likely to be a consequence of the long duration of the PK studies included in
the analysis by Daublain et al., such as toxicokinetic studies, which also introduce the factor
of rapid ontogenesis in rats likely to override a single-time-point variability. Therefore, our
findings only apply to short-term animal experiments, where the ontogenetic changes of
animals do not substantially affect the study animals.

5. Conclusions

To conclude, the traditional approach to comparative pre-clinical pharmacokinetic
studies brings neither the required accuracy nor precision, if the 3R principles are followed
and the number of animals is kept acceptably small. Adopting a cross-over design is one
solution to ensure a high quality of data while reducing the number of animals needed for
the study. There are a few technical disadvantages of this more complicated study design,
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especially the need for more advanced care of the animals and the necessity to minimize
the blood sample volumes. Despite this, a cross-over design can significantly improve
the methodology in short-term comparative pre-clinical pharmacokinetic studies, and can
provide more precise and accurate results in comparison to more traditional pre-clinical
study designs.
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Abstract. Abiraterone acetate has limited bioavailability in the fasted state and exhibits a
strong positive food effect. We present a novel formulation concept based on the so-called oil
marbles (OMs) and show by in vitro and in vivo experiments that the food effect can be
suppressed. OMs are spherical particles with a core-shell structure, formed by coating oil-
based droplets that contain the dissolved drug by a layer of powder that prevents the cores
from sticking and coalescence. OMs prepared in this work contained abiraterone acetate in
the amorphous form and showed enhanced dissolution properties during in vitro experiments
when compared with originally marketed formulation of abiraterone acetate (Zytiga®).
Based on in vitro comparison of OMs containing different oil/surfactant combinations, the
most promising formulation was chosen for in vivo studies. To ensure relevance, it was
verified that the food effect previously reported for Zytiga® in humans was translated into
the rat animal model. The bioavailability of abiraterone acetate formulated in OMs in the
fasted state was then found to be enhanced by a factor of 2.7 in terms of AUC and by a factor
of 4.0 in terms of Cmax. Crucially, the food effect reported in the literature for other
abiraterone acetate formulations was successfully eliminated and OMs showed comparable
extent of bioavailability in a fed-fasted study. Oil marbles therefore seem to be a promising
formulation concept not only for abiraterone acetate but potentially also for other poorly
soluble drugs that reveal a positive food effect.

KEY WORDS: bioavailability; bioequivalence; food effect; formulation; liquid marble.

INTRODUCTION

Poorly soluble drugs (i.e., drugs belonging to BCS groups
II and IV) and their limited oral bioavailability currently
present a major challenge to pharmaceutical scientists (1). An
example of such a hard-to-formulate drug is abiraterone
acetate, a prodrug of androgen biosynthesis inhibitor
abiraterone, marketed under the original brand name
Zytiga® and used as a medication for the treatment of
metastatic castration–resistant prostate cancer (2).
Abiraterone acetate has an extremely low bioavailability in
the fasted state (estimated to be less than 10%) and exhibits a
highly variable increase in bioavailability in the fed state (3–
5). It has been reported that intake with high-fat meal leads to
increase in overall exposures by approximately 17- and 10-
fold, in terms Cmax and AUC, respectively. The original
formulation must therefore be taken on a fasting stomach in
high doses, 1000 mg daily (2). This not only is inconvenient
for the patients, but also presents a risk of accidental
overdose. Attempts have been made to establish safe dosing
regimen for lower doses of Zytiga® administered with
food—these attempts have however been unsuccessful so far
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(3). This implies a need for the development of novel
formulation strategies that would allow food effect elimina-
tion and thus safe dosing regimen for abiraterone acetate.

Therefore, it can be hypothesized that by using advanced
formulation approaches to increase the bioavailability of
abiraterone acetate on a fasting stomach, the dangerous food
effect can be suppressed (6). Administration of the crystalline
drug in the form of nanoparticles allowed dose reduction to
500 mg (7,8). Solymosi et al. reported a negligible food effect
for a novel formulation based on continuous flow precipita-
tion with Soluplus (9,10). Finally, we have shown in a recent
study that amorphous solid dispersion (ASD) formulation
based on precipitation inhibitor allowed 2.5-fold bioavailabil-
ity enhancement in fasted rats (11).

Alternatively, lipid-based formulations of abiraterone
acetate have been investigated recently (12). Complex lipid-
based formulations can contain various oils, surfactants, and
co-solvents. These systems can be categorized based on the
Lipid Formulation Classification System (LFCS) into several
groups among which the self-emulsifying drug delivery
systems (SEDDS) and the self-microemulsifying drug deliv-
ery systems (SMEDDS) are of particular significance (13–15).
These liquid formulations are usually filled into soft gelatin
capsules. Even though these systems can be highly effective in
bioavailability enhancement, they also have some drawbacks
when compared with solid dosage forms.

As SEDDS and SMEDDS are essentially liquid formu-
lations, it is not easily possible to alter their dissolution
kinetics as such (16). Once the soft gelatin capsule is opened,
it releases the whole content at once, forming a fine emulsion.
The lipids are then available for enzymatic digestion (lipol-
ysis), which is believed to be the critical step for drug
absorption (15,17). Moreover, there are several challenges
associated with soft gelatin capsules—e.g., cross-linking to the
gelatin (which can result in poor dissolution) or the necessity
to employ a special production line (18). Due to these aspects
of liquid oil–based drug delivery systems, there have been
efforts towards the solidification of these types of formula-
tions (15). SEDDS solidification techniques have been
reviewed recently by Joyce et al. (19) In the present work,
we are introducing a novel approach towards the preparation
of solidified oil-based formulations of abiraterone acetate
based on the so-called oil marbles.

The general term “liquid marble” refers to a droplet
covered by a layer of non-wetting solid particles that stabilize
the interface and cause the droplet to behave and roll as if it
were a rigid sphere. (20,21) Most of the existing literature on
pharmaceutical applications of liquid marbles is concerned
with water-based systems covered by hydrophobic powders
(22). Such marbles typically contain about 90% w/w of the
liquid core, depending on the interfacial tension, the droplet
diameter, and the particle size. Solid particles on the surface
prevent the encapsulated liquid from evaporation or leakage
and protect the marbles from agglomeration, thus improving
their handling properties (20,21). Although oil-based liquid
marbles can be prepared as well, they are not so well
documented in the literature and their practical application
has so far been hindered by a limited choice of sufficiently
oleophobic powders for coating (23). A fully liquid oil core
combined with an insufficiently oleophobic powder leads to
an unfavorable ratio between the oily core and the shell

material, which ultimately limits the achievable drug load in
the formulation.

Therefore, the aim of the present work was to overcome
this limitation by formulating the oil-based core in such way
that it can be combined even with wettable powders without
their excessive absorption into the core. The resulting oil
marbles (OMs) combine the advantages of oil-based formu-
lations in terms of bioavailability enhancement and those of
solid dosage forms in terms of handling the product. It will be
shown that OMs can be filled into hard gelatin capsules and
handled similarly as a solid material once they are prepared.
We will demonstrate that unlike fully liquid formulations,
OMs can provide a range of dissolution profiles depending on
the matrix composition and OM size. Crucially, it will be
shown that OM formulation of abiraterone acetate leads not
only to improved dissolution in vitro but also to significant
bioavailability enhancement in vivo and ultimately successful
elimination of the food effect.

MATERIALS AND METHODS

Materials

Abiraterone acetate was provided by Zentiva, k.s.
(Prague, Czech Republic). Capmul oil MCM NF was
purchased from Abitec (Columbus, USA); Capryol PGMC
was kindly donated by Gattefossé (Saint-Priest, France).
Surfactants (summarized in Supplementary Material,
Table S1) were purchased from Sigma-Aldrich. Natural oils
(olive oil, rapeseed oil, and castor oil) were purchased from
Merck (Germany). Hydroxypropyl methylcellulose
(HPMCAS-LF) was bought from Shin-Etsu Chemical. Pow-
ders for biorelevant media were purchased from
Biorelevant.com Ltd. (London, UK). The biorelevant disso-
lution media were prepared according to the manufacturer’s
protocol. All solvents used were at least of HPLC grade.

Solubility Measurements

In order to select the most appropriate oil for the OMs,
the solubility of abiraterone acetate in several candidate oils
was determined using the shake flask method. Briefly, an
excess of abiraterone acetate was added to an Eppendorf vial
containing 1 mL of the oil and the resulting suspension was
shaken at 37°C for 24 h. At the end of the experiment, the
vials were centrifuged at 10,000 RPM for 10 min, the
supernatant was diluted ten times into isopropyl alcohol,
and the concentration of abiraterone acetate in the resulting
solution was determined by HPLC (method adapted from our
previous study) (11).

As an additional component of the OM formulation,
surfactants were screened for their ability to enhance the
solubility of abiraterone acetate in aqueous media. The
solubility was determined using the shake flask method
described above. Surfactants with relatively higher melting
point (around 50°C) were selected along with several
commonly used non-ionic surfactants such as Tween. The full
list of surfactants is provided in Supplementary Material,
Table S1. Phosphate buffer pH 6.8 supplemented with these
surfactants at different concentrations (namely 1.0, 0.5, 0.25,
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and 0.125 mg/L) was used as the dissolution media in the
shake flask method.

Preparation of Oil Marbles

All components of the oil core (abiraterone acetate, oil,
surfactant) were weighted and placed into a flask. The
mixture was heated in a bath at 56°C and stirred for 20 min
at 250 RPM to allow complete dissolution and homogeniza-
tion of the mixture. Oil Marbles were created by dripping the
liquid at a rate of 2 Hz using a 30G needle connected to a
precise syringe pump, into a powder bed placed in Petri dish
that moved underneath the needle tip at a velocity or
approximately 10 mm/s in order to allow sufficient distance
between the individual OMs. The powder bed was main-
tained at room temperature (approximately 20°C);
HPMCAS-LF was used as the covering powder material.
After 3 min (time necessary for the droplets to cool down and
partially solidify), the Petri dish was shaken to fully cover the
droplets by the powder. Thanks to the surface cooling of the
droplets, the HPMCAS powder remained just on the surface
even though it is not fully oleophobic. The final product—the
oil marble—therefore behaves as a non-sticking solid sphere
regardless of the physical consistency of the oily core.

Physicochemical Characterization

Sieve Analysis

After preparation, the OMs were separated by sieving to
obtain size classes with a defined diameter. To assess the
effect of OM size on in vitro dissolution properties of the
formulation, the following size fractions were collected: 1.4–
2 mm, 2–3 mm, 3–4 mm, 4–5 mm, 5–6 mm, and > 6 mm. Since
the rat capsules intended for an in vivo study have an inner
diameter of 2 mm, only the smallest fraction (1.4 to 2 mm) of
OMs was used for the in vivo study.

X-ray Powder Diffraction Analysis

X-ray powder diffraction (XRPD) patterns were ob-
tained with the laboratory X-ray diffractometer X’PERT
PRO MPD PANalytical with copper radiation CuKα (λ =
1.542 Å, 45 kV/40 mA), 2-theta range 2–40°, with step size
0.02° 2θ and time per step 300 s. Primary optics setting is as
follows: Soller slits 0.02 rad, automatic PDS, 10 mm mask,
1/4° anti-scatter slit, irradiated sample area 10 mm. Secondary
optics setting is as follows: 5.0 mm anti-scatter slit, Soller slits
0.02 rad, detector X’Celerator with maximal active length.
Silicon zero background holders were used for measurement.
A few OMs were placed on the holder and gently pressed by
a Petri dish to obtain a flat surface. All samples of OM were
measured on XRPD to confirm if abiraterone acetate inside
the marbles was present in the crystalline or amorphous form.

Drug Load Analysis

The actual drug load in the oil marbles was determined
by extraction into methanol. Approximately 80 mg of OMs
was weighted into a 20-mL volumetric flask and extracted
into methanol. The resulting solution was diluted 10 times,

and the concentration of abiraterone acetate was determined
on HPLC using a method adapted from our previous study
(11).

In Vitro Dissolution Testing

Dissolution experiments were conducted using standard
USP 2 dissolution bath equipped with a mini-paddle appara-
tus (Sotax, Switzerland). The dissolution media were pre-
heated to 37°C and the stirrer speed was set to 125 RPM;
these conditions were kept constant throughout the experi-
ment. OMs were placed into a weighing boat and adminis-
tered directly into the dissolution vessel. The weight of
abiraterone acetate corresponded to 20 mg in all dissolution
experiments. Liquid samples (500 μL) were collected in pre-
defined time points, filtered through a 0.45-μm filter, imme-
diately diluted with 500 μL of MeOH, and analyzed on
HPLC. Unlike the dissolution medium, the filtrate was clear,
suggesting the absence of any particles or droplets that would
scatter light.

As dissolution media simulating fasted and fed condi-
tions, biorelevant buffers were used—FeSSIF v2 pH 5.8,
FaSSIF pH 6.5, and FaSSIF pH 6.5 supplemented with
pancreatin (10 mg/mL) (24). Furthermore, pH shift experi-
ment was designed. Briefly, 130 mL of 10 mM HCl pH 2 was
used to simulate gastric conditions. After 30 min, concen-
trated FaSSIF buffer was added to the dissolution vessel to
obtain 195 mL of FaSSIF buffer pH 6.5.

In Vivo Bioequivalence Study

Chemicals

Ketamine (Narkamon 100 mg/mL inj. sol.; Bioveta,
Ivanovice na Hané, Czech Republic), xylazine (Rometar
20 mg/mL inj. sol.; Bioveta, Ivanovice na Hané,
Czech Republic), and isoflurane (IsoFlo 250 mL; Zoetis/
Pfizer, Czech Republic) were used for anesthetization.
Enoxaparin (Clexane inj. 4000 IU/0.4 mL; Sanofi-Aventis,
Czech Republic), heparin (Heparin Léčiva inj. 1 × 10 mL/
50KU; Zentiva, Czech Republic), amoxicillin with clavulanic
acid (Synulox RTU inj . 100 mL; Zoet i s /Pfizer,
Czech Republic), and ketoprofen (Ketodolor inj. 100 mL;
LeVet Pharma b.v., Netherlands) were used for peri-operative
anti-coagulant, antibiotic, and analgesic treatments, respec-
tively. Surgical Skin Glue was purchased from Henry Schein
(Brno, Czech Republic). For dosing, mini gelatin drug
delivery capsules, size 9el (Harvard Apparatus, USA), were
used.

Animals

Male Wistar rats purchased from Velaz (Prague,
Czech Republic) were housed under standard conditions
(12-h light-dark cycle, 22 ± 2°C temperature and 50 ± 10%
relative humidity) and fed on water and standard granulated
diet ad libitum. All experiments were performed in accor-
dance with the Guiding Principles for the Use of Animals in
Charles University, First Faculty of Medicine, and every
effort was made to minimize animal suffering. The experi-
mental animal project was approved by the Ministry of
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Education, Youth and Sports, Czech Republic (MSMT-9445/
2018-8).

Preparation of Capsules for In Vivo Dosing

The mini capsules containing reference formulation were
filled with the crushed original drug product Zytiga® to
contain approximately 4.2 mg of abiraterone acetate. For the
test formulation, two capsules were filled with OM
formulation pre-selected on the basis of previous in vitro
studies. Each capsule contained approximately 2.1 mg of
abiraterone acetate—two capsules containing the test formu-
lation were given to each animal by oral gavage.

Experimental Design and Procedure

A randomized, single-dose, laboratory-blinded, 2-period,
2-sequence, crossover bioequivalence study was conducted
under fasting conditions in rats to compare the bioavailability
of abiraterone after oral administration of test and reference
(Zytiga®, Janssen-Cilag SpA, Latina, Italy) formulations
(Table I part A). Another randomized, single-dose, labora-
tory-blinded, 2-period, 4-sequence, crossover comparative
bioavailability study was conducted in rats to compare the
effect of food on bioavailability of abiraterone after oral
administration of test and reference formulations (Table I
part B).

All rats underwent cannulation of a. carotis with
catheters made from medical-grade polyurethane (1.9-3Fr,
Instech Laboratories, Plymouth Meeting, USA). Prior to the
surgery, 2.5–5% isoflurane was used to anesthetize the rats,
continued with ketamine (100 mg/kg, i.m.) and xylazine
(5 mg/kg, i.m.). Prophylactic amoxicillin with clavulanic acid
(1 mL/kg, s.c.) was administered prior to the surgery to
minimize the risk of an infection. After the cannulation,
ketoprofen (5 mg/kg, s.c.) was applied. Catheters were
flushed with 200 μL of physiological saline and 50 μL of
heparin and sealed by 20 μL of glycerol with heparin every
day. Peri-procedural thromboembolism prophylaxis with
enoxaparin (10 mg/kg, s.c. q.d.) was applied from 12 h prior
to surgery until the end of study. The third day after the
cannulation, rats were randomly assigned into study groups
and dosing of abiraterone acetate containing formulation was
performed.

For dosing under fasted state, the access of the animals
to food was restricted between 4 h prior to dosing and 4 h
after that, and capsule was administered by X-9el dosing
syringe (Torpac Inc., Fairfield, USA) followed by 1 mL of

water via oral gavage. For dosing under fed state, adminis-
tered capsule was immediately followed by 1 mL of homog-
enized mixture (1:1) of olive oil with Nutridrink (Nutricia,
Danone, Amsterdam, Netherlands) via oral gavage and the
access of the animals to food was not restricted. Total dose of
abiraterone acetate was measured in each capsule and ranged
between 4.18–4.53 mg and 4.00–4.27 mg for reference and test
formulations, respectively. Therefore, all concentration data
has been normalized to body weight of each animal. Blood
samples (100 μL) were then collected for 7 h (0, 0.5, 1, 1.5, 2,
2.5, 3, 4, 5, and 7 h) after the dosing. Volume replacement
with 100 μL of saline was provided after each sampling and
50 μL of heparinized saline flush (1250 IU/mL) of the
catheter together with sealing by heparinized glycerol used
to secure the catheter patency. Blood samples were centri-
fuged for 10 min (4500×g, 4°C) and serum aliquots were
stored at − 80°C until analyses. A wash-out period of 48 h
between consecutive doses was applied.

Analytical Methods

Determination of abiraterone in plasma samples was
carried out on the Shimadzu UHPLC Nexera X3 coupled
with a Triple Quad 8045 tandem mass spectrometer
(Shimadzu, Kyoto, Japan). Kinetex EVO C18 column
(100 mm × 2.1 mm, 1.7 μm particle size) from Phenomenex
(Torrance, USA), thermostatted at 40°C, was used for the
analysis. The mobile phase consisted of 0.1% formic acid in
deionized water (solvent A) and acetonitrile (solvent B). The
flow rate of the mobile phase was maintained at 0.35 mL/min.
The optimized gradient program (min/% B) was 0/30, 1.5/90,
3.0/90, 3.5/30, and 6.0/30. The injection volume was 2 μL, and
samples were kept at 10°C. To reduce the cleaning time of the
ion source, we switched the MS six-port valve to waste for the
first 2.6 min and for the last 2.2 min of analysis. The tandem
mass spectrometry measurement was performed in multiple
reaction monitoring (MRM) mode using positive electrospray
ionization. MRM transitions of 350.3 > 156.1 (Q1 pre-bias −
17 V, Q3 pre-bias − 27 V, and collision energy − 57 V) and
354.3 > 160.1 (Q1 pre-bias − 17 V, Q3 pre-bias − 30 V, and
collision energy − 57 V) were monitored for abiraterone and
abiraterone-d4 (internal standard), respectively. The ion
source was set as follows: nebulizing gas flow: 3 L/min,
heating gas flow: 10 L/min, interface temperature: 300°C,
desolvation line temperature: 250°C, heat block temperature:
400°C, and drying gas flow: 10 L/min. A total of 100 μL of
100% acetonitrile (containing abiraterone-d4; c = 32 ng/mL)
was added to 25 μL of plasma, shaken (vortex), and
centrifuged (10 min/9800×g). A total of 70 μL of supernatant
was transferred into a chromatographic vial.

The method was validated in terms of linearity, LOD,
accuracy, precision, selectivity, recovery, and matrix effects.
The calibration curve was constructed in the blank plasma
with seven concentrations by plotting the ratio of the peak
area of the analyte to that of deuterium-labeled IS against
analyte concentration. The calibration curve was statistically
analyzed by 1/x2 weighted linear regression analysis using the
least squares regression method, which improved the
accuracy in low concentrations. The developed method was
linear (coefficients of determination (R2) higher than 0.9996)
in the concentration range of 0.5–600 ng/mL with the

Table I. Experimental Design of In Vivo Studies

A Group no. Formulation sequence
1 R–T
2 T–R

B Group no. Formulation/condition sequence
1 R (fasted)–R (fed)
2 T (fasted)–T (fed)
3 R (fed)–R (fasted)
4 T (fed)–T (fasted)

R reference, T tested formulation
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accuracy (relative error %) within ± 7.1%, and the interday
and intraday precisions (RSD %) ranged from 2.4 to 5.2%.
LOD value was determined as 3.3 × σ/S ratio, where σ is the
baseline noise obtained from the blank matrix and S is the
slope of the regression line (based on peak heights) obtained
from the linearity data. The mean of LOD value was 0.03 ng/
mL, which showed satisfactory sensitivity for abiraterone
determination in plasma samples. Recovery was evaluated by
comparing concentration of abiraterone found in the pre-
protein-precipitation spiked plasma sample with the concen-
tration found in the corresponding post-protein-precipitation
spiked sample at three concentrations (1, 50, and 250 ng/mL).
Method selectivity was monitored by injecting six plasma
samples (mass spectrometer was set in scan mode). These
chromatograms showed no interfering compound within the
retention time window of abiraterone. Moreover, the devel-
oped method uses a tandem mass spectrometer in specific
SRM mode, which ensures high selectivity. Matrix effect was
evaluated at two concentration levels (1 and 100 ng/mL) of
six plasma samples. It was determined by comparing the
concentration of abiraterone found in the post-protein-
precipitation spiked plasma sample with that found in the
80% acetonitrile spiked with abiraterone (without matrix
effect). The matrix effect ranged from 80 to 108%. To assess
the validity of the analytical method, calibration was per-
formed every day before measuring samples and quality
control samples were injected after each 7th sample.

Data Analysis and Statistics

Statistical and pharmacokinetic analysis was performed
using Phoenix WinNonlin® (Certara, Princeton, USA). Cmax,
Tmax, and AUC were evaluated. The natural logarithmic
transformation of Cmax and AUC was used for all statistical
inference. AUC was calculated using the trapezoidal rule, and
Cmax and Tmax were taken directly from the observed data.
The pharmacokinetic parameters were analyzed using an
ANOVA model. The fixed factors included in this model
were the effects of subject, treatment, period, and sequence.
The 90% confidence interval for the ratio of geometric least
squares means between the test and reference products was
calculated. Actual sampling times were used for all
pharmacokinetic calculations, while scheduled sampling
times were used only for plotting of mean pharmacokinetic
profiles. The maximum difference between actual and per-
protocol sampling times was 5 min. GraphPad Prism version
8.00 for Windows (GraphPad Software, La Jolla, USA) was
used to plot mean pharmacokinetic profiles.

RESULTS

Selection of Formulation Components Based on Solubility

Based on recently published SMEDDS formulations of
abiraterone acetate that contained mixtures of castor oil and
artificial oils (12), it was decided to explore the solubility of
abiraterone acetate in other natural oils (rapeseed oil and
olive oil) compared with castor oil, as well as in several
artificial oils (Capmul MCM NF and Capryol PGMC). The
results are summarized in Fig. 1a (the underlying values can
be found in Supplementary Material, Table S2). From the

natural oils, castor oil with solubility of abiraterone acetate
137.7 mg/L was chosen for the preparation of oil marbles due
to its highest solubility. For the artificial oils (Capmul MCM
NF dissolved 53.3 m/L and Capryol PGMC 735.1 mg/L), both
were used in combination with different surfactants as
described in “Preparation of Oil Marbles and Their Physico-
chemical Characterization.” Surfactants for the formulation
were selected based on their solubilization effect for
abiraterone acetate and their physical consistency. The
preparation of OMs coated by HPMCAS powder requires
the usage of solid or semi-solid excipients. Thus, surfactants
with a melting point around 50°C (based on manufacturer
and literature data) (25–30) were included in the list of
possible surfactants (Supplementary Material, Table S1).
Along with these, the solubilization capacity of some com-
monly used non-ionic surfactants (such as Tweens) was
tested. The ability of selected surfactants to enhance the
solubility of abiraterone acetate was assessed in a phosphate
buffer pH 6.8. The solubility of abiraterone acetate alone was
under the detection limit of the UPLC method. The highest
enhancements were occurred for Kolliphor RH40, Tween 80,
Tween 20, and Pluronic F127 (see Fig. 1b).

Preparation of Oil Marbles and Their Physicochemical
Characterization

Based on the solubility data, we prepared four types of
OMs with a different composition of the inner core, as
summarized in Table II. We focused mainly on the manufac-
turability of the marbles while using surfactants that provided
the highest solubility for abiraterone acetate. Some of the
surfactants that provided good solubility were found to be
unsuitable for the preparation of oil marbles, namely Tween
20 and Tween 80. Both are liquid at room temperature, and
we were not able to prepare a mixture that would allow the
formation of stable OMs coated by a thin layer of HPMCAS
powder. Butylated hydroxyanisole (BHA) was added to all
formulations in order to decrease undesired oxidation
processes.

For mixture A, solid surfactant Pluronic F-127 was used
as the main solubilizing agent (this surfactant showed good
solubility for abiraterone acetate in phosphate buffer).
Tween 65 was used as a solidifying agent. The resulting
mixture thus formed a rather solid core. For mixture B,
both used surfactants (solid Pluronic F-127 and liquid
Kolliphor RH40) showed the ability to solubilize
abiraterone acetate. Their mixture also allowed formation
of a solid oil core at room temperature although softer than
when using mixture A. Mixture C was prepared using
surfactants that have a high melting point, but they did
not perform well in the solubility measurements. We
therefore assumed that this mixture would not perform well
in the dissolution studies although the solid core could still
contain molecularly dispersed abiraterone acetate (see
Fig. 3). For mixture D, both used surfactants (Pluronic F-
127 and Span 40) are solid materials but only Pluronic F-127
showed solubility enhancement.

As a covering material, HPMCAS-LF, a polymeric
excipient with pH-dependent solubility, was used. This
covering material was chosen for two main reasons: (i) pH-
dependent solubility of this polymer allows pH-controlled

The AAPS Journal (2020) 22: 122 Page 5 of 12 122



release since we believe that tuning the release of abiraterone
acetate based on pH is crucial for food effect elimination; (ii)
in our previous study (11), HPMCAS-LF was identified as a
potent precipitation inhibitor—this might allow drug absorp-
tion even when supersaturated state is reached in a given
environment (this phenomenon is usually referred to as
parachute effect) (31). We were able to prepare marbles
smaller than 2 mm in diameter that could be filled into
capsules for rodents (capsule size 9el) as shown in Fig. 2.
Larger size fractions were also prepared and used for
studying the impact of OM size on the dissolution properties
(see “In Vitro Dissolution Testing”).

Figure 3 shows XRPD diffractograms of OM samples.
Crystalline abiraterone acetate was not detected in any of the
samples. It can be concluded that abiraterone acetate is
probably molecularly dispersed in all four formulations. The
detected diffraction peaks correspond to excipients, namely
to triblock copolymers (Poloxamer 188, Pluronic F-127,
Kolliphor) and solid co-surfactants (Span 65, Span 40). The
XRPD diffractograms of these excipients are summarized in
Supplementary Material, Fig. S1. The drug load as deter-
mined by methanol extraction corresponded with theoretical
drug load in the melt. As anticipated, the actual drug load is
decreased by addition of a thin layer of HPMCAS. The actual
drug content determined for OM sample B (intended for the
in vivo study) was found to be 6.2%.

In Vitro Dissolution Testing

As bioavailability of abiraterone acetate is reported to be
limited in fasting conditions, special attention should be paid
to dissolution in media closely mimicking these conditions.
For this purpose, a pH shift experiment that represents a
transfer of API from a fasting stomach to a fasting intestine
was designed. The results for OM formulation B are shown in
Fig. 4a. Less than 10% of abiraterone acetate was released
under acidic condition—this is due to poor solubility of the
coating material (HPMCAS-LF) in acidic pH. Coverage of
the oil marbles by this polymeric excipient therefore seems to
be very efficient. Interestingly, when OMs were administered
to the dissolution test in the rodent capsules, there was a
slight increase in the release rate in acidic pH (and a
subsequent shift of dissolution curve in the FaSSIF stage).
This is most probably due to mechanical damage of the
covering powder layer of the marbles when they are placed
into the capsules. Although the damage of the powder layer
apparently translates into dissolution behavior, the overall
effect on dissolution properties was considered negligible and
hence all subsequent studies were performed without the
capsules.

Having established that the HPMCAS-LF coating on the
OMs effectively prevents dissolution under acidic conditions,
all four OM formulations were then compared in a dissolu-
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Fig. 1. a Solubility of abiraterone acetate in various natural and artificial oils. b The solubility enhancement of
abiraterone acetate due to various surfactants in phosphate buffer pH 6.8

Table II. Oil Marbles—Different Samples and Their Composition (Weight Percent)

Sample Abiraterone
acetate (%)

C a pmu l o i l
MCM NF (%)

C a p r y o l
PGMC (%)

Ca s t o r
oil (%)

P lu ron i c s
F-127 (%)

Ko l l i pho r
RH40 (%)

Tw e e n
65 (%)

S p a n
40 (%)

S p a n
65 (%)

Poloxamer
188 (%)

BHA
(%)

OM A 6.9 23.1 - 23.1 23.2 - 23.6 - - - 0.1
OM B 7.0 23.1 - 23.3 23.5 23.0 - - - - 0.1
OM C 8.1 - 23.0 22.8 - - - - 22.9 23.1 0.1
OM D 7.8 - 22.6 22.1 24.5 - - 22.8 - - 0.1
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tion experiment in FaSSIF media (Fig. 4b). As a reference,
the dissolution of a crushed Zytiga® tablet (original drug
product containing abiraterone acetate) (2) under the same
conditions is shown as reported in our previous study (11).
The fraction dissolved for most OM formulations except
formulation C is considerably higher. Also, no precipitation
was observed throughout the experiment suggesting main-
tained supersaturation of abiraterone acetate when compared
with crystalline API present in the original drug product.

OM formulation C contained only surfactants that did
not show significant solubility enhancing properties (Span 65
and Poloxamer 188). On the other hand, significant improve-
ment in dissolution rate was seen for both OM formulations
A and D. Both of these formulations contained one surfactant
that showed solubility enhancing properties (Pluronic F-127)
and one that either showed only minor or no effect (Span 40
or Tween 65). Finally, the fastest dissolution rate was

observed for OM formulation B; both surfactants used in this
formulation increase the solubility of abiraterone acetate. As
the release rate in FaSSIF buffer was the highest for OM
formulation B and no precipitation was observed, this
formulation was retained for further studies.

The effect of OM size on the release kinetics was
assessed next. Although the size needed for in vivo study in
the rat animal model was determined by the inner diameter
of the rodent capsules, understanding the effect of OM is
useful for further formulation development. The results of
dissolution experiment plotted in Fig. 4c clearly show that
marble size has a direct effect on the release rate from the oil
marble. It is therefore possible to control the release rate
from OMs just by changing their diameter. This might be
especially useful when targeting certain dissolution profile. It
is also a major distinguishing feature of OMs compared with
liquid SMEDDS formulations.

Fig. 2. Formation of oil marbles. a Initial droplet of the core material. b Droplets after deposition
on a powder bed. c Finished oil marble coated by HPMCAS-LF. d Sub-2-mm OMs filled into
rodent capsules size 9el

Fig. 3. XRPD diffractograms of OM formulations A–D compared with
crystalline abiraterone acetate—the XRPD diffractograms of individual
formulation components can be found in Supplementary Material, Fig.
S1
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As abiraterone acetate is prone to enzymatic hydrolysis
upon oral administration (24,32), a dissolution experiment in
biorelevant media supplemented with pancreatic enzymes
was designed. Also, the effect of lipolysis is assessed when
pancreatic enzymes are present in the dissolution media (17).
The digestion of lipidic excipients present in the OM
formulation might play an important role in the absorption
of the drug even though the mixtures prepared in this study
fall into group III according to LFCS—drugs can be
reportedly absorbed from type III formulations even without
digestion (13,14). Three different formulations were tested
in the presence of pancreatic enzymes: (i) original drug
product Zytiga®; (ii) amorphous solid dispersion with
HPMCAS-LF as a carrier (11); (iii) formulation in oil
marbles (OM B). The concentration of abiraterone acetate,
its hydrolysis product abiraterone, and the total concentra-
tion of both compounds are plotted over time in Fig. 5. The
area under the curve was calculated for total concentration
as a measure of the overall quantity of the API theoretically
available for absorption.

It is believed that both abiraterone acetate and
abiraterone can permeate through the intestinal wall (32).

These results therefore imply that highest bioavailability
should be reached for the OM formulation. Moreover, the
dissolution curves in pancreatin-enriched media provide an
insight into the lipolysis of lipids. The release rate of the drug
(when plotted as the combined concentration of abiraterone
and abiraterone acetate) is slightly higher when compared
with dissolution experiment in FaSSIF (see Fig. 4). This might
be caused by the degradation of lipids thus releasing the drug.
Also, last time point (90 min) indicates some precipitation of
the drug. However, the time window in which the drug is
solubilized should be wide enough to allow drug absorption
before the precipitation starts.

Finally, since our goal is to suppress food effect reported
for abiraterone acetate, also in vitro experiments simulating
fed conditions were evaluated. For this purpose, dissolution in
FeSSIF v2 was conducted. The results are plotted in Fig. 4d.

FeSSIF v2 media have pH 5.8, which is close to the
borderline where HPMCAS-LF dissolves (pH 5.5–6). That
explains why less API is released from the oil marbles in the
fed state simulated fluid (approximately 53% of the admin-
istered dose) than in the fasted state simulated fluid (68% of
the administered dose). For Zytiga®, only 13% of the
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Fig. 4. Mean (± SD, n = 3) in vitro dissolution profiles of a OM formulation B in pH shift dissolution experiment. 0–30 min 10 mM HCl pH 2,
130 mL; 30–90 min FaSSIF pH 6.5, 195 mL; mini-paddles at 125RPM; b oil marbles A–D compared with Zytiga® in FaSSIF media, pH 6.5,
200 mL, mini-paddles at 125RPM; c different marble sizes of OM formulation B in FaSSIF media, pH 6.5, 200 mL, mini-paddles at 125RPM; d
OM formulation B compared with Zytiga® in FeSSIF v2 media, pH 5.8, 200 mL, mini-paddles at 125RPM. Fraction dissolved corresponds to
abiraterone acetate—abiraterone (product of hydrolysis of abiraterone acetate) was not detected in neither of the experiments. Fraction
dissolved corresponds to abiraterone acetate—abiraterone (product of hydrolysis of abiraterone acetate) was not detected in neither of the
experiments
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administered dose is dissolved under simulated fasted
conditions compared with 69% of the administered dose
dissolved under simulated fed conditions. Moreover, Zytiga®

apparently dissolves faster in the fed state simulated intestinal
fluids than the OM formulation. If this behavior translates
into in vivo scenario, the positive food effect reported for
original drug product Zytiga® that can lead to toxic exposures
of abiraterone acetate could be suppressed.

In Vivo Study

In crossover bioavailability study design, 8 rats com-
pleted both periods as planned. The weight of enrolled rats
ranged between 309 and 428 g, while administered weigh-
normalized doses ranged from 10.30 to 13.78 mg/kg.

Abiraterone pharmacokinetic parameters after adminis-
tration of test (oil marbles B) and reference (Zytiga®)
formulations to fasted rats are summarized in Table III. The

rate of drug absorption was substantially higher after
administration of test formulation in comparison to
reference product as documented by approximately 4-fold
Cmax and shorter Tmax, although the difference in Tmax values
between test and reference formulations did not reach
statistical significance. The extent of abiraterone absorption
was approximately 2.7-fold higher after the test formulation
in comparison to the reference product. Figure 6a shows the
mean abiraterone pharmacokinetic profiles after both
products.

Concentrations of pre-dose blood samples were all below
the limit of quantification (1 ng/mL) indicating that the wash-
out period (48 h) was sufficient. However, the sampling
interval, although derived from our previous experience (11),
was rather short as the β elimination phase has not been
covered in 3 and 2 pharmacokinetic profiles after administra-
tion of reference and test formulations, respectively. The
AUClast/AUCinf ratio in the rest of animals ranged from 0.71
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Fig. 5. In vitro dissolution in FaSSIF buffer supplemented with pancreatin. Abiraterone acetate (in pink), abiraterone (in green), and total
concentration of both compounds (in blue) are plotted. a Original drug product Zytiga®. b Amorphous solid dispersion with HPMCAS-LF as
carrier. c Oil marbles B. d Total API available for absorption plotted as area under the curve of all three formulations
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to 0.99 for the reference formulation and 0.58 to 0.95 for the
test formulation, which indicates that the difference in total
exposure between formulations is underestimated and would
be probably even higher, if the sampling interval covered the
whole PK profile thoroughly.

A total of 12 rats were enrolled into the food effect study
to get complete pharmacokinetic profiles from 11 subjects.
One of the rats had to be excluded due to difficulties with
sample collection. Thus, pharmacokinetic profiles under
fasted and fed conditions were compared after administration
of reference and test formulations in 5 and 6 subjects,
respectively. The weight of rats ranged between 355 and
432 g. Weight-normalized doses of abiraterone ranged from
10.75 to 13.33 mg/kg. Table IV shows summarized pharma-
cokinetic parameters after administration of test (OM B) and
reference (Zytiga®) products under fasted or fed state. The
reference formulation resulted in approximately twice as high
as AUClast in the fed state compared with fasted rats, which
corresponds to significantly increased exposure of abiraterone
observed with food in humans (2).

There was, however, no food effect on abiraterone
absorption from test formulation evidenced by similar Cmax

and AUClast values under the fasted and fed states. For both
formulations, absorption was prolonged in the fed state. The
test formulation required less time to reach the maximum
plasma concentration than the reference. Mean (SD)
abiraterone pharmacokinetic profiles are showed in Fig. 6b
and c.

Concentrations of pre-dose blood samples were all below
the limit of quantification (1 ng/mL), suggesting that the
wash-out period between dosing (48 h) was sufficient.
Although this food effect study was not powered to compare

differences between formulations in fasting conditions, the
results correspond with observations from the first part of the
study. Zytiga® is standardly administrated in the fasted state.
When comparing abiraterone exposure of both formulations,
administration of oil marbles led to twice as high AUClast as
Zytiga® in the same dose. If we consider the advantage of
eliminated food effect, oil marbles seem to be a promising
drug formulation for abiraterone acetate.

DISCUSSION

The main goal of this work was to prepare and test a new
formulation concept for abiraterone acetate based on the so-
called oil marbles (OMs). We have successfully prepared
OMs from different mixtures of oils and surfactants that
showed an ability to solubilize abiraterone acetate. Although
the design space for the preparation of oil marbles was not
covered exhaustively, we have shown several manufacturable
OM formulations using surfactants of different chemical
structures and physical properties.

All prepared samples of OMs exhibited an amorphous
character which shows that abiraterone acetate remains
molecularly dispersed in the oil-based matrix even after it
cools down to room temperature. This implies that the
dissolution rate from the OM formulation will depend only
on the rate at which the matrix components are being
dispersed in the dissolution media. The marble size hence
turned out to be the crucial parameter for the in vitro
performance of the oil marbles. While keeping in mind that
the performance of lipid-based formulations does not rely
solely on the dissolution profiles, the results showed that

Table III. Abiraterone PK Parameters After Administration of Test (OM B) and Reference (Zytiga®) Formulations to Rats (n = 8) in the
Fasted State. Tmax Values Are Given as Median (interquartile range). Cmax, AUClast, and Test/Reference Ratios Are Given as Geometric

Mean (90% Confidence Intervals)

Formulation Cmax (ng/mL g) T/R Cmax (%) AUClast (mg/mL min g) T/R AUClast (%) Tmax (min)

Reference 0.143 (0.073–0.281) N/A 30.3 (14.3–64.2) N/A 244 (228–420)
Test 0.569 (0.206–1.566) 397.8 (213.8–740.1) 81.0 (32.1–204.4) 267.4 (165.7–431.6) 168 (114–252)

Fig. 6. Mean (± SD) abiraterone pharmacokinetic profiles in rats: a after administration of reference and test formulations in fasted condition; b
after administration of reference formulation in fasted and fed conditions; c after administration of test formulation in fasted and fed conditions

The AAPS Journal (2020) 22: 122122 Page 10 of 12



release profiles can be controlled simply by adjusting the size
of OMs. This can be crucial when targeting certain
dissolution/absorption profile.

To further understand the behavior of OM formulation,
in vitro experiment with pancreatic enzymes was designed.
Overall, all conducted in vitro tests showed a tendency
towards higher fraction dissolved under fasting conditions
for OM formulation when compared with the original drug
formulation Zytiga®. These results provided a solid base for
subsequent in vivo testing, where a significantly higher
relative bioavailability of OMs was indeed observed.

In order to address the effect of food on the bioavail-
ability of different abiraterone acetate formulations, a fasted-
fed in vivo study was designed and conducted. It had been
shown before that a high fat content in meal has a significant
impact on the bioavailability of abiraterone acetate (5).
Limited bioavailability of the original drug product Zytiga®

under fasting conditions resulted in a significant positive food
effect in the rat animal model, which is consistent with
previously conducted human studies.

A 1:1 mixture of olive oil and Nutridrink was dosed to
rats to create the fed state. The use of this mixture was based
not only on previous experience but also on conditions
described in the literature. The administration of 1–2 mL of
oil is a standard approach to introduce fed conditions in rat
PK studies (33,34). However, since the formulation was dosed
in hard gelatin capsules, we had to ensure that the rat
stomach also contains some aqueous phase in which the
capsules could dissolve.

The fasted state comparative bioavailability study has
shown a rather unexpected double Cmax pattern for
abiraterone after OM (Fig. 6a). This finding was mainly
driven by a single animal outlying with exceptionally high
abiraterone serum concentrations at the sampling points
between 240 and 420 min. In the food effect study, the Cmax

and AUC values demonstrated limited effect of food for OM
formulation, but the Tmax was substantially prolonged at the
fed state, which could be a result of a non-formulation-
dependent effect of the presence of food in the gastrointes-
tinal tract that increased secretion, delayed gastric emptying,
influenced intestinal peristaltic movement, or competed with
drugs on absorption transporters (35). Furthermore, a large
variability in the serum drug concentrations has been
observed in the OM group at the fasted state. This
observation was caused by the fact that always one of the
animals achieved Cmax was at 60, 90, and 120 min, while in the
rest of the group, a “plateau” was seen between 90 and
300 min with no clear Tmax. These findings point out to the
main limitation of our studies, which is limited study

population. Another limitation is that the pharmacokinetic
performance of OM has been studied in vivo in a rat model,
which is known to have different gastrointestinal physiologies
and conditions that may make direct extrapolation of the
findings to man difficult. However, the food effect, which is
known from human studies, has been well captured in our
food effect study, which suggests sufficient study sensitivity.
Furthermore, we applied a crossover comparative study
design, which allows to limit the study population as it is the
most robust study design to limit intersubject variability for
the comparison of performance of two (or more) formula-
tions. The limitation of the small study sample is that we
could not reliably describe the Tmax and some other
pharmacokinetic variables but the between-formulation com-
parison, which was the aim of the study, has been well
demonstrated. The relatively higher bioavailability of oil
marbles under fasting conditions resulted in a significantly
suppressed food effect in rats.

CONCLUSION

Overall, it can be concluded that oil marbles represent a
promising formulation approach that combines the advan-
tages of liquid-state lipidic formulations such as SEDDS/
SMEDDS, namely rapid dissolution, with advantages of solid
dosage form such as handling, ability to be filled into hard
gelatin capsules, and the possibility to adjust release rate by
size. In the specific case of abiraterone acetate, the oil marble
formulation made it possible to suppress differences in the
oral bioavailability under fed and fasted conditions in rats,
and therefore help to eliminate the strong positive food effect
for which this molecule has been known. Due to natural
differences in rat and human gastrointestinal physiology,
these results should be confirmed in human studies as the
next step.
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Background and purpose: Lymphatic transport of drugs after oral administration is

an important mechanism for absorption of highly lipophilic compounds. Direct mea-

surement in lymph duct cannulated animals is the gold standard method, but non-

invasive cycloheximide chylomicron flow blocking method has gained popularity

recently. However, concerns about its reliability have been raised. The aim of this

work was to investigate the validity of cycloheximide chylomicron flow blocking

method for the evaluation of lymphatic transport using model compounds with high

to very high lipophilicity, that is, abiraterone and cinacalcet.

Experimental approach: Series of pharmacokinetic studies were conducted with

abiraterone acetate and cinacalcet hydrochloride after enteral/intravenous adminis-

tration to intact, lymph duct cannulated and/or cycloheximide pre-treated rats.

Key results: Mean total absolute oral bioavailability of abiraterone and cinacalcet

was 7.0% and 28.7%, respectively. There was a large and significant overestimation

of the lymphatic transport extent by the cycloheximide method. Mean relative lym-

phatic bioavailability of abiraterone and cinacalcet in cycloheximide method was

28-fold and 3-fold higher than in cannulation method, respectively.

Conclusion and implications: Cycloheximide chylomicron flow blocking method did

not provide reliable results on lymphatic absorption and substantially overestimated

lymphatic transport for both molecules, that is, abiraterone and cinacalcet. This

non-invasive method should not be used for the assessment of lymphatic transport

and previously obtained data should be critically revised.

K E YWORD S

abiraterone, bioavailability, biodistribution, cinacalcet, lymph duct cannulation,
pharmacokinetics

1 | INTRODUCTION

Lymphatic transport is a potential way of drug transfer into systemic

circulation after oral dosing. Upon absorption into intestinal mucosa,

highly lipophilic compounds are typically incorporated into chylomi-

crons and secreted into mesenteric lymph, which is drained into

systemic circulation by a system of lymphatic vessels (Charman &

Stella, 1986; Porter et al., 2007). Lymphatic transport has been

Abbreviations: IS, internal standard; SRM, selected reaction mode; LLOQ, lower limit of quantification; RSD, relative standard deviation; ULOQ, upper limit of quantification.
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studied for several compounds in the last few decades. It has been

shown as a potential way of increasing oral bioavailability, evading the

liver first-pass effect and enhancing pharmacodynamic effects in com-

pounds targeting immune cells physiologically present in the lymph

(Han, Hu, Quach, Simpson, Edwards, et al., 2016a; Shackleford

et al., 2003).

There are several animal models currently used for the investiga-

tion of lymphatic transport of drugs. The gold standard methodology

relies on direct measurement of drug concentration in the lymph in

various animal species, whereas rat is the most common one

(Trevaskis et al., 2015). However, a non-invasive chylomicron flow

blocking approach in rats has also been used gaining substantial popu-

larity in recent years (Dahan & Hoffman, 2005). This method is based

on the assumption that cycloheximide administered intraperitoneally

shortly before oral dosing of the investigated compound blocks its

lymphatic transport without affecting other ways of intestinal

absorption.

Yet there are no robust validation data with only one direct

comparative study for cholecalciferol, vitamin D3, (Dahan &

Hoffman, 2005) and one indirect comparison for halofantrine (Caliph

et al., 2000; Lind et al., 2008). In a recently published systematic

review, we observed a general trend towards higher relative bioavail-

ability via lymph in cycloheximide studies (Rysanek et al., 2020). The

median relative bioavailability via lymph was 47.3% and 25.7% in

cycloheximide and lymph duct cannulation studies, respectively.

Furthermore, a significant difference was reported for compounds

with log P < 5, where the respective parameters were 47.3% and

2.26%. We therefore suspected a vast overestimation by the

cycloheximide method especially for drugs with lower lipophilicity.

Abiraterone acetate is a highly lipophilic compound (log P � 4.5)

used in the treatment of castration resistant prostate cancer. It has a

pronounced food effect in men, with up to 17-fold increase in Cmax

and tenfold increase in AUC when administered with high-fat meal

(Chi et al., 2015). For safety reasons, this led to posology restriction to

fasted state only.

Cinacalcet hydrochloride is another highly lipophilic molecule

(log P � 6.5) used in the treatment of hyperparathyroidism. Similarly

to abiraterone, there is a significant food effect after oral adminis-

tration in humans, albeit not that high. Its bioavailability increases

by 50–70% depending on the fat content in the meal (Padhi

et al., 2007).

As shown for other lipophilic compounds, significantly increased

bioavailability after high-fat food intake may be caused by enhanced

lymphatic transport (Khoo et al., 2001; Trevaskis et al., 2010). There-

fore, we hypothesized that intestinal lymphatic transport could be

involved in the processes of abiraterone and cinacalcet absorption

after oral administration.

The aim of this study was to investigate the validity of the

non-invasive cycloheximide chylomicron flow blocking method for

the evaluation of lymphatic transport by a comparison with inva-

sive lymph duct cannulation method using two model compounds

with high to very high lipophilicity, that is, abiraterone and

cinacalcet.

2 | METHODS

2.1 | Abiraterone dosing forms preparation

Zytiga tablets were crushed and filled into mini gelatine capsules, size

9el (Harvard Apparatus, USA). Abiraterone acetate content in one

capsule was 4.1 mg.

Abiraterone oil solution was prepared by abiraterone acetate

powder dissolution in DMSO to achieve a concentration of

40 mg ml�1. Abiraterone DMSO solution 100 μl was then added to

1 ml olive oil and vortexed (Vortex mixer, Labnet international, Inc.)

for 1 min to produce a homogenous emulsion. The dosing form was

prepared freshly not more than 30 min before dosing.

Abiraterone solution for intravenous administration (1 mg ml�1)

was prepared according to Kumar et al. (2013). Briefly, abiraterone

was dissolved in solution containing 10% DMSO, 10% mixture of

Kolliphor HS 15 and ethanol (1:1, V/V), 10% Cremophor EL and 70%

Captisol (20% Captisol in water). The concentration of abiraterone

was determined using HPLC analysis.

2.2 | Cinacalcet dosing forms preparation

Cinacalcet hydrochloride powder was dissolved in DMSO to achieve a

concentration of 30 mg ml�1. Cinacalcet DMSO solution 100 μl was

then added to 1 ml olive oil and shaken to mix the DMSO and oil frac-

tions. The dosing form was prepared freshly not more than 30 min

before dosing.

What is already known?

• Lymphatic transport of drugs plays an important role in

intestinal absorption of many highly lipophilic compounds

• Cinacalcet and abiraterone are highly lipophilic drugs

used to treat hyperparathyroidism and prostate cancer,

respectively.

What does this study add?

• Non-invasive cycloheximide chylomicron flow blocking

method is not reliable in estimating intestinal lymphatic

transport of drugs.

• Oral cinacalcet is absorbed by a high proportion through

the lymph, whereas abiraterone is not.

What is the clinical significance?

• Lymphatic transport may be involved in cinacalcet pro-

nounced positive food effect.
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Cinacalcet intravenous formulation was prepared by cinacalcet

hydrochloride powder dissolution in DMSO in concentration

3 mg ml�1. This solution was further diluted with distilled water to

achieve a concentration of 0.3 mg ml�1.

2.3 | Animals

All animal experiments were performed under approval from the

Ministry of Education, Youth and Sports, Czech Republic (MSMT-

9445/2018-8) and are reported in compliance with the ARRIVE

guidelines (Percie du Sert et al., 2020) and with the recommenda-

tions made by the British Journal of Pharmacology (Lilley et al.,

2020). All efforts were made to minimize animal suffering. Male

Wistar rats (weight 300–450 g, age 3–5 months) were purchased

from Velaz s. r. o., Prague, Czech Republic. They were housed under

standard conditions (12-h light/dark cycle, 22�C temperature and

50% humidity) in cages with wood shavings bedding (two rats per

cage during acclimation and one rat per cage during experiment)

and fed on water and granulated diet ad libitum. The acclimation

period took at least 1 week. The animals were randomly assigned to

experimental arms.

2.4 | Lymphatic transport studies in
cannulated rats

Mesenteric lymph duct cannulated anaesthetized rat model was

used as previously described with slight modifications (Trevaskis

et al., 2015). Rats were left on normal diet and given 1 ml olive oil

1 h prior to surgery to facilitate the mesenteric lymph duct visuali-

zation. They were anaesthetized with an i.m. combination of

xylazine (5 mg kg�1) and ketamine (100 mg kg�1) after a rapid iso-

flurane induction maintaining spontaneous breathing throughout

the whole experiment. Transverse laparotomy was performed. Mes-

enteric duct was identified cranially to superior mesenteric artery

and cannulated with heparin prefilled 0.97 mm O.D., 0.58 mm

I.D. polyethylene catheter (Instech Laboratories, Plymouth Meeting,

USA). The catheter was fixed in place with two to three drops of

tissue adhesive (Surgibond®, SMI AG, Belgium). A duodenal cathe-

ter was also placed (same parameters as for lymphatic catheter) via

a small duodenotomy and fixed with a purse string suture or tissue

adhesive. The abdominal wall was sutured in two layers with both

catheters leaving the abdominal cavity on the right side of the ani-

mal. At the end of the procedure, right jugular vein was cannulated

for blood sampling (3 Fr polyurethane catheter, Instech Laborato-

ries, Plymouth Meeting, USA).

The rats were then placed on heated pads and covered with

blanket to prevent heat loss. Cinacalcet (3 mg) oil solution and

abiraterone (4 mg) oil solution were dosed slowly via duodenal

catheter over 30 min. The mass of olive oil administered in each

dosage form was 1 ml. Abiraterone (4 mg) capsule was dosed

deeply intraduodenally via small incision during the surgery before

the wound closure. Whole lymph was collected in regularly chan-

ged Eppendorf tubes from the time when oil solution dosing

started, or capsule was inserted into duodenum. The rats were

continuously hydrated with normal saline at a rate of 3 ml h�1

intraduodenally using infusion pump (Perfusor® compactplus,

B. Braun Melsungen AG, Germany). Anaesthesia was maintained

throughout the rest of the experiment and additional ketamine

i.m. boluses were given whenever necessary. Eppendorf tubes were

changed hourly and systemic blood was drawn at the same time

points. At the end of the experiment with abiraterone capsules,

cranial part of the small intestine was exposed in all animals to

verify complete capsule dissolution. The animals were killed by

anaeshtetic overdose.

2.5 | Lymphatic transport studies with
cycloheximide

Two separate two-period, one sequence, crossover studies were

conducted to compare the bioavailability of either abiraterone cap-

sule or cinacalcet oil solution after oral dosing with and without

pre-treatment with chylomicron flow blocking agent cycloheximide.

The crossover study design in rats was chosen and conducted as

described previously (Boleslavská, Rychecký, et al., 2020). Both

studies were conducted similarly. In both periods, rats were fasted

for at least 4 h before and 4 h after the dosing. In the first period,

the test drug (abiraterone 4 mg or cinacalcet 3 mg) was adminis-

tered via oral gavage with no additional treatment. In the second

period, the animals were pre-treated with 3 mg kg�1 of cyclohexi-

mide administered intraperitoneally 1 h before dosing. The

cycloheximide DMSO solution was diluted in normal saline in a

concentration of 3 mg ml�1 for this purpose. The wash-out period

lasted 48 and 72 h in abiraterone and cinacalcet study, respectively.

Systemic blood draws were taken at 1, 2, 3, 4, 5, 7 and 10 h after

abiraterone administration and at 1, 2, 3, 4, 5, 6, 8, 12 and 24 h

after cinacalcet administration. In the second period, a pre-dose

blood sample was taken additionally (0 h) to verify lack of carry

over effect.

2.6 | Lymphatic transport study with both
cycloheximide and lymph duct cannulation

In order to directly assess the cycloheximide effect on lymphatically

and non-lymphatically absorbed amount of drug, a study with

cycloheximide pre-treated and lymph duct cannulated rats was

conducted. Cycloheximide 3.0 mg kg�1 was administered i.p.

immediately before the surgery. The lymph duct, duodenum and

jugular vein were cannulated within 60 min as described for lymphatic

transport studies in cannulated animals. After the surgery and exactly

60 min after the cycloheximide pre-treatment, cinacalcet oil solution

was administered over 30 min via duodenal catheter. The lymph and

blood were sampled hourly as described above.
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2.7 | Bioavailability studies

Absolute oral bioavailability of cinacalcet oil solution was evaluated in

a two-period, one sequence (i.v. - p.o.), cross-over bioavailability study

and parallel comparison of two groups (i.v. - p.o.) was conducted for

abiraterone capsule. Right jugular vein was cannulated in both studies.

After overnight recovery, the rats were i.v. dosed with cinacalcet or

abiraterone (both 1 mg kg�1). Systemic blood was drawn at 10 and

30 min and at 1, 2, 3, 5, 8, 12 and 24 h after cinacalcet administration

or at 5 and 15 min and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 5 and 7 h after

abiraterone administration. The p.o. dosing and sampling were

performed as described for the cycloheximide lymphatic transport

studies (see above).

2.8 | Cinacalcet biodistribution study

Cinacalcet biodistribution was compared between cycloheximide pre-

treated and control rats. The rats were fasted for 12 h before and 4 h

after dosing. Six rats were dosed with cinacalcet via oral gavage

(3 mg) with no further treatment. Nine other rats were pre-treated

with cycloheximide before the cinacalcet administration. The animals

were killed at 8 and 24 h (both groups) and at 48 h (cycloheximide

group) by cervical dislocation under deep isoflurane anaesthesia. Sys-

temic blood sample was taken and the abdominal cavity was exposed.

Small intestine, liver, right kidney and spleen were harvested. The kid-

ney and the spleen were homogenized (IKA® T10 basic Ultra-Turrax®)

in 100% DMSO solution. A 1 to 2 mg sample was taken from the liver

and homogenized. The small intestine was longitudinally cut and

washed thoroughly to remove all intraluminal contents. The organ

was then homogenized as a whole.

Moreover, a single group extended cinacalcet pharmacokinetic

study with cycloheximide pre-treatment was conducted. The blood

draws were taken at 4, 8, 18, 21, 24, 28, 32, 42 and 48 h to cover the

late pharmacokinetic profile.

2.9 | Sample processing

Blood samples were centrifuged (1811x g for 10 min) and serum was

extracted. Lymph volume was measured gravimetrically and the sam-

ples were further processed without additional adjustment. Organ

homogenates were centrifuged ( 1431x g for 10 min) and the DMSO

supernatant was extracted. All samples were stored in �80�C until

analysis. Laboratory was unaware of animal assignment to particular

experimental group (laboratory blinding).

2.10 | Analytical methods

Determination of cinacalcet in studied samples was performed using

the Shimadzu UHPLC Nexera X3 coupled with a Triple Quad 8045

tandem mass spectrometer (Shimadzu, Kyoto, Japan). Poroshell 12 SB

AQ column (100 mm � 2.1 mm, 2.6 μm particle size) from Agilent

Technologies (Waldbronn, Germany) was used for the analysis. The

mobile phase consisted of 0.1% formic acid in deionized water

(Solvent A) and acetonitrile (Solvent B). The flow rate of the mobile

phase was maintained at 0.45 ml min�1 and the injection volume was

1 μl. The temperature of the column was kept at 40�C and samples

were thermostated at 5�C. The optimized gradient program (min/% B)

was 0/30, 1.0/30, 3.0/80, 4.0/80, 4.5/30 and 6.5/30. The MS/MS

measurements (operated in positive mode) were performed in the

selected reaction mode (SRM). Two SRM transitions were monitored

for cinacalcet: Quantifier transition was 358.2 > 155.2 (Q1 pre-bias

�18 V, Q3 pre-bias �29 V and collision energy �20 V), and qualifier

transition was 358.2 > 208.2 (Q1 pre-bias �16 V, Q3 pre-bias �25 V

and collision energy �15 V). The transition 362.2 > 155.2 (Q1 pre-

bias �18 V, Q3 pre-bias �28 V and collision energy �18 V) was mon-

itored for cinacalcet-d4 (internal standard, IS). The ion source was set

as follows: interface temperature: 300�C, desolvation line tempera-

ture: 250�C, heat block temperature: 400�C, nebulizing gas flow:

3 L min�1, heating gas flow: 10 L min�1 and drying gas

flow: 10 L min�1.

The concentration of cinacalcet was determined in serum, lymph

and different tissues (dimethyl sulfoxide extracts). Before the LC–

MS/MS analysis, 20 μl of sample (serum, lymph or tissue extracts)

was deproteinized with 60 μl of 100% acetonitrile containing IS

(cinacalcet-d4, c = 30 ng ml�1) in an Eppendorf tube by vortexing for

15 s. Then, samples were centrifuged at 16,500�g for 8 min and

50 μl of supernatant was transferred into LC vials. The method was

validated in terms of linearity, lower limit of quantification (LLOQ),

upper limit of quantification (ULOQ), accuracy, precision, selectivity,

recovery and matrix effects. Selectivity was monitored by injecting

six samples of each matrix (serum, lymph and all studied tissue

extract samples) with mass spectrometer set in scan mode. The

obtained chromatograms showed no interfering compound within

the retention time window of cinacalcet. Moreover, the developed

method uses a tandem mass spectrometer in specific SRM mode,

which ensures high selectivity. The calibration curves were con-

structed in each blank matrix (serum, lymph and pooled tissue

extracts) with seven concentrations by plotting the ratio of the peak

area of cinacalcet to that of IS against cinacalcet concentration. The

weighted least-squares linear regression method was used with

weighting factor of 1 x�2, which improved the accuracy in low con-

centrations. Due to the use of cinacalcet-d4 as the IS, no significant

difference in calibration curves in different matrices was observed.

The method was linear (coefficients of determination [R2] higher

than 0.9997) in the concentration range of 0.5–1,600 ng ml�1.

LLOQ, which was the lowest calibration standard, was 0.5 ng ml�1

with precision and accuracy up to 10% (back calculated). ULOQ,

which was the highest calibration standard, was 1,600 ng ml�1 with

precision and accuracy up to 4% (back calculated). The accuracy and

precision of back-calculated concentrations of other calibration

points were within 5% of the nominal concentration. Method accu-

racy and precision were evaluated by measuring five replicates at

three different concentrations of 1, 50 and 1,000 ng ml�1 in each
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matrix on two different days. The accuracy was expressed as the rel-

ative error, RE (%) = (measured concentration � expected concen-

tration)/expected concentration � 100 and the precision expressed

by repeatability as the relative standard deviation (RSD). The inter-

day and intra-day precisions (RSD %) ranged from 0.9% to 6.5%, and

the relative accuracy (RE%) was within ±6.1%. The same samples

were also used as quality control samples. Quality control samples

were injected after each sixth sample to assess the validity of the

analytical method. Recovery was evaluated by comparing the area of

the cinacalcet standard peak of the pre-protein-precipitation spiked

sample with that of the corresponding post-protein-precipitation

spiked sample at three concentrations (1, 50 and 1,000 ng ml�1).

The recovery ranged in each matrix from 98.9% to 101.1%. Matrix

effect was determined by comparing the area of the cinacalcet stan-

dard peak of the post-protein-precipitation spiked sample with that

of the 80% acetonitrile (without matrix effect). It was evaluated at

three concentration levels (1, 50 and 1,000 ng ml�1) using six differ-

ent samples of each matrix. The matrix effect ranged from 74% to

102%. In our method, the matrix effect is eliminated by the use of

an isotopically labelled standard because the analyte/IS response

ratio remains unaffected, even when the absolute responses of the

analyte and IS are affected significantly. The LC–MS/MS validation

proved the suitability of our analytical method for the determination

of cinacalcet in different matrices.

Abiraterone concentrations in serum and lymph were analysed

using LC–MS as described previously (Boleslavská, Světlík,

et al., 2020). The method was validated for the same validation

parameters and using the same procedure as for cinacalcet for both

studied matrices, that is, serum and lymph. The LC–MS/MS was selec-

tive since no interfering endogenous components were observed at

the retention time of abiraterone. A 7-point calibration curve was

constructed using the analyte-to-internal standard peak area ratio in

each matrix. Weighted least-squares linear regression (1 x�2 weighting

factor) was used. The developed method was linear in the range of

0.5–600 ng ml�1 (R2 > 0.9996). The accuracy and precision of back-

calculated concentrations of all calibration points deviated within 8%

of the nominal concentration, except for LLOQ (0.5 ng ml�1), which

deviated by ±15%. The accuracy and precision (five replicates at con-

centrations of 1, 50 and 500 ng ml�1 in each matrix on two different

days) were between 1.2% to 7.8% and 0.8% to 4.9%, respectively.

The recovery of abiraterone and matrix effect (1, 50 and 500 ng ml�1)

ranged from 97% to 102% and 85% to 105%, respectively. The men-

tioned validation performance parameters confirmed that LC–MS/MS

method is suitable for quantification of abiraterone in serum and

lymph samples.

2.11 | Data analysis and statistics

Serum concentrations in all pharmacokinetic studies were dose nor-

malized to 1 mg kg�1 prior to further calculations. AUC values were

determined using linear trapezoidal rule. Exact actual sampling times

were used for this purpose. Scheduled sampling times were used for

mean concentration plotting in the graphs. In the cinacalcet

biodistribution study, dose normalized (1 mg kg�1) absolute amount

of drug in DMSO supernatant was determined and further normalized

to weight of the homogenized organ sample (1 g�1). Lymph drug con-

centrations were dose normalized to 1 mg kg�1 as well. Lymph phar-

macokinetic profiles were plotted in the graphs using drug

concentrations measured in the sampled lymph as actual

concentrations in the middle of each collection period, that is, assum-

ing linear absorption. GraphPad Prism version 9.1.0 (GraphPad Soft-

ware, San Diego, CA, USA) was used for all statistical analyses.

Unpaired Student's t-test was used to compare pharmacokinetic and

lymphatic transport parameters. Level of significance was set to

p < 0.05.

2.12 | Bioavailability and lymphatic transport
calculations

Absolute bioavailability via lymph (FAL) was defined as percentage of

administered drug dose absorbed into the lymph. It was determined

directly from lymph volume and drug concentration in lymph duct

cannulated rats. Absolute bioavailability via portal vein (FAP) was ana-

logically defined as percentage of administered drug dose reaching

the systemic circulation after direct absorption into blood. It was cal-

culated using the following equation:

FAP ¼AUCent�AUCiv
�1, ð1Þ

where AUCent is the area under the dose normalized blood

concentration-time curve after enteral dosing in lymph duct cannu-

lated (i.e. lymph deprived) rats and AUCiv is the respective parameter

in a separate intravenously dosed group. Total absolute bioavailability

(F) in lymph duct cannulated rats was calculated as a sum of FAL and

FAP. In intact, non-cannulated animals, F was calculated using standard

formula for oral bioavailability:

F¼AUCpo�AUCiv
�1 ð2Þ

Relative bioavailability via lymph (FRL) was defined as percentage

of systemically available drug that was absorbed via lymph. It was cal-

culated using the following equation:

FRL ¼ FAL�F�1: ð3Þ

FRL in the cycloheximide studies was calculated directly by com-

paring dose normalized AUC with and without cycloheximide pre-

treatment:

FRL ¼ AUCpo�AUCcycloheximide

� ��AUCpo
�1: ð4Þ
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2.13 | Materials

Abiraterone acetate commercial tablets (Zytiga®) and abiraterone ace-

tate powder were kindly donated by Zentiva, k.s. (Prague,

Czech Republic), Cinacalcet hydrochloride powder and its internal

standard, cycloheximide solution 100 mg ml�1 in 100% DMSO,

Kolliphor HS 15 and Cremophor EL were purchased from Sigma-

Aldrich, Prague, Czech Republic. All solvents used were at least of

HPLC grade. Xylazine 20 mg ml�1 solution (Rometar®, Bioveta a.s.,

Czech Republic), Ketamine 100 mg ml�1 solution (Narkamon®, Bio-

veta a.s., Czech Republic) and isoflurane (IsoFlo®, Zoetis/Pfizer,

Czech Republic) were used for animal anaesthesia. Ketoprofen

100 mg ml�1 (Ketodolor®, Le Vet Beheer B.V., Netherlands) was used

as analgesic. Heparin solution 5,000 IU ml�1 (Zentiva k.s.,

Czech Republic) was used for catheter patency maintenance. T61®

(Intervet International B.V., Netherlands) was used for killing the ani-

mals at the end of experiments.

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

Basic pharmacokinetic parameters for abiraterone and cinacalcet after

oral and intravenous dosing to rats as well as pharmacokinetic param-

eters after cycloheximide pre-treatment are summarized in Tables 1

and 2. The corresponding pharmacokinetic profiles are shown in

Figures 1 and 2.

Absolute oral bioavailability of abiraterone after administration of

capsules was 7.0%. Cycloheximide pre-treatment significantly

decreased both the rate and extent of absorption of abiraterone as

indicated by threefold Cmax decrease and a twofold AUC decrease.

Although the mean half-life was approximately 2 h after both oral and

intravenous administrations, it was apparently prolonged to 18 h in

the cycloheximide pre-treated group.

Absolute oral bioavailability of cinacalcet was 28.7% (pharmacoki-

netic profile from the p.o. period of the bioavailability study not

shown). Cinacalcet pharmacokinetic profile up to 12 h was substan-

tially flattened by cycloheximide pre-treatment. From 12 h onwards,

the mean serum concentration rose surprisingly to its maximum at the

last sampling point at 24 h. This pattern was seen consistently in all

animals after pre-treatment with cycloheximide. The mean Cmax

values were similar between the periods; however, Tmax was signifi-

cantly delayed after cycloheximide pre-treatment.

Tissue cinacalcet concentrations after oral dosing with and

without cycloheximide pre-treatment are shown in Supporting Infor-

mation S1. Particularly high concentrations were observed in the

TABLE 1 Mean ± SD pharmacokinetic parameters of abiraterone after oral administration of capsule (4 mg) to rats with or without
cycloheximide (CHX) pre-treatment and mean ± SD pharmacokinetic parameters of abiraterone after intravenous administration (1 mg kg�1)

p.o. (n = 8) p.o. + CHX (n = 6) i.v. (n = 5)

Cmax (ng ml�1) 4.2 ± 2.4 1.4 ± 1.0* N/A

Tmax (h) 2.9 ± 0.8 3.5 ± 1.1 N/A

T1/2 (h) 1.9 ± 0.7 17.9 ± 12.6* 2.1 ± 1.0

AUC0–7 (ng h ml�1) 12.3 ± 5.5 5.5 ± 4.3* 197.8 ± 24.4

Vss (L kg�1) N/A N/A 3.7 ± 0.5

Note: All concentration and AUC values are dose normalized (1 mg kg�1).

*P< 0.05 versus p.o. dosing.

TABLE 2 Mean ± SD
pharmacokinetic parameters of cinacalcet
after oral administration of oil solution
(3 mg) to rats with or without
cycloheximide (CHX) pre-treatment and
mean ± SD pharmacokinetic parameters
of cinacalcet after intravenous
administration (1 mg kg�1)

Cycloheximide study (n = 8) Bioavailability study (n = 6)

p.o. p.o. + CHX p.o. i.v.

Cmax (ng ml�1) 5.2 ± 1.2 4.6 ± 1.8 21.7 ± 5.6 N/A

Tmax (h) 10.0 ± 2.6 24.2 ± 0.1* 6.8 ± 2.7 N/A

T1/2 (h) 4.8 ± 0.3 N/A 2.7 ± 0.3 6.8 ± 3.3

AUC0–12 (ng h ml�1) 36.3 ± 6.7 10.9 ± 4.5* 137.3 ± 38.1 514 ± 117

AUC0–24 (ng h ml�1) 66.6 ± 12.3 46.2 ± 14.4* 196.9 ± 62.8 633 ± 200

Vss (L kg�1) N/A N/A N/A 11.6 ± 5.1

Note: All concentration and AUC values are dose normalized (1 mg kg�1). T1/2 was not estimated in the

cycloheximide profile due to increasing concentrations towards the last sampling in all subjects.

*P < 0.05 versus p.o. dosing.
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intestinal wall and in the spleen. In animals without cycloheximide

pre-treatment, the mean tissue drug concentrations in all organs

dropped, following a maximum noted at 8 h sampling time. In the

cycloheximide pre-treated rats, cinacalcet tissue level remained low

in the first 24 h. It rose then and the peak concentration

was achieved at 48 h in all investigated organs. There was

no cinacalcet depot found responsible for the late serum

concentration increase.

The rising concentrations pattern was confirmed in the extended

pharmacokinetic study in a separate group of cycloheximide pre-

treated rats (Supporting Information S1), where the late increase of

serum cinacalcet concentrations started 20 h post-dose and the con-

centrations oscillated around maximum between approximately

24 and 48 h. Mean Cmax and Tmax were 9.1 ng ml�1 and 37.7 h,

respectively. Thus, the plateau phase was comparably high to

cinacalcet Cmax value observed in animals with no pre-treatment.

Mean AUC at 12, 24 and 48 h was 16.5, 43.8 and 179.5 ng h ml�1,

respectively.

Lymphatic concentration profiles and cumulative lymphatic

transport of abiraterone and cinacalcet in lymph duct cannulated rats

are displayed in Figures 3 and 4. Drug concentrations achieved in

the lymph were considerably higher (two orders) compared to serum

concentrations after oral dosing for both drugs. Mean dose normal-

ized lymphatic Cmax was 434 ng ml�1 for abiraterone and

1,180 ng ml�1 for cinacalcet. The cumulative lymphatic transport

curve had a sigmoidal shape in both drugs with slower absorption

onset and faster intermediate transport which later decelerated.

Cycloheximide pre-treatment in the lymph duct cannulated rats

severely inhibited both lymphatic transport and portal absorption of

cinacalcet (Figure 4).

F IGURE 1 Dose normalized abiraterone serum pharmacokinetic
profiles. (a) Mean ± SD pharmacokinetic profiles of abiraterone
administered orally to rats as capsule (4 mg) with or without
cycloheximide pre-treatment. Profiles are derived from one group of

animals (two-period, crossover study design, cycloheximide given in
the second period), n = 8. *P < 0.05 versus cycloheximide. (b) Mean
± SD abiraterone pharmacokinetic profile after intravenous dosing
(1 mg kg�1), n = 5

F IGURE 2 Dose normalized cinacalcet pharmacokinetic profiles.
(a) Mean ± SD pharmacokinetic profiles of cinacalcet administered
orally to rats as oil solution (3 mg) with or without cycloheximide pre-
treatment. Profiles are derived from one group of animals (two-

period, crossover study design, cycloheximide given in the second
period), n = 8. *P < 0.05 versus cycloheximide. (b) Mean ± SD
cinacalcet pharmacokinetic profile after intravenous dosing
(1 mg kg�1), n = 6
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Table 3 presents parameters of lymphatic transport for

abiraterone and cinacalcet obtained via cannulation and cyclohexi-

mide chylomicron flow blocking methods. Absolute and relative bio-

availability via lymph assessed using cannulation method was lower

for abiraterone than for cinacalcet. Absorption of abiraterone did not

increase after administration of abiraterone acetate in the form of oil

solution in a separate experiment (Supporting Information S2). The

absorption from abiraterone oil solution resulted in mean total abso-

lute bioavailability of 1.7%, absolute bioavailability via lymph of 0.1%

and relative bioavailability via lymph of 4.0% (at 7 h).

Cycloheximide chylomicron flow blocking method significantly

overestimated the parameters of lymphatic transport for both drugs

except for cinacalcet absolute bioavailability via lymph, for which the

twofold higher mean value versus cannulation method did not reach

statistical significance. The difference between the methods was par-

ticularly high in the estimation of relative bioavailability via lymph

F IGURE 3 Lymphatic transport of abiraterone after enteral
administration of abiraterone capsule (4 mg) to lymph duct cannulated
anaesthetised rats, n = 6. (a) Mean ± SD dose normalized lymph
concentration profile; (b) mean ± SD cumulative lymphatic transport

F IGURE 4 Lymphatic transport and portal absorption of
cinacalcet after enteral administration of cinacalcet (3 mg) oil solution
to lymph duct cannulated anaesthetised rats (closed circles, n = 6)
and to lymph duct cannulated anaesthetised and cycloheximide pre-
treated rats (open circles, n = 5). (a) Mean ± SD dose normalized
lymph concentration profiles; (b) mean ± SD dose normalized serum
concentration profiles; (c) mean ± SD cumulative lymphatic transport.
*P < 0.05 versus cycloheximide group
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where cycloheximide method showed 28-fold higher value for

abiraterone and 2.7-fold higher value for cinacalcet compared with

cannulation method.

4 | DISCUSSION

Abiraterone serum pharmacokinetic parameters after oral and intrave-

nous administration obtained in the current study correspond with

previously published data (Gurav et al., 2012). Its low oral bioavailabil-

ity (<10%) has been confirmed in intact animals and the value is very

similar to the previously reported absolute bioavailability of 4.1%

(Gurav et al., 2012). In lymph duct cannulated animals, the total abso-

lute bioavailability was higher which could correspond with olive oil

premedication as opposed to fasted state in the bioavailability study.

Absolute bioavailability of cinacalcet after oral administration in

rats has not been previously reported. Although the oral bioavailability

of 29% observed in our study is less compared to the 80% bioavail-

ability reported in man, it corresponds to the range of 35–69% seen

in animal mass balance studies in other species (G. N. Kumar

et al., 2004). Oil solution administered in our study resulted in approx-

imately two times longer Tmax compared with previous study in rats

receiving cinacalcet in aqueous drug dosing forms (Kuijpers, 2004).

Lymphatic transport of abiraterone administered as capsules was

low in lymph duct cannulated rats despite achieving approximately

100 times higher lymphatic concentrations compared with serum.

Long chain triglycerides present in the drug formulation or in the food

ingested concurrently with the drug administration are inevitable for

a significant extent of lymphatic transport (Han, Hu, Quach,

Simpson, Trevaskis, & Porter, 2016b; Khoo et al., 2003). Therefore,

abiraterone oil solution was tested in a separate study, but its oral

bioavailability decreased compared to capsules, although the relative

bioavailability via lymph was approximately twice as high. We assume

that the main factor limiting lymphatic transport of abiraterone is its

insufficient lipophilicity. There is strong evidence that lymphatic trans-

port contributes significantly (FRL > 10%) to the drug absorption only

in compounds with log P > 5 (Charman & Stella, 1986). Log P value of

abiraterone predicted by multiple calculation algorithms (ChemAxon,

ALOGPS, PubChem) is approximately 4.5. Hence, it is relatively close

under the cut point, which also corresponds to the ‘borderline’ lym-

phatic transport (FRL of several %). Other molecules with similar log P

and known extent of lymphatic transport are seocalcitol (log P 4.8,

FRL 7.4%) and ontazolast (log P 4.0, FRL 6.8%) with comparable results

(Grove et al., 2006; Hauss et al., 1998).

Both absolute and relative bioavailability via lymph

increase with increasing bodyweight of animal species tested

(dog > rat > mouse; Trevaskis et al., 2013). Using recently published

allometric scaling formulas (Trevaskis et al., 2020), abiraterone FAL

in humans could be expected approximately fourfold higher than in

rats, meaning 0.60% for the capsule formulation. Given the low

absolute bioavailability, this could result in FRL of 10–15% in men.

Therefore, other factors than lymphatic transport seem to be more

important for the extremely pronounced positive food effect on

intestinal absorption of abiraterone, such as intraluminal solubiliza-

tion in the presence of lipids and bile after food intake (Schultz

et al., 2020) or enhanced supersaturation in the gastrointestinal

fluids, which seems to be the driving factor for the drug absorption

as reported in vitro (Stappaerts et al., 2015).

Cinacalcet lymphatic transport was shown to play a significant

role in the intestinal drug absorption in our cannulation study. The

results fit into the range of reported lymphatic transport parameters

for compounds with similar lipophilicity while being close to those of

venetoclax (log P 6.9, FRL 18.8%; Choo et al., 2014). Predicted human

FAL of 2.8% and FRL of �50% calculated according to the allometric

scaling formulas mentioned above suggest that lymphatic transport is

highly relevant for cinacalcet absorption and it also likely contributes

to the known food effect in humans.

Cycloheximide chylomicron flow blocking method has been used

extensively in the last few years in the development of new drug for-

mulations and investigation of their lymphatic transport. During the

last 5 years, 46% of studies focusing on lymphatic drug transport

applied the cycloheximide method (Rysanek et al., 2020). The main

reason for its popularity is that the method does not require advanced

surgical skills compared with the delicate lymph duct cannulation. Fur-

thermore, it is inexpensive and overall easy to conduct. However, as

the results of our current comparability studies demonstrate, cyclo-

heximide method substantially overestimates lymphatic transport. It

provided significantly higher FRL values for both tested drugs when

TABLE 3 Mean ± SD lymphatic transport parameters of abiraterone and cinacalcet after oral and duodenal administration of abiraterone
capsule and cinacalcet oil solution assessed by lymph duct cannulation in anaesthetised rats and by cycloheximide chylomicron flow blocking
method

Method n Time (h) F (%) FAL (%) FRL (%)

Abiraterone capsules Cannulation 5 7.0 21.1 ± 22.0 0.15 ± 0.11 2.0 ± 2.1

Cycloheximide 6 7.0 6.8 ± 3.0 4.1 ± 3.0* 56.4 ± 28.6*

Cinacalcet oil solution Cannulation 6 6.0 3.7 ± 1.6 0.71 ± 0.35 21.0 ± 8.4

Cycloheximide 8 6.0 2.3 ± 0.8* 1.4 ± 0.9 57.5 ± 21.8*

Abbreviations: F, total absolute bioavailability; FAL, absolute bioavailability via lymph; FRL, relative bioavailability via lymph.

*P < 0.05 versus cannulation method.
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compared to cannulation method. The overestimation was more pro-

nounced in the less lipophilic abiraterone than in cinacalcet.

The lipophilicity dependent extent of overestimation seems to

well correspond with the results published so far, where cyclohexi-

mide method yielded comparable lymphatic transport parameters to

cannulation in highly lipophilic cholecalciferol (log P 7.5; Dahan &

Hoffman, 2005) and halofantrine (log P 8.9; Lind et al., 2008). On the

other hand, there are suspicious data for drugs with low lipophilicity

that are not likely to be significantly transported through intestinal

lymph vessels. Exorbitantly high lymphatic transport parameters have

been reported for topotecan (log P 0.8, FRL 53% for aqueous dosing

solution; Wang et al., 2017), docetaxel (log P 2.4, FRL 91%; Valicherla

et al., 2016) and paclitaxel (log P 3, FRL 60%; Zhang et al., 2016). Some

of these unusually high lymphatic transport results have been

attributed by the authors to the properties of the advanced drug for-

mulations that should target and enhance lymphatic transport.

However, the reliability of these data is questioned by the comparabil-

ity evidence provided in our study and the performance of the

advanced drug formulations supported solely by the cycloheximide

chylomicron flow blocking method is uncertain.

Analysis of the limited amount of comparability data between

cycloheximide and cannulation methods provided relationship

between lipophilicity and the extent of FRL overestimation in the

cycloheximide method (Supporting Information S3). The reason why

the lymphatic transport of less lipophilic drugs seems to be more over-

estimated by the cycloheximide method may lie in the proportion of

inhibition of different ways involved in the drug absorption. In the

combined cycloheximide/cannulation study, cycloheximide was

shown to have deleterious effect both on lymphatic and non-

lymphatic ways of cinacalcet absorption.

Another fact is that mean AUC decrease of abiraterone and

cinacalcet after cycloheximide administration was 56% and 57%,

respectively, that is, absorption and total bioavailability of both drugs

were impaired similarly. Hence, the degree of FRL overestimation was

derived from the real extent of lymphatic transport assessed by lymph

exposure measurement which was minimal in abiraterone but consid-

erable in cinacalcet. These results correspond to data from cyclohexi-

mide studies published so far where there is no significant difference

between cycloheximide induced AUC decrease (≈FRL) in compounds

with log P < 5 and log P > 5 (median AUC decrease of 47.3%

vs. 70.7%, P > 0.05 ; Rysanek et al., 2020). In this regard, the over-

estimation effect of cycloheximide method is inversely related to the

real extent of lymphatic transport assessed in lymph duct cannulated

animals, which is generally low in compounds with log P < 5 but can

play a significant role in more lipophilic drugs.

It is evident that the effects of cycloheximide are complex. We

observed rather unusual pattern of cinacalcet serum/tissue concentra-

tion increase in cycloheximide pre-treated animals that started

approximately 20 h after the drug dosing. This pattern was consistent

across all three experiments and was also apparent in all animals stud-

ied. Scanning the literature, such an increase was also seen in

halofantrine, where the authors assumed there would be a depot from

which the drug would later be released (Lind et al., 2008). Respecting

the proposed cycloheximide mechanism of action (inhibition of intesti-

nal chylomicron assembly), we hypothesized that this depot could be

formed in the intestinal wall. However, this hypothesis was not

supported by our biodistribution study results. Cinacalcet levels in the

intestinal wall followed similar pattern to other organs or serum with

no signs of early drug accumulation and subsequent release. We

assume therefore that the late increase in cinacalcet concentrations

was primarily due to delayed absorption from gastrointestinal lumen

that was caused by severely reduced gastrointestinal motility,

although possible contribution of impaired elimination by cyclohexi-

mide cannot be ruled out based on our data.

Previous in vivo cycloheximide studies have indeed shown mul-

tiple negative effects on gastrointestinal tract including delayed gas-

tric emptying, reduced gastric secretion, reduced intestinal motility

and various histopathologic changes (Plattner et al., 2001; Verbin

et al., 1971; Yeh & Shils, 1969a, 1969b). These reports are not in

concordance with the report by Dahan and Hoffman (2005) on

good cycloheximide tolerability. In our study, the health status of

the animals in the cycloheximide arms was frequently deteriorating.

Within 4 to 5 h after cycloheximide treatment, about half of the

rats were apathic and had bristled fur or diarrhoea-like exudate.

This is linked to the fact that the administered cycloheximide dose

in the standard protocol for chylomicron flow blocking method is

close to its known LD50 (3.7 mg kg�1; Cycloheximide Safety

Datasheet, 2019).

Moreover, for the molecules like cinacalcet (and halofantrine), in

which cycloheximide causes delayed and long-lasting increase of

serum concentrations, the estimates of AUC and thus bioavailability

strongly depend on the timeframe over which the study is conducted.

The absorption was not only delayed but also significantly enhanced

by cycloheximide if the pharmacokinetic profiles were measured well

beyond the usual timeframe. Even 48 h after a single cinacalcet dose,

the absorption phase was not completed, which indicates that the

model lacks physiological relevance for absorption studies.

5 | CONCLUSION

Non-invasive cycloheximide chylomicron flow blocking method does

not provide correct and reliable estimate on lymphatic transport of

drugs and therefore should not be used to address this process

of drug absorption anymore. The cycloheximide method largely over-

estimates the true lymphatic absorption measured directly as drug

exposure in lymph collection.

Comparison of lymphatic transport data generated by direct drug

concentration measurements in lymph collection and cycloheximide

chylomicron flow method in rats has been conducted for two modern

highly lipophilic compounds, that is, abiraterone acetate and cinacalcet

hydrochloride. Whereas the lymphatic transport in direct measure-

ment was shown to play a significant role in the intestinal absorption

of cinacalcet, lymphatic transport of abiraterone was low. Absolute

bioavailability following oral dosing of both drugs has also been

described.
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Abstract: Data on gastric pH in rats to be used in preclinical models for pH-
dependent drug absorption are still limited or contradictory. The aim of  this 
study was to describe gastric pH in rats at fasted state and to evaluate its changes 
induced by pentagastrin or omeprazole in order to mimic gastric pH at fasted 
and fed human subjects. Twenty Wistar rats, fasting for 12 h, were randomly 
assigned into four treatment groups (n=5): control, pre-treated with omeprazole 
2 h before pH measurement, pre-treated with omeprazole 12 h before pH 
measurement, and pre-treated with pentagastrin 20 min before pH measurement. 
An incision on the stomach wall was made in anesthetized animals, and pH of  
gastric juice was measured. The observed pH values were significantly different 
among groups (p=0.0341), with the median (IQR) values of  gastric pH of  3.5 
(2.7–4.2), 6.7 (4.7–7.0), 5.6 (3.5–6.4) and 2.2 (1.6–3.1) in control, omeprazole 2 h, 
omeprazole 12 h and pentagastin group, respectively. We recommend using short 
interval pentagastrin and 2 h omeprazole pre-treatment in fasting animals to model 
similar gastric pH as is expected in human fasted and fed state pharmacokinetic 
studies, respectively.

This study was supported by the Charles University Project Progres Q25 and a grant  
no. SVV 260373.
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Introduction
Although animal models are extensively used in the preclinical testing of  drugs, 
sparse work has been reported on evaluating rats as a preclinical model for 
pH-dependent absorption studies (McConnell et al., 2008; Lubach et al., 2013). 
Gastric pH in fasted state is generally reported higher (3.9) in rats as compared 
with men (1.7) (Dressman et al., 1990; McConnell et al., 2008). Previous animal 
studies also provided conflicting results with respect of  impact of  food and other 
factors (Eastman and Miller, 1935; Ward and Coates, 1987; McConnell et al., 
2008; Lubach et al., 2013). Moreover, previously published studies report wide 
inter-individual and intra-individual variability of  gastric pH in rats (Fleisher et al., 
1999).

Many drugs possess pH-dependent dissolution, solubility, or penetration through 
biological membranes (Lubach et al., 2013; Yasumuro et al., 2018) that is likely 
to affect the drug absorption after oral administration. Therefore, preclinical 
assessment of  drug pharmacokinetics may be challenging.

The pentapeptide pentagastrin is well-known to stimulate gastric acid secretion in 
mammals and is widely used to increase acidity and reduce inter-individual variability 
in animal pharmacokinetic studies (Lubach et al., 2013), while omeprazole is a 
proton-pump inhibitor widely used for its potent inhibitory effect on gastric acid 
secretion (Larsson et al., 1983).

The aim of  this study was to describe gastric pH in rats at fasted state and to 
evaluate its changes by pentagastrin or omeprazole to more closely mimic gastric  
pH at fasted and fed human subjects.

Material and Methods
Chemicals
Pentagastrin was purchased from Sigma-Aldrich (Prague, Czech Republic) and 
omeprazole was used as Helicid 40 Inf  (Zentiva, Prague, Czech Republic). Ketamine 
and xylazine were used as Narkamon 100 mg/ml inj sol and Rometar 20 mg/ml inj 
sol (Bioveta, Ivanovice na Hané, Czech Republic), respectively.

Animals
Male Wistar rats (Velaz, Prague, Czech Republic) were used throughout the study. 
They were maintained under standard conditions (12-h light-dark cycle, 22 ± 2 °C 
temperature and 50 ± 10% relative humidity) and fed on water and standard 
granulated diet ad libitum. Twelve hours before gastric pH measurement animals 
were fasted, with free access to water, and were housed on a grid. All experiments 
were performed in accordance with the Guiding Principles in the Use of  Animals in 
Charles University, First Faculty of  Medicine, and every effort was made to minimize 
animal suffering. The experimental animal project was approved by the Ministry of  
Education, Youth and Sports of  the Czech Republic under the negotiation number 
MSMT-9445/2018-8.
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Experimental design
The rats were randomly assigned into four treatment groups (Table 1). The control 
group were fasted overnight without treatment. The other groups were treated with 
intraperitoneal omeprazole 20 mg/kg two hours before pH measurement, twelve 
hours before pH measurement, and subcutaneous pentagastin 0.25 mg/kg twenty 
minutes before pH measurement, respectively.

Dissection procedure and gastric pH measurement
The anesthetized rat (ketamine 100 mg/kg i.m. and xylazine 5 mg/kg i.m.) was 
placed on its back with its tail toward the investigator. The abdominal cavity was 
opened with a V-cut made through the abdominal wall starting at the base of  the 
abdomen and proceeding diagonally across each side to the dorsolateral edge of  
the thorax. The skin flap was moved onto the chest and the stomach was located. 
The antrum cardiacum and pylorus of  the stomach were ligated. An incision to the 
stomach wall was made, and gastric juice pH was measured with a pH meter S2K712 
(Isfetcom Co., Ltd., Shimokayama, Japan). The pH meter was previously calibrated  
at two points using standards solutions of  pH 4.0 and pH 7.0.

Statistical analysis
Median and interquartile range (IQR) values were calculated using MS Excel 2010 
(Microsoft Corporation, Redmond, USA). Significance of  differences in gastric pH 
between the groups was determined by the Kruskal-Wallis test using GraphPad 
Prism 3.02 (GraphPad Software, Inc., La Jolla, USA). Statistical significance was 
accepted at p<0.05.

Results
Twenty rats weighting 275–379 g were enrolled in this study; five rats per group. 
Measured gastric pH values in each group are presented in Figure 1. The observed 
pH values were significantly different among groups (p=0.0341), with the median 
(IQR) values of  gastric pH of  3.5 (2.7–4.2), 6.7 (4.7–7.0), 5.6 (3.5–6.4) and  
2.2 (1.6–3.1) in control, omeprazole 2 h, omeprazole 12 h and pentagastin group, 
respectively.

Table 1 – Pretreatment schedule in the study groups

Group Treatment

Control
Omeprazole 2 h
Omeprazole 12 h
Pentagastrin

no treatment
omeprazole 20 mg/kg i.p. 2 h before pH measurement
omeprazole 20 mg/kg i.p. 12 h before pH measurement
pentagastrin 0.25 mg/kg s.c. 20 min before pH measurement
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Discussion
We conducted this study to propose experimental conditions for subsequent 
preclinical pharmacokinetic studies with respect to gastric pH similarity to man.

Despite high inter-individual variability, median as well as minimum and maximum 
pH values increased in the following order: pentagastrin group, control group, 
omeprazole 12 h group, omeprazole 2 h group.

The pentagastrin group had similar median gastric pH to that reported in humans 
at fasting state (Dressman et al., 1990). Although the pH decreasing effect of  
pentagastrin was expected based on its known mechanism of  action, previously 
published study by Lubach et al. (2013) did not show relevant impact of  pentagastrin 
pretreatment on gastric pH that might be caused by unusually low control fasted 
state pH. Since pentagastrin is a compound with fast onset of  action and short 
elimination half-life, the longer time interval between pentagastrin administration and 
pH measurement as compared with our study could also contribute to previously 
reported lack of  pentagastrin effect.

Omeprazole pretreatment 2 hours before pH measurement increased the gastric 
pH to the range that is comparable to pH seen in man in fed state (Dressman et 
al., 1990) and similar omeprazole effect on pH in rats has been published recently 
by Yasumuro et al. (2018). However, although omeprazole is an irreversible proton 
pump inhibitor that maintains more than 50% of  the effect at 24 h after dosing, the 
12 h interval already lead to observable diminished omeprazole activity.

Numerous preclinical studies reported administration of  drugs at fasting conditions 
based only on the fact that animals were food-deprived for specified time. It should 
be noted that we observed undigested wood shavings, fur, or excrements in the 
stomach of  approximately half  of  the animals even when housed on a grid for the 

Figure 1 – Individual 
gastric pH values in 
fasted rats and rats 
treated with omeprazole 
and pentagastrin.
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whole 12 h fasting period before pH measurement. Thus, the animal model may 
mirror gastric pH with the standard human conditions at pharmacokinetic studies, 
however, the fasted state in cooperating human subjects might not be fully modelled 
in large proportion of  animals with respect to potential effect of  gastric content on 
gastric motility, its buffering and adsorption effects etc.

Conclusion
Based on our results, we recommend using short interval pentagastrin and 2 h 
omeprazole pretreatment in fasting animals to model similar gastric pH as is 
expected in human fasted and fed state pharmacokinetic studies, respectively.
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Abstract: The post-mortem toxicological findings may be misinterpreted, if  the 
drug undergoes substantial post-mortem redistribution. As alprazolam is one 
of  the most frequently evaluated drug for legal/forensic reasons in drug-related 
fatalities, we studied possible changes in alprazolam distribution after death in a 
rat model. Rats were sacrificed 30 minutes after alprazolam administration. Blood 
and tissue samples from 8 animals per sampling time were collected at 0, 2, 6, and 
24 h after death. The experimental samples were assayed for alprazolam using 
validated UHPLC-PDA method. Median blood alprazolam concentrations increased 
approximately 2 times compared with ante-mortem levels due to the redistribution 
during early post-mortem phase and then slowly decreased with a half-life of  60.7 h. 
The highest alprazolam tissue concentrations were found in fat and liver and the 
lowest levels were observed in lungs and brain. The median amount of  alprazolam 
deposited in the lungs was relatively stable over the 24-h post-mortem period, 
while in heart, liver and kidney the deposited proportion of  administered dose 
increased by 43–48% in comparison with ante-mortem values indicating continuous 
accumulation of  alprazolam into these tissues. These results provide evidence 
needed for the interpretation of  toxicological results in alprazolam-related fatalities 
and demonstrate modest alprazolam post-mortem redistribution.
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Introduction
Drug overdose belongs among common causes of  death worldwide with mortality 
rate of  approximately 22.6 and 217 cases per million inhabitants in the EU and USA, 
respectively (European Monitoring Centre for Drugs and Drug Addiction, 2019). 
Although the majority of  drug-related deaths in Europe occur in men, suicidal drug 
overdoses are more frequent in women. Most fatal drug overdoses are linked to 
the use of  opioids, central nervous system depressants including benzodiazepines 
or polydrug use. Alprazolam itself  was the fifth most common drug detected in 
6,209 drug-related deaths in the USA in 2016 (Hilberg et al., 1999). Alprazolam is 
therefore frequently evaluated for legal/forensic reasons in drug-related fatalities.

The post-mortem toxicological findings may be misinterpreted if  the drug 
undergoes substantial post-mortem redistribution, which is mainly expected for 
basic, lipophilic compounds widely distributed into peripheral compartments 
(Kugelberg et al., 2004; Castaing et al., 2006). The mechanisms of  post-mortem 
redistribution have not been fully characterized, but leakage of  intracellular content 
after cellular death (Musther et al., 2014), disruption of  physiological barriers (Banks 
et al., 1992), degradation of  the compounds by gut microorganisms and their 
diffusion from gastrointestinal content into the body tissues belong among known 
causes contributing to this phenomenon (European Monitoring Centre for Drugs and 
Drug Addiction, 2019). Moreover, metabolism may also continue during the first few 
hours after death ( Jonsson et al., 2004).

Post-mortem redistribution has been described for number of  drugs involved in 
fatal drug-related overdoses including haloperidol, morphine, citalopram, triazolam 
or diazepam (Koren and MacLeod, 1985; Shiota et al., 2004; Kposowa and McElvain, 
2006).

Alprazolam with log P of  2.12 belongs among lipophilic compounds; it has 
apparent volume of  distribution of  approximately 1 l/kg in man (Greenblatt 
and Wright, 1993). These characteristics suggest possible role of  post-mortem 
redistribution for this drug. Reports that evaluated central to peripheral blood 
concentrations ratios in human have suggested that alprazolam may exhibit a 
modest post-mortem redistribution (Hargrove and McCutcheon, 2008; Han et 
al., 2012). However, there are no data on post-mortem redistribution from direct 
measurement of  alprazolam concentrations in particular tissues available. Therefore, 
the aim of  our study was to describe possible changes in alprazolam distribution 
after death in rats.

Methods
Chemicals
Alprazolam was purchased from Sigma-Aldrich (Saint Louis, USA). The drug was 
then dissolved in a mixture of  70% ethanol and saline (1:1; v/v) for the purpose of  
intraperitoneal application. Isoflurane was used as IsoFlo 250 ml (Zoetis, Parsippany, 
USA).
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Animals
Female Wistar rats (Velaz, Prague, Czech Republic) were used throughout the study. 
They were maintained under standard conditions (12-h light-dark cycle, 22 ± 2 °C 
temperature and 50 ± 10% relative humidity) and fed on water and standard 
granulated diet ad libitum. All experiments were performed in accordance with 
the Guiding Principles in the Use of  Animals in Charles University, First Faculty of  
Medicine, and every effort was made to minimize animal suffering. The experimental 
animal project was approved by the Ministry of  Education, Youth and Sports of  the 
Czech Republic under the number MSMT-9445/2018-8.

Experimental procedure
Rats were randomly divided into four groups: (1) immediate autopsy, (2) autopsy 
2 hours after death, (3) autopsy 6 hours after death, and (4) autopsy 24 hours 
after death. All animals were anesthetized by inhalation of  2–5% isoflurane and 
anaesthesia was maintained throughout the procedure. Following anesthetization, 
rats were injected alprazolam intraperitoneally at a dose of  4 mg or 6 mg for 
animals weighting ≤ 250 g or more, respectively. Thirty minutes after alprazolam 
administration, an ante-mortem blood sample was taken via cardiac puncture 
from each rat. Immediately following the sampling, rats were sacrificed by cervical 
dislocation and death was confirmed by the lack of  a heartbeat. Following death, 
rats in groups 2–4 were left lying on their backs at room temperature (22 ± 2 °C) 
for the defined time to autopsy. Post-mortem aortic blood samples were drawn 
and the following tissue samples were also collected at the time of  autopsy: liver 
(left lateral lobe), left kidney, heart, left lung, brain and abdominal fat. The tissue 
samples were cleaned with tissue paper, weighted and immediately homogenized 
with Tissue-Tearor homogenizer model 985-370 (BioSpec Products, Inc., Bartlesville, 
USA) in two volumes of  80% acetonitrile and then vortexed for 30 s. Both blood 
samples and tissue homogenates were centrifuged for 10 minutes at 2,500× g 
(4 °C). Blood samples and tissue supernatants were then stored at –80 °C before 
further processing. Before the chromatography analysis, the blood samples and 
tissue supernatants were deproteinized by acetonitrile, adding 60 µl of  100% 
acetonitrile to 20 µl of  sample and performing deproteinization in an Eppendorf  
tube by vortexing for 15 s. Then, both blood and tissue samples were centrifuged at 
16,500× g for 6 min, and 50 μl of  supernatant was transferred into LC vials.

Analysis of  alprazolam
Determination of  alprazolam in different tissues and blood samples was carried 
out using Acquity UPLC H-class equipment (Waters Corporation, Milford, MA). 
LC column Poroshell HPH C18 (3.00 mm i.d. × 100 mm, 2.7 µm) from Agilent 
Technologies (Waldbronn, Germany), thermostatted at 30 °C, was used for  
the analysis. The mobile phase consisted of  10 mM ammonium phosphate,  
pH 2.80 (Solvent A) and acetonitrile (Solvent B). The flow rate of  the mobile phase 
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was maintained at 0.5 ml/min. The optimized gradient program (min/% B) was 
0/30, 1/30, 3.5/60, 4/80, 7/80, 7.5/30, and 10/30. The injection volume was 1 µl, 
and samples were kept at 10 °C. Detection was performed by diode array detector, 
and the wavelength was set to 245 nm.

The method was validated according to the FDA guidance on analytical procedures 
and method validation to demonstrate that it is suitable for its intended purpose 
(U. S. Food and Drug Administration, 2015). The selectivity of  the method was 
verified by mass spectrometry operated in the scan mode (Triple Quad 6460 mass 
spectrometer; Agilent Technologies, Waldbronn, Germany).

Selectivity was monitored by injecting all studied tissue extracts. These 
chromatograms showed no interfering compound (no m/z was observed except 
m/z corresponding to alprazolam) within the retention time window of  alprazolam. 
Moreover, the DAD peak purity test of  all analysed samples was successfully 
met for the alprazolam peak, which ensures high selectivity. Selectivity was thus 
confirmed independently by DAD and mass spectrometry. The calibration curve 
was constructed in the 80% acetonitrile with nine concentration levels (0.1; 0.2; 
0.5; 1; 2; 5; 10; 50; 100 µg/ml) by plotting the peak area of  alprazolam against its 
concentration. Calibration was performed before each batch of  samples. Standard 
plots were constructed and linearity was evaluated statistically by linear regression 
analysis using the least-squares regression method. To confirm the reliability of  
our results derived from the calibration curve, we performed determination using 
the standard addition method with selected samples of  different tissue extracts 
and blood. The standard was added into blood and tissue extract samples before 
deproteinization to include the potential effect of  deproteinization. No significant 
difference in concentration means was observed between results obtained using 
both methods. This result proved that tissue and blood matrices have no effect on 
the reliable quantification of  alprazolam. The linearity was evaluated through the 
calibrations providing coefficients of  determination (R2) higher than 0.9997 which 
indicate excellent linearity. Limit of  detection value was 0.02 µg/ml, determined as 
3.3×σ/S ratio, where σ is the highest baseline noise obtained from the blank blood/
tissue extracts, and S is the slope of  the regression line (based on peak heights). 
Limit of  quantification was the lowest point of  the calibration (0.1 µg/ml).

Method accuracy and precision were evaluated by measuring 5 replicates at four 
different concentrations (0.1; 1; 5, and 50 μg/ml) prepared by spiking alprazolam 
into blank tissue extracts and blood. The accuracy (relative error, %) was within 
± 3.0%, and the inter- and intra-day precisions (RSD, %) were within ± 2.5%. These 
samples were also used as quality control (QC) samples. QC samples were injected 
after each 7th sample to assess the validity of  the analytical method. Recovery was 
evaluated by comparing the area of  the alprazolam standard peak of  the pre-protein-
precipitation spiked blood sample with that of  the corresponding post-protein-
precipitation spiked sample at three concentrations (0.1; 10, and 50 μg/ml). Since 
there is no reference material of  different tissues containing alprazolam, the recovery 
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was simulated by fortifying of  different tissue homogenates with the standard of  
alprazolam at three concentrations (0.1; 10, and 50 μg/ml). Extraction and protein 
precipitation was performed with 80% acetonitrile and vortexed for 30 s. The 
recovery ranged from 96.8 to 100.9%.

Data analysis and statistics
Tissue concentrations (µg/g) were calculated from measured supernatant 
concentrations (µg/ml), used amounts of  solvent (ml) and weights of  homogenized 
tissues (g). Subsequently, both tissue and blood concentrations were normalized per 
dose of  20 mg/kg.

Distribution half-life was calculated as (t×ln2)/ln(C2/C24), where C2 and C24 are 
median alprazolam blood concentration 2 and 24 h after death, respectively, and t is 
22 h as the time between C2 and C24.

Median and interquartile range (IQR) values were calculated using MS Excel 
2010 (Microsoft Corporation, Redmond, USA). Significance of  differences in 
alprazolam concentrations/tissue distribution between group 1 and the other 
groups was determined by the Mann-Whitney test, while potential differences in 
weights and weight-normalized doses between study groups were examined by the 
Kruscal-Wallis test using GraphPad Prism 8.2.1 (GraphPad Software, Inc., La Jolla, 
USA). Statistical significance was considered at p≤0.05.

Results
Thirty-two female rats weighing 162–365 g were enrolled in this study; eight rats per 
group. Administered alprazolam doses ranged from 16.4 to 24.7 mg/kg. There were 
no significant differences in animal weight (p=0.97) or administered alprazolam doses 
(p=0.96) between study groups.

Post-mortem changes in dose-normalized blood and tissue concentrations of  
alprazolam are presented in Figure 1. All post-mortem groups showed significantly 
increased blood drug concentrations compared with ante-mortem alprazolam 
blood levels. The ratio between median post-mortem and ante-mortem alprazolam 
blood concentrations were 1.78, 1.54 and 1.39 at 2, 6 and 24 hours after death, 
respectively. Thus, steep rise in alprazolam blood levels during early post-mortem 
phase was followed by slow decrease with a half-life of  60.7 h.

Distribution of  alprazolam into the tissues expressed as percentages of  the total 
administered alprazolam dose are showed in Table 1.

Discussion
This study was designed to describe possible post-mortem alprazolam redistribution 
in rat in order to improve our understanding and interpretation of  the toxicological 
findings in alprazolam related fatalities that belong among frequent intentional drug 
overdoses world-wide. We conducted the study in female rats, since women are 
4 times more likely to die from drug poisoning than men (Kposowa and McElvain, 
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Figure 1 – Post-mortem changes of  alprazolam concentrations normalized per dose of  20 mg/kg in the rat blood 
and tissues. Values are represented as median (interquartile range); n=8; *p<0.05; **p<0.005 vs. 0 h after 
death.
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2006). A fix dose of  4 or 6 mg was administered to each animal with respect to 
its actual body weight in order to reach approximate dose of  20 mg/kg for each 
animal, which corresponds to human equivalent dose of  3.3 mg/kg (rat/human 
dose conversion factor of  6 has been reported) (Nair and Jacob, 2016). The actual 
doses ingested are usually unknown in human alprazolam-related fatalities, however, 
the drug has been reported among compounds with the most frequent toxic levels 
detected in forensic analyses in drug related fatalities ( Jonsson et al., 2004). A study 
in 131 deliberate alprazolam self-poisoning cases reported that the median (IQR) 
alprazolam dose was 23 defined daily doses (10–40) (Isbister et al., 2004), which is 
less in comparison with the dose we used. However, other individual case reports 
have shown high plasma and tissue levels indicating that the dose ingested must 
have been considerably higher ( Jenkins et al., 1997). Since the doses ingested in 
an intentional overdose are in reality highly uncertain, we have chosen the human 
equivalent dose for our study corresponding to the possible worst case scenario 
for acute intoxication after ingestion of  whole alprazolam high strength package 
(100 tablets, 2 mg).

Alprazolam blood levels reported for human fatal intoxications are extremely 
variable. While some repots mention plasma levels within the toxic range of  
0.1–0.4 µg/ml ( Jones et al., 2016; McIntyre et al., 2017), Jenkins et al. (1997) 
detected plasma levels in a human alprazolam fatality of  2.1–2.3 µg/ml that is 
approximately 20% of  the ante-mortal levels seen in our study.

We observed significantly increased blood drug concentrations at all sampling 
times post-mortem. This phenomenon has been previously described for some 
other lipophilic drugs, e.g. thioridazine, morphine or citalopram (Koren and Klein, 
1992; Kugelberg et al., 2004; Castaing et al., 2006). However, the interindividual 
variability of  the drug concentration increase after death is high, in a few animals the 
post-mortem increase of  alprazolam blood levels was as large as 6-fold. This is again 
comparable to the previous observations for morphine with up to 5-fold drug level 
increase (Koren and Klein, 1992).

Table 1 – Alprazolam tissue distribution expressed as median 
percentages of total administered alprazolam dose (%) at time after 
death

Group 1
0 h

Group 2
2 h

Group 3
6 h

Group 4
24 h

Liver 
Kidney (left)
Heart
Lung (left)
Brain

5.17
0.29
0.21
0.08
0.32

7.11
0.34
0.22
0.08
0.10

8.17*
0.42
0.23
0.09
0.14

7.38
0.43*
0.32
0.10
0.24

*p<0.05 vs. 0 h after death
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The highest alprazolam tissue concentrations were found in fat and liver in 
group 1 (autopsy 30 min after intraperitoneal administration), whereas the lowest 
levels were observed in lungs and brain. These findings follow a similar distribution 
pattern described for 14C-alprazolam 30 min after intravenous administration 
(Banks et al., 1992) and correspond also to distribution of  diazepam and triazolam 
that both belong among benzodiazepines (Shiota et al., 2004). Although alprazolam 
concentration in the brain was low, the percentual distribution of  the administered 
dose was similar to that found in left kidney at the time of  death (Table 1).  
The highest percentage of  alprazolam dose were accumulated in the liver. It can  
be expected that largest proportion of  alprazolam dose accumulates in adipose 
tissue, however, as the total body fat is unknown the distribution could not be 
estimated.

The amount of  alprazolam deposited in the lung tissue was relatively stable 
over the 24-h post-mortem period, while in heart, liver and kidney the deposited 
proportion of  administered dose increased by 43–48% at 24 h after death in 
comparison with pre-mortem values indicating continuous accumulation of  
alprazolam into these tissues. The tissue concentrations tended to increase 
correspondingly to the percentage of  the dose deposited in liver and kidney, 
while the drug tissue concentration dropped in the heart early after death 
contrary to the increasing drug accumulation in the tissue. This was likely caused 
by an increased intramyocardial water content that may be seen after death 
especially in females (Boyd and Knight, 1963). On the other hand, both brain 
alprazolam content and brain tissue concentrations decreased early after death 
with subsequent tendency to reach equilibrium with blood concentrations. Due 
to the high variability of  tissue concentrations obtained, the differences of  tissue 
concentrations from the post-mortem sample only reached statistical significance 
for kidney at 24 h.

The clinical data on alprazolam distribution post-mortem are extremely limited. 
In a single fatal overdose, the ratios between tissue and plasma drug levels in 
kidney and liver were approximately 1.7 and 4.2, respectively ( Jenkins et al., 
1997), which well corresponds to the individual tissue to plasma ratios seen in 
our study ranging from 0.2 to 4.1 for kidney and from 0.9 to 9.2 for liver samples. 
The anatomical proximity between the different organs in rats in our model thus 
did not result in unrealistically overestimated post-mortem redistribution values 
for the human toxicological findings. In case there is an unabsorbed drug in the 
stomach or gastrointestinal tract at the time of  death, this may be redistributed to 
surrounding tissues (Pounder et al., 1996). In order to eliminate this phenomenon, 
we administered alprazolam intraperitoneally in this study. Although the most 
alprazolam overdoses are expected to follow oral ingestion of  the drug in humans, 
the absorption is fast and complete with Tmax of  1 h and absolute bioavailability 
80–100% (Greenblatt and Wright, 1993). Therefore, substantial alprazolam 
redistribution from the gastrointestinal tract is not expected in clinical settings.
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Conclusion
Median central blood alprazolam concentrations increased approximately 
1.5–2 times due to the redistribution over the 24-h post-mortem period and there 
was a substantial variability of  the extent of  alprazolam redistribution (0.9–6.1 fold).

The median amount of  alprazolam deposited in the lung tissue was relatively 
stable over the 24-h post-mortem period, while in heart, liver and kidney the 
deposited proportion of  administered dose increased by 43–48% at 24 h after 
death in comparison with pre-mortem values indicating continuous accumulation of  
alprazolam into these tissues.

These results demonstrate modest alprazolam redistribution post-mortem. 
However, due to the high variability of  alprazolam blood and tissue concentrations 
seen, the estimation of  drug exposure or time from death can’t be reliably done 
based on these pharmacokinetic data.
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