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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
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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

  122 Page 8 of 12 The AAPS Journal         (2020) 22:122 



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
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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
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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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František Štěpánek6 | Martin Šíma1 | Ondřej Slanař1

1Institute of Pharmacology, First Faculty of

Medicine, General University Hospital in

Prague, Charles University, Prague,

Czech Republic

2Department of Cardiovascular Surgery, First

Faculty of Medicine, General University

Hospital in Prague, Charles University, Prague,

Czech Republic

3Department of Analytical Chemistry, Faculty

of Science, Charles University, Prague,

Czech Republic

4Third Department of Surgery, First Faculty of

Medicine, Motol University Hospital, Charles

University, Prague, Czech Republic

5Preformulation and Biopharmacy

Department/Clinical Development

Department, Zentiva, k.s, Prague,

Czech Republic

6Department of Chemical Engineering,

University of Chemistry and Technology,

Prague, Czech Republic

Correspondence

Pavel Ryšánek, Institute of Pharmacology,

Albertov 4, 128 00 Praha 2, Czech Republic.

Email: pavel.rysanek@lf1.cuni.cz

Martin Šíma, Institute of Pharmacology,

Albertov 4, 128 00 Praha 2, Czech Republic.

Email: martin.sima@lf1.cuni.cz

Funding information

Charles University Research Centre, Grant/

Award Number: UNCE/SCI/014; Univerzita

Karlova v Praze, Grant/Award Number: SVV

260 523

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.

RYŠ�ANEK ET AL. 3



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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Application of Oil-in-Water Cannabidiol Emulsion
for the Treatment of Rheumatoid Arthritis
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Abstract
Introduction: Rheumatoid arthritis (RA) is a chronic autoimmune disease with unknown cause. It mainly affects
joints and, without proper treatment, negatively impacts their movement, causes painful deformities, and
reduces the patients’ quality of life. Current treatment options consist of various types of disease-modifying anti-
rheumatic drugs (DMARDs), however 20–30% of patients are partially resistant to them. Therefore, development
of new drugs is necessary. Possible option are compounds exhibiting their action via endocannabinoid system,
which plays an important role in pain and inflammation modulation. One such compound – cannabidiol (CBD)
has already been shown to attenuate synovitis in animal model of RA in in vivo studies. However, it has low bio-
availability due to its low water solubility and lipophilicity. This issue can be addressed by preparation of a lipid
containing formulation targeting lymphatic system, another route of absorption in the body.
Materials and Methods: CBD-containing emulsion was prepared by high-shear homogenization and its droplet
size distribution was analysed by optical microscopy. The relative oral bioavailability compared to oil solution as
well as total availability of CBD were assessed in a cross-over study in rats and absorption of CBD via lymphatic
system was observed. The effect of CBD on the animal model of RA was determined.
Results: Compared to oil solution, the emulsion exhibited higher absolute oral bioavailability. Significant lym-
phatic transport of CBD was observed in all formulations and the concentrations in lymph were calculated.
The therapeutic effect of CBD on RA was confirmed as an improvement in clinical symptoms as well as morpho-
logical signs of disease activity were observed during the study.
Conclusion: In this work, we prepared a simple stable emulsion formulation, determined the pharmacokinetic
parameters of CBD and calculated its absolute bioavailability in rats. Moreover, we successfully tested the pharma-
ceutical application of such a formulation and demonstrated the positive effect of CBD in an animal model of RA.

Keywords: rheumatoid arthritis; cannabidiol; emulsion; in vivo study; bioavailability; lymphatic absorption

Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune in-
flammatory disease affecting mainly small joints, but it
can also spread to other tissues and organs; for example,
skin, lungs, or heart. RA can progress into periarticular
bone and cartilage damage resulting in debilitating
deformities, significantly reducing quality of life. As RA

is a chronic disease with an unknown cause, the main
therapeutic objective is to stop the progression of the dis-
ease and achieve sustained remission; that is, to reduce the
pain and inflammation of affected joints, maximize their
function, and prevent irreversible periarticular damage.1

Current treatment options consist of synthetic,
targeted synthetic, and biologic disease-modifying
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*Address correspondence to: Prof. MUDr. Ondřej Slanař, PhD, Institute of Pharmacology, First Faculty of Medicine, Charles University and General University Hospital in
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antirheumatic drugs (DMARDs), supplemented by
glucocorticoids, nonsteroidal antirheumatic drugs, and
analgesics for symptomatic treatment of pain and
inflammation. However, the disease is rather hetero-
genic, and a combination of DMARDs is often neces-
sary for inducing remission and maintaining low
disease activity. Although the introduction of biolog-
ics dramatically improved the prognosis of patients as
well as therapeutic outcomes, there are still *20–30%
of patients partially resistant to current treatment
options. Other downsides are high cost of biologic
DMARDs and the need for parenteral administration.
For this reason, new therapies are urgently needed.2

One group of candidate drugs with therapeutic
potential for RA treatment are natural compounds exhib-
iting their action through the endocannabinoid system,
which plays an important role in pain and inflammation
modulation. There are two types of cannabinoid (CB) re-
ceptors. CB1 receptors, expressed mainly in the central
nervous system, are responsible for neurobehavioral ef-
fects and nociceptive transmission in the brain.

The other type, CB2 receptors, found in immune
cells, lymph nodes, and nodular corona of Peyers
patches, plays an important role in immunomodula-
tion and inflammatory pain response. The activation
of CB2 receptors mediates immune cell suppression.
It inhibits the production of proinflammatory cyto-
kines, autoantibodies, and matrix metalloproteinases
(MMPs). Furthermore, it suppresses the proliferation
of fibroblast-like synoviocytes, NFjB-dependent apo-
ptotic responses, and T-helper–mediated functions.3

Cannabidiol (CBD), obtained from Cannabis sativa, is
a promising nonpsychoactive compound affecting endo-
cannabinoid system. CB oils are widely commercially
available as food supplements, not only for humans but
also for animals. CBD itself has been shown to attenuate
synovitis and joint destruction in collagen-induced ar-
thritis (CIA), an animal model of RA in in vivo studies.4,5

Despite this, Epidiolex/Epidyolex, a solution of
CBD and flavorings in sesame oil used to treat seizures in
rare forms of epilepsy, and Sativex, oromucosal spray for
spastic symptoms of multiple sclerosis, remain the only
Food and Drug Administration- and European Medi-
cines Agency (EMA)-approved oral drugs that contain
CBD.6 This is because although CBD has high solubility
in lipids and organic solvents, it is almost insoluble in
water. Low water solubility leads to low bioavailability
and subsequently noneffective plasma concentrations
after oral administration. Nevertheless, there is a prom-
ising way to increase the absorption from the gastroin-

testinal tract by targeting another specific means of
drug transport in the body; the lymphatic system.

Lymphatic transport is an important pharmacokinetic
characteristic of numerous highly lipophilic com-
pounds.7 Robust evidence suggests that only compounds
with log p > 5 have an inherent affinity toward intestinal
lymph.8,9 The presence of drug in the lymph can have
major pharmacokinetic and pharmacodynamic implica-
tions, as oral bioavailability increases due to higher ab-
sorption and circumvention of liver first-pass effect.

Furthermore, the lymphatic system plays an impor-
tant role in immunomodulation due to presence of
leukocytes in lymph and associated lymph nodes. There-
fore, it is an important potential target for immunomod-
ulatory drugs, and better treatment efficacy is expected.
CBD with its high lipophilicity (log p 6.3), significant
first-pass metabolism, and immunomodulatory effect
is a suitable candidate to exploit all these advantages.10

Therefore, assessment of CBD lymphatic transport
is of great importance for the pharmaceutical science.
Zgair et al. have already reported a significant CBD
concentration in mesenteric lymph (250 times higher
compared with plasma) after the administration of
the sesame oil formulation.11 However, a precise and
comprehensive quantification of CBD lymphatic trans-
port assessing its absolute and relative contribution
to overall systemic bioavailability is still lacking.

To enable lymphatic absorption, the presence of a
lipidic excipient is necessary, as it helps solubilize the
drug and mediates its association with chylomicrons.11,12

Therefore, most CBD-containing formulations used in
in vivo studies are oil based.4,13,14 Emulsions, formula-
tions consisting of both oil and aqueous phase, are toler-
able, and another advantage is their enhanced surface
area for absorption due to increase in droplet area,
which can enhance bioavailability, as demonstrated by
Francke et al15 for CBD-containing nanoemulsion.
Despite this success, careful selection of excipients is cru-
cial because different oil vehicles and surfactants can af-
fect the bioavailability of CBs, and thus, the efficiency of
RA treatment.16 Consequently, an appropriate combina-
tion of in vitro and in vivo investigations is essential for
formulation optimization.

Based on the information discussed above, we
prepared CBD microemulsion composed of surfactant-
stabilized oil droplets dispersed in water. We deter-
mined its droplet size and tested coalescence stability.
The main focus of this study was characterization of
CBD pharmacokinetic parameters and therapeutic
effect in the treatment of RA.
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Materials and Methods
Chemicals
The following chemicals were used for the preparation
of CBD formulations. CBD (98.9 wt %) was purchased
from PharmaHemp� (Slovenia). Sunflower oil (standard-
ized product of pharmaceutical quality) was purchased
from Fagron a.s. (Czech Republic). L-a-Lecithin (soy-
bean, > 94% phosphatidylcholine) manufactured by
Calbiochem� was purchased from Sigma-Aldrich
(Germany). Capryol� PGMC and Transcutol� P
were kindly donated by Gattefossé (France). Kolli-
phor� EL was purchased from BASF (Germany).
Aqual� Ultrapur demineralized water was used for
the preparation of the formulations.

Preparation of formulations containing CBD
The emulsion formulation for oral delivery composed
of sunflower oil and water (1:4 wt ratio) was prepared
by high-shear homogenization. First, CBD (112.5 mg)
was dissolved in sunflower oil (3 g) in a glass vial
using mild magnetic stirring. Then, lecithin (1.5 g) was
added to the oil phase. Ultra-Turrax� T 25 (IKA; Ger-
many) disperser with S25N-10G-ST dispersing tool
was immersed in the vial with the CBD oil phase and
lecithin. Approximately half of the aqueous phase
fraction (12 g) was added to the mixture to reach the
necessary immersion level of the dispersing tool.

The stirring speed was set to 15,000 rpm for 5 min, dur-
ing which the rest of the aqueous phase was manually drip-
ped into the vial using a syringe with long needle. After the
high-shear homogenization, the emulsion was shaken for
1 min using a vortex mixer (Vortex mixer VV3, VWR) to
eliminate the surface foam. The final concentration of
CBD in the emulsion was 7.5 mg/mL. The oil solution,
which was used as a reference with the same CBD concen-
tration, was prepared by dissolution of CBD (24.4 mg) in
sunflower oil (3 g) applying mild magnetic stirring.

The formulation for intravenous delivery was com-
posed of CBD (60 mg), Capryol PGMC (0.4 g), Cremo-
phor EL (1 g), Transcutol P (0.6 g), and distilled water
up to the total volume of 6 mL. First, CBD was dis-
solved in the mixture of nonaqueous components.
Then, water was added, and the concoction was stirred
magnetically (900 rpm). The final concentration of
CBD in the emulsion was 1 mg/100 lL.

Optical microscopy and image analysis
of the emulsion containing CBD
Optical microscopy was performed using a system com-
posed of Resolv4K lenses (Navitar, the United States)

and Olympus (the United States) objective lenses con-
nected to the high-speed camera PL-D725MU-T (Pixe-
LINK; Navitar). Emulsion droplet was placed between
the support and cover glass slide. Image analysis was
performed using software ImageJ (NIH, the United
States). Maximum Feret diameters were calculated con-
sidering 500–600 oil droplets.

Animals
Wistar rats (300–450 g) were purchased from Velaz
(Prague, Czech Republic). The rats were housed under
standard conditions (temperature of 22 – 2�C, relative
humidity of 50 – 10%, 12-h light–dark cycle). The ani-
mals had access to water and standard granulated diet
ad libitum. All parts of experiment were carried out
with respect to Guiding Principles for the Use of Ani-
mals at Charles University, First Faculty of Medicine.
The permission for the experimental animal project
was conferred by the Ministry of Education, Youth
and Sports, Czech Republic (MSMT-26838/2021–4).

General anesthesia was induced using isoflurane (Iso-
Flo, 250 mL; Zoetis/Pfizer, Czech Republic), ketamine
(Narkamon, 100 mg/mL, inj. Sol.; Bioveta, Ivanovice
na Hané, Czech Republic), and xylazine (Rometar,
20 mg/mL, inj. Sol.; Bioveta). Heparin (Heparin Léčiva,
inj. Sol., 1 · 10 mL/50 KU; Zentiva, Czech Republic),
ketoprofen (Ketodolor, inj. Sol., 100 mL; LeVet Pharma
b.v., Netherlands), and Carbethopendecinium bromide
(Ophthalmo-Septonex, eye ointment, 1 · 5 g; Zentiva)
were used in pursuance of the perioperative anticoagu-
lant, analgesic, and antiseptic treatment, respectively.

Bovine type II collagen and incomplete Freund’s
adjuvant for arthritis induction were purchased from
Chondrex. The combination of mebezonium iodide,
embutramide, and tetracaine hydrochloride (T 61, inj.
Sol.; Intervet International, B.V., Netherlands) was
used for the euthanasia at the end of the experiment.

CBD bioavailability
To allow repeated blood sampling, a polyurethane cath-
eter (3Fr; Intech Laboratories, Plymouth Meeting, the
United States) was inserted into the external jugular
vein 3 days before first dosing. The procedure was per-
formed under general anesthesia using 2.5–5% isoflur-
ane followed by 100 mg/kg of intramuscular ketamine
and 5 mg/kg of intramuscular xylazine. At the end of
the surgical procedure, 5 mg/kg ketoprofen was adminis-
tered subcutaneously as an analgesic. The catheter was
flushed with 200 lL saline and 50 lL heparin, and sealed
with a combination of 20 lL glycerol and heparin.
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The relative oral bioavailability of CBD emulsion
compared with simple oil solution was assessed in a ran-
domized, single-dose, two-sequence, and two-period,
laboratory-blinded, crossover bioequivalence study.
Adult male rats were fasted with unrestricted access
to water for 4 h before and after dosing. The
administration of 1 mL (equivalent to 7.5 mg of CBD)
of both the oil and emulsion formulation was conducted
using oral gavage. Systemic blood samples (120 lL) were
collected predose (second period) and at 1, 2, 3, 4, 5, 6, 8,
10, and 24 h postdose (both periods) from the jugular
vein catheter. Each blood sample was substituted with
an equal volume of saline. The washout period between
the first and the second dosing took 72 h.

In addition, another group of animals was dosed
intravenously for the purpose of absolute bioavailabil-
ity calculation of both formulations used in the bioe-
quivalence study. For this experiment, both jugular
veins were cannulated. CBD formulation (1 mg, 100 lL)
was administered into the left jugular vein. Blood sam-
ples were then drawn from the right jugular vein cath-
eter at 5, 15, and 30 min and at 1, 2, 4, 6, and 10 h.

Blood samples were centrifuged for 10 min (2000 g,
4�C), and serum was extracted. Serum samples were
stored at �80�C until analysis.

CBD lymphatic absorption
Anesthetized mesenteric lymph duct cannulated rat
model was used as previously described with slight mod-
ifications.17 Adult male rats were left on a normal diet and
given 1 mL olive oil 1 h before surgery to visualize the
mesenteric lymph duct. They were anesthetized using
isoflurane, ketamine, and xylazine as described above.
Transverse laparotomy was performed. The mesenteric
duct was identified cranially to the superior mesenteric
artery and cannulated using heparin prefilled 0.97 mm
O.D., 0.58 mm I.D. polyethylene catheter (Instech Labo-
ratories, Plymouth Meeting, the United States).

The catheter was fixed in place with two to three drops
of tissue adhesive (Surgibond�; SMI AG, Belgium). A du-
odenal catheter (same parameters as for the lymphatic
catheter) was also placed through a small duodenotomy
and fixed with tissue adhesive. The abdominal wall was
sutured with both catheters leaving the abdominal cavity
through the right flank of the animal. At the end of the
procedure, the right jugular vein was cannulated for
blood sampling. The rats were placed on heated pads
and covered with blankets to prevent heat loss.

After the surgery, 1 mL of oil solution or emulsion
(both containing 7.5 mg of CBD) was dosed through

duodenal catheter for > 30 min. The whole lymph
was collected in regularly changed Eppendorf tubes
from the time drug administration started. Rats were
continuously hydrated with normal saline at a rate of
3 mL/h intraduodenally using an infusion pump
(Perfusor� compact plus; B. Braun, Melsungen AG,
Germany). Anesthesia was maintained throughout the
rest of the experiment, and additional ketamine i.m.
boluses were administered whenever necessary. Eppen-
dorf tubes were changed every 1 h, and systemic blood
was drawn at the same time points.

Lymph samples were processed without further
adjustments and stored at �80�C until analysis.

CBD emulsion in the treatment of CIA
Collagen emulsion for CIA induction was prepared
according to the Chondrex protocol by emulsification
of incomplete Freund’s adjuvant with collagen dis-
solved in 0.05 M acetic acid. The initial 0.2 mL emul-
sion dose was applied subcutaneously into the bases
of adult female rats’ tails. The 0.1 mL booster injection
was administered 7 days later. Rats in the negative
control group were injected with the same volumes of
saline.

The required number of rats suffering from CIA was
obtained 17 days after the first immunization. On this
day (Day 0), the CIA rats were symmetrically random-
ized into two groups. The first group (CBD group) was
treated orally with 2 mL microemulsion containing
15 mg CBD once daily (n = 6), and the second group
(Placebo group) was treated with the same volume of
saline (n = 6). Rats in the negative control group were
administered saline (n = 3). Treatment lasted 24 days
in all three groups.

The treatment progression was monitored through-
out the experiment by visually assessing and recording
the state of both hind paws of each rat every 3 days.
The four-point scoring scale per leg was used with
the following grading: 0 = normal joint; 1 = swelling or
redness in 1 joint; 2 = swelling or redness in > 1 joint;
3 = whole-paw swelling; 4 = joint deformity or ankylo-
sis, immobility. Ankle edema was evaluated by measur-
ing the width of both hindlimb ankles using digital
calipers on the day of randomization (Day 0) and at
the end of the experiment (Day 24).

Blood samples were taken on Day 0 and Day 24 to
evaluate MMP-3 levels in serum. Blood was sampled
from the tail on Day 0 and from the myocardium
immediately before the euthanasia on Day 24. Blood
was centrifuged and the obtained serum was stored at
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�20�C until analysis. MMP-3 levels were determined
using an enzyme-linked immunosorbent assay (Rat
MMP3 ELISA kit ab270216; Abcam, Cambridge,
United Kingdom).

On Day 24, immediately after the euthanasia, each
rat’s right hindlimb was amputated above the ankle.
The samples were fixed in 4% formaldehyde in PBS,
and subsequently decalcified in the 10% formic acid
solution. This process lasted 2–3 months with solution
replacement twice a week. After decalcification, the
phalangeal part was separated, rinsed in water, and
embedded in paraffin using a common procedure.
Seven-micrometer-thick sections were stained with
hematoxylin eosin and mounted in Canada balsam.

The imaging was performed using Leica DMLB
microscope and LAS software (Leica Microsystems
GmbH, Wetzlar, Germany). Sections through the
phalangeal joints were scored according to the level
of structural damage and disease activity. The struc-
tural damage score was based on the following charac-
teristics: cartilage erosion, bone erosion and resorption,
and synovial inflammation plus pannus invasion.
The levels were 0 = healthy joint; 1 = mild changes;
2 = advanced changes; and 3 = severe damage. The
disease activity score was established as follows:
0 = no osteoclasts, 1 = occasional osteoclasts present;
2 = focal presence of osteoclasts; 3 = widespread infil-
tration of osteoclasts.

Analytical methods
The concentration of CBD in serum and lymph was
determined. For serum and lymph samples, protein
precipitation was used. The samples were processed
as follows: 80 lL of 100% acetonitrile (containing
30.0 ng/mL CBD-d3 as an internal standard) were
added to 20 lL of the sample. The mixture was vor-
texed and centrifuged at 10,000 g for 8 min. Sixty
microliters of supernatant were transferred to an chro-
matography vial. For the UHPLC-MS/MS analysis, the
Shimadzu UHPLC Nexera X3 coupled with a Triple
Quad 8045 tandem mass spectrometer (Shimadzu,
Kyoto, Japan) was used. Chromatographic analysis
was performed on a Poroshell 120 EC-C18 column
(50 · 2.1 mm; 1.9 lm; Agilent Technologies, Inc.,
Santa Clara, CA, the United States).

The mobile phase consisted of 0.1% formic acid in
deionized water (Solvent A) and methanol with 0.1%
formic acid (Solvent B). The flow rate of the mobile
phase was maintained at 0.4 mL/min, and the injection
volume was 2 lL. The column temperature was kept at

40�C, and the samples were thermostated at 10�C. The
optimized gradient elution was carried out as follows
(min/% B): 0/50, 0.5/50, 2.5/90, 3.5/90, 4.0/50, and
5.5/50. The MS/MS spectrometer was operated in a
positive mode.

The applied conditions of the electrospray ion source
were as follows: nebulizing gas flow: 3 L/min, heating
gas flow: 10 L/min, interface temperature: 300�C, des-
olvation line temperature: 250�C, heat block temper-
ature: 400�C, and drying gas flow: 10 L/min. The
MS/MS measurement was performed in multiple
reaction-monitoring mode (MRM). MRM transi-
tions of 315.2 > 193.1 (Q1 prebias �16 V, Q3 prebias
�20 V, and collision energy �22 V) and 318.2 > 196.1
(Q1 prebias �16 V, Q3 prebias �22 V, and collision
energy �35 V) were monitored for CBD and CBD-
d3, respectively.

The calibration curves were constructed in each
blank matrix (serum and lymph) with seven concentra-
tions by plotting the ratio of the peak area of CBD
to that of internal standard against CBD concentration.
The weighted least-squares linear regression method
was used with a weighting factor of 1/x2, which im-
proved the accuracy in low concentrations. The
method was linear (coefficients of determination [R2]
> 0.9997) in the concentration range of 1–1000 ng/mL.
The method was validated according to the require-
ments of the EMA Guideline on bioanalytical method
validation and the guideline acceptance criteria.18

Data analysis and statistics
Serum and lymph concentrations in all pharmacoki-
netic studies were dose-normalized to 1 mg/kg before
further calculations. Exact actual sampling times
were used for all pharmacokinetic calculations, while
scheduled sampling times were used only for plotting
of mean pharmacokinetic profiles in the graphs. Phar-
macokinetic analysis was performed using Phoenix
WinNonlin� (Certara, Princeton, the United States)
and PK solver add-on for MS Excel. Area under the
curve (AUC) was calculated using the trapezoidal
rule, while Cmax and Tmax were directly observed.

Lymphatic transport parameters were calculated as
previously described.19 In brief, absolute bioavailabil-
ity through the lymphatic system (FAL) was defined
as the percentage of administered drug that appeared
in the intestinal lymph. It was determined directly
using lymph volume and CBD concentrations in lymph
duct cannulated rats. Analogically, absolute bioavail-
ability through portal vein (FAP) was defined as the
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percentage of administered drug dose reaching the sys-
temic circulation after direct absorption into the blood.

It was calculated as FAP = AUCent/AUCiv, where
AUCent is the area under the dose-normalized blood
concentration–time curve after enteral dosing in lymph
duct cannulated (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 the sum of
FAL and FAP. Finally, relative bioavailability through
lymph (FRL) was defined as the percentage of systemi-
cally available drug that was absorbed through lymph.
It was calculated as FRL = FAL/F.

GraphPad Prism version 9.1.0 (GraphPad Software,
San Diego, CA, the United States) was used for sta-
tistical analyses and graph plotting. Paired t-test was
used to compare mean serum concentrations, whereas
the Wilcoxon nonparametric test was used to compare
median Tmax values. The AUC and Cmax values were
compared by applying the standard ANOVA model
for bioequivalence assessment using 90% confidence
interval for the ratio of geometric least-squares means.
Comparison of the results of arthritis score, MMP-3
levels, ankle widths, rat weights, and histological scores
between the treatment groups was evaluated using the
Mann–Whitney U-test. The level of statistical signifi-
cance was set to p < 0.05.

Results and Discussion
Emulsion formulation
Sunflower oil droplets containing CBD were stabilized
using soybean lecithin in the aqueous phase (the final
CBD concentration was 7.5 mg/mL). The emulsion
consisted of droplets with diameters ranging from
2 to 293 lm with the average Feret diameter equal
to 42 – 47 lm immediately after the preparation (see
Day 1 in Fig. 1). As can be seen in Figure 2, on
Day 1, the droplet distribution was bimodal with two
characteristic peaks *8 and 80 lm. After a weeklong
storage at 4�C, the droplet size distribution shifted
slightly in favor of larger droplets, as shown in images
referring to Day 8 in Figure 1. On Day 8, the minimal
and maximal Feret diameters were 3 and 374 lm,
respectively, and the average Feret diameter increased
by *25% to 52 – 59 lm (see Fig. 2). However, the
bimodal character of the size distribution remained
preserved.

Although mild droplet coalescence was observed, a
few seconds of vortex mixing eliminated the presence
of large droplets on Day 8 with the average Feret diam-
eter dropping from 52 – 59 to 38 – 33 lm (see Fig. 2).
That represents an *10% decrease of the average
size compared with Day 1 and a 30% narrower size dis-
tribution. The emulsion was easily mixable by vortex-
ing even a month after the preparation. Based on this

FIG. 1. An emulsion formulation captured for eight consecutive days (upper row) and analyzed by optical
microscopy on Days 1, 4, and 8. After 8 days, slight phase separation was easily eliminated by brief vortex
mixing (see the last vial entitled vortexed).
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stability test, before every application, the emulsion was
briefly vortexed (few seconds) to ensure the same drop-
let size distribution.

CBD bioavailability
Fourteen rats completed the crossover study assessing
the relative performance of CBD emulsion compared
with oil solution. There was a higher degree of absorp-
tion after the administration of the CBD emulsion
(Table 1 and Fig. 3). There was also a trend toward
higher absorption rate. Nevertheless, the difference in
Tmax did not reach statistical significance ( p = 0.06).
CBD pharmacokinetic parameters after intravenous
dosing are summarized in Table 2. Using mean i.v.
AUC value from this experiment, the mean – SD
absolute oral bioavailability of CBD was calculated
as 24.7 – 3.6% for emulsion and 14.4 – 12.2% for oil
solution.

The observed normalized serum Cmax concentra-
tions of 10–35 ng/mL after oral administration of the
two CBD formulations are in line with previously
reported data in rats.16,20–23 There are only sparse
reports on absolute bioavailability of CBD. The value
of 25% observed after oral administration of CBD emul-
sion appears to slightly exceed the range of 5–20%
reported in other species, including man.19

Studies using different formulations have already
been published as CBs are an attractive group of com-
pounds exhibiting a wide range of pharmacological
effects throughout the body.24 However, the intestinal
absorption of CBD can be significantly affected by
their composition. In case of emulsion formulations,
which consist of two immiscible stabilized phases (oil
and water), the most important excipients are as follows:
solvents, cosolvents, surfactants, and cosurfactants.

FIG. 2. Feret diameter distributions of oil
droplets captured on various days. The sample
after brief vortex mixing at Day 8 is also shown
for comparison.

Table 1. Pharmacokinetic Parameters of Cannabidiol
After Administration in the Form of Oil Solution
and Emulsion to Rats (n514) Using a Crossover Study Design

Formulation CBD oil solution CBD emulsion

Cmax (ng/mL) 8.95 (5.6–14.2) 34.4 (29.8–39.8)
Emulsion/oil solution

Cmax (%)
– 324 (181–581)

Tmax (h) 4.05 (2.05–7.98) 2.54 (2.02–5.00)
AUCinf (ng$h/mL) 66.8 – 20.8 (46.0–96.8) 153 – 11 (142–163)
Emulsion/oil solution

AUCinf (%)
– 210 (124–355)

Cmax, AUCinf and emulsion/solution ratios are given as geometric
mean (90% confidence interval). Tmax is given as median (range). All
concentrations and AUCs are dose-normalized to 1 mg/kg.

AUCs, area under the curves; CBD, cannabidiol.

FIG. 3. Mean – SD CBD serum pharmacokinetic
profiles after oral administration of CBD 7.5 mg
in the form of oil solution and emulsion to rats
(n = 14) using a crossover study design. All
concentrations are dose-normalized to 1 mg/kg.
**p < 0.01, ***p < 0.001, ****p < 0.0001. CBD,
cannabidiol.

Table 2. Mean6SD Cannabidiol Pharmacokinetic
Parameters After Intravenous Cannabidiol (1 mg)
Administration to Rats (n57)

C0 (ng/mL) 1178 – 421
T1/2 (h) 2.5 – 0.5
Vss (L/kg) 2.9 – 1.1
Cl (L/h$kg) 1.7 – 0.6
AUCinf (ng$h/mL) 623 – 141

Concentration and AUC values are dose-normalized to 1 mg/kg.
C0, maximum concentration; T1/2 - biological half-life; Vss, volume of

distribution; Cl, clearance.
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Feng et al21 had already demonstrated that oil selec-
tion significantly affects the absorption of CBs. Izgelov
et al16 prepared formulation based on self-nano emul-
sifying drug delivery systems to investigate the effect
of medium- and long-chain glycerides in oil phase.
The subsequent pharmacokinetic studies suggested
high absorption. However, all the tested formulations
contained a range of surfactants combined with signif-
icant amounts of ethyl lactate together with n-butanol.
Our results present a rather simple formulation based
on fully biologically degradable compounds, where
impact of various oils21 and droplet size on oral absorp-
tion can be easily evaluated.

Lymphatic absorption of CBD
Significant lymphatic transport after administration
of both CBD emulsion and oil solution was observed
(Table 3 and Fig. 4). CBD lymph concentrations were
two to three orders of magnitude higher than serum
concentrations. After administration of the CBD emul-
sion, there was a trend toward faster absorption into
the lymph with lymphatic Cmax reaching at *4 h. On
the contrary, absorption from the oil solution was
more sustained, and the lymph concentrations obser-
ved at the end of the sampling period exceeded those
of the CBD emulsion. Overall, the extent of lymph-
atic transport did not differ significantly between the
two CBD formulations.

High levels of CBD in the lymph are similar to those
reported by Zgair et al.11 Relative bioavailability
through lymph of *50% is comparable with com-
pounds with very high lymphatic transport, such as
halofantrine and vitamin D.25,26 It is evident that
lymphatic transport after oral administration plays a
substantial role in the CBD pharmacokinetics and con-
tributes significantly to total bioavailability. This fact is
of a great importance for further pharmaceutical appli-
cations. As mentioned above, CBD undergoes first-pass
metabolism, which results in low plasma concentration.
It has been estimated that as much as 70–75% of

Table 3. Mean6SD Cannabidiol Lymphatic Transport
Parameters After Intraduodenal Administration of 7.5 mg
of Cannabidiol in the Form of the Emulsion or Oil Solution
(n53 for Each Formulation) as Assessed at 8 h in Mesenteric
Lymph Duct Cannulated Rats

F (%) FAL (%) FRL (%)

CBD oil solution 4.8 – 1.0 2.7 – 0.7 55.3 – 8.5
CBD emulsion 12.3 – 12.3 3.0 – 1.3 39.2 – 27.1

F, total absolute bioavailability; FAL, absolute bioavailability through
lymph; FRL, relative bioavailability through lymph.

FIG. 4. Mean – SD CBD pharmacokinetic
profiles in the lymph and blood and cumulative
lymphatic transport after intraduodenal
administration of 7.5 mg to lymph duct
cannulated rats in the form of emulsion and oil
solution (n = 3 for each formulation). Lymph
concentrations are dose-normalized to 1 mg/kg.
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absorbed dose is metabolized before reaching systemic
circulation. Therefore, improving lymphatic transport,
and bypassing liver, is essential for increasing bioavail-
ability of this compound.

In sparse translational studies, it has been shown
that lymphatic transport increases with increasing
bodyweight of investigated species concerning both
absolute and relative contributions to systemic bio-
availability.27 Based on these works, absolute bioavail-
ability through lymph in humans is expected to be
four times higher than that in rats. We observed a
CBD absolute bioavailability through lymph of *3%
for both formulations in anesthetized rats. It can be
expected to be two- to threefold higher in awake ani-
mals where the total bioavailability was threefold

higher for oil solution and twofold higher for micro-
emulsion. This would potentially translate to absolute
bioavailability through lymph of 24–36% in humans.

Another issue is a significant food effect. Various stud-
ies have demonstrated that CBD ingestion with high-fat
meal increases the Cmax and AUC values 4 to 14 times
and four to five times, respectively.28 Using a formulation
that already contains lipids not only increases the total
bioavailability but it can also eliminate large differences
in absorption in fasted and fed state, and sustain bal-
anced levels of CBD throughout the treatment.

CBD emulsion in the treatment of CIA
The comparison of the results evaluating the efficacy
of CBD emulsion on CIA is summarized in Table 4.

Table 4. Mean6SD Values of Ankle Width, Weight, Matrix Metaloproteinase 3 Levels in Female Wistar Rats Suffering
from Collagen-Induced Arthritis (n56 in Cannabidiol and Placebo Group, n53 in Negative Control Group)

Ankle width (mm) Weight (g) Matrix metaloproteinase 3 (% of AU)

Day 0 Day 24

Day 0 Day 24 Day 0 Day 24Left hindlimb
Right

hindlimb
Left

hindlimb
Right

hindlimb

Negative control 5.44 – 0.05 5.31 – 0.43 5.70 – 0.20 5.77 – 0.22 268.33 – 15.33 282.33 – 9.88 1.00 – 0.27 1.00 – 1.30
CBD group 7.77 – 1.40 8.60 – 0.60 7.88 – 0.93 8.27 – 0.22 278.67 – 15.83 282.17 – 25.53 368.22 – 435.36 20.23 – 18.69
Placebo group 7.14 – 1.51 7.80 – 1.28 8.57 – 0.20 8.55 – 0.37 264.33 – 23.39 271.50 – 19.77 154.76 – 220.46 27.88 – 12.27

FIG. 5. Clinical progression of collagen-induced arthritis in female Wistar rats (n = 6 in the CBD and
Placebo group, n = 3 in the Negative control group). Data are expressed as medians. *Significantly different
values ( p < 0.05).
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Although there is a trend toward decreased MMP-3
levels and ankle widths in the CBD group than in the
Placebo group on Day 24, none of the values were sig-
nificant. A significant RA clinical progression in the
Placebo group in comparison with CBD group was ob-
served since Day 21 according to the symptom scoring
(Fig. 5). Representative examples of histological find-
ings are shown in Figure 6.

Significantly lower activity of phalangeal disease in
the CBD group (median score 0.5, interquartile range
[IQR] 0.0–1.0) in comparison with the Placebo group
(median score 2.0, IQR 1.0–3.0) was observed in histo-
logical assessment ( p = 0.04). The difference in histo-
logically scored structural phalangeal damage between
the CBD and the Placebo group (median score 1.5
and 3.0, IQR 1.0–2.75 and 2.25–3.0, respectively) was
not statistically significant ( p = 0.37). No treatment ef-
fect in this domain was likely caused by the onset of ir-
reversible joint damage before treatment initiation in
either group of rats, as the study was designed primar-
ily to evaluate the drug effects to diminish or stop the
progression of the disease, not to describe its potential
for preventing structural damage.

Clinically relevant parameters, that is, clinical symp-
toms scores as well as morphological signs of disease/
osteoclast activity, have shown significant improve-
ments in the treatment groups. This was accompanied
by only nonsignificant, but favorable trends in the
course of the serum biomarker of the disease progres-

sion MMP-3 or in the ankle diameter measurements.
The lack of significance for the MMP-3 biomarker
was likely caused by an imbalance at the beginning of
the treatment between both the CBD and Placebo
groups, corresponding to the fact that the study was
not balanced for this parameter.

In summary, our results from the rat CIA model
demonstrate the therapeutic effect of CBD emulsion
in the treatment of RA, represented by improvement
in clinical symptoms as well as lower osteoclast activity
and favorable trend in MMP-3 levels and lower paw
swelling. Even though CBD did not show sufficient
pharmacological effect in monotherapy, positive effect
on the disease is still present. The lack of sufficient
response could be dose dependent as the actual ther-
apeutic dose in this indication is still unknown. There
is a possibility to use CBD as an adjuvant in combi-
nation with conventional therapy—DMARDs, as its
presence might have a positive impact on the efficacy
of such treatment or ameliorate its adverse effects.
Similar beneficial effect has already been demon-
strated by El-Sheikh et al,29 for a combination of
methotrexate or leflunomide and another natural
compound affecting endocannabinoid system; that
is, beta-caryophyllene.

Conclusions
Presented work was focused on evaluation of CBD
absorption after oral administration with special focus

‰

FIG. 6. Representative images of interphalangeal joints’ histological scoring for tissue damage and level
of disease/osteoclast activity. (A) Histopathological damage – Score 0. The image shows a physiological
interphalangeal joint; articulating bones covered with intact cartilage and normal morphological synovial
membranes with a maximum double layer of synovialocytes. (B) Disease/osteoclast activity – Score 0. A
higher magnification of (A) shows an intact joint with no osteoclasts and no signs of cartilage or bone
erosion. (C) Histopathological damage – Score 1. The inflammatory synovial pannus protrudes into the
joint cavity (*). Articular cartilages are morphologically intact (arrowheads). (D) Disease/osteoclast activity –
Score 1. An isolated osteoclast in Howship’s lacuna next to the subchondral bone. (E) Histopathological
damage – Score 2. Interphalangeal joint with an inflammatory synovial pannus (*), which penetrates
beyond a partially eroded articular cartilage into the subchondral bone (arrowhead). (F) Disease/osteoclast
activity – Score 2. Two osteoclasts (arrowheads) are found within the inflammatory synovial pannus. (G)
Histopathological damage – Score 3. Joint with the highly cellular inflammatory synovial pannus
completely filling the joint cavity. The pannus penetrates through heavily eroded articular cartilage across
the subchondral bone deep into the bone cavity (*). (H) Disease/osteoclast activity – Score 3. Multiple
osteoclasts (arrowheads) adjacent to eroding bone or within the inflammatory pannus filing the joint
cavity. (A–H) Hematoxylin-eosin staining. Scale bars in A, C, E, F, G, and H = 100 lm, in B and D = 50 lm.
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on lymphatic transport and possible therapeutic applica-
tion in RA treatment. For this reason, two types of sim-
ple lipid-containing formulations, sunflower oil solution
and sunflower oil microemulsion stabilized by soy-
bean lecithin, were used. Prepared emulsion exhibited
good size stability and only marginal coalescence,

which was easily redispersed by shaking even after
long-term storage.

In comparison with simple oil solution, our for-
mulation exhibited improved bioavailability with 3.2
times higher Cmax and 2.1 times higher AUC. Further
pharmacokinetic experiments showed that both
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formulations (oil as well as emulsion) were lymphati-
cally absorbed to a great extent, and CBD concentra-
tions in the lymph were two to three orders of
magnitude higher than serum concentrations, thus,
confirming the importance of this route of transport.

Although treatment with our formulation resulted
in significant improvement in clinical symptoms and
disease activity, the effect on ankle swelling, joint dam-
age as well as the MMP-3 levels was only minor. Over-
all, our emulsion did not exhibit sufficient efficacy in
monotherapy in the model of RA, although this may
change with the dose.

We have demonstrated the beneficial effect of
emulsion formulation on lymphatic absorption and
subsequent increase in absolute oral bioavailability.
This is important, because with further optimization
even higher values could be achieved. In fact, our for-
mulation is rather simple, and thus provides robust
platform for additional testing of various compo-
nents and formulation parameters; that is, oil type,
droplet diameter, droplet size distribution. Further-
more, as CBD exhibits a wide range of effects on
human body, its therapeutic value is not limited to
RA. Understanding how to maximize its absorption
is crucial, and lymphatic transport is proving to be
an important pathway for highly lipophilic molecule
suffering from extensive first-pass metabolism such
as CBD.
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A B S T R A C T   

Nilotinib is a selective tyrosine-kinase inhibitor approved for the treatment of chronic myeloid leukemia. It is 
poorly soluble in aqueous media and has a low oral bioavailability. Nilotinib encapsulation into yeast glucan 
particles (GPs) was investigated in this work as a means of increasing bioavailability. The amorphization of 
nilotinib in GPs resulted in an increased dissolution rate, which was confirmed by in vitro experiments using 
biorelevant dissolution media. Simultaneously, GPs containing nilotinib were effectively taken up by macro
phages, which was quantified in vitro on cell cultures. The overall oral bioavailability in a rat model was 
approximately 39 % for nilotinib delivered in a reference formulation (Tasigna) and was almost doubled when 
delivered in GPs. The contribution of glucan particles to the lymphatic transport of nilotinib was quantified. 
When delivered by GPs, cumulative nilotinib absorption via the lymphatic system increased by a factor of 10.8 
compared to the reference, but still represented a relative bioavailability of only 1.12 %. The cumulative uptake 
of GPs in the lymph was found to be 0.54 mg after a single dose of 50 mg. Yeast glucan particles can therefore 
serve as a drug delivery vehicle with a dual function: dissolution rate enhancement by amorphization, and, to 
a smaller extent, lymphatic delivery due to macrophage uptake.   

1. Introduction 

Nilotinib is a selective tyrosine-kinase inhibitor indicated for the 
treatment of chronic myelogenous leukemia and Philadelphia-positive 
acute lymphoblastic leukemia (Ph+ CML) (Zhang et al., 2014). Glob
ally, CML has an incidence of 1–2 per 100,000 people per year and 
nilotinib is one of the most widely prescribed anti-cancer drugs, with 
sales over $2 bn in 2021 alone. According to the Biopharmaceutics 
Classification System (BCS), nilotinib is a Class IV compound, which 
means that it possesses low aqueous solubility and medium/low ab
sorption. The currently marketed formulation of nilotinib (Tasigna) 

exhibits approximately 30% bioavailability following oral administra
tion (Tasigna, 2021). Low bioavailability represents not only an eco
nomic loss but also an environmental burden (cytostatic residues in 
waste waters). In addition to poor solubility and absorption, nilotinib 
exhibits a positive food effect, which results in increased systemic levels 
following administration with a high-fat diet (Wolf et al., 2011; Tian 
et al., 2018). In order to improve the bioavailability of a BCS Class IV 
drug, two aspects need to be addressed: solubility and absorption. 

To improve nilotinib solubility, several approaches have been pro
posed in the literature. These include the formation of an amorphous 
solid dispersion by spray drying with polymeric excipients, the 
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formulation of supersaturating formulations (Zhu et al., 2022), the for
mation of hybrid nilotinib nanoparticles with polymers and surfactants 
using supercritical CO2, or the incorporation of nilotinib into a lipid- 
based suspension system or polymers and non-ionic surfactants (Her
brink et al., 2017; Jesson et al., 2014; Koehl et al., 2019; Koehl et al., 
2020; Koehl et al., 2020). However, solubility enhancement alone might 
not be sufficient in cases where the rate-limiting step is absorption. To 
overcome the problem of incomplete absorption, a combined swellable 
and floating gastro-retentive drug delivery system has been investigated, 
in which the controlled release of nilotinib in the stomach was regulated 
by polymeric excipients (Lin et al., 2020). In the specific case of niloti
nib, an additional complication is its pH-dependent solubility. Nilotinib 
is a weak base with pKa1 3.0 and pKa2 6.2. The solubility of nilotinib 
decreases with increasing pH. It is slightly soluble at pH 1 (less than 1 
mg/mL) and almost insoluble (less than 0.1 mg/mL) in a phosphate 
buffer with pH above 4.5 (Tian et al., 2018). 

An alternative strategy to improve nilotinib bioavailability could be 
the enhancement of absorption in the gastro-intestinal tract by some 
other mechanism than simple diffusion of a freely dissolved drug. One 
such strategy includes drug delivery by means of carrier particles that 
promote lymphatic transport (Han et al., 2022; Miao et al., 2021) such as 
yeast glucan particles (GPs). Glucan particles are porous polysaccharide 
shells obtained from baker’s yeast (Saccharomyces cerevisiae) by a series 
of extraction and purification steps. GPs have a characteristic size of 3–5 
µm and retain the morphology and surface features of original yeast 
cells. A full physico-chemical characterisation of GPs including spec
troscopic, thermal and colloidal properties is reported in our previous 
work (Saloň et al., 2016). 

It has also been reported in the literature that GPs derived from 
Saccharomyces cerevisiae possess immunomodulatory activity when 
administered orally and therefore, they are taken up by macrophages 
that reside in Peyer’s patches (De Smet et al., 2013; Baert et al., 2015; 
Soares et al., 2018; Soto et al., 2019). These findings have been sup
ported by histological and optical analyses proving the presence of GPs 
in the lymphatic organs (Xie et al., 2016; Xie et al., 2016; Zhang et al., 
2017; Wu et al., 2020; Gao et al., 2021). Owing to their porous nature, 
GPs have been successfully used for the encapsulation of a wide variety 
of bioactive compounds. These include peptides, proteins, vitamins and 
caffeine, siRNA, natural compounds, anti-inflammatory compounds and 
antibiotics (Xie et al., 2016; Yu et al., 2015; Saloň et al., 2016; Bajgar 
et al., 2019; Aouadi et al., 2009; Soto and Ostroff, 2008; Tesz et al., 
2011; Plavcová et al., 2019; Young and Nitin, 2019; Rotrekl et al., 2020; 
Ruphuy et al., 2020; Soto et al., 2010). In the case of poorly water- 
soluble drugs, it has been shown that encapsulation into GPs can 
result in amorphization and consequently dissolution rate enhancement 
(Šalamúnová et al., 2021). 

Therefore, we hypothesize that nilotinib encapsulation into glucan 
particles might result in bioavailability enhancement by two comple
mentary mechanisms: dissolution rate enhancement due to amorphiza
tion, and lymphatic absorption via macrophage uptake. Despite the 
promise of GPs as a potential drug delivery vehicle, full pharmacokinetic 
studies of orally administered GPs either alone or in comparison with an 
existing drug have not been reported in the literature so far. Crucially, 
no direct comparison of serum and lymph pharmacokinetics profiles of a 
clinically approved drug administered via GPs and the same drug 
administered as an existing marketed formulation has been conducted to 
date. 

The present work is concerned with the encapsulation of nilotinib 
into GPs, the physico-chemical characterization of the GP-nilotinib (GP- 
nil) composites and their in vitro dissolution behavior, as well the 
quantitative determination of nilotinib pharmacokinetics in vivo with a 
specific focus on the contribution of lymphatic absorption. Using fluo
rescently labelled glucan particles in combination with precise lymph 
sampling methodology (Ryšánek et al., 2021), we present a quantitative 
evaluation of GPs lymphatic uptake after oral administration and use 
this information to interpret the pharmacokinetics of nilotinib 

administered via glucan particles. 

2. Materials and methods 

2.1. Glucan particles preparation and nilotinib loading 

Glucan particles were prepared from dried baker’s yeast Saccharo
myces cerevisiae (Lesaffre Česko, a.s.) using a published protocol 
(Plavcová et al., 2019). Concisely, 150 g of dried yeast was redispersed 
in 600 mL of 1 M NaOH solution and heated to 90 ◦C for 60 min. Then, 
the suspension was centrifuged for 3 min (6,000 × g) and the superna
tant was removed. The alkali extraction of the yeast was repeated 3 
times in total. Next, the alkali mixture was adjusted with HCl to pH 
about 4.5 and heated to 75 ◦C for 2 h. Again, the supernatant was dis
carded after every centrifugation of the suspension (3 min, 6,000 × g) 
and the solid part was washed by deionized water (3 times), isopropanol 
(4 times) and acetone (2 times). After each washing step, the centrifu
gation with the same parameters was applied. The final product was 
lyophilized for 48 h and subsequently stored in a refrigerator, protected 
against air moisture. 

GP-nil composites with nilotinib loading ranging from 0.1 % to 15 % 
(w/w) were prepared by the slurry evaporation method (Plavcová et al., 
2019; Šalamúnová et al., 2021). Nilotinib hydrochloride was kindly 
provided by Zentiva Group a.s. A suspension of glucan particles in 
ethanol was prepared by combining dry glucan particles, a stock solu
tion of nilotinib in ethanol, and pure ethanol in the desired ratios 
specified in Table 1. The suspension was mixed in a round-bottom flask 
for approximately 5 min (IKA® T10 basic Ultra-Turrax®) until it was 
visually homogeneous. Ethanol was then slowly evaporated (175 RPM, 
480 mbar and 60 ◦C, followed by 15 min. at 80 mbar) to obtain a dry 
powder (Plavcová et al., 2019). The GP-nil composites were then 
lyophilized for 2 days to remove any residual solvent and stored in a 
refrigerator protected from light and air moisture. 

2.2. Characterization of glucan particle composites 

2.2.1. Structural characterization 
The prepared GP-nil composites were visualized using optical and 

fluorescence microscopy (Olympus IX81, WU fluorescence cube with 
excitation in 330 – 385 nm range and detection at wavelengths higher 
than 420 nm). Olympus UPLSAPO Objective 40× was employed. The 
Scanning Electron Microscope (SEM) Jeol JCM-5700 was used for the 
morphological characterization of the prepared GPs with nilotinib. 
Before SEM analysis, the samples were sputter-coated with a 5-nm gold 
layer (Emitech K550X). The crystallinity of the samples was analyzed by 
X-ray powder diffraction analysis (PANalytical X’Pert Pro with High 
Score Plus diffractometer; 5◦ to 50◦ 2θ angle). The XRPD patterns are 
reported in the Supplementary Information. 

2.2.2. Nilotinib assay 
To determine the amount of nilotinib loaded into the GP-nil com

posites, 10 mL of methanol was added to 10 mg of composites and ul
trasonic bath was used to extract the compounds for 10 min. The 
supernatant was separated by centrifugation (10 min, 6,000 × g) and 
filtered through 0.2 µm filters. The nilotinib content was then deter
mined on the Water UPLC Acquity system equipped with Acquity UPLC 
BEH C18 column (1.7 μm; 2.1 × 100 mm) and PDA detector. The 
following gradient of 10 mM NH4H2PO4 pH 8.5/acetonitrile at flow rate 
0.3 mL/min was used: linear change from 70/30 to 20/80 (0–1.2 min) 
followed by steady state (1.2–2.8 min) and a linear change to starting 
conditions (2.8–3.8 min) followed by steady state for 1.5 min to re- 
equilibrate. The data were processed using the Empower software. 

2.2.3. Dissolution tests 
Dissolution testing was conducted using a USP 2 dissolution appa

ratus equipped with mini-paddles (Sotax, Switzerland) and coupled to 
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UV–vis spectrophotometer Specord 200 Plus (Analytik Jena, Germany). 
The dissolution media were kept at 37 ◦C and stirred at 125 RPM. The 
samples were added to a dissolution vessel either directly using a 
weighing boat or pre-dispersed in Eppendorf tubes containing 2 mL of 
water. The weight of GP-nil composites added to the dissolution media 
corresponded to 5 mg for powder dissolution experiments or 7 mg for 
experiments simulating dosing for rats (samples dosed as suspension). 
Liquid samples were taken at predefined time points, filtered through a 
0.7 μm in-line filter and analyzed immediately on a UV–vis spectro
photometer at 264 nm in 5 mm cuvettes. To simulate conditions pre
vailing in different parts of the gastrointestinal (GI) tract, dissolution 
media with pH ranging from 2 to 6.8 were used. In addition, dissolution 
in a biorelevant medium (FaSSIF) was conducted. This medium contains 
taurocholate and lecithin, i.e. physiological surfactants present in the 
human bile. 

2.3. Preparation of fluorescently labelled glucan particles 

Fluorescein isothiocyanate (FITC) labelled glucan particles (GP- 
FITC) were prepared as follows: 1200 mg of GPs, 200 mL of 0.1 M 
carbonate-bicarbonate buffer with pH 9.2 (prepared by dissolving 0.477 
g of sodium carbonate and 3.822 g of sodium bicarbonate in deionized 
water to a final volume of 200 mL), and 30 mg of FITC were mixed in a 
round-bottom flask and sonicated on a sonication bath for 15 min. The 
suspension in the covered round-bottom flask was then mixed by a 
magnetic stirrer at 500 RPM at 25 ◦C for 6 h. The content of the reaction 
mixture was centrifuged for 3 min at 6000 × g. The supernatant con
taining unreacted materials was discarded. The pellet was washed by 
deionized water three times, and then by 99.9 % ethanol (PENTA) ten 
times until no free FITC was detected by fluorescence spectroscopy. 
After these steps, the particle suspension was lyophilized to obtain a dry 
powder and stored in a refrigerator for further use. The successful 
attachment of FITC was verified by fluorescence spectroscopy and the 
remaining features of surface morphology of glucan particles were 
verified by scanning electron microscopy, both shown in Figure S1 in the 
Supplementary information. It has also been verified that the modifi
cation of GPs was not detrimental to their colloidal stability. 

2.4. Macrophage uptake and cytotoxicity study 

2.4.1. Cell culture 
Two cell lines were used for the cytotoxicity study: Abelson murine 

leukemia macrophage cell line RAW 264.7 (ATCC® TIB-71™) and a 
murine reticulum sarcoma macrophage cell line J774A.1 (ATCC® TIB- 
67™), purchased from the American Type Culture Collection (ATCC). 
Both cell lines were cultured in Dulbecco’s modified Eagle’s medium - 
high glucose (DMEM, Sigma-Aldrich) supplemented with 10 % v/v fetal 
bovine serum (FBS, Sigma-Aldrich) and 1 % v/v antibiotic antimycotic 
solution (AAS, Sigma-Aldrich), hereinafter referred as the culture me
dium. Cells were cultivated in an incubator under the controlled envi
ronment (37 ◦C, 5 % CO2, 95 % relative humidity) until they reached 70 
– 80 % confluency and were subsequently passaged. For experiments, 

cells between the 5th − 18th passages were used. 

2.4.2. Cytotoxicity assays 
To prove that nilotinib can be effectively delivered to cells in the 

form of GP-nil composites under pH conditions at which it is practically 
insoluble, cytotoxicity assays were carried out. As a positive control, 
nilotinib solutions in dimethylsulfoxide (DMSO) were used. The con
centration of DMSO in the final cell suspension was very low (less 
than0.1 %) to minimize its effect on cell viability and cell wall perme
ability. However, the DMSO concentration was still sufficiently high for 
nilotinib to be completely dissolved in the desired concentration range 
from 0.09 to 22.5 µM. The GP-nil composites (samples with varying 
nilotinib loading, listed in Table 1) were added to the culture medium in 
the form of a suspension homogenized by IKA® T10 basic Ultra-Turrax® 
at 20,000 RPM for 1 min. The quantity of GP-nil particles added to the 
cell culture was kept constant (500 μg/mL in the final medium); 
depending on the GP-nil sample used, the final nilotinib concentrations 
ranged from 0.09 to 22.5 µM. 

The RAW 264.7 and J774A.1 cells were seeded into 96-well plates at 
the density of 5,000 cells per well in 100 µL of culture medium. After 24 
h of pre-incubation, 10 µL of prepared nilotinib solution or GP-nil 
composites suspended and homogenized in the culture medium were 
added to the wells. The cells were incubated with the tested substances 
for 24 h at 37 ◦C under the 5 % CO2 atmosphere. The relative viability of 
cells was measured by the Cell Counting Kit-8 (Sigma-Aldrich). The 
number of living cells is proportional to the amount of created formazan 
dye detected by measuring absorbance at 450 nm. The viability of 
control cells was assigned as 100 %. The control cells were treated with 
DMSO solution without nilotinib in the case of nilotinib solutions, or 
with the pure cell culture medium in the case of GP-nil series. As a 
reference, the viability of cells treated with GPs without any encapsu
lated nilotinib was determined as well. All samples were measured in 
triplicates and the tests were performed twice. 

2.5. In vivo studies 

2.5.1. Chemicals 
Xylazine (Rometar 20 mg/mL inj sol, Bioveta a.s., Czech Republic), 

ketamine (Narkamon 100 mg/mL inj sol, Bioveta a.s., Czech Republic) 
and isoflurane (IsoFlo 250 mL, Zoetis/Pfizer, Czech Republic) were used 
for the animal anaesthesia. Ketoprofen (Ketodolor inj 100 mL, LeVet 
Pharma b.v., Netherlands) was used for perioperative analgesia. Heparin 
(Heparin Léčiva inj 1x10 mL/50kU, Zentiva k.s., Czech Republic) was 
used for catheter patency maintenance. Omeprazole was used as Helicid 
40 Inf. (Zentiva, Czech Republic). 

2.5.2. Animals 
All animal experiments were performed in accordance with the 

Guiding Principles for the Use of Animals in Charles University, First 
Faculty of Medicine, and every effort was made to minimize the animal 
suffering. The number of animals enrolled in each study was chosen so as 
to minimise the number of animals used while maximising the statistical 

Table 1 
Summary of feedstocks and final composition of individual GP-nil samples prepared by slurry evaporation. The code name “GP-nil-X.Y” denotes a sample with nominal 
nilotinib mass fraction X.Y % (w/w).  

Sample 
code name 

Concentration of nilotinib in stock 
solution (mg/mL) 

Volume of stock 
solution (mL) 

Volume of added 
ethanol (mL) 

Mass of 
GPs (mg) 

Planned content of 
nilotinib 
(%(w/w)) 

Determined content of 
nilotinib 
(%(w/w)) 

GP-nil-0.1  0.5  0.4  19.6 200  0.1 0.08 ± 0.001 
GP-nil-0.5  0.5  2.0  18.0 200  0.5 0.38 ± 0.01 
GP-nil-1.0  0.5  4.0  16.0 200  1.0 1.22 ± 0.04 
GP-nil-1.5  0.5  6.0  14.0 200  1.5 1.17 ± 0.05 
GP-nil-2.0  0.5  8.0  12.0 200  2.0 1.54 ± 0.0004 
GP-nil-2.5  0.5  10.0  10.0 200  2.5 1.98 ± 0.03 
GP-nil-15.0  1.73  150.0  – 1500  15.0 13.88 ± 0.91  
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robustness of the studies. The project was approved by the Ministry of 
Education, Youth and Sports, Czech Republic under No. MSMT-9445/ 
2018–8. 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-hour light/dark cycle, 22 ◦C temperature 
and 50 % relative humidity) and fed on water and standard granulated 
diet ad libitum. The acclimation period took at least one week. Wistar 
rats were chosen based on previous experience and validation of lymph 
transport studies (Ryšánek et al., 2021). 

2.5.3. Comparative bioavailability study 
A randomized, single dose, laboratory-blinded, 2-period, 2-sequence, 

crossover study was conducted under fasting conditions in rats to 
compare the bioavailability of nilotinib after oral administration. The 
test formulation was GP-nil composites, and the reference formulation 
was Tasigna (Novartis Europharm ltd., Ireland). Both test and reference 
(powder emptied from the Tasigna capsule) were weighed into a glass 
vial and suspended in deionized water prior to dosing. The dose of 
nilotinib was 7 mg per 2 mL of suspension in both cases. 

All rats underwent cannulation of the right jugular vein with cath
eters made from medical grade polyurethane (3Fr, Instech Laboratories, 
Plymouth Meeting, USA). Prior to surgery, 2.5–3.5 % isoflurane was 
used to anesthetize the rats, continued with ketamine (100 mg/kg, i.m.) 
and xylazine (5 mg/kg, i.m.). Ketoprofen (5 mg/kg, s.c.) was applied 
after the cannulation. Catheters were flushed with saline 200 μL, diluted 
heparin 50 μL and sealed by glycerol with heparin 20 μL. The third day 
after the cannulation, rats were randomly assigned into study groups 
and the dosing of nilotinib formulations was performed. 

The access of the animals to food was restricted between 4 h prior to 
dosing and 4 h thereafter. To prevent extensive dissolution of GP-nil- 
15.0 (see Fig. 2), the rats were pretreated with omeprazole (20 mg/ 
kg) two hours before the dosing. The dosing itself consisted of 2 mL of 
suspension (reference or test formulation, both containing 7 mg of 
nilotinib) followed by 1 mL of water via oral gavage. Blood samples 
(100 μL) were then collected for 24 h (0, 1, 2, 3, 4, 5, 6, 10 and 24 h) 
after the dosing. Volume replacement with 100 μL of saline was pro
vided after each sampling and 50 μL of heparinized saline flush (1250 
IU/mL) of the catheter used to secure the catheter patency. Wash out 
period of 96 h between consecutive doses was applied. 

2.5.4. Absolute oral bioavailability study 
Nilotinib intravenous formulation was prepared in concentration 2 

mg/mL. The mixture contained 10 % of N,N-dimethylacetamide, 20 % of 
Cremophor EL, and 70 % of a 5 % aqueous solution of dextrose (Xia 
et al., 2012). Absolute oral bioavailability of nilotinib was evaluated in a 
two-period, one sequence (i.v. - p.o.), cross-over study. Right jugular 
vein was cannulated. After overnight recovery, the rats were i.v. dosed 
with nilotinib (1 mg/kg). Systemic blood was drawn at 10 and 30 min 
and at 1, 2, 4, 6, 10 and 24 h after nilotinib administration. The p.o. 
dosing and sampling was performed as described for the comparative 
bioavailability study (see above). Wash out period of 96 h between 
consecutive doses was applied. 

2.5.5. Lymphatic transport study 
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 one hour 
prior to surgery to facilitate the mesenteric lymph duct visualisation. 
They were anaesthetized with an i.m. combination of xylazine (5 mg/kg) 
and ketamine (100 mg/kg) after a rapid 2.5–3.5 % isoflurane induction. 
Transverse laparotomy was performed. Mesenteric 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 catheter 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 animal. At the end of the procedure, the right jugular vein was 
cannulated for blood sampling (3 Fr polyurethane catheter, Instech 
Laboratories, Plymouth Meeting, USA). The rats were then placed on 
heated pads and covered with blanket to prevent heat loss. 

Two mL of suspension (reference or test formulation, both containing 
7 mg of nilotinib) or 2 mL of suspension with GP-FITC for quantitative 
lymph transport study were dosed via duodenal catheter over 30 min. 
Whole lymph was collected in regularly changed Eppendorf tubes from 
the time when suspension was inserted into duodenum. The rats were 
continuously hydrated with normal saline at a rate of 3 mL/h intra
duodenally using the infusion pump (Perfusor® compact plus, 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 every 1 h and sys
temic blood was drawn at the same time points. 

2.5.6. Biodistribution study 
Nilotinib biodistribution after administration of reference (Tasigna) 

and test (GP-nil composites) formulations were compared. The rats were 
fasted for 4 h before and 4 h after dosing. The animals were sacrificed at 
24 h after dosing by cervical dislocation in terminal isoflurane anaes
thesia. Systemic blood sample was taken via cardiac puncture, and the 
abdominal cavity was exposed. The jejunum, ileum, Peyer’s patches, 
mesenteric lymph nodes, spleen, liver and right kidney were harvested. 
Subsequently, the jejunum and ileum were longitudinally cut and 
washed thoroughly to remove all intraluminal contents. All tissues were 
then homogenized (IKA® T10 basic Ultra-Turrax®) in 100 % DMSO. 

2.5.7. Sample processing 
Blood samples were centrifuged for 10 min (2264 × g, 4 ◦C) and 

serum aliquots were extracted. Lymph volume was measured gravi
metrically, and the samples were further processed without additional 
adjustment. Organ homogenates were centrifuged for 10 min (2264 × g, 
4 ◦C) and the DMSO supernatant was extracted. All samples were stored 
in − 80 ◦C until analyzed. 

2.5.8. Nilotinib bioanalytical assay 
Determination of nilotinib in different tissues, serum, and lymph 

samples was carried out using the Nexera X3 UHPLC coupled with a 
Triple Quad 8045 tandem mass spectrometer (Shimadzu, Kyoto, Japan). 
UPLC BEH Phenyl column (100 × 2.1 mm; 1.7 µm particle size) from 
Waters (Milford, MA, USA), thermostated at 40 ◦C, was used for the 
analysis. Mobile phase (A: 0.1 % formic acid in deionized water, B: 0.1 % 
formic acid in methanol) was pumped in a flow rate of 0.3 mL/min and 
the following optimized gradient program was applied (min/%B) 0/40, 
0.5/40, 1.5/90, 3.0/90, 3.5/40, and 6.5/40. The injection volume was 1 
µL, and samples were kept at 10 ◦C. Effluent from the column was 
directed to the MS ion source between 2.5 and 4.0 min only. For the rest 
of the time, the effluent was directed to the waste. The tandem mass 
spectrometry operated in multiple reaction-monitoring mode (MRM) 
using positive electrospray ionization. MRM transitions of 530.2 >
289.1 (Q1 pre-bias − 26 V, Q3 pre-bias − 20 V and collision energy − 31 
V) and 536.2 > 295.1 (Q1 pre-bias − 26 V, Q3 pre-bias − 14 V and 
collision energy − 31 V) were monitored for nilotinib and nilotinib-d6 as 
internal standard (IS), respectively. The ion source was set as follows: 
nebulizing gas flow: 3 L/min, heating gas flow: 10 L/min, interface 
temperature: 350 ◦C, desolvation line temperature: 300 ◦C, heat block 
temperature: 350 ◦C, and drying gas flow: 10 L/min. 

Studied samples were processed as follows. 20 µL of the sample 
(serum, lymph, or tissue extracts) was deproteinized with 60 µL of 100 % 
acetonitrile containing IS (nilotinib-d6, c = 50 ng/mL) in an Eppendorf 
tube by vortexing for 15 s. Then, samples were centrifuged at 16500 × g 
for 8 min, and 50 μL of supernatant was transferred into LC vials. The 
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method was validated with respect to linearity, the limit of detection 
(LOD), the lower limit of quantification (LLOQ), the upper limit of 
quantification (ULOQ), accuracy, precision, selectivity, recovery, and 
matrix effects. Method selectivity was monitored by injecting six sam
ples of each matrix (serum, lymph, and all studied tissue extract sam
ples) with a mass spectrometer set in scan mode. The obtained 
chromatograms showed no interfering compound within the retention 
time window of nilotinib. The eight-point calibration curves were con
structed in each blank matrix (serum, lymph, and pooled tissue extracts) 
by plotting the ratio of the peak area of nilotinib to that of IS against 
nilotinib concentration. 

The weighted least-squares linear regression method was used with a 
weighting factor of 1/x2, which improved the accuracy in low concen
trations. Due to the use of nilotinib-d6 as the IS, no significant difference 
in calibration curves in different matrices was observed. The method 
was linear (coefficients of determination (R2) higher than 0.9995) in the 
concentration range of 0.25–1000 ng/mL. LOD was determined as the 
detector response with the minimum signal to noise ratio of 3, LLOQ as 
the lowest quantified concentration level with the minimum signal to 
noise ratio of 10 providing results of accuracy and precision up to 15 % 
(back-calculated). ULOQ was determined as the highest quantified 
concentration level in the linear calibration range with accuracy and 
precision up to 5 % (back-calculated). The LOD corresponded to 0.04 
ng/mL, the LLOQ was at a concentration level of 0.25 ng/mL, and the 
ULOQ was 1000 ng/mL. Accuracy and precision were determined via 
analysis of the fortified blank samples of each matrix at three concen
tration levels (0.5, 50, and 500 ng/mL) at six replicates (n = 6). The 
accuracy was expressed as the relative error, RE (%) = (measured con
centration – expected concentration)/expected concentration × 100, 
and the precision expressed by repeatability as the relative standard 
deviation (RSD). All determined values of accuracy were within the 
range of 1.2–7.3 % and precisions (RSD %) ranged from 0.6 to 5.5 %. 

Recovery of the method was assessed by comparison of nilotinib 
concentration found in a different matrix sample spiked with the stan
dard before precipitation of proteins and concentration found in a 
sample spiked after precipitation of proteins at three concentration 
levels (0.5, 50, and 500 ng/mL). Since there is no reference material of 
different tissues containing nilotinib, the recovery was simulated by 
fortifying different tissue homogenates with the standard. Recovery 
ranged in each matrix from 96.6 to 101.1 %. Matrix effect was deter
mined by comparing the area of the nilotinib standard peak of the post- 
protein-precipitation spiked sample with that of the 80 % acetonitrile 
(without matrix effect). It was evaluated at three concentration levels 
(0.5, 50, and 500 ng/mL) using 6 different samples of each matrix. The 
matrix effect ranged from 85 to 105 %. Calibration was performed every 
day before measuring samples and quality control samples were injected 
after each 6th sample. 

2.5.9. Determination of GP-FITC in rat lymph 
To understand the time-resolved transport of glucan particles in the 

lymphatic system after oral administration, experiments using GPs 
labelled with fluorescein isothiocyanate (GP-FITC) were conducted. The 
concentration of GP-FITC in rat lymph was determined by fluorescence 
spectrophotometry (Cary Eclipse Fluorescence Spectrometer, Agilent 
Technologies, USA) at excitation and emission wavelengths of λex = 495 
nm and λem = 525 nm, respectively. For analysis, 20 μL of the lymph 
sample was mixed with deionized water to a final volume of 2 mL. Prior 
to measurement, all samples were homogenized using IKA® T10 basic 
Ultra-Turrax® (20 000 rpm, 1 min). The mass of GP-FITC present in each 
sample was calculated based on a previously constructed calibration 
curve (Supplementary information, Figure S3) and multiplied to the 
total volume of the original sample. 

2.5.10. Data analysis and statistics 
Serum concentrations in all pharmacokinetic studies were dose- and 

body weight-normalized prior to further calculations. Exact actual 

sampling times were used for all pharmacokinetic calculations, while 
scheduled sampling times were used only for plotting of mean phar
macokinetic profiles in the graphs. 

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, 
while 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. 

In the nilotinib biodistribution study, dose and body weight 
normalized absolute amount of drug in DMSO supernatant was deter
mined and further normalized to weight of the homogenized organ 
sample. Lymph drug concentrations were dose and body weight 
normalized as well. GraphPad Prism version 9.1.0 (GraphPad Software, 
San Diego, CA, USA) was used for statistical analyses. Mann-Whitney U 
test was used to compare serum and tissue nilotinib concentrations after 
administration of reference and test formulation, respectively. Statistical 
significance was considered at P ≤ 0.05. 

Lymphatic drug transport calculations were performed as previously 
shown in the literature (Ryšánek et al., 2020). 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. Analogically, 
absolute bioavailability via portal vein (FAP) was defined as percentage 
of administered drug dose reaching the systemic circulation after direct 
absorption into the blood and was calculated as FAP = AUCent / AUCiv, 
where AUCent is the area under the dose and body weight normalized 
blood concentration–time curve after enteral dosing in lymph duct 
cannulated (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 the bioavailability study group, F was calculated using 
the standard formula F = AUCpo / AUCiv. Relative bioavailability via 
lymph (FRL) was defined as percentage of systemically available drug 
that was absorbed via lymph. It was calculated as FRL = FAL / F. 

3. Results 

3.1. Properties of GP-nil composites 

The physical appearance, in vitro dissolution behavior and macro
phage uptake of the GP-nil composites were investigated first. The size 
and morphology (Fig. 1) of GP-nil composites were identical to those of 
original yeast (no aggregation or deformation has occurred), which is 
consistent with previously reported properties of GPs containing a va
riety of bioactive payloads (Saloň et al., 2016; ̌Salamúnová et al., 2021). 
Thanks to its fluorescence (Fig. 1) it was confirmed that nilotinib was 
uniformly distributed across individual particles. The content of niloti
nib extracted from GP-nil composites is summarized in Table 1. Addi
tionally, all samples were found to contain only amorphous nilotinib 
(Supplementary information, Figure S2 showing XRPD results). It was 
visually inspected that the GP-nil powders had a good wettability and 
were well dispersible in aqueous dissolution media. From these results it 
can be concluded that nilotinib is predominantly present as an amor
phous dispersion within the porous wall of the glucan particles. 

As the intention was to investigate the delivery of nilotinib via 
lymphatic system, dissolution in the GI tract was counterintuitively an 
undesired effect. Dissolution profiles were hence assessed in aqueous 
buffers of pH ranging from pH 2 to pH 6.8 to estimate the effect of pH on 
the release rate from the GP-nil composites in various parts of the GI 
tract (Mudie et al., 2010). Moreover, dissolution profile was also 
assessed in biorelevant media simulating the intestinal fluid in the fasted 
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state (FaSSIF). As shown in Fig. 2, nilotinib dissolves well when the 
composites are dispersed in pH 2 and pH 3.5 due to nilotinib proton
ation. As pH is increased, nilotinib dissolution is suppressed. At pH 4, pH 
4.5 and pH 6.8, as much as 75 %, 90 % and 95 %, respectively, of 
nilotinib originally encapsulated in the GP-nil composites remained 
undissolved. Dissolution in FaSSIF was also rather slow when compared 
to dissolution at low pH; after 60 min, 90 % of the drug remained un
dissolved. It was decided to perform subsequent in vivo studies under 
such conditions that would be favorable for the intended delivery route, 
i.e. via lymph.Such conditions can be reproducibly achieved by the 
pretreatment of test animals with proton pump inhibitor omeprazole 
(Šíma et al., 2019). 

To study the contribution of dissolution to the overall nilotinib 
bioavailability, dissolution test in FaSSIF was conducted with Tasigna as 
a reference. In this case the sample preparation simulated the dosing 
procedure used during in vivo studies where the powders were pre- 
dispersed in water before dosing to the animals (see Section 2.5.3). As 
shown in Fig. 3, both Tasigna and GP-nil-15.0 composites dissolved 
poorly in FaSSIF medium. Nevertheless, there were differences in the 
behavior of both formulations: the fraction dissolved after 60 min 
reached 15 % for the GP-nil-15.0 composites but only 7 % for Tasigna. 
XRPD analysis of residual solid material after the dissolution experiment 
confirmed that nilotinib remained in the amorphous state, i.e. there was 
no recrystallization (Supplementary information, Figure S2). 

The ability of GP-nil-15.0 composites to be effectively phagocytosed 
was quantified by comparing the cytotoxic effect of nilotinib delivered 
to RAW 264.7 and J774A.1 cells in the form of GP-nil suspension and 
DMSO solution, respectively. The results of cytotoxicity tests are sum
marized in Fig. 4. For nilotinib added as a DMSO solution, the relative 
viability of RAW 264.7 and J774A.1 cells decreased from approximately 
90 % at the lowest concentration of 0.09 μM to approximately 50 % at 
the highest concentration of 22.5 μM. It is interesting that a comparable, 
or even stronger cytotoxic effect has been achieved when nilotinib was 
applied in the form of GP-nil composites across the investigated con
centration range for both cell lines (Fig. 4). While nilotinib is soluble in 
DMSO (100 mg/mL) its solubility in aqueous fluids at neutral pH is 
negligible. Therefore, the cytotoxicity observed for GP-nil composites 
cannot be attributed to freely dissolved nilotinib. This implies that 
nilotinib must have entered the cells in the undissolved form via 
phagocytosis of GP-nil composites rather than by the diffusion of freely 
dissolved nilotinib. Since the endosomal pH is known to be acidic, it can 
be assumed that nilotinib was released from the GP-nil composites once 
inside the cells. The direct observation of phagocytosis of GPs containing 
encapsulated drugs was reported recently (Šalamúnová et al., 2021). 

3.2. Bioavailability studies 

To evaluate the performance of GP-nil composites under in vivo 
conditions, a comparative bioavailability study was performed using 
Tasigna as a reference (cf. Section 2.5.3). All six rats enrolled to this 
cross-over study completed both periods. The weight of rats ranged from 
313 to 377 g, thus body weight-normalized nilotinib dose ranged be
tween 18.6 and 22.4 mg/kg. All nilotinib serum concentrations of pre- 
dose blood samples in the second period were below the limit of quan
tification, confirming that the wash-out period between dosing was 
sufficient. The mean nilotinib dose and body weight-normalized phar
macokinetic profiles after administration of both formulations are 
shown in Fig. 5, and the pharmacokinetic parameters of both formula
tions are summarized in Table 2. Both the rate and extent of nilotinib 
absorption were substantially higher after administration of GP-nil-15.0 
composites in comparison to the reference. Cmax and AUClast values were 
almost 2x higher than reference values. Tmax was shorter in the case of 
GP-nil-15.0 composites, although the difference did not reach statistical 
significance (P = 0.0649). 

To determine the absolute quantity of nilotinib absorbed into sys
temic circulation after oral administration, a separate absolute 
bioavailability study was conducted using Tasigna reference formula
tion for oral dosing (cf. Section 2.5.4). All 8 rats enrolled to this cross- 

Fig. 1. SEM, optical and fluorescence micrographs of crude nilotinib (top) GP-nil-15.0 composites (bottom).  

Fig. 2. Dissolution profiles of nilotinib composites (GP-nil-15.0) in various 200 
mL media at 37 ◦C and mini-paddles set at 125 RPM. 
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over study completed both periods including i.v. and p.o. administra
tion. Body weight normalized intravenous nilotinib dose ranged from 
0.987 to 1.012 mg/kg, while oral dose ranged between 16.31 and 26.31 
mg/kg. Mean ± SD body weight and dose normalized pharmacokinetic 
profiles of nilotinib after intravenous and oral dosing are shown in Fig. 6 
and the pharmacokinetic parameters are summarized in Table 3. The 
absolute oral bioavailability of nilotinib was 39.0 ± 16.8 % indicated as 
mean ± SD. 

3.3. Lymphatic transport and biodistribution study 

To determine the contribution of lymphatic absorption to the phar
macokinetics and overall bioavailability of nilotinib, a lymphatic 

Fig. 3. Dissolution profiles of GP-nil-15.0 composites and Tasigna in FaSSIF (7 mg of nilotinib, 200 mL media, 37 ◦C, mini-paddles at 125 RPM).  

Fig. 4. The cytotoxic effect of GP-nil-15.0 composites and nilotinib DMSO so
lutions in different concentrations on (A) RAW 264.7 cells and (B) J774A cells. 

Fig. 5. Arithmetic mean (±SD) nilotinib pharmacokinetic profiles normalized 
per dose and body weight in fasted rats (n = 6) after administration of two 
different formulations: Tasigna as a reference and GP-nil-15.0 composites as 
a test. 
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transport study was conducted as described in Section 2.5.5. There were 
10 rats enrolled. The weight of rats ranged from 457 to 608 g, thus body 
weight-normalized nilotinib dose ranged between 11.5 and 15.5 mg/kg. 
Lymphatic concentration profiles and cumulative lymphatic transport of 
nilotinib after intraduodenal administration of Tasigna as a reference 
and GP-nil-15.0 composites to the lymph duct cannulated rats are shown 
in Fig. 7. The pharmacokinetic parameters are summarized in Table 4. 

The dose and body weight normalized lymphatic Cmax was 4x higher, 
the total absolute bioavailability was approximately 2.7x higher, and the 
absolute bioavailability via lymph was>10x higher in the case of nilo
tinib delivered via glucan particles compared to the reference formula
tion. This trend is also apparent in the comparison of cumulative 
lymphatic transport, shown in Fig. 7B. However, it should be kept in 
mind that despite the significantly increased contribution of lymphatic 

absorption in the case of GP-formulated nilotinib, the relative contri
bution of lymphatic transport to the overall bioavailability of nilotinib 
still remained at a modest level (FRL = 1.12 ± 0.93 %). The higher 
nilotinib solubility from GP-nil composites under fasted condition 
(approximately 3x higher – cf. Fig. 3) contributed predominantly to its 
higher absolute bioavailability compared to the reference. 

Based on the combination of in vitro dissolution and in vivo phar
macokinetic data, a potential scenario of nilotinib absorption can be 
outlined as follows. Part of nilotinib contained in the formulation dis
solves from the GP-nil composites due to its amorphous form, which 
increases solubility (approximately 15 % of the dose as shown in Fig. 3). 

Table 2 
Nilotinib pharmacokinetic parameters normalized per dose and body weight 
after administration of GP-nil-15.0 composites (test) and Tasigna (reference) 
formulations to rats (n = 6) in the fasted state. Cmax, AUClast and T/R ratios are 
described as geometric mean (90% confidence intervals) and Tmax values are 
described as range.  

Formulation Cmax (ng/mL) T/R 
Cmax 

(%) 

AUClast (ng 
£ min/mL) 

T/R 
AUClast 

(%) 

Tmax 

(min) 

Tasigna 78.04 
(38.20–159.4) 

N/A 765.0 
(397.6–1472) 

N/A 243–614 

GP-nil-15.0 136.8 
(103.0–181.6) 

175.3 1455 
(1067–1984) 

190.2 181–361  

Fig. 6. Pharmacokinetic serum profiles (mean ± SD) of nilotinib normalized 
per dose and body weight after (A) intravenous and (B) oral dosing to fasted 
rats (n = 8). 

Table 3 
Mean ± SD pharmacokinetic parameters of nilotinib after oral (Tasigna® 
reference formulation) and intravenous (nilotinib intravenous solution) 
administration to rats using a cross-over study design (n = 8). All concentrations 
and AUCs are normalized to 1 mg/kg. The pharmacokinetic profiles are shown in 
Fig. 6.   

p.o. administration i.v. administration 

Cmax (ng/mL) 111.5 ± 21.6 – 
C0 (ng/mL) – 1549 ± 214 
Tmax 5.03 ± 0.98 – 
AUCinf (ng*h/mL) 990 ± 337 2756 ± 618 
Vss (L/kg) – 0.663 ± 0.105 
Cl (L/h*kg) – 0.389 ± 0.121 
Bioavailability (%) 35.9 ± 12.2 –  

Fig. 7. Lymphatic transport of nilotinib after duodenal administration of 
Tasigna as a reference and GP-nil-15.0 composites as a test to cannulated 
anaesthetized rats. (A) Mean ± SD of dose and body weight-normalized lymph 
concentration profile; (B) Mean ± SD of cumulative lymphatic transport. 
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A certain proportion of this dissolved nilotinib is then absorbed into 
systemic circulation in a similar manner as it would from the reference. 
The undissolved part of nilotinib that remains in the glucan particles 
(approximately 85 % based on in vitro dissolution data) is potentially 
available for M− cell uptake and lymphatic transport where a number of 
additional mechanisms can be envisaged (e.g. enhanced dissolution in 
the acidic pH of endosomes, partitioning of dissolved nilotinib to lipidic 
components of the lymph that can act as a sink, etc.). The total quantity 
of bioavailable nilotinib is then a superposition of these contributions. 

As a complementary information, the residual nilotinib concentra
tion in various tissues and organs 24 h after administration was deter
mined. Specifically, lymphatic tissues and organs (Peyer’s patches, 
mesenteric lymph nodes, spleen), absorption organs (intestine) and 
elimination organs (liver, kidney) were analyzed for nilotinib content as 
described in Section 2.5.6. A total of 6 rats (body weight of 410–501 g) 
were used; three rats received the reference (Tasigna) and the other 
three rats received GP-nil composites. The body weight normalized 
nilotinib dose ranged from 13.9 to 17.4 mg/kg. The median nilotinib 
dose-normalized concentration in the investigated tissues and organs at 
24 h after administration of each formulation are summarized in 
Table 5. There were no significant differences in serum/tissue levels 
between the reference (Tasigna) and test (GP-nil-15.0) formulation, as 
confirmed by the corresponding P-values (Table 5). However, it should 
be pointed out, that the tissue analysis was carried out at a time point of 
24 h after administration since the PK results were not yet known. With 
hindsight based on the PK curves shown in Fig. 5, there is not expected to 
be any significant difference between the test and the reference 
formulation at this time point. 

3.4. Determination of fluorescently labelled glucan particles in rat lymph 

The ability of orally administered GPs to enter the lymphatic system 
is known from the literature mainly thanks to qualitative or semi- 
quantitative histology analysis (Soto et al., 2019; Xie et al., 2016; Xie 
et al., 2016; Zhang et al., 2017; Wu et al., 2020; Gao et al., 2021). To 
better understand the time-resolved transport of glucan particles in the 
lymphatic system after oral administration, experiments using GPs 
labelled with fluorescein isothiocyanate (GP-FITC) were conducted ac
cording to the procedure described in Section 2.5.5 (in vivo experiments) 
and 2.5.9 (analysis). The study involved 4 rats with a body weight 
ranging from 490 to 683 g. The body weight-normalized dose of labelled 
glucan particles ranged between 70.1 and 97.7 mg/kg. The results of this 

study are summarized in Fig. 8. The amount of GP-FITC present in lymph 
was found to reach a maximum between 2 and 4 h and then gradually 
declined until the end of the experiment. The absolute cumulative 
quantity of glucan particles found in the lymph after administration of a 
50 mg dose was 0.54 ± 0.24 mg, which corresponds to an absolute 
lymphatic bioavailability of 1.1 ± 0.49 %. While the bioavailability 
figure might seem low, it should be noted that 1 mg of GPs represents 
approximately 4 × 109 of individual particles. This quantity of particles 
must have been phagocytosed and transported into the lymph through 
the Peyer’s patches over the investigated period, which hypothetically 
represents approximately 70,000 individual phagocytosis events per 
second. 

4. Discussion 

The results presented above indicate that orally administered glucan 
particles enter the lymphatic system in measurable quantities over the 
period of 8 h after the administration. The quantity of GPs entering the 
lymphatic system in rats was found to be approximately 2.2 × 109 (0.54 
mg). This can be compared with previously published results obtained 
after the application of 2 μm fluorescent polystyrene latex particles 
(1.65 × 109 particles per dose applied) which were detected in all seg
ments of small intestine, in Peyerś patches and lymph nodes 0.5 h after 
their oral application. It was found that the total number of particles 
detected in lymph was up to 0.14 % of the applied dose, which corre
sponds to 2.3 × 106 particles present in lymph (Jenkins et al., 1994). 
When monodisperse fluorescent polystyrene latex microparticles with a 
size of 2.65 μm and 9.13 μm were used in an absorption study in a mouse 
model, fluorescent activated cell sorting analysis after oral gavage of 108 

particles in a 0.2 mL suspension revealed that approximately 0.01 % of 
the applied particles were absorbed after p.o. application. Particles from 
the above-mentioned experiments were also present in spleen and 
mesenteric lymph nodes (Ebel, 1990). Similar results were obtained in 
studies conducted in rats where 1 μm polystyrene latex particles were 
applied the same way as described previously (Jani et al., 1992). The 
number of GP-FITC particles found in lymph in the present study was 3 
to 5 orders of magnitude higher than in the case of fluorescent poly
styrene latex particles. We hypothesize that this can be attributed to the 
surface chemistry and immunomodulatory properties of beta glucans, 
which favor phagocytosis. Curiously, yeast and barley β-glucans were 
detected in pig’s lymph by 1H NMR after oral ingestion, which resulted 
in an alteration of lipid absorption and a change of lymph viscosity 
(Larsen et al., 2010). 

The ability of GPs to enter the lymph can be attributed to the ability 

Table 4 
Mean ± SD lymph pharmacokinetic parameters of nilotinib after duodenal 
administration of Tasigna as a reference or GP-nil-15.0 composites to cannulated 
anaesthetized rats (normalized lymphatic Cmax, total absolute bioavailability F, 
absolute bioavailability via lymph FAL and relative bioavailability via lymph 
FRL).  

Formulation Cmax (ng/mL) F (%) FAL (%) FRL (%) 

Tasigna 35.9 ± 23 2.95 ± 1.00 0.013 ± 0.003 0.44 ± 0.06 
GP-nil-15.0 147.0 ± 140.4 8.03 ± 7.62 0.14 ± 0.19 1.12 ± 0.93  

Table 5 
Median dose-normalized concentrations and P-values of nilotinib after oral 
administration of Tasigna as a reference and GP-nil-15.0 composites as a test.  

Median dose-normalized concentrations 
(ng/mL for serum, ng/g for other tissues) 

Tasigna GP-nil  P-value 

Serum  0.37  0.44  0.7 
Jejunum  9.92  1.77  0.2 
Ileum  0.67  2.25  0.1 
Peyer’s patches  3.45  2.01  0.4 
Mesenteric lymph nodes  0.41  0.49  0.7 
Spleen  0.66  1.01  0.7 
Liver  2.56  2.82  ˃0.9999 
Kidneys  0.64  1.44  0.7  

Fig. 8. Lymphatic transport of GP-FITC (mg/mL) after their duodenal admin
istration to cannulated anaesthetized rats. Mean ± SD of GP-FITC in lymph 
concentration and GP-FITC cumulative lymphatic transport. 
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of macrophages to take up larger quantities of glucan particles simul
taneously. Referring to previously reported macrophage phagocytosing 
capacity experiments with fluorescently labelled yeast cells, around 6 
yeast cells per 1 macrophage were found in the case of opsonized yeasts 
(Miliukiené et al., 2003). Fluorescent microscopy observation of GP 
macrophage uptake in vitro and in vivo also revealed the ability of 1 
macrophage to uptake up to 10 glucan particles (Bajgar et al., 2019; 
Šalamúnová et al., 2021). Glucan particles thus appear to be comparable 
or even superior to engineered synthetic particles for drug delivery to 
the lymphatic system (Miao et al., 2021). 

It is a well-documented fact that only highly lipophilic drugs (logP >
5) have their own inherent affinity towards intestinal lymph (Charman 
and Stella, 1986). Examples of such molecules are halofantrine (logP =
8.5) with a relative bioavailability via lymph (FRL) in rats of up to 70 %, 
vitamin D with FRL of 72 % in rats and venetoclax (logP = 6.9) with FRL 
of 19 % in dogs (Caliph et al., 2000; Dahan and Hoffman, 2005; Choo 
et al., 2014). Concentrations of such molecules are ty-pically-two to 
three orders higher in the lymph than in the blood serum. On the con
trary, nilotinib (logP = 4.8–4.95) lymphatic and serum concentrations 
observed in our study were generally comparable after administration of 
both formulations. Based on these observations, it can be stated that 
nilotinib alone is not a prime candidate for lymphatic transport. 
Nevertheless, it is interesting to note that nilotinib application in the 
form of glucan particles did result in a measurable increase of its 
lymphatic transport. This can be attributed to a combined effect of an 
improved absorption into the intestinal wall after better intraluminal 
dissolution, together with lymphatic uptake of glucan particles con
taining nilotinib. 

Having determined the quantity of glucan particles absorbed into the 
lymph in a rat model, let us consider a hypothetical scenario of oral 
administration to humans. According to recently published allometric 
scaling formulas, the extent of lymphatic transport increases more than 
proportionally with relation to body weight regarding both absolute and 
relative bioavailability via lymph (Trevaskis et al., 2020). However, 
these formulas have been derived from experiments involving only drug 
formulations with standard lipophilicity-dependent partitioning be
tween blood and lymph. Adding another mechanism of absorption, i.e., 
phagocytosis in Peyer’s patches, results in a more complex situation 
with yet undefined extrapolation from preclinical species to humans. It 
likely enhances the lipophilic properties of the drug formulation in 
addition to standard lipophilicity-dependent partitioning into the 
lymph. 

5. Conclusion 

The present work has shown that orally administered nilotinib 
formulated in glucan particles can result in bioavailability enhancement 
due to two effects. The dominant contribution to the overall bioavail
ability of nilotinib was dissolution rate enhancement due to amorph
ization in the glucan particles and subsequent absorption to plasma. 
Simultaneously – albeit to a lesser extent – glucan particles containing 
undissolved nilotinib were absorbed to the lymph. A pharmacokinetic 
study of fluorescently labelled GPs has shown that their concentration in 
lymph culminated after 4 h and resulted in an absolute lymphatic ab
sorption of 0.54 mg of glucan particles after 50 mg single oral dose. The 
lymph absorption of nilotinib was consequently 10.7x higher when 
administered via glucan particles compared to a reference (Tasigna). 
The present work demonstrated that even a drug substance that would 
not be considered suitable for lymphatic delivery based on its lip
ophilicity alone can be delivered to the lymphatic system when encap
sulated into glucan particles. This raises several interesting questions for 
further research. Given the mechanism of GP uptake to the lymph, it 
would be interesting to determine the effect of the encapsulated drug on 
the life cycle of the phagocytosing cells. In particular, the ability of 
macrophages to transport a potentially cytotoxic payload without being 
killed while doing so appears to be an interesting phenomenon. Also, the 

scaling from rats to other animal models and eventually to humans re
mains an open question for this specific drug absorption mechanism. 
Finally, the dose proportionality is an unknown factor at present and 
further studies are needed to determine how the percentage of GPs 
absorbed into lymph changes with the absolute dose. 
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original draft. Jiřina Kroupová: Investigation, Writing – original draft. 
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