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ABSTRACT

Introduction: Abiraterone acetate (AA) is
approved for treatment of metastatic castra-
tion-resistant prostate cancer. The originator AA
(OAA) formulation has been associated with
AUC and Cmax increases of 10- and 17-fold,
respectively, when administered following a
high-fat meal relative to the fasted state. AA fine
particle (AAFP) is a proprietary formulation
(utilizing SoluMatrix Fine Particle Technol-
ogyTM) that has enhanced dissolution proper-
ties. It was designed to increase the oral
bioavailability of AA, and to potentially reduce
variability in drug exposure and food effects
compared with OAA. In healthy subjects, AAFP
500 mg was previously shown to be

bioequivalent to OAA 1000 mg when taken in
fasted conditions.
Methods: Healthy male subjects (N = 25) fasted
10 h overnight before randomization in a
crossover design received a single 500-mg dose
of AAFP under fasted or fed conditions.
Results: The extent of AAFP drug exposure was
significantly (P\0.001) greater under fed versus
fasted conditions. Following a single dose of
AAFP, relative bioavailability measured by the
geometric mean ratio of AUC and Cmax of abi-
raterone indicated that the extent of drug
absorption increased under fed conditions by
approximately 4.5- and 6.5-fold, respectively,
versus under fasted conditions. AAFP was safe
and well-tolerated. AAFP under fed conditions
has higher bioavailability and is not bioequiv-
alent to AAFP under fasted conditions. The food
effect with AAFP 500 mg was approximately
50% less than what has been reported for OAA
1000 mg.
Conclusions: Although diminished, the poten-
tial for excessive abiraterone plasma concen-
trations in patients who are noncompliant with
dosing instructions remains.
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INTRODUCTION

Food has a complicated effect on the pharma-
cokinetic and pharmacodynamic profiles of
many drugs. The extent of absorption of orally
administered drugs with or without food
appears to be determined by the drug’s solubil-
ity and membrane permeability, among other
parameters [1]. Administration of certain drugs
with food has the potential to dramatically alter
drug absorption, especially after meals with a
high fat content [2]. This potential impact of
food on drug absorption underlines the impor-
tance of conducting food effect studies early in
the oncology drug development process under
well-defined and standardized fed and fasted
conditions, as reviewed by Parsad and Ratain
[3].

The oral bioavailability of lipophilic drugs is
known to be limited by in vivo dissolution rate,
which in turn is related to drug particle size
[4, 5]. Taking lipophilic drugs with a high-fat
meal is also known to increase their rate of
dissolution [6]. Abiraterone acetate (AA), an
orally available, highly lipophilic drug [7], is
approved for the treatment of metastatic cas-
tration-resistant prostate cancer. AA (1000 mg;
two 500-mg tablets or four 250-mg tablets) is
administered once daily in combination with
prednisone 5 mg (orally, twice daily). Dosing
instructions indicate that AA must be taken on
an empty stomach and no food should be con-
sumed for at least 2 h before, or at least 1 h after,
administering the drug. The AA tablets should
be swallowed whole with water and should not
be crushed or chewed [7]. Several studies have
investigated the effect of food on AA absorption
and bioavailability [8–12] and established that
consumption of a high-fat meal before admin-
istration of the originator AA (OAA) formula-
tion markedly increases abiraterone absorption
[9, 10, 12].

To evaluate the food effect of AA, Li et al.
used a modeling approach to simulate a clinical
oncology population pharmacokinetic trial.
They found that food effect was a statistically
significant covariate on oral clearance for abi-
raterone [8]. Other studies have found sub-
stantial food effect in healthy subjects when AA

was given following a meal, with plasma abi-
raterone exposure increasing by 2.9- to 10-fold
[9, 10, 12]. For example, Chi et al. reported that
in healthy subjects administered the OAA for-
mulation, the area under the plasma concen-
tration-time curve (AUC) and maximum
measured plasma concentration (Cmax) of abi-
raterone, the active metabolite of AA, increased
by 10- and 17-fold, respectively, when given
shortly after a high-fat meal relative to the fas-
ted state [10]. Biorelevant in vitro studies sug-
gest that intestinal fluids, such as bile salt [6, 10]
produced during the fed state, may facilitate the
absorption of abiraterone, thus producing the
food effect observed in pharmacokinetic trials
[9]. The large bioavailability changes recognized
in the reference product with regard to meal fat
content [10] may lead to differences in safety,
tolerability, and efficacy.

AA fine particle (AAFP) is a novel proprietary
formulation of AA utilizing SoluMatrix Fine
Particle TechnologyTM (which is licensed from
iCeutica, Inc. to Churchill Pharmaceuticals for
use with AAFP) and is designed to improve oral
bioavailability and reduce food effects com-
pared with the OAA formulation. This tech-
nology provides improved uniformity of very
small drug particles resulting in a high ratio of
surface area-to-mass. The higher surface area--
to-mass ratio can increase the in vivo dissolu-
tion rate of lipophilic, poorly water-soluble,
active pharmaceutical ingredients such as AA
that often have dissolution rate-limited oral
bioavailability. In a previous companion study
of healthy male subjects, AAFP 500 mg was
shown to be bioequivalent to OAA 1000 mg
(within 80–125% of Cmax and AUC) when taken
under fasted conditions [13]. The present study
investigates the effect of a high-fat meal on
AAFP pharmacokinetic parameters and
bioavailability.

METHODS

This phase 1 clinical study investigating a sin-
gle-dose of AAFP 500 mg under both fed and
fasted conditions in healthy male subjects was
conducted in compliance with the Interna-
tional Conference on Harmonisation Good
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Clinical Practice guidelines and the Declaration
of Helsinki. Registration of this study in Clini-
calTrials.gov was not necessary based on exclu-
sion criteria for phase 1 drug trials (https://
clinicaltrials.gov/ct2/manage-recs/fdaaa#foot
note1). All subjects provided written informed
consent before any treatment was initiated, and
the protocol was reviewed and approved by an
institutional review board (Aspire IRB, 11491
Woodside Avenue, Santee, California 92071,
USA).

Study Population

Normal healthy male subjects aged 18–50 years
with a body mass index between 18 and 30 kg/
m2 who met additional inclusion/exclusion cri-
teria were enrolled in the study. Subjects were
required to be in good health based on physical
examination, recording of vital signs, electro-
cardiogram, and clinical laboratory testing (he-
matology, biochemistry, and urinalysis). Subjects
who used prescription medications or tested
positive for drugs of abuse and alcohol at the
screening visit were excluded from the study.

Study Design

This was a single-center, randomized, open-la-
bel, two-period crossover study of food effects.
In period 1 of the study, enrolled subjects were
admitted to the study site (PAREXEL Interna-
tional, Early Phase Clinical Unit, Baltimore,
MD, USA) the evening before the morning dose
of AAFP. All subjects underwent a 10-h over-
night fast. The following morning, subjects
were randomized to receive AAFP 500 mg
(4 9 125-mg AAFP tablets) under either fed or
fasted conditions. Subjects randomized to the
fed condition consumed an entire standard
high-fat FDA breakfast (two eggs fried in butter,
two strips of bacon, two slices of toast with
butter, 113.4 g of hash brown potatoes, and
226.8 g of whole milk) [14] 30 min before AAFP
500 mg administration. Subjects randomized to
the fasted condition were administered AAFP
500 mg with 240 mL of water. This group
remained in the fasted state until 4 h after tak-
ing the dose of AAFP.

In period 2 of the study, the subjects
returned to the same study site following a
7-day washout period. The same study proce-
dures as in period 1 were performed; however,
the subjects followed the order of their ran-
domly assigned treatment sequences and cros-
sed over to the opposite fed or fasted condition
from period 1. In this study, each subject served
as his own control.

Subjects were confined to the study site for
collection of blood samples for pharmacoki-
netic evaluation of plasma abiraterone concen-
tration until 48 h after AAFP administration for
both periods 1 and 2. Blood samples (approxi-
mately 6 mL) were collected in each study per-
iod at - 0.75 h, and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6,
8, 12, 24, 36, and 48 h after dosing. AAFP tablets
were manufactured by Mayne Pharma Group
Ltd. for Churchill Pharmaceuticals LLC.

Blood Sample Collection
and Bioanalytical Assay

Blood samples (approximately 6 mL) for phar-
macokinetic analyses were collected into 6-mL
tripotassium ethylenediaminetetraacetic
acid-containing tubes and immediately placed
on ice. Plasma was separated by centrifugation
at 4 �C, transferred to appropriately labeled
polypropylene specimen containers, frozen at
- 20 �C within 1 h of collection, then stored at
- 20 �C. Samples were then shipped on dry ice
to the bioanalytical laboratory for analysis.
Plasma samples were analyzed for abiraterone
concentrations using a validated bioanalytical
assay (Sannova Analytical, Somerset, NJ, USA).

The samples were extracted using the liq-
uid–liquid extraction method and analyzed
using reverse-phase liquid chromatography.
The analytes were detected using tandem mass
spectrometry. The lower limit of quantitation
for abiraterone was 0.651 ng/mL. The upper
limit of quantitation for abiraterone was
203.519 ng/mL. Plasma drug concentrations
identified as below the limit of quantification
were entered as zero. A calibration curve con-
sisting of 2 control blanks, 2 zero standards, and
10 nonzero calibration standards covering a
concentration range of 0.651–203.519 ng/mL
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for abiraterone were analyzed with every sample
batch. Quality control standards for abiraterone
were also analyzed with every sample batch.
Internal standard peak area ratio values were
used to set up the calibration curve and to
determine quality control and unknown sample
concentrations. Linear regression for abi-
raterone was used to obtain the best fit of the
data for the calibration curve.

Pharmacokinetic Analysis

All subjects who received AAFP 500 mg under
both fed and fasted conditions who had suffi-
cient plasma concentrations for calculating
Cmax and AUC from time 0 to the time (t) of the
last quantifiable concentration (Ct; AUC0–t)
were included in the pharmacokinetic popula-
tion. The following plasma pharmacokinetic
parameters were determined: AUC0–t as calcu-
lated by the linear trapezoidal method; AUC
from time 0 to infinity (AUC0–?) approximated
by linear trapezoidal summation and extrapo-
lated to infinity by addition of Ct/Ke; Cmax; time
to maximum measured plasma concentration
(Tmax); apparent elimination rate constant (Ke)
as determined by linear regression of the ter-
minal points of the log-linear concentra-
tion–time curve; and apparent terminal
elimination half-life (T1/2) calculated as loge(2)/
Ke or 0.693/Ke.

Safety Assessments

All subjects who received AAFP were included
in the safety population. Assessments inclu-
ded physical examination, recording of vital
signs, electrocardiogram, clinical laboratory
testing (hematology, biochemistry, and uri-
nalysis), and recording of adverse events
(AEs). AE assessments and concomitant medi-
cations were assessed throughout the clinical
study.

Statistical Analyses

Based on a previous companion study, a
sample size of 22 subjects was deemed suffi-
cient to provide statistical power to detect a

20% difference in the reference mean between
fed and fasted conditions [13]. Assuming a
screen failure/dropout rate of 15%, enrollment
of 26 subjects was planned. A parametric
general linear model was applied to the
pharmacokinetic parameters (AUC, Cmax,
Tmax, and T1/2). The model included sequence,
subject-within-sequence, period, and condi-
tion. The sequence effect was tested using the
subject-within-sequence effect, and all other
effects were tested using the residual error of
the model. Analysis of variance (ANOVA) for a
crossover design was used to examine the
differences between the two dose conditions
(fed vs. fasted). A null hypothesis of zero dif-
ference in a parameter between the two con-
ditions was assessed at the 0.05 level, with the
alternative hypothesis of nonzero differences.
Tmax was compared for the fed versus fasted
conditions using the nonparametric Wilcoxon
signed rank test.

To evaluate relative bioavailability, AUC and
Cmax parameters were analyzed on a log scale
using the parametric general linear model to
assess bioequivalence between AAFP 500 mg
under fed versus fasted conditions. The two
one-sided t test hypotheses were tested at the
0.05 level by constructing a 90% confidence
interval (CI) for the geometric mean ratio.
Bioequivalence was concluded if the 90% CI of
the ratio was within 0.80 and 1.25 for AUC and
Cmax parameters; otherwise, relative bioavail-
ability for AUCs and Cmax were expressed based
on the least square means ratio values.

RESULTS

This study was conducted between February 18,
2015, and March 30, 2015.

Subjects

Twenty-five subjects were enrolled, random-
ized, and dosed with AAFP 500 mg without
replacement in period 1, and 22 subjects com-
pleted the study. Two subjects were discontin-
ued; one for violation of house rules and one for
pre-existing increased blood pressure. One sub-
ject was lost to follow-up. Subject baseline
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characteristics and demographics are shown in
Table 1.

Pharmacokinetic Parameters of AAFP
in Fed and Fasted Conditions

Figure 1 shows the mean plasma concentrations
(ng/mL) versus time curves of AAFP 500 mg

under fed and fasted conditions. Abiraterone
absorption increased following a single dose of
AAFP 500 mg under fed conditions compared
with the fasted conditions. Peak levels were
observed at approximately 2 h post-dose for
both fed and fasted conditions.

The extent of abiraterone absorption was
significantly higher under fed conditions versus

Table 1 Subject baseline characteristics and demographics

Sequence AB
n5 12

Sequence BA
n5 13

All subjects treated
N5 25

All subjects completed
n 5 22a

Baseline characteristics

Age (years)

Mean 38.0 35.2 36.5 36.3

SD 8.7 9.4 9.0 9.1

Height (cm)

Mean 183.2 176.0 179.4 178.6

SD 4.5 4.6 5.8 5.0

Weight (kg)

Mean 89.4 78.9 83.9 82.2

SD 12.5 8.4 11.7 10.6

BMI (kg/m2)

Mean 26.6 25.5 26.0 25.8

SD 3.3 2.6 2.9 3.0

Demographics

Ethnicity

Hispanic/Latino 1 (8.3%) 3 (23.1%) 4 (16.0%) 4 (18.2%)

Not Hispanic or Latino 11 (91.7%) 10 (76.9%) 21 (84.0%) 18 (81.8%)

Race

White 3 (25.0%) 7 (53.8%) 10 (40.0%) 8 (36.4%)

Black/African American 9 (75.0%) 5 (38.5%) 14 (56.0%) 13 (59.1%)

Asian 0 (0.0%) 1 (7.7%) 1 (4.0%) 1 (4.5%)

Treatment A: AAFP 500 mg under fed conditions
Treatment B: AAFP 500 mg under fasted conditions
AAFP abiraterone acetate fine particle, BMI body mass index, SD standard deviation
a Two subjects were discontinued; one for violation of house rules and one for pre-existing increased blood pressure. One
subject was lost to follow-up
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fasted conditions measured by abiraterone
concentrations in plasma following a single
dose of AAFP 500 mg (Table 2, and shown
graphically in Fig. 2). Following a single dose of
AAFP 500 mg, the median Tmax was approxi-
mately 2 h for fed and fasted conditions. There
was no statistically significant (P = 0.99) differ-
ence in median elimination T1/2 under fed
conditions (14.7 h) compared with fasted con-
ditions (13.1 h; Table 2).

With reference to fasted conditions, the
geometric mean ratios for AUC0–?, AUC0–t, and
Cmax, respectively, under fed conditions were
442.4, 458.6, and 649.5% (Table 3). The 90%
CIs corresponding to the geometric mean ratios
of test/reference were well above the upper limit
of the 80–125% bioequivalence criteria, indi-
cating that AAFP 500 mg administered under
fasted conditions is not bioequivalent to AAFP
500 mg administered under fed conditions.

Safety

Only one treatment-emergent AE related to
AAFP 500 mg was reported (testicular pain). It
was mild in intensity (grade 1) and resolved
without medical intervention by the end of the
study. There were no AEs leading to

discontinuation, serious AEs, or deaths during
the study. No clinically significant biochemical,
hematological, or urinalysis changes were
observed.

DISCUSSION

The extent of drug exposure for AAFP 500 mg
was significantly greater under fed conditions
compared with fasted conditions. The relative
bioavailability measured by the geometric mean
ratio of AUC and Cmax parameters of abi-
raterone indicated that relative to fasted con-
ditions, drug exposure of a single dose of AAFP
500 mg was increased under fed conditions by
approximately 4.5-fold for AUC and 6.5-fold for
Cmax. In a previous study, the 500-mg dose of
AAFP was shown to be bioequivalent to the
1000-mg dose of OAA under fasted conditions
[13]. In a food effect study of OAA by Chi et al.,
the AUC0–? and Cmax of abiraterone in healthy
subjects given the 1000-mg dose of the OAA
formulation increased by 10- and 17-fold,
respectively, when given shortly after a high-fat
meal relative to the fasted state [10]. Comparing
these results with those from the present study,
the food effect with AAFP 500 mg shows an
approximate 50% decrease versus OAA

Fig. 1 Arithmetic mean plasma abiraterone concentration–time plots under fed and fasted conditions (linear scale). Error
bars indicate standard error. Some error bars are not visible because they are smaller than the size of the symbols
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1000 mg. The application of the proprietary
technology used in the manufacture of AAFP
provides a smaller drug particle size and is
intended to increase dissolution in vivo [15],
which may explain the improved bioavailability
of AAFP under fasted conditions compared with
OAA [13]. The improved bioavailability may be
important for highly lipophilic drugs such as
AA, which needs to be administered under fas-
ted conditions.

Food restriction requirements with medica-
tions may lead to inappropriate use or nonad-
herence. In a survey of cancer patients, 43% of
patients who received agents with known sig-
nificant food effects reported that they did not
consider the timing of meals before dosing, and

23% were unaware of the food-drug effects of
their medication [16, 17]. Reducing the extent
of food effects could ameliorate differences in
drug exposure and drug level variability. Con-
sequently, the reduced food effect with AAFP
could potentially result in less exposure-related
drug toxicity. Although no exposure-safety
relationship for abiraterone has been demon-
strated, a formulation of AA that could be given
at a lower dose to achieve similar drug exposure
with less food effect could provide safety bene-
fits for patients who may not strictly adhere to
the time intervals needed around meals.

The systemic exposure of abiraterone is sub-
ject to a large inter-individual variability. Car-
ton et al. looked at the PK/PD relationship

Table 2 Pharmacokinetic parameters of AAFP 500 mg under fed and fasted conditions

Pharmacokinetic parameters Statistics AAFP 500 mg fed
n5 22

AAFP 500 mg fasted
n5 22

AUC0–? (ng � h/mL) Mean* 1571.67 354.55

SD 647.26 154.81

CV (%) 41.18 43.66

AUC0–t (ng � h/mL) Mean* 1521.64 331.74

SD 642.96 149.59

CV (%) 42.26 45.09

Cmax (ng/mL) Mean* 544.30 75.84

SD 310.99 37.01

CV (%) 57.14 48.81

Tmax (h) Mean 2.27 1.98

SD 1.29 1.25

Median 2.00 2.00

T� (h) Mean 14.16 14.25

SD 2.88 5.53

Median 14.67 13.05

AAFP abiraterone acetate fine particle, AUC0–? area under the plasma concentration–time curve from time 0 extrapolated
to infinite time, AUC0–t area under the plasma concentration–time curve from time 0 to the time of the last quantifiable
concentration, Cmax maximum concentration, CV % coefficient of variation expressed as percent, n number of subjects
included in the pharmacokinetic population for each treatment, SD standard deviation, T� terminal elimination half-life,
Tmax time of maximum concentration
*Observed differences were statistically significant (P\0.001, analysis of variance) between fed and fasted conditions
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between abiraterone trough concentrations and
prostate-specific antigen (PSA) levels in patients
with metastatic castration-resistant prostate
cancer after 3 months of treatment [18]. Their
results showed that the average plasma abi-
raterone trough concentration was significantly
higher in PSA responders versus nonresponders
when OAA was administered under fasted con-
ditions. A phase 2 study (ClinicalTrials.gov
identifier: NCT02737332) in castration-resistant

prostate cancer patients comparing the safety
and biomarkers of efficacy (testosterone and
PSA levels) of AAFP 500 mg with OAA 1000 mg
under modified fasting conditions is ongoing. A
secondary objective of the study will include an
analysis of the steady-state trough concentra-
tion of abiraterone at various time points with
the two AA formulations.

Limitations of this study include the lack of
direct comparison between OAA and AAFP

Fig. 2 AUC and Cmax mean parameters under fed and fasted conditions. Error bars indicate standard error

Table 3 Relative bioavailability by bioequivalence of AAFP 500 mg in fed versus fasted conditions

Pharmacokinetic parameters Estimates AAFP 500 mg fed vs. fasted conditions

AUC0–? (ng � h/mL) GMR (%) 442.4

90% CI 366.5–534.0*

AUC0–t (ng � h/mL) GMR (%) 458.6

90% CI 379.0–554.9*

Cmax (ng/mL) GMR (%) 649.5

90% CI 471.6–894.5*

AAFP abiraterone acetate fine particle, AUC0–? area under the plasma concentration–time curve from time 0 extrapolated
to infinite time, AUC0–t area under the plasma concentration–time curve from time 0 to the time of the last quantifiable
concentration, CI confidence interval, Cmax maximum concentration, GMR geometric mean ratio
*90% CI corresponding to the GMR was above the recommended 80–125% limit of bioequivalence
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under fed and fasted conditions. This was a
single-dose study and therefore does not show
whether reduced food effect leads to reduced
toxicity at steady state. Additionally, food
effects were assessed in healthy volunteers,
pharmacokinetic parameters in a patient popu-
lation may differ due to concomitant drug use
or disease state. As mentioned, an ongoing
phase 2 trial in patients with castration-resistant
prostate cancer is underway that will provide
direct comparative data between AAFP and OAA
in the intended patient population of meta-
static castrate-resistant prostate cancer, and will
assess key pharmacodynamic and safety
indicators.

CONCLUSIONS

AAFP 500 mg under fed conditions has higher
bioavailability than under fasted conditions. At
doses under fasted conditions (AAFP 500 mg
and OAA 1000 mg), the food effect for AAFP
500 mg is approximately 50% less than what
has been reported for OAA 1000 mg in healthy
volunteers. Although there was a large food
effect with AAFP 500 mg, it was less than that
with OAA and may reduce the potential for
excessive abiraterone plasma concentrations in
patients who are noncompliant with dosing
instructions. The clinical impact of this requires
further investigation.
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