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AIM
The aim was to compare the pharmacokinetic profiles of two formulations of a combination drug product containing 0.5 mg
testosterone and 50 mg sildenafil for female sexual interest/arousal disorder. The prototype (formulation 1) consists of a testos-
terone solution for sublingual administration and a sildenafil tablet that is administered 2.5 h later. The dual route/dual release
fixed dose combination tablet (formulation 2) employs a sublingual and an oral route for systemic uptake. This tablet has an inner
core of sildenafil with a polymeric time delay coating and an outer polymeric coating containing testosterone. It was designed to
increase dosing practicality and decrease potential temporal non-adherence through circumventing the relatively complex
temporal dosing scheme.

METHODS
Twelve healthy premenopausal subjects received both formulations randomly on separate days. Blood was sampled frequently to
determine the pharmacokinetics of free testosterone, total testosterone, dihydrotestosterone, sildenafil and N-desmethyl-
sildenafil.

RESULTS
Formulation 2 had a higher maximum concentration (Cmax) for testosterone, 8.06 ng ml–1 (95% confidence interval [CI] 6.84, 9.28)
and higher area under the plasma concentration–time curve (AUC), 7.69 ng ml–1 h (95% CI 6.22, 9.16) than formulation 1,
5.66 ng ml–1 (95% CI 4.63, 6.69) and 5.12 ng ml–1 h (95% CI 4.51, 5.73), respectively. Formulation 2 had a lower Cmax for sildenafil,
173 ngml–1 (95%CI 126, 220) and a lower AUC, 476 ngml–1 h (95%CI 401, 551) than formulation 1, 268 ngml–1 (95%CI 188, 348)
and 577 ng ml–1 h (95% CI 462, 692), respectively. Formulation 2 released sildenafil after 2.75 h (95% CI 2.40, 3.10).

CONCLUSIONS
The dual route/dual release fixed dose combination tablet fulfilled its design criteria and is considered suitable for further clinical
testing.
© 2016 The British Pharmacological Society DOI:10.1111/bcp.12887
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Female sexual interest/arousal disorder (FSIAD) is a significant problem impacting psychological well-being, but the
pharmacotherapeutic options for this problem are lacking.

• The combined, on-demand, sublingual administration of low dose sublingual testosterone and oral administration of sildenafil
is a novel pharmacotherapeutic option under development for FSIAD.

• In proof-of-concept trials, these compounds were successfully administered via different dosage forms (sublingual and oral) at
different time points (separated by 2.5 h) because of their markedly different pharmacokinetic–pharmacodynamic profiles. For
future larger scale studies and the clinical practice, this raises obvious adherence issues.

WHAT THIS STUDY ADDS
• A newly developed dual route/dual release fixed dose combination tablet containing testosterone and sildenafil mimics the
pharmacokinetic profile of these components when they are administered as different dosage forms, 2.5 h apart.

• This combination tablet is a suitable final pharmaceutical drug product that will be used in future studies.
Introduction
Low sexual desire is the most common sex-related complaint
reported by women [1–3]. This can cause sexual dissatisfaction,
which can lower the psychological well-being of these women
[4]. For low sexual desire to be regarded as a disorder, it must
cause marked distress and/or interpersonal difficulties and not
be better accounted for by another mental disorder, drug use
(legal or illegal) or another medical condition [5]. This
condition, hypoactive sexual desire disorder (HSDD), has
been merged with female sexual arousal disorder into a
single diagnosis, female sexual interest/arousal disorder
(FSIAD), in the fifth edition of the Diagnostic and Statistical
Manual for Mental Disorders (DSM-5) [6]. Pharmaco-
therapeutic options for HSDD/FSIAD are still severely lack-
ing, even following the recent marketing approval for
flibanserin, the first approved drug for HSDD in the USA.
In Europe, no prescription drugs are available for this
problem.

Two pharmacotherapeutic treatments that are in develop-
ment have been designed based on the hypothesis that
HSDD/FSIAD may be caused and/or sustained by (at least)
two different mechanisms that are independent of the prior
DSM subdivision in desire and arousal disorders. The two
mechanisms are based on the idea postulated in the dual
control model of sexual response [7, 8] that sexual dysfunc-
tions are caused and sustained by dysfunction in one of two
separate but interacting systems, the sexual excitation and
the sexual inhibition system. There is cognitive [9, 10], psy-
chophysiological [9–13], subjective [10–12], neuroanatomi-
cal [14, 15] and pharmacological [9–12, 15] evidence that
shows that there are indeed women whose HSDD/FSIAD is
caused by either a decreased propensity for sexual excitation
or an increased propensity to inhibit their sexual response.
The combination of testosterone and sildenafil is an on-
demand (i.e. pro re nata) therapy developed for women in
whom HSDD/FSIAD is caused by a low sensitivity to sexual
stimuli (i.e. decreased propensity for sexual excitation),
whereas the combination of testosterone and buspirone is
an on-demand therapy developed for women in whom
HSDD/FSIAD is caused by dysfunctional over-activation of
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sexual inhibitory mechanisms [11, 12, 15]. Both drugs have
been shown to increase physiological and/or subjective indi-
ces of sexual functioning (including sexual satisfaction) as
compared with placebo, in the laboratory and at home, in
the respective subpopulations of HSDD [9–12].

The first combination drug contains testosterone
(0.5 mg), administered sublingually, and the phosphodiester-
ase type 5 (PDE-5) inhibitor sildenafil (50 mg), administered
orally and to be absorbed via the gastro-intestinal tract. Sub-
lingual testosterone is rapidly absorbed (time to maximum
concentration [tmax] occurs within 15 min) and circulating
testosterone concentrations return to baseline values within
approximately 2 h [16]. The pharmacodynamic effect that
sublingually administered testosterone induces, however,
does not overlap with its pharmacokinetic peak profile.
Instead, sublingually administered testosterone produces an
increase in sexual motivation and desire (but also in other
cognitive and affective functions [16–29]) in sexually func-
tional women about 4 h after administration (with the win-
dow of effect between 3 to 6 h post-dose) when the plasma
testosterone concentrations have already returned to base-
line [16]. Thus, testosterone and sildenafil have to be released
in such a timeframe that the peak plasma concentration of
sildenafil largely coincides with the 4 h delay in behavioural
effects of testosterone. The second combination drug con-
tains sublingual testosterone also, and the oral 5-HT1A recep-
tor agonist buspirone. The release profile of the different
active ingredients of this combination are also matched in
such a way that the pharmacological effects of the 5-HT1A re-
ceptor agonist coincides with the behavioural window of the
pharmacodynamic effect induced by the sublingual testoster-
one administration [12].

In earlier clinical trials the testosterone component was
administered as a sublingual solution. This was followed by
oral administration of an encapsulated (to ensure blinding)
PDE-5 inhibitor or 5-HT1A receptor agonist, 2.5 h after
sublingual testosterone administration in order to let the
pharmacodynamic effects of the two compounds coincide.
This method was adequate for these early clinical studies,
but it is unsuitable as a final pharmaceutical formulation.
Self-administering two different medications in two different
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dosage forms, at two different time points is complex and im-
practical. Such a dosing scheme could have a negative impact
on medication adherence in larger scale clinical trials and
clinical practice, specifically the adherence to the timing of
administration of the second compound relative to testoster-
one administration. Therefore, the active components were
formulated into single dual route/dual release fixed dose
combination tablets, one for testosterone combined with sil-
denafil and one for testosterone combined with buspirone
[30]. These combination tablets deliver the testosterone com-
ponent sublingually and approximately 2.5 h after the tablet
has been swallowed, the sildenafil or buspirone component is
released into the gastro-intestinal tract in a pH-independent
manner. Such a single combination tablet can thus be taken
on-demand, 3 to 6 h before anticipated sexual activity.

The objective of the present comparative pharmacoki-
netic study was to evaluate whether the pharmacokinetic
profile of the combination tablet containing testosterone
and sildenafil adequately mimicked the pharmacokinetic
profile of these components when administered separately.
Total testosterone, free testosterone, sildenafil and sildenafil’s
main metabolite N-desmethyl-sildenafil were determined for
each formulation at baseline and at regular intervals after ad-
ministration. The pharmaceutical formulation principles
employed in the combination tablet have been shown to give
satisfactory results when comparing the two different dosage
forms of the combination of testosterone and buspirone [30].
It was therefore expected that the pharmacokinetic profile of
the two dosage forms tested in the current study would also
be comparable.
Methods

Study subjects
Eligible subjects were healthy premenopausal women of 18 to
35 years, with a body mass index (BMI) between 18 and
30 kg m–2. Exclusion criteria included endocrine, neurologi-
cal and cardiovascular conditions, hypertension, abnormal
liver or renal function and a history of a hormone-dependent
malignancy. Subjects were excluded if they were on medica-
tion that could interfere with the metabolism of the study
medication or otherwise confound the results of the study, i.
e. medications that interfere with the metabolism of sex ste-
roids (e.g. oral contraceptives containing anti-androgens or
(anti)androgenic progestogens) or sildenafil (e.g. nitric oxide
donor compounds) or testosterone therapy within 6 months
before study entry.

Women were recruited via advertisements, and via a vol-
unteer database of the contract research organization that
conducted the study (QPS, Groningen, The Netherlands).
Participants were screened for eligibility approximately
4 weeks prior to study entry, after providing written informed
consent. At screening, medical history was recorded, a physi-
cal examination including a 12-lead electrocardiogram was
performed, a urine pregnancy test was performed and stan-
dard biochemistry, serology and haematological laboratory
parameters were assessed. Baseline levels of total testoster-
one, sex hormone-binding globulin (SHBG), albumin,
thyroid stimulating hormone (TSH) and follicle stimulating
hormone (FSH) were also assessed at screening. Subject re-
cruitment started on the 16 June 2011and the last visit was
on the 15 July 2011.

This study was carried out in agreement with the Declara-
tion of Helsinki (October 2008) and the International Confer-
ence on Harmonization - Good Clinical Practice guidelines
for clinical research. It was approved by the Medical Ethics
Committee of TwenteMedical School (Enschede, The Nether-
lands, reference number P11.05) and the Dutch Competent
Authority (Centrale Commissie Mensgebonden Onderzoek,
authorization number NL35616.044.11). It was registered in
the European Clinical Trials Database, EudraCT number
2011–000 457-23. The trial was retrospectively registered un-
der International Standard Randomized Controlled Trial
Number ISRCTN14616088.
Study design
This was a single centre, open label, randomized, crossover
controlled study investigating the pharmacokinetic profiles
of two different methods of the combined, on-demand ad-
ministration of testosterone and sildenafil. The first mode of
administration, formulation 1 (F1), was the sublingual ad-
ministration of a testosterone-cyclodextrin complex contain-
ing solution (0.5 mg testosterone in 0.5 ml), followed by oral
administration of a 50 mg sildenafil tablet (formulated in a
gelatin capsule), 2.5 h later. The second mode of administra-
tion, formulation 2 (F2) was the dual route/dual release fixed
dose combination tablet. The sublingual administration of
testosterone (0.5 mg) occurred through sublingual dissolu-
tion of the tablet’s solid outer coating. This was followed by
oral ingestion of the remaining inner core component con-
taining 50 mg sildenafil that was coated with a polymeric
ethylcellulose-based, pH-independent time delay coating, de-
signed to release the sildenafil after approximately 2.5 h in a
single pulse (i.e. not sustained release).

All 12 subjects received F1 and F2 on separate admission
periods and in random order based on study site entry. Each
admission period had a duration of approximately 39.5 h
(two overnight stays). The first subject to enter the site was al-
located to treatment F1 during the first admission period and
to treatment F2 during the second. The second subject to en-
ter the site was allocated to treatment F2 during the first ad-
mission period and to treatment F1 during the second. The
third subject was allocated as the first, and so on.Washout be-
tween admission periods was at least 7 days. Subjects entered
the study site on the evening prior to dosing during which vi-
tal signs were checked (including ECG) and a urine drug test,
a pregnancy test and alcohol breath analysis were performed.
The subjects received low calorie meals and decaffeinated
coffee/tea during the admission period to minimize the influ-
ence of food and drinks on pharmacokinetic parameters. Vital
signs and ECG were assessed after the last blood samples were
taken and prior to each discharge from site. Day of menstrual
cycle was not taken into account throughout the study.

During each admission period, serial blood samples were
drawn via an intravenous catheter, which was placed in the
forearm, at baseline (�10 min) and at 5, 10, 15, 20, 25, 30,
60, 90, 120, 135, 145, 165, 180, 195, 210, 225, 240, 270,
300, 330, 360, 390, 450, 570, 690, 810, 930 and 1590 min af-
ter dosing. The 930 min sample was taken in the evening
Br J Clin Pharmacol (2016) 81 1091–1102 1093
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before subjects went to bed. The 1590 min sample was taken
the next morning after breakfast. Total testosterone, free
testosterone and dihydrotestosterone were assessed at the
�10, 5, 10, 15, 20, 25, 30, 60, 90, 120, 145, 180, 240 and
1590 min time points; sildenafil and N-desmethyl-sildenafil
at the �10, 10, 30, 60, 90, 120, 135, 145, 165, 180, 195, 210,
225, 240, 270, 300, 330, 360, 390, 450, 570, 690, 810, 930,
1590 min time points.

A follow-up visit was performed 7 days after the last ad-
mission period during which subjects received a full physical
check up. Vital signs, ECG and blood safety were recorded,
and a pregnancy test was performed.

The study was conducted in the phase 1 unit of the
contract research organization QPS (Groningen, The Nether-
lands), by the trained research personnel of that same unit.
Medication and dosing
Formulation 1: separate administration

Testosterone in F1 was held in a 1 mg l–1 testosterone β-
cyclodextrin complex solution. Cyclodextrin is used to in-
crease the bioavailability of testosterone. Cyclodextrins have
been used to increase the bioavailability for many different
types of low soluble or low permeable pharmaceutical com-
pounds, including androgens, for different types of barriers,
including buccal membranes, in solution and in solid form
(see [31] for a review). It can enhance the solubility and bio-
availability of, in particular, hydrophobic compounds and
enhance drug delivery through aqueous diffusion-controlled
barriers (like the membrane of the sublingual cavity) but
hardly permeates the biological membranes themselves
[32]. The oral bioavailability β-cyclodextrin in humans is
between 0.5 and 3.3% [33]. Thus, with the present method
of administration for testosterone using β-cyclodextrin it is
mainly testosterone that enters the circulation.

A trained research associate administered 0.5 ml of the
testosterone solution under the subjects’ tongues using an
Eppendorf micropipette. The subjects were instructed to keep
the solution under their tongue for 60 s (which was timed by
a second research associate) while moving their tongue
slightly to optimize absorption. After 60 s, they swallowed
the (remaining) solution. Sildenafil in F1 was encapsulated
in a gelatin capsule. The encapsulated tablet was
administered orally 150 min after the administration of the
testosterone-containing solution. Water (approximately
200 ml) was provided to facilitate capsule ingestion.

Formulation 2: single dual route/dual release fixed dose
combination tablet.

The combination tablet is the same as described previ-
ously [30], except that the present tablet contains a different
active pharmaceutical ingredient in the core, namely sildena-
fil instead of buspirone. The combination tablet is a menthol
flavoured white tablet of 9 mm in diameter for sublingual
administration followed by swallowing (oral administration).
The quickly-dissolving outer coating, obtained through
film coating of the tablet from an ethanol solution, delivers
β-cyclodextrin and testosterone (0.5 mg) sublingually, and
the time-delayed release core delivers sildenafil (50 mg) about
2.5 h later. The outer coating comprises testosterone, excipi-
ents and a menthol flavour to indicate the full dissolution
of the coating. The testosterone coating is designed to
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dissolve fully and to obtain an almost immediate and com-
plete absorption via the mucosal membranes under the
tongue. The delayed-release core containing the sildenafil
has been developed based on in vitro release studies using
US Pharmacopeia (USP) dissolution method II. It is designed
to release the sildenafil in a single pulse, approximately
2.5 h after oral administration. This method of delayed re-
lease is accomplished through the use of a polymer coating
of ethylcellulose that allows for a slow penetration of water
in a pH-independent manner. At the predetermined time
the polymer coating ruptures at the edge of the tablet. The
core material is released immediately from the coating and
the dissolution of the sildenafil in the surrounding fluid oc-
curs without any delay.

For F2, the subjects were instructed to keep the tablet un-
der the tongue for 90 s (timed by a research associate), while
moving the tongue slightly to optimize absorption. After
90 s the subject was instructed to swallow the tablet as a
whole, without chewing or otherwise disrupting the dosage
form. If necessary the subject could take a glass of water
(200 ml) to enable swallowing.

A trained research associate administered both formula-
tions. A second research associate was responsible for quality
control of the procedure and timed the sublingual testoster-
one exposure of both formulations.

Bioanalytical methods
Assays for pharmacokinetic comparison and their assay vali-
dations were performed by Eurofins Medinet B.V., Breda,
The Netherlands. The experiments performed for method
validation were based on the Bioanalytical Methods Valida-
tion in Guidance for Industry: FDA Guidance for industry:
Bioanalytical Methods Validation, CDER (May 2001).

Total testosterone, free testosterone and
dihydrotestosterone assays
High performance liquid chromatography with mass spectro-
metric detection (HPLC-MS/MS) (API 4000, Applied
Biosystems, MDS SCIEX) was used for the determination of
total testosterone and dihydrotestosterone from plasma.
The LLOQ for testosterone was 0.02 ng ml–1 with an intra-
assay CV of 11.0%, an inter-assay CV of 12.8% and an overall
accuracy of 97.1%. The LLOQ for dihydrotestosterone was
0.02 ng ml–1 with an intra-assay CV of 16.0%, an inter-assay
CV < 16.0%, and an overall accuracy of 107%. Free testoster-
one was determined in plasma through ultra-filtration
followed by HPLC-MS/MS. The method was validated with a
lower limit of quantification (LLOQ) of 1.00 pg ml–1 for free
testosterone with an intra-assay coefficient of variation (CV)
of 12.0%, an inter-assay CV of 13.3% and an overall accuracy
of 103%. The HPLC-MS/MS assay is a reliable and sensitive
method for the analysis of free testosterone and overcomes
the known limitations of direct immunoassays in measure-
ment of testosterone values in the lower range [34, 35].

Extraction method for total testosterone. The samples were
vortex mixed and transferred into a clean test tube to which
20 μl internal standard was added and vortex mixed. Then
methyl tertiary-butyl ether (MTBE) was added, tubes were
capped and shaken for 10 min and then centrifuged for
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5 min at 2000 relative centrifugal force (rcf). The tubes were
placed into a snap freezer and the bottom water layer was
frozen. The supernatant was transferred into a clean tube
and evaporated to dryness under a stream of nitrogen. The
residue was reconstituted with mobile phase and injected
for HPLC-MS/MS analysis.

Extraction method for free testosterone. A plasma sample was
transferred to a deactivated (using Triton X-100) Amicon
Ultra 4 Centrifugal Filter Unit with a cut off filter of 30 kDa.
Hepes buffer was added and the mixture was homogenized
and was equilibrated for 1 h at 37°C. Plasma ultrafiltrate was
obtained by centrifugation of the mixture at 7500 rev min–1

at 37°C for 2 h. The yield of ultrafiltrate was approximately
90% v/v.

The ultrafiltrate samples were vortex mixed and trans-
ferred into a clean test tube to which 100 μl internal standard
was added and vortex mixed. Then MTBE was added, tubes
were capped and shaken for 10 min and then centrifuged
for 5 min at 2000 rcf. The tubes were placed into a snap
freezer and the bottom water layer was frozen. The superna-
tant was transferred into a clean tube and evaporated to
dryness under a stream of nitrogen. The residue was
reconstituted with 100 μl mobile phase and injected for
HPLC-MS/MS analysis.

Equipment. For the HPLC-MS/MS assays an Applied
Biosystem/MDS SCIEX API-4000 triple quadrupole MS, with
positive multiple reaction monitoring and ion spray (turbo
spray) was used. The HPLC system and column was Shimadzu
Co-sense system and Hypersil GOLD, 50 × 2.1 mm, particle
size 3 μm. Gradients of mobile phase A were methanol with
0.1% acetic acid and mobile phase B, water/methanol with
0.1% acetic acid.

Sildenafil and N-desmethyl-sildenafil assay
Sildenafil and its major metabolite N-desmethyl-sildenafil
concentrations in plasma were also determined by HPLC-
MS/MS. The method was validated with a LLOQ of
1.00 ng ml–1 for sildenafil with an intra-assay CV of 7.2%, an
inter-assay CV of 11.2% and an overall accuracy of 98.9%.
The LLOQ for N-desmethyl-sildenafil was 0.50 ng ml–1 with
an intra-assay CV of 6.3%, an inter-assay CV of 5.3% and an
overall accuracy of 99.1%.

Extraction method for sildenafil and N-desmethyl-sildenafil.
The samples were vortex mixed and transferred into a clean
test tube to which 20 μl internal standard solution was
added and vortex mixed. Then, 4 ml MTBE was added, tubes
were capped and shaken for 10 min and then centrifuged
for 5 min at 2000 rcf. The tubes were placed into a snap
freezer and the bottom water layer was frozen. The
supernatant was transferred into a clean tube and
evaporated to dryness under a stream of nitrogen. The
residue was reconstituted with mobile phase and injected
for HPLC-MS/MS analysis.

Equipment. For the HPLC-MS/MS assays an Applied
Biosystem/MDS SCIEX API-4000 triple quadrupole MS, with
positive Multiple Reaction Monitoring and Ion spray (Turbo
spray) was used. The HPLC system and column was
Shimadzu Co-sense system and Phenomenex Kinetex, C18
100 × 2.1 mm, particle size 2.6 μm. Gradients of mobile
phase A were methanol with 0.1% acetic acid and mobile
phase B, water/methanol with 0.1% acetic acid.
Hormonal assays performed at screening
Standard biochemistry, serology and haematological labora-
tory parameters were assessed by KCL BioAnalysis, Leeuwar-
den, The Netherlands.

SHBG was assessed via an Elecsys® electrochemi-
luminescence immunoassay (ECLIA) employing a sand-
wich method using two monoclonal antibodies, with a
Modular Analytics E170 module (Roche Diagnostics
GmbH, Mannheim, Germany). The lower limit of detec-
tion was 0.350 nmol l–1. Reference ranges for SHBG were
20.0–70.0 nmol l–1.

FSH was assessed via an Elecsys® ECLIA employing a sand-
wich method using two monoclonal antibodies, with a Mod-
ular Analytics E170 module (Roche Diagnostics GmbH,
Mannheim, Germany). Lower limit of detection was <0.100
mIU ml–1. Reference ranges for FSH were 3.0–10.0 IU l–1.

TSHwas assessed via an Elecsys® ECLIA employing a sand-
wich method using two monoclonal antibodies, with a Mod-
ular Analytics E170 module (Roche Diagnostics GmbH,
Mannheim, Germany). The lower limit of detection was
0.005 μIU ml–1. Reference ranges for TSH were 0.30–4.0
mIU l–1.

Albumin was assessed via a Tina-quant® turbidimetric as-
say using anti-albumin antibodies, with a Modular Analytics
P module (Roche Diagnostics GmbH, Mannheim, Germany).
The lower limit of detection was 3 g l–1. Reference ranges for
albumin were 35–50 g l–1.
Statistical analysis
The present study was performed to do a pharmacokinetic
comparison of a proof-of-concept prototype and the selected
tablet for clinical development. In other words, the study was
not designed to determine bioequivalence. As this study was
not a bioequivalence study, the limits were used for sample
size calculation only. The sample size was based on the com-
parison of the free testosterone of both formulations. In a pre-
vious study, a within-subjects coefficient of variation (CV) of
21% was detected for AUC(0,230 min). Other CVs of free tes-
tosterone, total testosterone and DHT for AUC(0,230 min)
and Cmax were lower. Therefore this CV was used for the sam-
ple size calculations. Assuming a CV of 21%, 12 evaluable sub-
jects are required to compare two treatments with limits set to
0.75 and 1.33 (for both AUC(0,t) and Cmax) and at a power of
80% (β = 0.2) and α = 0.05.

Pharmacokinetic parameters including the time to maxi-
mum plasma concentration (tmax), terminal half-life (t1/2),
the maximum plasma concentration (Cmax) and area under
the plasma concentration–time curve (AUC) were calculated
based on actual and (for testosterone) baseline corrected indi-
vidual concentration–time curves. AUCs were estimated
using the linear trapezoidal rule. Cmax and tmax were taken
from the measured values. t1/2 was calculated from the un-
weighted linear regression of the log-transformed data
Br J Clin Pharmacol (2016) 81 1091–1102 1095



Table 1
Baseline and clinical characteristics of the participants

Characteristic Value (n = 12)

Age (years) 23 (19–34)

Race (n)

Western European descent 11

Mixed Western European – Asian descent 1

BMI (kg m–2) 22.4 ± 2.5

Contraception (n)

hormonal 9

combined oral contraceptive pill 8

IUD (progestagen) 1

non-hormonal 3

Total testosterone (ng ml–1) 0.21 ± 0.12

Free testosterone (pg ml–1) 1.86 ± 0.76

Dihydrotestosterone (ng ml–1) 0.096 ± 0.078

SHBG (nmol l–1) 87.9 ± 39.0

Albumin (g l–1) 39.4 ± 2.60

Age is given in median (range). BMI and hormonal values are mean ± SD.
To convert total testosterone to nmol l–1, multiply by 3.467. BMI, body
mass index; IUD, intrauterinedevice; SHBG, sexhormone-bindingglobulin.
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determined at the elimination phase of the pharmacokinetic
profile of each subject.

The AUC(0,1590 min) was determined as the area under
the concentration vs. time curve from the first time point to
the last time point with measurable drug concentration with
a linear/log-linear trapezoidal model. The AUC(0,∞) was cal-
culated from the AUC(0,1590 min) by the addition of a con-
stant (Cp/λz), where Cp is the last observed quantifiable
concentration and λz is the elimination rate constant. Cp/λz
was determined by dividing the Cp by λz using linear regres-
sion of Cp vs. time data (standard extrapolation technique).
The elimination rate constant and the corresponding elimi-
nation half-life, was estimated by log-linear least squares re-
gression of the terminal part of the plasma concentration vs.
time curve. The lag time (tlag) was determined as the first time
point with a measurable concentration in plasma indicating
the onset of absorption. The pharmacokinetic parameters
were analyzed using the Watson 7.2 Bioanalytical LIMS soft-
ware (Thermo Electron Corporation-Philadelphia-USA).

The demographic baseline levels of total and free testoster-
one, dihydrotestosterone, SHBG and albumin were calculated
by taking themeanof F1 and F2. For the baseline corrected phar-
macokinetic parameters the raw data of each subject was taken
as baseline. Paired-samples t-tests were used to test the difference
between the F1 and F2 pharmacokinetic parameters if the data
were normally distributed. For non-normally distributed data,
Wilcoxon signed rank tests were used. For all analyses, a (two-
sided) P value<0.05 was considered statistically significant. Sta-
tistical analyses were performed in SPSS 21.0 (IBMSPSS Statistics
forWindows, Version 21.0. Armonk, NY,USA: IBMCorp). The ra-
tios of geometric least square means and the corresponding 90%
confidence intervals (CI) of the Cmax and AUC(0,1590 min)
were computed, with F2 as reference. This was performed with
R-software version 3.2.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria).
Results
The baseline characteristics and hormone concentrations of
the 12 study participants are outlined in Table 1. Of the 12
study participants, 11 subjects were of Western European de-
scent, one subject was of mixed Western European-Asian de-
scent, and mean age was 23.3 years. Nine women were on
hormonal contraception, none of which contained anti-
androgens or (anti)androgenic progestogens. Baseline levels
of testosterone, SHBG and albumin were all in the expected
range for premenopausal women (see Table 1). TSH and FSH
were also in the expected range for premenopausal women.

For one subject, the pre-dose plasma concentrations of
testosterone, free testosterone and dihydrotestosterone in
F2 were extremely high while the 10 min sample was signifi-
cantly lower, suggesting sample mix-up. For this reason, the
results of this subject were excluded from PK calculations
for the F2 dosing group with the analysis of testosterone, di-
hydrotestosterone and free testosterone. For another subject,
the free testosterone result of the last time point during F1
dosing was questionable. For this reason this subject was
not included in the free testosterone PK calculations for the
F1 dosing group (see Figure 1 for CONSORT flow diagram).
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Pharmacokinetic results
Testosterone, free testosterone and dihydrotestosterone.
Pharmacokinetic results of the two administrations show that
for both products, testosterone was rapidly absorbed with a
total testosterone tmax of 14 min for F1 and 15 min for F2
(0.229 and 0.250 h, respectively). Half-life was 37 min for F1
and 38 min for F2 (0.615 and 0.629 h, respectively). Free
testosterone reached the maximum concentration after
15 min for F1 and F2 (0.250 and 0.242 h, respectively) with a
half-life of 39 min for F1 and 36 min for F2 (0.652 and
0.593 h, respectively). Dihydrotestosterone reached its
maximum concentration in 26 min for F1 and in 29 min for
F2 (0.438 and 0.485 h, respectively) with a half-life of 108 min
for F1 and 84 min for F2 (1.80 and 1.40 h, respectively).

Cmax was significantly higher for total testosterone
(P = 0.001), free testosterone (P = 0.008) and dihydrotestosterone
(P = 0.001) after F2 administration comparedwith F1 dosing. This
difference between the two dosing methods was also apparent in
the 90% CI of the Cmax ratios (1.44 [1.29, 1.62], 1.58 [1.31, 1.90]
and 1.30 [1.18, 1.43], respectively) that were outside the set limits
(0.75, 1.33). Furthermore, the average AUC with F2 dosing was
significantly higher for total testosterone (P = 0.002) and for free
testosterone (P = 0.022) compared with the F1 dosing. The 90%
CI of the AUC ratios were 1.44 (1.30, 1.60) for total testosterone,
1.68 (1.23, 2.28) for free testosterone, and 1.13 (0.90, 1.43), also
outside the set limits. Finally, the tmax of dihydrotestosterone fol-
lowing F1 dosingwas significantly shorter than for F2 (P = 0.041).
The pharmacokinetic parameters of total and free testosterone,
and dihydrotestosterone after the different modes of



Figure 1
CONSORT flow diagram

Table 2
Pharmacokinetic parameters for total testosterone, free testosterone and dihydrotestosterone after F1 and F2 administration

Analyte
Total
testosterone

Free
testosterone Dihydrotestosterone

Formulation F1 F2 F1 F2 F1 F2

n 12 11 11 11 12 11

Cmax (ng ml–1) Mean 5.66 8.06* 0.0300 0.0476* 0.492 0.645*

95% CI 4.63, 6.69 6.84, 9.28 0.0230, 0.0370 0.0361, 0.0591 0.397, 0.587 0.508, 0.782

Ratio† 1.44 1.58 1.30

90% CI 1.29, 1.62 1.31, 1.90 1.18, 1.43

AUC(0,1590 min) (ng ml–1 h) Mean 5.12 7.69* 0.0276 0.0449* 1.07 1.22

95% CI 4.51, 5.73 6.22, 9.16 0.0177, 0.0375 0.0321, 0.0577 0.79, 1.35 0.88, 1.56

Ratio† 1.44 1.68 1.13

90% CI 1.30, 1.60 1.23, 2.28 0.90, 1.43

tmax (h) Mean 0.229 0.250 0.250 0.242 0.438 0.485*

95% CI 0.193, 0.265 0.212, 0.288 0.212, 0.288 0.201, 0.283 0.397, 0.479 0.465, 0.505

t1/2 (h) Mean 0.615 0.629 0.652 0.593 1.80 1.40

95% CI 0.554, 0.676 0.577, 0.681 0.536, 0.768 0.529, 0.657 1.23, 2.37 0.90, 1.90

*P < 0.05, value at F2 is significantly different from F1.For all calculations the pre-dose concentration is subtracted from the determined concen-
tration after dosing. †Ratio of geometric least square means. AUC(0,1590 min), area under the curve from time 0 to 1590 min; CI, confidence in-
terval; Cmax, maximum concentration; F1, formulation 1; F2, formulation 2; tmax, time to maximum concentration; t½, half-life.
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administration, and the ratios and corresponding 90% CI of the
Cmax and AUC(0,1590 min) are summarized in Table 2.

The mean concentrations of testosterone, free testoster-
one and dihydrotestosterone measured after sublingual ad-
ministration of a single dose of 0.5 mg testosterone (F1) and
after the fixed dose combination tablet (F2) administration
are shown in Figures 2, 3 and 4.
Sildenafil and N-desmethyl-sildenafil. Pharmacokinetic
results of the two modes of administration show that
sildenafil was absorbed with a tmax of 3 h and 53 min for F1
and 3 h and 6 min for F2 (3.88 and 3.10 h, respectively),
Figure 2
Mean total testosterone plasma concentration–time profiles.
Formulation 1: separate dosage forms prototype, Formulation
2: dual-route/dual-release fixed-dose combination tablet

Figure 3
Mean free testosterone plasma concentration–time profiles. For-
mulation 1: separate dosage forms prototype, Formulation 2:
dual-route/dual-release fixed-dose combination tablet

Figure 4
Mean dihydrotestosterone plasma concentration–time profiles.
Formulation 1: separate dosage forms prototype, Formulation 2:
dual-route/dual-release fixed-dose combination tablet
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and with a half-life of 3 h and 52 min for F1 and 4 h and
58 min for F2 (3.87 and 4.96 h, respectively). Sildenafil tlag
(median) was 3 h after F1 and 2 h and 45 min after F2
administration (3.00 and 2.75 h, respectively). Since for F1
the encapsulated tablet was taken after 150 min (2.5 h) the
in vivo dissolution and absorption of sildenafil took 30 min.
The in vivo lag time for F2 was 165–30 = 135 min, which was
well in line with in vitro results of the tablet. N-desmethyl-
sildenafil reached the maximum concentration after 4 h for
F1 and after 3 h and 20 min for F2 (4.00 and 4.34 h,
respectively) with a half-life of 5 h and 13 min for F1 and
7 h and 4 min for F2 (5.21 and 7.07 h, respectively).

Cmax and AUC were not significantly different between
the F1 and F2 administration either for sildenafil or for N-
desmethyl-sildenafil. The 90% CI of the Cmax ratios (0.67
[0.43, 1.05] and 0.74 [0.53, 1.04], respectively) deviated from
the 0.75, 1.33 limits, as did the 90% CI of the AUC ratio of sil-
denafil (0.84 [0.72, 0.99]). The 90% CI of the AUC ratio of N-
desmethyl-sildenafil was within the set limits (0.85 [0.75,
0.96]). There was a significant difference between the N-
desmethyl-sildenafil half-lives of the two administration
methods (P = 0.041). The pharmacokinetic parameters of sil-
denafil and its primary metabolite N-desmethyl-sildenafil af-
ter the F1 and F2 modes of administration, and the ratios
and corresponding 90% CI of the Cmax and AUC
(0,1590 min) are summarized in Table 3.

Themean concentration–time profiles of sildenafil and N-
desmethyl-sildenafil measured after oral administration of a
single dose of sildenafil (50 mg) using the F1 and F2 modes
of administration are shown in Figures 5, 6.

The two formulations were well tolerated by all volunteers.
Discussion
This study demonstrates that the pharmacokinetic profile of
two different drugs (testosterone, 0.5 mg, and sildenafil,



Table 3
Pharmacokinetic parameters for sildenafil and N-desmethyl sildenafil after either F1 or F2 administration

Analyte Sildenafil N-desmethyl sildenafil
formulation F1 F2 F1 F2
n 12 12 12 12

Cmax (ng ml–1) Mean 268 173 55.5 42.7

95% CI 188, 348 126, 220 44.1, 66.9 32.3, 53.1

Ratio† 0.67 0.74

90% CI 0.43, 1.05 0.53, 1.04

AUC(0,1590 min) (ng ml–1 h) Mean 577 476 194 155

95% CI 462, 692 401, 551 143, 245 127, 183

Ratio† 0.84 0.85

90% CI 0.71, 0.99 0.75, 0.96

AUC(0,∞) (ng ml–1 h) Mean 596 500 203 171

95% CI 481, 711 423, 577 151, 255 139, 203

tmax (h) Mean 3.88 3.10 4.00 3.34

95% CI 3.27, 4.49 2.74, 3.46 3.28, 4.72 2.89, 3.79

tlag (h) Mean 3.00 2.75 3.29 2.78

95% CI 2.72, 3.28 2.40, 3.10 2.94, 3.64 2.37, 3.19

t1/2 (h) Mean 3.87 4.96 5.21 7.07*

95% CI 2.72, 5.02 3.82, 6.10 4.55, 5.87 5.79, 8.35

*P< 0.05, valueat F2 is significantlydifferent fromF1.†Ratioofgeometric least squaremeans.AUC(0,1590min), areaunder thecurve fromtime0 to1590min;AUC(0,∞),
area under the curve from time 0 to infinity; Cmax, maximum concentration; tlag, time to first measurable quantity; tmax, time to maximum concentration; t½, half-life.

Figure 5
Mean sildenafil plasma concentration–time profiles. Formulation
1: separate dosage forms prototype, Formulation 2: dual-
route/dua-release fixed-dose combination tablet

Figure 6
Mean N-desmethyl-sildenafil plasma concentration–time profiles.
Formulation 1: separate dosage forms prototype, Formulation 2:
dual-route/dual-release fixed-dose combination tablet

Pharmacokinetics of testosterone and sildenafil combination tablet
50 mg) administered in a single fixed dose combination via
two different routes and with two different time vs. release
profiles, is comparable but not bioequivalent to the separate
administration of the two drugs administered 2.5 h apart
and in separate dosage forms. This observation of non-
bioequivalence of the proof-of-concept formulation and the
Br J Clin Pharmacol (2016) 81 1091–1102 1099
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clinical formula is not meaningful since the clinical develop-
ment started with a dose-finding study of the new final fixed
dose combination tablet. This is in line with a previous study
in which the pharmacokinetic profiles of a single fixed dose
combination tablet containing testosterone and buspirone
and its separate administration equivalent were compared
[30]. For that combination tablet, the same rapid outer coat-
ing dissolution technology and inner core delayed-release
technology were employed.

In both formulations, sublingual administration of testos-
terone resulted in an almost immediate and steep increase in
circulating total and free testosterone concentrations. Time
to maximum concentration was 10 to 20 min. Total and free
testosterone reached baseline concentrations again after ap-
proximately 2.5 h. These observations are in line with previ-
ous studies [16, 30, 36].

There was an apparent difference in the Cmax of testoster-
one between the two formulations. Cmax of total testosterone
following liquid dosing of testosterone (F1) was consistent
with the reported Cmax of this dosage form found in previous
studies [16, 30, 36]. However, the Cmax and AUC of total and
free testosterone were higher for the fixed dose combination
tablet (F2). This indicates a very fast and more complete absorp-
tion from the solid polymeric matrix. Since there is no delay or
difference in absorption profile for the two formulations, the
in vivo dissolution of testosterone from the tablet coating is
not likely to be the rate-limiting step in the absorption process.
The bioavailability of testosterone from the tablet is higher than
from the liquid, which was also observed between the two for-
mulations described by van Rooij et al. [30]. This is likely due
to a higher testosterone concentration gradient for testosterone
in saliva from the drug originating from the tablet coating as
compared with the administered testosterone liquid leading to
a more complete absorption. Secondly, it should also be taken
into account that a certain volume of the liquid testosterone
(0.5 ml) may have leaked away to the oesophagus and been
swallowed which would certainly lower the bioavailability from
the liquid dosage form.

Dihydrotestosterone reached maximum concentration
within 30min and returned to baseline levels within 4 h, con-
sistent with previous pharmacokinetic studies [30, 36]. There
was a small difference between the two formulations in tmax

of dihydrotestosterone in the present study (26 min for F1
vs. 29 min for F2), but this is unlikely to be clinically relevant.
No such differences were observed for total testosterone or
free testosterone and differences in (speed of) metabolism
from testosterone to dihydrotestosterone between the two
different dosing methods were not likely.

In the previous study of van Rooij et al., it was estimated
that a 0.50 mg testosterone cyclodextrin solution had an ab-
solute bioavailability of approximately 70%. These observa-
tions and the current results that show that the new
combination tablet with the solid form coating of testoster-
one has both a higher Cmax and AUC, indicate that the abso-
lute bioavailability of this tablet is above 70%, and close to
80%, as was described earlier for the combination tablet con-
taining testosterone and buspirone [30].

The current study also investigated a new delayed re-
lease matrix coated core that was designed to release the
full dose of sildenafil at once after approximately 150 min
(specified range of 120–240 min), thereby mimicking the
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time lag that was applied between the separate administra-
tion of the two active compounds. The results showed that
the in vivo rupture time of the tablet was within the set
specifications. tlag and tmax for both sildenafil and its main
metabolite N-desmethyl-sildenafil were comparable for
both modes of administration. There was, as expected, a
high variability between subjects for the sildenafil concen-
trations due to the high first pass effect.

The average Cmax was slightly (non-significantly) lower
for the combination tablet as compared with the encapsu-
lated tablet of F1 that was administered separately 150min af-
ter the administration of the testosterone dose. This is
probably caused by a difference in rate of absorption within
different parts of the gastro-intestinal tract. The separately ad-
ministered gelatin capsule dissolves almost immediately in
the stomach and thus absorption starts in the stomach and
first part of the small intestine. The fixed dose combination
tablet releases its drug load after an approximately 150 min
longer passage time through the gastrointestinal tract and ab-
sorption therefore starts further down in the small intestines,
where the available surface for absorption is smaller than in
the upper small intestines. However, the AUC of N-desmethyl
sildenafil, themain first pass metabolite of sildenafil, does not
suggest a significant incomplete absorption of sildenafil, but
rather a more extensive first-pass effect of the sildenafil re-
leased from the fixed dose combination tablet that releases
the drug further down in the gastrointestinal tract. This slight
difference was also observed in the previous study that inves-
tigated the combination tablet containing testosterone and
buspirone [30].

The present method of testosterone administration in-
creases the brain’s sensitivity to sexual stimuli from approxi-
mately 3 h up until approximately 6 h after administration
[15]. Previous research suggests that a dose of 0.75 mg testos-
terone, administered sublingually using the same liquid solu-
tion as used in F1, will not further increase the brain’s
sensitivity to sexual stimuli than a dose of 0.5 mg [36]. There-
fore it is not expected that the increased bioavailability of tes-
tosterone of F2 will further increase the brain’s sensitivity to
sexual stimuli as compared with F1.

The lower bioavailability of sildenafil in F2 (approxi-
mately 80% of F1) is not expected to be clinically relevant.
The effectivity of the combination of testosterone and silden-
afil for the treatment of FSIAD is based on testosterone’s abil-
ity to increase the brain’s sensitivity to sexual stimuli, and
sildenafil’s ability to increase genital vasocongestion (see
[15] for a full description of the mechanism of effect). Silden-
afil at a dose of 25 mg has a lower Cmax and AUC than ob-
served in the present study [37], but it is clinically effective
in men with erectile dysfunction [38]. Sildenafil has the same
physiological effect in women as it does inmen [39] but when
administered without testosterone it is not an effective treat-
ment for FSIAD [9, 10]. So, if 1] a 25 mg dose induces a phys-
iological effect in men, 2] sildenafil has a comparable
physiological effect in women as in men, and 3] the Cmax

and AUC of the present 50 mg dose in F2 is substantially
higher than observed for the 25 mg dose, it is likely that the
present dose of 50 mg in F2 (i.e. combined with sublingual
testosterone) will be adequate to ensure the combination
drug’s efficacy in treating FSIAD. This remains to be con-
firmed in future research.
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The study did not take into account cyclical and diurnal var-
iation of testosterone. Also, no post-menopausal women were
included and of the 12 premenopausal women, nine were on
hormonal contraceptives. This raises the question as to how
generalizable the total testosterone, free testosterone and DHT
results of this study are to these other situations and popula-
tions. Total testosterone increases approximately 25% in the
ovulatory phase as compared with the mid-follicular phase
[40], and a decrease in total testosterone concentrations which
is smaller in magnitude has been observed in post-menopausal
women [41]. The testosterone administration tested in the
present study increases total testosterone concentrations 25 to
40-fold compared with baseline levels. Thus, it is unlikely that
cyclical, diurnal and menopausal status related variations in cir-
culating testosterone levels will impact the present results and
conclusions as such fluctuations would account for less than
1%of the observedCmax in total testosterone. Hormonal contra-
ceptives are known to induce an increase in circulating SHBG
levels and, consequentially, a decrease in circulating free testos-
terone [42]. This may have impacted the observed free testoster-
one Cmax and AUC of the current study, but not those of
testosterone and DHT as these assessments are compiled of
SHBG-bound and unbound concentrations. If free testosterone
Cmax and AUC are influenced by use of hormonal contracep-
tives in this study, it is unlikely that this influences the ratio of
these parameters between the two formulations (i.e. if hor-
monal contraception decreases free testosterone levels follow-
ing F1, it will do so in the same manner and magnitude in F2).
The possible impact on free testosterone is thus unlikely to im-
pact the conclusions of the study because the goal was to com-
pare the PK of two different formulations with each other and
each subject served as their own control.

In conclusion, the absorption of testosterone and sildena-
fil and the time delay for the release of sildenafil after admin-
istration of the dual route/dual release fixed dose
combination tablet was adequate. The newly developed tab-
let may therefore be a convenient and suitable formulation
that increases dosing practicality and decreases potential
temporal non-adherence through circumventing the rela-
tively complex temporal dosing scheme in future clinical tri-
als and in a daily practice setting for treating FSIAD.
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