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Summary

Context: Sublingual testosterone is a single-dose treatment often used in studies regarding
social, cognitive and sexual behavior. It is hypothesized that an increase in the ratio of free to
total testosterone (free fraction) is indirectly, via genomic effects, responsible for the behavioral
effects after sublingual testosterone administration.
Objective: To characterize the pharmacokinetics of three doses sublingual testosterone in
premenopausal women. Also, to investigate the SHBG saturation threshold influencing the free
level and free fraction of testosterone.
Design: We conducted an investigator-blind, randomized, cross-over placebo controlled study.
Setting: This study was undertaken at the research and development department of a scientific
company for research regarding female sexual dysfunction.
Participants: 16 healthy premenopausal women (mean age 27.3 � 5.3 years).
Interventions: Sublingual testosterone solution; 0.25, 0.50 and 0.75 mg.
Main outcomes measure: The pharmacokinetics of three single doses sublingual testosterone
solution; the influence of SHBG levels on free and total levels of testosterone.
Results: After sublingual testosterone administration, serum free and total testosterone levels
peaked at 15 min and reached baseline levels within 150 min. The AUCs and Cmax of free and total
testosterone differed significantly between the three doses ( p < 0.0001) and increased dose-
dependently.
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A dose-dependent increase in free fraction of testosterone was found in women with low
SHBG levels, but not in women with high SHBG levels.
Conclusions: The three doses sublingual testosterone are rapidly absorbed and quickly metabo-
lized in premenopausal women. These data demonstrate the influence of SHBG levels on the
treatment induced alterations in plasma free testosterone.
# 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Results of scientific research indicate that testosterone is
involved in social behavior (Bos et al., 2011; Eisenegger
et al., 2011) including sexual behavior (Auger, 2004; Hull
and Dominguez, 2007). Sexual behavior is influenced by
endogenous testosterone levels as well as to exogenously
administered testosterone. For exogenous testosterone
administration, two different methods of treatment can be
distinguished: chronic treatment vs single dose administra-
tion. Each method of treatment has its own pharmacokinetic
profile, which may affect the influence of testosterone on
behavior. Chronic testosterone administration is utilized as
the delivery option in the majority of studies regarding the
influence of testosterone on women’s sexual behavior,
including hormonal replacement therapy in naturally or sur-
gically (bilateral oophorectomy) menopausal women (Shifren
et al., 2000; Sherwin, 2002; Simon et al., 2005).

More recently however, several studies have investigated
the effects of single dose testosterone administration on
women’s sexual behavior (Tuiten et al., 2000, 2002; van
der Made et al., 2009). Tuiten et al. reported that a single
sublingual dose of 0.50 mg testosterone significantly
increased vaginal vasocongestion and experiences of sexual
lust and genital sensation in premenopausal women without
sexual complaints (Tuiten et al., 2000). These effects
occurred 3—4 h after the induced testosterone peak and
about 2 h after testosterone returned to baseline levels. This
delay in behavioral effects after sublingual testosterone
administration has been replicated in several other studies
regarding social behavior and cognitive functions (Postma
et al., 2000; Aleman et al., 2004; Schutter and van Honk,
2004; Hermans et al., 2006, 2007, 2008; Bos et al., 2010;
Eisenegger et al., 2010; van Honk et al., 2001, 2004, 2005;
van Honk and Schutter, 2007).

There are very few studies that have defined the pharma-
cokinetic profile of sublingual testosterone. Salehian et al.
(1995), compared the pharmacokinetic profiles of 2 doses of
sublingual testosterone (2.5 and 5.0 mg) with the pharma-
cokinetic profile of a long-acting testosterone ester, testos-
terone enanthate (TE) (in oil, im. 200 mg) in hypogonadal
men. Compared to sublingual testosterone, the total and the
free testosterone levels peaked days later in the male sub-
jects studied who received TE. In the sublingual conditions
the rise of free testosterone levels occurred within 1 h after
administration, in the TE group this occurred 7 days after
administration. Furthermore, it was shown that the free
testosterone levels in the TE condition did not increase until
the sex hormone binding globulin (SHBG) levels were sup-
pressed after administration by day 7. The suppression of
SHBG levels was significantly greater in the TE group than in
either sublingual group (Salehian et al., 1995).
It is widely accepted that free testosterone is the biolo-
gically active testosterone (Mendel, 1989). Pharmacody-
namic effects (measures of sexual functioning) would thus
be expected to increase much later in the TE administered
group compared to the sublingual administered group. Unfor-
tunately, in the Salehian et al. study, post-dose sexual moti-
vation was measured for the first time in the week before the
first visit on day 20, when the free testosterone rise had
already been passed in both groups. Notably, in the study by
Tuiten and Van der Made et al., measures of sexual arousal
increased 3 to 4 h after the peak of circulating testosterone
(Tuiten et al., 2000; van der Made et al., 2009) and 2 h after
testosterone levels returned to baseline (Tuiten et al., 2000),
indicating that sublingual testosterone administration pro-
duces a pharmacodynamic effect after 4 h. Van der Made
et al. suggested a SHBG saturation threshold hypothesis; i.e.,
when available binding sites of SHBG are occupied with
testosterone after a sufficient single sublingual dose of tes-
tosterone, free fraction, and thus free testosterone levels
increase thereby inducing behavioral effects (van der Made
et al., 2009). The exact mechanism responsible for this delay
in behavioral effect is not fully understood but it could be
that testosterone exerts its behavioral effect via androgenic
metabolites, genomic mechanisms (Bos et al., 2011) or a
combination of these factors.

The main purpose of the present study was to establish an
extensive pharmacokinetic profile of three different single
doses of sublingual testosterone administered as a solution
with cyclodextrin. The primary pharmacokinetic endpoints
were levels of total and free testosterone. Secondary end-
points included the pharmacokinetics of 5a-dihydrotestos-
terone (DHT), and 3a-androstanediol glucuronide (3a-diol-
G). Additionally serum albumin, 17b-estradiol (E2) and SHBG
were measured.

Moreover, we compared the data of the present study with
those of the Tuiten et al.’s pharmacokinetic study (Tuiten
et al., 2000) with regard to the effect of single dose sublingual
testosterone on circulating free and total testosterone levels.
Furthermore we sought to determine at which level serum
testosterone occupies the available binding sites of SHBG and
serum free testosterone increases, i.e., the postulated SHBG
saturation threshold mechanism by van der Made et al. (2009).

2. Subjects and methods

2.1. Study subjects

Eligible women were between 21 and 40 years, premeno-
pausal and had a body mass index (BMI) between 18 and
30 kg/m2. Exclusion criteria included a history of a hormone-
dependent malignancy, endocrine disease, neurological
problems, psychiatric disorder, cardiovascular condition,
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hypertension, abnormal liver or renal function. Women tak-
ing medications that interfere with metabolism of sex ster-
oids or had used testosterone therapy within 6 months before
study entry were excluded also.

Women were recruited and enrolled from referrals, news-
paper advertisements, the Internet, and an internal database
of our lab. To determine eligibility, participants were
screened 2 weeks prior to study entry. In addition to an
assessment of medical history, all subjects received a phy-
sical examination including a 12-lead electrocardiogram,
standard biochemistry and hematological laboratory tests.
Blood samples for determination of testosterone, SHBG, TSH,
Thyroxine, FSH and estrogen were collected at baseline. A
urine pregnancy test was applied to all women of child
bearing potential.

16 healthy young women participated after providing
written informed consent and received reimbursement for
expenses for their participation. This study was approved by
the local ethics committee (Stichting Therapeutische Eva-
luatie Geneesmiddelen Medisch Ethische Toetsingscommis-
sie, Almere, The Netherlands) and carried out in agreement
with ICH-GCP (International Conference on Harmonization —
Good Clinical Practice).

2.2. Study design

This was a single-center, investigator-blind, randomized,
cross-over placebo controlled study with three doses of a
testosterone solution containing cyclodextrin administered
sublingually. This solution consists of authentic nonmodified
testosterone forming a soluble complex by a cyclodextrin
carbohydrate ring. Due to increased solubility the absorption
of testosterone through the oral mucosa is facilitated,
thereby avoiding the hepatic first-pass metabolism (Brewster
et al., 1988; Stuenkel et al., 1991; Salehian et al., 1995;
Zhang et al., 2002).

All 16 subjects received each investigational drug dose
once in random order. Wash-out between treatments was at
least 48 h. Subjects had serial blood samples drawn via an
intravenous catheter. Pharmacokinetic parameters were
monitored at baseline and (at 2, 4, 6, 8, 10, 20, 30, 60,
90, 120, 180, 230 min) after dosing.

Measurement of total testosterone, free testosterone,
and DHT were performed at each sampling time; E2 at �5,
60 and 230 min; 3a-diol-G at �5, 60, 120, and 230 min; SHBG
and albumin prior to dosing and at 230 min. Blood samples in
the placebo condition were only measured at �5, 10, 60 and
230 min.

Vital signs were measured at regular intervals and an
electrocardiogram was performed prior to dosing and at
the end of the experimental day. For each experimental
day, subjects were asked to attend the visit in fasting state
and they received a strict diet (low fat, no caffeine) during
the experimental day to minimize the influence of pharma-
cokinetic parameters. Drug, alcohol and pregnancy screens
were performed prior to experimental sessions.

2.3. Medication and dosing

Testosterone and placebo were administered sublingually in 4
separate experimental phases with either a 0.25, 0.50,
0.75 mg dose and placebo as a solution using a micropipette
(Gilson Pipetman P1000) from a 1 mg/mL solution. The
0.25 mg, 0.50 mg, and 0.75 mg testosterone were dosed from
different volumes of the 1 mg/mL solution. For the placebo
solution 0.50 mL was administered.

The different doses were prepared by an unblinded
research associate and administered by blinded research
associates. The blinded research associate administered
the solution into the subjects mouth under the tongue, the
subjects were instructed to keep the solution sublingually for
1 min while moving the tongue slightly to optimize absorp-
tion. After 1 min the blinded research associate instructed
the subject to swallow the solution.

2.4. Hormone assays

The assay used for the determination of total testosterone,
free testosterone (after ultrafiltration), and DHT was High
Performance Liquid Chromatography with Mass Spectro-
metric detection (LC/MSMS) (API 4000, AB Sciex). The
method was validated with a lower limit of quantification
(LLOQ) of 0.02 ng/mL for testosterone and DHT, and
0.001 ng/mL for free testosterone. The LC/MSMS assay is a
reliable method for analysis of free testosterone and over-
comes the known limitations of direct immunoassays in
measurement of testosterone values in the lower range
(Miller et al., 2004; Labrie et al., 2006).

E2 was analyzed by a chemiluminescence immunoassay
(Siemens), the LLOQ was 0.25 pmol/L. 3a-diol-G was mea-
sured by ELISA (BioVendor), the LLOQ was 0.25 ng/mL. SHBG
was measured by an electrochemiluminescent assay (ECLIA,
Roche). Albumin was measured by Roche Bromocresol Green
(BCG) analysis (Roche).

2.5. Statistical analysis

The pharmacokinetic parameters were analyzed using the
WinNonlin software (version 5.1). Pharmacokinetic para-
meters including area under the curve, t = 0 till
t = 230 min (AUC0—230), maximum concentration (Cmax) and
time to maximum concentration (tmax) were calculated
based on actual and baseline corrected individual concen-
tration time curves. AUCs were estimated using the linear
trapezoidal rule. Individual pharmacokinetic parameters
AUC0—230 and Cmax and corresponding dose normalized para-
meters were log transformed and analyzed using a mixed
maximum likelihood analysis (PROC MIXED in SAS, version 9.1)
including subject as a random factor and drug as a fixed
effect factor. Contrasts were made of the least square means
to compare the different doses. Tmax was analyzed using a
Wilcoxon rank sum test. This was based on the planned times
corresponding to the actual tmax to prevent bias in analysis
results based on differences in sampling times.

The baseline levels of total and free testosterone, DHT, E2,
3a-diol-G, SHBG and albumin were calculated by taking the
mean of the placebo, 0.25, 0.50 and 0.75 mg predose levels.

Overall analysis of the free fraction (free testosterone
levels divided by total testosterone levels at each time point)
was analyzed in a 3 Drug (0.25 mg vs 0.50 mg vs 0.75 mg) � 6
Time (t = 4, 6, 8, 10, 20, 30 min) repeated measures ANOVA,
with Drug and Time as within subjects factors.



Table 1 Baseline and clinical characteristics of the parti-
cipants.

Characteristic Value (N = 16)

Age (years) 27.3 � 5.3
Race (no. (%))
Caucasian 11 (69)
Black 2 (13)
Asian 1 (6)
Other 2 (13)a

BMI (kg/m2) 23.5 � 3.4
Contraceptive (no. (%))
Hormonal 11 (69)
Combined oral contraceptive pill 8 (50)
IUD (levonorgestrel) 2 (13)
Vaginal ring (progestin and estrogen) 1 (6)
Non-hormonal 1 (6)
None 4 (25.0)

Total testosterone (ng/mL) 0.2 � 0.1
Free testosterone (pg/mL) 1.9 � 0.7b

DHT (ng/mL) 0.1 � 0.03
3a-diol-G (ng/mL) 2.0 � 1.9
E2 (pmol/L) 207 � 147c

SHBG (nmol/L) 114 � 120
Albumin (g/L) 44.7 � 1.5

Plus—minus values are means � SD. To convert total testosterone
to nanomoles per liter, multiply by 3.467; to convert free testos-
terone to picomoles per liter, multiply by 3467. To convert total
DHT to nanomoles per liter, multiply by 3.44. To convert 3a-diol-G
to nanomoles per liter, multiply by 2.13.
All baseline levels are means of placebo, 0.25, 0.50, 0.75 mg
predose levels.
a The percentages do not sum up to 100% due to rounding of the

numbers.
b Only measured in 11 subjects; 5 subjects had values below the

LLOQ.
c Only measured in 15 subjects; 1 subject had a value below the

LLOQ.
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In order to meet normality assumptions, baseline SHBG
values were log-transformed and Pearson’s correlation coef-
ficients were calculated to further investigate relationships
between SHBG levels, total testosterone, free testosterone
and free fraction percentage of testosterone.

Subsequently, we divided the subjects into two subgroups,
on the basis of their baseline SHBG levels (mean of placebo,
0.25, 0.50, 0.75 mg predose levels). This subdivision was
based on a median split of the baseline SHBG levels. One
group (N = 8) with low SHBG levels (�63 nmol/L) and the
other group (N = 8) with relatively high SHBG levels
(>63 nmol/L). Independent samples t-test were used to
assess free testosterone levels with SHBG as grouping vari-
able (low vs high SHBG) for each post-dose measurement.

The dependent variable free fraction was analyzed in a 3
Drug (0.25 mg vs 0.50 mg vs 0.75 mg) � 6 Time (t = 4, 6, 8,
10, 20, 30 min) � 2 Group (SHBG low vs SHBG high) repeated
measures ANOVA, with Drug and Time as within subjects
factor and Group as between subjects factor. To analyze
the effects of the within subject factors within each group
separately, paired-samples t-test were used for each SHBG
group for each post-dose measurement between the three
doses. For all ANOVAs sphericity was not violated. For all
analyses a (two-sided) p-value less than 0.05 was considered
statistically significant. SPSS 16.0 was used for all statistical
analyses.

3. Results

The baseline characteristics and hormone levels of the 16
study participants are outlined in Table 1. One subject was
excluded from the 0.50 mg analysis due to an incorrect
administration procedure of the testosterone solution.

3.1. Primary pharmacokinetic endpoints

The pharmacokinetic parameters of total and free testoster-
one are summarized in Table 2.

3.1.1. Total testosterone
The three doses (0.25, 0.50, 0.75 mg) produced maximum
levels of total testosterone of 3.79, 5.31 and 6.73 ng/mL,
respectively, at means of 15.6, 15.1 and 14.3 min (Fig. 1).

The Cmax of total testosterone was significantly different
( p < 0.0001) among the three doses. We found no statisti-
cally significant differences in Tmax of total testosterone
between the three dosages. The AUCs of total testosterone
were also statistically significant different among the three
doses ( p < 0.0001) and showed a dose-dependent increase.
The calculated half-life of total testosterone showed a sig-
nificant difference between the 0.50 mg and 0.75 mg dose
( p = 0.0125).

3.1.2. Free testosterone
Peak levels for free testosterone during the three dosages
were 0.021, 0.032 and 0.043 ng/mL at means of 15.6, 14.4
and 12.8 min respectively (Fig. 2). There was a statistically
significant difference between the three doses with respect
to Cmax of free testosterone ( p < 0.0001). There were no
statistically significant differences for free testosterone Tmax

between the three dosages. Free testosterone AUCs were
statistically significant different between the three doses
and increased dose-dependently. The differences between
the free testosterone AUCs of the 0.25 mg vs 0.50 mg and
0.25 mg vs 0.75 mg have P values <0.0001, while the differ-
ence between the 0.50 and 0.75 mg was significant at
p < 0.01. There were no statistically significant differences
between the three doses for the calculated half-life of free
testosterone.

For all doses, baseline levels for total- and free testoster-
one were reached by 150 min.

3.1.3. Bioavailability
To determine the absolute percentage of the sublingual
testosterone dose which is absorbed in the systemic circula-
tion, the fraction of absorbed testosterone needs to be
calculated from the formula used also for the AUC calculation
after intravenous dosing. Since we did not have an intrave-
nous standard, we took the 0.25 mg dosage as reference
value. Thus the bioavailability of the 0.25 mg was set at
100%, and for 0.50 and 0.75 mg were calculated as 69% (or
0.34 mg), and 58% (or 0.43 mg), respectively. The bioavail-
ability of sublingual testosterone administration decreases
with increasing doses.



Table 2 Baseline corrected pharmacokinetic parameters of total- and free testosterone following administration of 0.25—0.75 mg
sublingual testosterone.

Dose (mg) t1/2
c (min) Tmax

c (min) Baseline corrected
AUC0—230

d (ng min/mL)
Cmax

d (ng/mL) MRTc (min)

Testosterone (ng/mL)a 0.25 49.8 � 16.0 15.6 � 5.4 194 (37.2) 3.79 (39.9) 57.7 � 12.2
0.50 49.7 � 22.4 15.1 � 5.5 266 (37.6) 5.31 (37.8) 55.6 � 13.9
0.75 58.5 � 24.6 14.3 � 5.3 337 (34.7) 6.73 (39.6) 59.5 � 16.4

Free testosterone (ng/mL)b 0.25 42.3 � 14.6 15.6 � 5.1 0.95 (51.8) 0.021(39.7) 52.6 � 11.6
0.50 55.7 � 27.5 14.4 � 5.5 1.51 (40.2) 0.032(37.6) 57.1 � 15.6
0.75 51.1 � 26.4 12.8 � 6.3 1.87 (47.8) 0.043(45.7) 51.4 � 14.5

To convert total testosterone to nanomoles per liter, multiply by 3.467; to convert free testosterone to picomoles per liter, multiply by 3467.
MRT, mean residence time.
a Total testosterone normal range = 0.14—0.66 ng/mL (Davison et al., 2005).
b Free testosterone normal range = 0.00072—0.0036 ng/mL (Davison et al., 2005).
c Mean � SD.
d Geometric mean (%CV).
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3.1.4. Free fraction
Our analyses showed a statistically significant effect of drug
dose on the free fraction of testosterone (i.e., the ratio of
free to total testosterone) during the t = 4 through t = 30 min
measurements ( p = 0.002). We also found a statistically sig-
nificant difference for the Cmax during t = 4 through
t = 30 min between the 0.25 mg and 0.50 mg ( p = 0.003)
and between 0.25 mg and 0.75 mg doses ( p = 0.010), but
not between the 0.50 and 0.75 mg dose ( p = 0.381) (Fig. 3).

As stated above, we expected to find a relationship
between circulating SHBG and the increases in the free levels
and the free fraction of testosterone induced by the different
dosages of sublingual testosterone. Moreover, our experi-
mental manipulations produced no statistically significant
changes in SHBG and albumin levels between and on test
days (data not shown).

In our study population we found a large between-subject
variation in circulating SHBG levels. Baseline SHBG levels (log
transformed) were correlated with total testosterone levels
(t = 20 min): r = .732, p < 0.0002; r = .930, p < 0.001 and
r = .894, p < 0.001 for the 0.25 mg, 0.50 mg and 0.75 mg dose
respectively. Baseline SHBG levels (log transformed) were
inversely correlated with free testosterone levels
(t = 20 min): r = �.702, p < 0.003; r = �.849, p < 0.001 and
r = �.798, p < 0.001 for the 0.25 mg, 0.50 mg and 0.75 mg
Figure 1 Geometric mean total testosterone levels in serum
after administration of 0.25, 0.50 and 0.75 mg sublingual testos-
terone. Total testosterone normal range = 0.14—0.66 ng/mL
(0.5—2.3 nmol/L) (Davison et al., 2005). To convert total testos-
terone to nanomoles per liter, multiply by 3.467.
dose respectively. For the free fraction levels and SHBG levels,
we observed stronger correlations; r = �.947, p < 0.001;
r = �.938, p < 0.001 and r = �.944, p < 0.001 for the
0.25 mg, 0.50 mg and 0.75 mg dose respectively on t = 20.

Because of this large between-subject variation we sub-
divided the subjects in two group based on a median split of
the baseline SHBG levels. The low SHBG group had a mean
SHBG baseline level of 44 nmol/L (�11), while the high SHBG
group had a mean level of 183 nmol/L (�141).

3.1.5. Total testosterone and SHBG
In subjects with low SHBG, the three doses produced max-
imum levels of total testosterone of 3.18, 3.93 and 4.73 ng/
mL, respectively, at 20 min after dosing. In subjects with high
SHBG, the maximum levels of total testosterone were 5.00,
7.08 and 9.04 ng/mL after administration of the three doses
sublingual testosterone. Between groups, total testosterone
levels were statistically different for t = 10 till t = 30 min in
the 0.25 and 0.50 mg dose, and in the 0.75 mg dose 6 till
30 min after dosing.

3.1.6. Free testosterone and SHBG
In subjects with low SHBG, the three doses produced max-
imum levels of free testosterone of 0.026, 0.039 and
0.048 ng/mL, respectively, at 20 min after dosing. In subjects
Figure 2 Geometric mean free testosterone levels in serum
after administration of 0.25, 0.50 and 0.75 mg sublingual testos-
terone. Free testosterone normal range = 0.00072—0.0036 ng/
mL (2.5—12.5 pmol/L) (Davison et al., 2005). To convert free
testosterone to picomoles per liter, multiply by 3467.
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with high SHBG, the maximum levels of free testosterone
were 0.018, 0.026 and 0.034 ng/mL after administration of
the three doses sublingual testosterone. Between groups, all
differences were statistically different, except for the levels
of free testosterone in the 0.25 mg dose 4 and 20 min after
dosing and in the 0.75 mg dose 4 and 10 min after dosing.

Our analyses showed that the low SHBG group had overall
significantly higher levels of the free fraction compared to
the high SHBG group ( p = 0.007). Analyses revealed a statis-
tically significant Group � Drug effect for the difference
between 0.25 mg and 0.75 mg ( p = 0.012) and between
0.25 mg and 0.50 mg ( p = 0.031) (see Fig. 4). As shown in
Fig. 4, statistically significant differences between the dif-
ferent doses sublingual testosterone were found in the low
SHBG group.

3.2. Secondary pharmacokinetic endpoints

DHT peak levels of 0.285, 0.404 and 0.465 ng/mL were
reached at means of 27.5, 28.0 and 27.5 min respectively
(Table 3).
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Figure 4 Free fraction of testosterone for 0.25 mg, 0.50 mg
and 0.75 mg measured from t = 4 min to 30 min for the low and
high SHBG groups. *Significant difference between 0.25 mg vs
0.75 mg ( p = <0.05). ySignificant difference between 0.25 mg vs
0.50 mg ( p = <0.05).
T max differences between the three doses were not
significant. The difference between the Cmax of the
0.25 mg vs 0.50 mg and 0.25 mg vs 0.75 mg was significant
( p < 0.0001), and the difference between the Cmax of
0.50 mg and 0.75 mg was statistically significant
( p = 0.031). Mean residence time of were not different the
three sublingual doses. AUCs were statistically significant
different between the three doses and increased dose-
dependently.

The difference between the AUCs of the 0.25 mg vs
0.50 mg and 0.25 mg vs 0.75 mg was statistically significant
( p < 0.0001), while the difference between the 0.50 and
0.75 mg was significant at p = 0.021. There were no statisti-
cally significant differences between the three doses, for the
calculated half-life of DHT. For all doses, return to DHT
baseline levels occurred within 180 min (Fig. 5).

Increasing doses of sublingual testosterone did not have a
statistically significant influence on the 3a-diol-G concentra-
tions as measured at t = 0, t = 60, t = 120, and t = 230. Cmax

and AUCs differences were not statistically significant
between the three doses (data not shown).

E2 levels did not change between the three doses of
sublingual testosterone and did not increase significantly
compared to baseline on t = 60 and t = 230 min (data not
shown).

The three doses sublingual testosterone were well toler-
ated.

4. Discussion

Our results demonstrate that sublingual administration
of each of the three doses testosterone was followed by a
quick and steep increase of total and free testosterone
levels; with peak levels reached at 15 min. Serum levels
of total and free testosterone rapidly declined to reach
baseline levels by 2.5 h, which is in line with our previous
study (Tuiten et al., 2000), and with the reported pharma-
cokinetic profile following inhalation of testosterone (Davi-
son et al., 2005).

The total testosterone Cmax following administration of
0.50 mg sublingual testosterone showed consistency with the
reported Cmax of Tuiten et al. (2000). Also, the time to reach
Cmax of total testosterone in this study showed uniformity
with the data of Tuiten et al. and the study of Salehian et al.
(1995), who administered 2.5 mg and 5.0 mg sublingual tes-
tosterone.

DHT levels showed a significant dose-dependent increase,
peak levels were reached within 30 min and levels returned
to baseline levels within 3 h. DHT is metabolized to 3a-diol-
G, so an elevation of 3a-diol-G levels was expected after
administration of sublingual testosterone. However, no dose-
dependent effect of sublingual testosterone on the concen-
tration of 3a-diol-G was found.

According to the SHBG saturation threshold hypothesis by
van der Made et al. (2009), an increased influx of testoster-
one into the body will occupy binding sites of SHBG. When
most binding sites are occupied, free (non-SHBG bound)
testosterone and consequently the free fraction will
increase and thereby inducing, probably via genomic
mechanisms (Bos et al., 2011), behavioral effects after
approximately 4 h.



Table 3 Baseline corrected pharmacokinetic parameters of DHT following administration of 0.25—0.75 mg sublingual testoster-
one.

Dose (mg) t1/2
a (min) Tmax

a (min) AUC0—230
b

(ng min/mL)
Cmax

b (ng/mL) MRTa (min)

Dihydro-testosterone (ng/mL) 0.25 45.1 � 10.5 27.5 � 4.5 20.6 (44.9) 0.285 (42.5) 75.7 � 14.4
0.50 44.5 � 16.8 28.0 � 4.1 28.8 (37.9) 0.404 (37.6) 73.4 � 14.8
0.75 50.5 � 30.4 27.5 � 4.5 34.4 (41.3) 0.465 (43.5) 81.5 � 36.3

DHT reference range = <0.29 ng/mL (Davison et al., 2005).
To convert total DHT to nanomoles per liter, multiply by 3.44.
a Mean � SD.
b Geometric mean (%CV).
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The results of the present study show that free and total
testosterone levels significantly increase dose-dependently,
which is reflected by an increase in the free fraction of
testosterone. However, the difference in free fraction of
testosterone between the 0.50 and 0.75 mg condition did
not reach statistical significance. It is interesting that around
Tmax of free and total testosterone, six women have lower
free fraction levels in the 0.75 mg condition compared to the
0.50 mg condition. Whether this is the result of variation in
drug absorption, or the large between-subject variation in
SHBG levels which could have influenced the results, is not
clear. Furthermore, it is also possible that the number of
subjects was probably too small to detect a significant
increase in free fraction levels between these two doses.

Testosterone has a high affinity to SHBG and slowly dis-
sociates from SHBG. Free testosterone is rapidly metabolized
(T1/2 10 min.) which demonstrates the importance of SHBG
binding and dissociation capacity, indicating that SHBG is the
major determinant of the free fraction equilibrium. Fig. 4
shows the free fraction levels for subjects with low and high
SHBG levels. In the low SHBG group we observed an increase
of the free fraction of testosterone levels induced by increas-
ing dosages of sublingual testosterone, while this pattern was
not found in the women with high SHBG. These results
corroborate the hypothesis of van der Made et al. (2009),
namely: absorbed testosterone is bound to SHBG which has a
limited capacity and only when this binding capacity is
saturated, free testosterone and the free fraction increase.

According to van der Made, the increase in the free
fraction might be responsible for behavioral effects observed
3.5—4 h later. However, in this study we measured free
Figure 5 Geometric mean DHT levels in serum after adminis-
tration of 0.25, 0.50 and 0.75 mg sublingual testosterone. DHT
reference range = <0.29 ng/mL (Davison et al., 2005). To con-
vert total DHT to nanomoles per liter, multiply by 3.44.
testosterone levels directly (with LC/MSMS) and we found
these to be dose-dependently increased in both SHBG groups,
in contrast to the free fraction which did not show a dose-
dependent increase. Therefore we propose an adjustment to
the SHBG saturation threshold hypothesis as postulated by
van der Made et al. (2009); it is confirmed that SHBG levels
influence the percentage of free fraction of testosterone
(and the maximum concentration of free testosterone),
however, an increase in free testosterone levels seems to
be relatively less dependent of circulating SHBG levels after
administration of the used dosages of sublingual testoster-
one. Further studies are necessary to investigate if free
testosterone levels or free fraction levels are responsible
to the observed behavioral effects as described by van der
Made et al. (2009).

The data of the bioavailability show that sublingual tes-
tosterone absorption decreases with increasing doses and is
69% and 58% for the 0.50 and 0.75 dose respectively when the
0.25 mg condition is used as the reference value (100%).
These data suggest a limitation of the total amount of
testosterone absorbed. The volumes of the sublingual tes-
tosterone solution in the higher dose conditions were larger
compared to the lower dosages. These increasing volumes
could possibly influence the absorption at the limited surface
area in the mouth.

In this study we did not take into account the cyclical and
diurnal variation of testosterone. It is well known that
testosterone levels are highest during the ovulatory and
midluteal phase of the menstrual cycle and lowest in the
early follicular phase and late luteal phase (Judd and Yen,
1973; Rothman et al., 2011; Salonia et al., 2008). In this
study, blood samples were taken irrespective of menstrual
cycle phase. However, almost 60% of the women in this study
used some form of hormonal contraceptive (combined oral
contraceptive pill, combined-contraceptive vaginal ring)
which is known to suppress ovulation (Bancroft et al.,
1991; Mulders and Dieben, 2001). Moreover, we assumed
that the used dosages used in the present study overruled
considerably the natural occurring relatively subtle cyclical
and diurnal variation of testosterone. Furthermore, in a
recent study by Braunstein et al. it was shown that SHBG
levels of 161 women remained relatively stable across the
menstrual cycle. They found a relatively small increase in
testosterone levels in the mid-cycle period compared to the
overall variability and suggest that the reference ranges
described can be applied irrespective of the day in the
menstrual cycle (Braunstein et al., 2011). So it is therefore
unlikely that the dose-dependent increase in total and free
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testosterone levels are biased by the cyclical and diurnal
variation of testosterone.

Next to the sublingual route of testosterone administra-
tion other routes could be investigated as well. However for
the desired immediate uptake and rapid return of testoster-
one to baseline levels the intramuscular and transdermal
route are not suitable since both will result in gradual
systemic uptake and prolonged higher plasma levels after
drug administration via these routes. Oral administration is
impossible at all, due to the very large first-pass effect no
unmodified testosterone will reach the systemic circulation.
For alternative routes next to sublingual with a very fast
uptake and quick return to baseline of testosterone, the
pulmonal and nasal delivery could be used for which in that
case suitable and convenient dosage forms need to be
developed.

In conclusion, the three doses testosterone are rapidly
absorbed by the sublingual route and quickly metabolized
without sustained elevations of DHT and E2. These data
suggest that a SHBG threshold exists which influences the
increase in free fraction levels.
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