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Study Objectives: Gender differences in the prevalence of sleep apnea/hypopnea syndrome may be mediated via male sex hormones. Our
objective was to determine the exact pathway for a testosterone-mediated increased propensity for central sleep apnea via blockade of the
5a-reductase pathway of testosterone conversion by finasteride.

Design: Randomization to oral finasteride vs. sham, single-center study.

Setting: Sleep research laboratory.

Participants: Fourteen healthy young males without sleep apnea

Intervention: Hypocapnia was induced via brief nasal noninvasive positive pressure ventilation during stable NREM sleep. Cessation of mechanical
ventilation resulted in hypocapnic central apnea or hypopnea.

Measurements and Results: The apnea threshold (AT) was defined as the end-tidal CO, (P;CO,) that demarcated the central apnea closest to
the eupneic P.CO,. The CO, reserve was defined as the difference in P;CO, between eupnea and AT. The apneic threshold and CO, reserve were
measured at baseline and repeated after at a minimum of 1 month. Administration of finasteride resulted in decreased serum dihydrotestosterone. In
the finasteride group, the eupneic ventilatory parameters were unchanged; however, the AT was decreased (38.9 £ 0.6 mm Hg vs.37.7 + 0.9 mm Hg,
P =0.02) and the CO, reserve was increased (-2.5 £ 0.3 mm Hg vs. -3.8 + 0.5 mm Hg, P = 0.003) at follow-up, with a significantly lower hypocapnic
ventilatory response, thus indicating increased breathing stability during sleep. No significant changes were noted in the sham group on follow-up study.
Conclusions: Inhibition of testosterone action via the 5a-reductase pathway may be effective in alleviating breathing instability during sleep,
presenting an opportunity for novel therapy for central sleep apnea in selected populations.
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INTRODUCTION

Gender differences in ventilatory control may contribute to
gender differences in the prevalence of sleep apnea/hypopnea
syndrome.'* Epidemiologic studies demonstrate a paucity
of central sleep apnea in premenopausal women.’ Previous
work from our laboratory demonstrated that the hypocapnic
apneic threshold is lower in women than men.* Interestingly,
the difference in propensity to develop hypocapnic central
apnea during sleep may be due to the destabilizing effect of
testosterone rather than the stabilizing effect of progesterone.
Administration of testosterone to women for 12 days results in
diminished CO, reserve, defined as the degree of hypocapnia
required to induce central apnea during sleep.’ Similarly,
androgen blockade in men is associated with a decrease in
the hypocapnic apneic threshold.® Thus, male sex hormones
appear to play a destabilizing role in ventilatory control
during sleep.

The underlying mechanisms of testosterone action on the
hypocapnic apneic threshold remain uncertain. Testosterone
actions are mediated via one of two pathways.” The first pathway
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is the conversion via aromatase to 17f3-oestradiol (E2) activity,
which exerts its effects by acting on estrogen receptors (ERs).!?
There is indirect evidence suggesting that the respiratory effects
of testosterone are mediated through the aromatase pathway
conversion to 17B-oestradiol. For example, aging and gonad-
ectomy in male rats prevented the development of respiratory
long-term facilitation (LTF), an excitatory phenomenon evoked
by repetitive hypoxia.® Testosterone replacement restored LTF
in gonadectomized male rats; however, this effect required the
conversion of testosterone to estrogen by aromatase.’ Similarly,
we have found that hormone replacement therapy with estrogen
and progesterone decreases the apneic threshold during sleep in
postmenopausal women. '

The second testosterone pathway is the conversion of
testosterone by Sa-reductase to the biologically active
Sa-dihydrotestosterone (DHT), exerting its effects by acting on
androgen receptors, which are abundant in the CNS.”!" While
sexual dimorphisms have beenattributed to this pathway, whether
this pathway is implicated in the male predominance of sleep
apnea is not known. Specific investigations into Sa-reductase
inhibition on ventilatory control during sleep would allow us to
clarify the mechanism of testosterone mediated destabilization
of ventilation during sleep.'® Thus, the purpose of this study
was to determine the role of the Sa-reductase pathway on the
hypopcapnic apneic threshold during sleep. We hypothesized
that blockade of the alpha reductase pathway with finasteride
would result in increased CO, reserve and decreased hypo-
capnic apneic threshold.
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METHODS

Participants

The Human Investigation Committees of Wayne State Univer-
sity School of Medicine and Detroit Veterans Affairs Medical
Center approved the experimental protocols. Informed written
consent was obtained from 14 healthy participants free of daytime
sleepiness and medical disorders. Screening polysomnography
(PSG) confirmed the absence of sleep apnea (apnea-hypopnea
index < 5/h). The subjects were randomized to receive finasteride
(finasteride group) or undergo sham study (sham group).

Breathing Circuit

The following methodology has been previously described by
our group.**'* Each participant was connected to the breathing
circuit via a nasal mask. An appropriate-sized, airtight silicone
nasal mask (Respironics, Murrysville, PA) was glued to the face
to prevent mask leaks. The mask was connected to a Plateau
Exhalation Valve (Respironics, Inc, Pittsburgh, PA), via a heated
pneumotachometer. The valve, which provides a continuous leak
path in the breathing circuit and serves as an exhaust vent, was
connected to the inspiratory line. Participants were restricted
to nasal breathing by placing tape over the mouth. During the
Mechanical Ventilation (MV) Protocol (see below), hyperventila-
tion was achieved using a pressure support ventilator (Quantum
PSV, Healthdyne Technologies, Marietta, GA) or a bilevel posi-
tive airway pressure (PAP) machine (Resmed Sullivan VPAP II
ST-A) with a minimum achievable EPAP of 2-4 cm H,0.

Measurements

Electroencephalogram (EEG), electrooculogram (EOG), and
chin electromyogram (EMG) were recorded using the Interna-
tional 10-20 system of electrode placement (EEG: C3-A2 and
C4-Al; EOG, O-A2). Inspiratory airflow was measured by a
heated pneumotachometer (Model 3700A, Hans Rudolph, Kansas
City, MO) that was attached to a pressure transducer (Validyne,
Northridge, CA). The tidal volume (V;) was obtained from the
electronic integration of the flow signal (model FV156 Integrator,
Validyne, Northridge, CA). To confirm the central etiology of
apnea and to ascertain upper airway mechanics, supraglottic
pressure (Pg;) was measured using a pressure transducer tipped
catheter (Model TC-500XG, Millar Instruments, Houston, TX),
with the tip positioned in the hypopharynx. The hypopharyngeal
position was obtained by advancing the catheter tip 2 cm after it
disappeared behind the tongue. P.CO, readings were obtained
continuously by an infrared analyzer (Model CD-3A, AEI
Technologies, Pittsburgh, PA) from tubing placed in the nares
via a port in nasal mask. Arterial oxygen saturation (SaO,) was
measured by a pulse oximeter (Biox 3700, Ohmeda). The signals
were displayed on a polygraph recorder (Grass model 15, Astro-
Med, Inc., West Warwick, RI) and recorded using Powerlab data
acquisition software (AD Instruments, Colorado Springs, CO)
for detailed analysis.

Experimental Protocol

Overview
Seven healthy male subjects without sleep disordered
breathing received treatment with a Sa-reductase inhibitor,
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finasteride, at a 5 mg dose, orally every day for a minimum of
1 month, until a repeat study was conducted. The participants
in the finasteride group underwent the experimental protocol
at baseline without the drug and then on subsequent nights
at intervals of one month for the duration of the study. For
comparison, a sham group of 7 healthy males was studied
at baseline and on a subsequent night after one month.
The experimental protocol was conducted during normal
nocturnal sleep. Study participants were instructed to limit
total sleep time to a maximum of 4-5 h on the night preceding
the study.

Mechanical Ventilation (MV) Protocol

Participants assumed a supine position for the entire experi-
mental protocol conducted during stable stage 2 or stage
3 sleep. We used noninvasive positive pressure mechan-
ical ventilation (MV) to determine the apneic threshold as
described previously.*>!'* Mechanical ventilation was applied
for 3 min, in the spontaneous-timed mode during stable NREM
sleep. In brief, to achieve this, the inspiratory positive airway
pressure was increased gradually in 1 to 2 cm H,O increments
starting from 2-4 cm H,O at the beginning of each MV trial,
while keeping EPAP fixed at the minimum level allowed by the
machine. Mechanical ventilation was terminated after 3 min
during expiration by returning the inspiratory positive airway
pressure to the baseline expiratory positive airway pres-
sure. The ensuing hypocapnia resulted in either a hypopnea
or central apnea. Central apnea was defined as an expiratory
time > 5 s. If an apnea was not induced, additional hyperven-
tilation trials at intervals of 5 minutes were completed until an
apnea was evident. The MV protocol was repeated in both the
finasteride and sham groups as noted above. A blood sample
was drawn at the end of each protocol night and tested for sex
hormone levels, including, dihydrotestosterone, testosterone
and estradiol levels for the finasteride group. Finasteride is a
5-a reductase inhibitor that blocks the conversion of testos-
terone to dihydrotestosterone (DHT). Thus, low hormone
levels of testosterone and high levels of DHT allow confirma-
tion that the participant had ingested the drug.'® DHT is the
active component that mediates testosterone activity at the sex-
hormone receptor site.

Data Analysis

Sleep staging and scoring of arousals were completed using
standard criteria, analyzing trials with stable NREM sleep."”
We analyzed MV trials accompanied by a stable stage N2 or
N3 sleep state for all study nights under experimental drug
or sham conditions. During the control period of the study,
5 breaths recorded immediately prior to the onset of MV were
averaged. Likewise, during the MV period, the last 5 mechani-
cally ventilated breaths prior to the return to baseline expira-
tory positive airway pressure were averaged. The nadir breath
immediately following MV was recorded. The data analysis
methodology has been previously described.*>'*!> The apnea
threshold (AT) was defined as the P ;CO, that demarcated
the central apnea closest to the eupneic P,CO,. The CO,
reserve was defined as the difference in P ;CO, between
eupneic P CO, (control) and AT P.;CO, (i.e., A P;CO,). The
“hypocapnic ventilatory response” was calculated for each
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Figure 1—Grouped data comparing the eupneic minute ventilation (A)
and end-tidal CO, (B) at baseline and follow-up experimental nights in the
finasteride group. The bars represent averaged data for baseline (gray)
and follow-up experimental (black) nights, respectively. No significant
changes were noted (P = ns).

trial as the ratio of change in ¥, between control and apnea
to the A P;CO, — AT, (A V, / A P;CO,), i.e., this is the slope
of the ventilatory response.'*'* The “hypocapnic ventilatory
response” values were normalized to baseline values. The
inspiratory upper airway resistance, Ry, was measured on
the linear portion of the pressure-flow loop during inspiration.
Ry, was calculated for the control period on the baseline study
night and subsequently on the follow-up study night.

The CO, production, to determine if the observed physi-
ological changes were related to change in metabolic
rate, was also assessed on baseline and subsequent study
nights. CO, production was calculated using the equation:
VCO, = PCO, x (VA/0.863) where VA (alveolar ventila-
tion) = ¥, — V, and V}, (dead space in mL) = subject weight in
pounds, and the estimated respiratory quotient is 0.863." The
results are expressed as mL/min per kilogram of body weight.

Statistical Analysis
A commercially available computer statistical package was
used to analyze the data (Sigma Stat 3.11.0, SPSS). The level
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Table 1—CO, production and upper airway resistance in the two groups

Finasteride group Sham group

Baseline Follow-up
night night

29+03 36+05

Baseline Follow-up
night night

CO, production 3307 27+041
mL/min/kg

(n=7)

Ry, cm H,O/L/s
(n = 4 finasteride,
n = 3 sham)

51+£09 38+1.0 45+25 34%12

No significant change between baseline and follow-up nights in the two
groups. Ry,, upper airway resistance.

of statistical significance was set at P < 0.05. Data from the
final night was compared with that at baseline in the finaste-
ride group, as this was most representative of the drug effect.
Sham nights were compared at baseline and on the subse-
quent night. For normally distributed data, paired -tests were
performed to compare eupneic minute ventilation, eupneic
P:CO,, apneic threshold, CO, reserve and the hypocapnic
ventilatory response, recorded during the mechanical ventila-
tion trials completed at baseline and on the subsequent night
with finasteride. Similarly #-tests were performed for the sham
group, except for nonparametric data (hypocapnic ventilatory
response), where a signed rank test was performed. The results
are presented as mean + standard error of mean (SEM) unless
specified otherwise.

RESULTS

All 14 male participants were young and healthy: finaste-
ride group (n = 7): age: 24.4 + 6.8 (mean + standard devia-
tion [SD]) years, BMI: 25.2 + 4.7 kg/m?; sham group (n = 7):
age: 25.2 + 4.7years, BMI: 24.1 + 3.8 kg/m?. There were no
significant differences between the 2 groups in age or BML
There were no adverse effects reported by the participants in
the finasteride group.

Effect of Finasteride on Ventilation and Upper Airway Mechanics

The administration of finasteride resulted in decreased serum
dihydrotestosterone (DHT) from 44.0 + 16.7 ng/dL at baseline
to 11.8 + 5.5 ng/dL (P = 0.01) after 1-2 months, indicating
adherence to finasteride prescription. The total serum testos-
terone levels in the finasteride group at baseline vs. follow-
up nights were 462.2 + 111.9 ng/dL vs. 535.3 + 139.3 ng/
dL (mean + SD) (P = ns), respectively. There was no change
in the eupneic ¥, or P.,CO, (Figures 1A, B) on the follow-
up night from the baseline study night. The CO, production
was also unchanged between the baseline and the follow-up
study nights (Table 1).

Effect of Finasteride on the Hypocapnic Apneic Threshold

The administration of finasteride was associated with
changes in chemoresponsiveness manifested by significantly
decreased hypocapnic ventilatory response (Figure 4). Subse-
quently, the P;CO, demarcating the apneic threshold decreased
(38.9 + 0.6 mm Hg vs. 37.7 £ 0.9 mm Hg, P = 0.02) and the
CO, reserve increased (-2.5 + 0.3 mm Hg vs. -3.8 £ 0.5 mm
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Figure 2—Grouped data comparing the apneic threshold in the
finasteride and sham groups. The bars represent averaged data for
baseline and follow-up experimental nights (first 2 bars: light gray and
black bars, respectively) in the finasteride group, and the baseline and
follow-up nights (next 2 bars: white and dark gray, respectively) in the
sham group. There was a significant reduction in the apneic threshold in
the finasteride group, *P = 0.02, with no significant change noted in the
sham group.
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Figure 3—Grouped data comparing the CO, reserve in the finasteride
and sham groups. The bars represent averaged data for baseline and
follow-up experimental nights (first 2 bars: light gray and black bars,
respectively) in the finasteride group, and the baseline and follow-up
nights (next 2 bars: white and dark gray, respectively) in the sham group.
There was a significant increase in the CO, reserve, *P = 0.003 in the
finasteride group with no significant change in the sham group.
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Figure 4—Grouped data comparing the normalized hypocapnic
ventilatory response in the two groups, finasteride and sham. The bars
represent averaged data for baseline and follow-up experimental nights
(first 2 bars: light gray and black bars, respectively) in the finasteride
group, and the baseline and follow-up nights (next 2 bars: white and dark
gray, respectively) in the sham group. There was a significant decline in
the hypocapnic ventilatory response in the finasteride group (*P = 0.047)
but no significant change was observed in the sham group.

Hg, P = 0.003) following treatment with finasteride compared
to the baseline night study (Figures 2 and 3, respectively).
The CO, production was unchanged at baseline vs. follow-up
nights (Table 1).

In addition to above, the baseline control period inspira-
tory Ry, values were not different on the follow-up night in
4 participants in whom the data were available. In the 4 partici-
pants in whom R, data were available, baseline vs. follow-up
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night values for the eupneic CO, (41.3 + 1.1 vs. 42.4 + 1.2,
P=0.1) and eupneic ¥, (6.8 £ 0.5 vs. 6.9 + 0.5 L/min, P = 0.9)
were unchanged after ingestion of finasteride. In addition,
in these 4 participants, the direction of change after inges-
tion of finasteride, for AT (38.8 + 1.1 vs. 37.7 £ 1.4 mm Hg,
P = 0.1, baseline vs. finasteride), CO, reserve (-2.9 + 0.4 vs.
-4.4 + 0.5 mm Hg, P = 0.02), and the hypocapnic ventila-
tory response (0.04 = 0.0 vs. 0.02 = 0.0%/ mm Hg, P = 0.06)
was maintained. The CO, production was also unchanged in
this subgroup: 3.0 + 0.4 mL/min/kg and 4.0 + 0.8 mL/min/kg
(P =ns) at baseline and follow-up nights, respectively.

Sham Study

Likewise, the hypocapnic ventilatory response, the CO,
reserve, and the P.CO,demarcating the apneic threshold did
not change in the sham group between the baseline study and
the follow-up study nights (Figures 2, 3, and 4). No significant
changes in the eupneic P.;CO,, (42.3 £ 0.9 vs. 42.0 = 1.0 mm
Hg, P = ns) or eupneic minute ventilation (7.7 £ 0.9 L/min vs.
7.1 £ 0.5 L/min, P = ns) were noted on the baseline study night
vs. the follow-up study night. The CO, production was also
unchanged (Table 1). In the sham group, acceptable inspiratory
Ry, data were available in only 3 individuals (inadequate supra-
glottic pressure signals in others) (Table 1).

DISCUSSION

Summary of Findings

Our study demonstrated that blockade of Sa-reductase with
finasteride resulted in: (1) decreased DHT without change
in total serum testosterone levels, (2) decreased hypocapnic
ventilatory chemoresponsiveness, (3) increased CO, reserve
associated with decreased P, CO, that demarcates the apneic
threshold, thus, indicating increased breathing stability during
sleep with finasteride.
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Mechanisms of Testosterone Influence on the Apneic Threshold

Ventilatory control during sleep operates as a negative feed-
back closed-loop cycle, often described by using the engi-
neering concept of “loop gain” as a framework for breathing
instability."” The propensity to hypocapnic central apnea during
NREM sleep is determined by the interplay between two physi-
ological processes. The first process is the effectiveness of the
lung/respiratory system in lowering the P CO, in response to
hyperventilation (plant gain). The lack of change in baseline
¥, or P.;CO, indicates that there was no change in plant gain
following administration of finasteride. The second process is
the chemoreflex gain (controller gain), which represents the
effect of a change in end-tidal CO, on ventilation." Our study
revealed that the ventilatory response to hypocapnia decreased
after finasteride administration, resulting in a widened CO,
reserve. Thus, finasteride was associated with decreased hypo-
capnic chemoreflex sensitivity. Our study demonstrated that
administration of finasteride altered the apneic threshold in a
manner similar to decreased serum testosterone by leuprolide
acetate. These changes were not related to alterations in the
metabolic rate. Altogether, we interpret these findings as an
indication that DHT mediates the effect of testosterone on the
apneic threshold. It is unclear whether blockade of the aroma-
tase activity would yield similar results to blockade of the
reductase. This needs to be studied further.

Site of Finasteride Effect on the Apneic Threshold

The alteration of the apneic threshold following finaste-
ride administration indicates activity on the central medullary
chemoreceptors. This inference is supported by studies showing
that cells with large numbers of androgen receptors have been
identified in the central nervous system of several species,
including birds,* amphibians,*' rats,”? and rhesus monkeys.>**
Interestingly, the distribution of androgen concentrating cells is
most extensive in the primate model; androgens are taken up by
cells in the midbrain, pons, cerebellum, and medulla. Whether
androgen receptors are present in human brain and whether
they contribute to ventilatory control is not certain.

Alteration of the apneic threshold with testosterone manipu-
lation could also be due to hypocapnia at the peripheral chemo-
receptors; hypocapnic disfacilitation of the carotid bodies
would decrease ventilatory motor output and hence facilitate the
development of central apnea with sustained hyperventilation.
Evidence in the literature suggests that testosterone may influ-
ence the function of peripheral chemoreceptors. Tatsumi et al.
measured the ventilatory and carotid sinus response to hypoxia
in neutered male cats after testosterone or placebo administra-
tion.” Testosterone increased the carotid sinus nerve response to
hypoxia, suggesting that peripheral chemoresponsiveness was
altered by testosterone. However, decreased hypoxic chemo-
responsiveness after unilateral central nervous system section
raised the possibility that central influences may also play a
role in the hypoxic ventilatory response. Our protocol allowed
testing for whether testosterone alters chemoresponsiveness.

Testosterone and S5a-dihydrotestosterone (DHT) mediate
their effects through binding and activating an intracel-
lular androgen receptor (AR), followed by gene transcrip-
tion and protein synthesis.***” The human AR is among the
nuclear receptor super-family, which acts as a ligand-inducible
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transcription factor through a genomic pathway modulating
transcription of target genes, requiring hours or days to produce
their actions through protein synthesis. However, some of
the rapid androgen effects cannot be explained by a genomic
pathway and are mediated through rapid non-genomic effects.
For example, testosterone elicits rapid release of prolactin
within five minutes in adult male rats. Although our findings are
consistent with a genomic effect, our findings do not allow us
to ascertain the relative contribution of non-genomic pathways.

Methodological Considerations

The present study utilized noninvasive ventilation as a model
to evaluate propensity to hypocapnic central apnea; our labora-
tory has used and validated this intervention in multiple studies.
Several considerations may influence the interpretation of the
findings. First, the validity of the CO, reserve in our experi-
mental model is predicated on the assumption that finasteride
was does not alter cerebral blood flow response to hypocapnia
and does not alter central to end-tidal CO, difference. Second,
our design does not allow us to determine a dose response or a
time response. Third, our study group participants were healthy
non-obese and non-apneic volunteers; the effect of finasteride
on patients with sleep apnea/hypopnea syndrome, especially
those with low serum testosterone, cannot be inferred from our
data. Fourth, the design and duration of the study precluded
a crossover design. While baseline hypocapnic ventilatory
response values were higher compared to the sham group, the
response to finasteride was consistent. The baseline CO, reserve
and hypocapnic ventilatory response values were greater in the
sham group, likely, due to individual variability. Furthermore,
the change in CO, reserve in our study following finasteride
was 1.25 + 0.7 mm Hg (mean + SD) with a reduction in AT of
1.15+ 0.9 mm Hg (mean + SD). Our sample size was sufficient
to detect the changes with a power of 80%. Thus, our study
possessed adequate power to detect changes in the CO, reserve
and the AT. Fifth, our analysis included only trials with stable
NREM sleep state to ensure that sleep state changes did not
influence the apneic threshold. We are unable to determine the
effect of finasteride on ventilatory control during REM sleep.
Finally, our data do not allow us to ascertain the effect of finas-
teride on peripheral-central chemoreceptor interdependence
during NREM sleep.?®

Implications for the Pathogenesis and Management of Central
Apnea

Pharmacologic therapy for sleep apnea is virtually nonex-
istent.”*® This study identifies a potential novel therapeutic
pathway for treating central sleep apnea in adults based on the
rationale of testosterone inhibition to stabilize breathing during
sleep. While this study was completed in healthy young men,
the effect of the drug in individuals with central sleep apnea
should be studied further. Clinical trials to study the effect
of Sa-reductase inhibition for the treatment of sleep apnea in
subgroups of individuals are needed.

A number of S5a-reductase inhibitor drugs have been
marketed for the treatment of benign prostatic hypertrophy and
male pattern of hair loss; however, since the conclusion of this
study protocol, a new warning regarding the risk for prostate
cancer with these agents was issued by the FDA, even though
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the risk is low.*’*? The new safety information demonstrated
an overall reduction in prostate cancer diagnoses with finas-
teride 5 mg treatment due to a decreased incidence of lower
risk forms of prostate cancer. However, there was an increased
incidence of high-grade prostate cancer with finasteride treat-
ment. The FDA noted that that the Sa-reductase inhibitor drugs
“remain safe and effective for their approved indications” and
health professionals should discuss the risks and benefits prior
to use.’'*? Thus, the therapy may be applicable only in specific
populations where the benefits outweigh the risks. These popu-
lations may include older adults with central sleep apnea due to
heart failure, and elderly men and postmenopausal women with
central sleep apnea.

In summary, we have identified that inhibition of testos-
terone action via the So-reductase pathway may be effective
in alleviating breathing instability during sleep, presenting an
opportunity for novel pharmacologic therapy for the treatment
of central sleep apnea in selected populations.
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