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ABSTRACT

There have been reports of sudden hearing loss under treatment for erectile
dysfunction with phosphodiesterase type-5 inhibitors. This study investigated
the possible damaging effect on the cochleae in rats using the otoacoustic
emission method.

Wistar albino rats were divided into four groups. Each group received
Sildenafil, Vardenafil, Tadalafil, or saline orally for 28 days. Distortion product
otoacoustic emission measurements were conducted at the beginning of
the study and on the 14th and 28th days (stimulation 65/55 decibels).
Paraffin block serial sections of the mid-modiolar area (up to 5 um thick)
were prepared, stained with hematoxylin and eosin, and evaluated using
light microscopy.

A statistically significant decrease in the distortion product was observed
in group 1 (sildenafil) on day 28 at stimulus intensities of 65/55 dB (p < 0.05).
Conversely, a statistically significant increase was detected in group 3
(tadalafil). No statistically significant change was noted in group 2 (vardenafil).
When comparing the three groups, we found no statistically significant
difference in the number of outer ciliated cells. Differences in stria vascularis
and spiral ganglion were statistically insignificant among the three groups
(p>0.05).

Sildenafil has an ototoxic effect on cochleae. This effect was not observed
in the tadalafil and vardenafil groups. This study also revealed that the
ototoxic side effect of sildenafil was dependent on exposure time.

Keywords: Otoacoustic Emissions, Spontaneous, Hearing Loss, Sudden,
Phosphodiesterase Type 5 Inhibitors
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Introduction

Phosphodiesterase type 5 (PDE-5) inhibitors—
sildenafil, vardenafil, and tadalafil—are widely
prescribed oral medications for treating erectile
dysfunction. These drugs are well-tolerated, but
the most common side effects reported include
headache, flushing, abnormal vision, and nasal
obstruction. Although reliable data is currently
lacking, reports of sudden hearing loss associated
with PDE-5 inhibitors exist. The US Food and Drug
Administration (FDA) has documented 29 reports of
sudden hearing loss potentially related to PDE-5
inhibitor use. While the precise causal relationship
between PDES5 inhibitors and sensorineural hearing
established, existing
epidemiological data and case reports suggest a
potential negative impact on auditory function.**
For instance, a case study detailed bilateral profound
sensorineural hearing loss in a 44-year-old male
following a two-week regimen of sildenafil.*

loss remains to be

The hearing loss is sensorineural and may be
accompanied by dizziness, tinnitus, or nausea. Most
hearing losses were unilateral (88-96%) and occurred
within 24 hours of the intake of PDE-5 inhibitors
(66.7-88%). After discontinuing the medication, it
was partially reversible in some patients. However,
some individuals experience permanent profound
sensorineural hearing loss despite treatment with
corticosteroids®. This underscores the critical need for
further investigation into the ototoxic mechanisms of
PDES inhibitors, especially given their widespread
clinical application for conditions beyond erectile
dysfunction, including pulmonary hypertension and
benign prostatic hyperplasia.®

PDE-5 inhibitors inhibit the enzymes that degrade
cyclic guanosine monophosphate (cGMP), thereby
increasing cGMP levels. Alterations in the nitric
oxide pathway, including cGMP and downstream
second messenger molecules, have been previously
linked to cochlear pathophysiology in conditions such
as aminoglycoside ototoxicity. The increase in cGMP
augments the effect of nitric oxide, leading to increased
smooth muscle relaxation and penile erection.

However, this mechanism also contributes to the
systemic vasodilatory effects, which may alter
cochlear blood flow and oxygenation, potentially
inducing cellular stress within the inner ear'®. This
vascular alteration, combined with the presence of
PDES5 in inner ear structures, suggests a plausible
pathway through which these inhibitors could
mediate auditory dysfunction.® Numerous case
reports and observational studies have documented
the occurrence of sudden sensorineural hearing
loss temporally associated with PDES inhibitor use,
further highlighting this potential adverse effect.?’
While the FDA has noted missing data in patient
records, such as medical history and conclusive
cause of death, precluding a direct causal link, a
growing body of evidence, including experimental
studies in rats and cohort studies in humans, points
to a higher incidence of hearing loss among PDE-5
inhibitor users.®*°

Few studies have examined the effects of PDE-5
inhibitors on the cochlea to date. In this study, we
investigated the potential effects of the currently
prevalent PDE-5 inhibitors on the cochlea using
otoacoustic emissions (OAEs) and pathological
examination.

Given the established presence of PDE-5 in inner
ear structures, understanding the specific molecular
mechanisms by which PDE-5 inhibitors modulate
cochlear homeostasis is crucial for elucidating their
ototoxic potential.2%1!

Material and Methods

This study was conducted at the Istanbul University
Experimental Medicine Research Institute, with
approval number 2012-133 from the local animal
studies ethical committee. International standards
for animal care and handling were followed during
the experiments.

Healthy adult Wistar Albino rats weighing between
261 and 386 g were used in the study. They were
housed in temperature-controlled rooms with 12-
hour light/dark cycles. The animals had free access
to food and water. The rats were intraperitoneally
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anesthetized with 30 mg/kg of ketamine hydrochloride
and 4 mg/kg of xylazine before sacrifice.

All rats were examined otoscopically before inclusion
in the study; those with outer cerumen, acute otitis,
or adhesive otitis media were excluded. Also, rats
lacking pre-study distortion product otoacoustic
emissions (DPOAE) were excluded.

The rats in the study were divided into four groups.
Group 1 (n=8) received 1 mg/kg/day of oral sildenafil
citrate (Viagra; Pfizer, Istanbul, Turkey) dissolved in
1 cc of normal saline for 28 days. Group 2 (n=8)
received 0.5 mg/kg/day of oral vardenafil
monohydrochloride trihydrate (Levitra; Istanbul,
Turkey), dissolved in saline, for 28 days. Group 3 (n=8)
received 2.5 mg/kg/day of oral tadalafil (Cialis; Lilly,
Istanbul, Turkey) dissolved in 1 cc of normal saline for
28 days. Group 4 (n=8) received 1 cc of oral normal

saline for 28 days. The doses given to the animals
were calculated based on human therapeutic doses.

The DPOAE measurements were performed on all rats
on days 0, 14, and 28. Otomicroscopic examination of
the rats was performed before DPOAE recordings.
Animals with middle ear pathology that may impair
DPOAE recordings were excluded from the study.
The DPOAE recordings were made using the smallest
probe (Otodynamics Ltd, London, United Kingdom).
The DPOAEs were measured as a function of sound
pressure level using stimuli with constant intensity
and frequency. The frequencies (f1 and f2) were
adjusted to the f2:f1 ratio of 1.22 and stimulus intensity
levels of 65/55 dB. Distortion product measurements
were performed, recorded, and traced at 4004,
4358, 4761,5188, 5652, 6165, 6726, 7336, and 7996
Hz. (DP-gram) (Figure 1,2)

Figure 1: Experimental Application of Otoacoustic Emissions in Rats
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Figure 2: Otoacoustic Emission Recording Setup in the Rat Model

Animals were sacrificed on day 28 by decapitation
while under anesthesia (ketamine/xylazine, as
described above). The temporal bones were carefully
dissected out. Under the dissecting microscope (S1,
300 mm lens; Carl Zeiss, Oberkochen, Germany), the
bony capsule of the cochlea was carefully removed,
and the lateral wall was removed to reveal the organ
of Corti. The corresponding groups of the samples
were unknown to the pathologist.

Samples were fixed with 10% buffered formaldehyde
for 3 days, and decalcification was performed using
10% ethylenediaminetetraacetic acid disodium salt
(pH 7.4). After 3 hours, running tap water was used
to wash away the decalcification solution, and the
tissue was fixed in formaldehyde for 2 more days.
An automated tissue tracking device was used for
routine processing. Paraffin block serial sections of
the modiolar area (up to 5 um thick) were prepared,
stained with hematoxylin and eosin, and evaluated
using light microscopy by a pathologist blinded to
the treatment groups.

The organ of Corti, stria vascularis, and spiral ganglion
were visualized by light microscopy (Olympus CX 31)
at 400x magnification and photographed using an
Olympus digital camera. Four-point scoring systems
were developed to grade injury to the organ of Corti,

stria vascularis, and spiral ganglion. Injury to the outer
ciliated cells was graded using a four-point scoring
system. A score of zero indicates the presence of
three rows of outer ciliated cells with intact nuclei,
and one, two, and three indicate cochleae with injury
to one, two, or three rows of outer ciliated cells,
respectively.

A four-point scoring system was used to grade stria
vascularis injury, with a score of O indicating no
shrinkage of the intermediate cells and scores of 1,
2, and 3 indicating slight, moderate, and severe
shrinkage, respectively. Spiral ganglion cells,
vacuolization, and nuclear degeneration were also
subjectively evaluated and categorized based on
the severity of the changes (i.e., no change, 0; mild,
1; moderate, 2; and severe changes, 3).

NCSS (Number Cruncher Statistical System) 2007
and PASS (Power Analysis and Sample Size) 2008
Statistical Software (Utah, USA) programs were used
for statistical analysis. When the study data were
evaluated, descriptive statistics (mean, standard
deviation) were calculated, and the Kruskal-Wallis
test was employed for intergroup comparisons of
data that were not normally distributed. The Mann-
Whitney U test was used to assess differences
between groups. The Wilcoxon Signed Ranks test
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was utilized for intra-group comparisons of data
that were not normally distributed. Results were
evaluated at a 95% confidence interval, with a
significance level set at p < 0.05.

Histopathological evaluation included assessment
of cellular degeneration, apoptosis, and cytoplasmic
vacuolization in various cochlear structures*.

Results

The experimental rats tolerated the oral medication
well, with no weight loss or extreme weight gain.
Additionally, there was no change in food and water
consumption.

The mean hearing thresholds for 65/55 dB stimuli
showed no significant difference between the groups
on days 0 and 14 (p=0.228; p=0.075) (Table I).
However, a substantial difference in mean frequencies
was observed between the groups on day 28
(p=0.003).

As determined by the Mann-Whitney U Test, which
was used to identify differences between groups,
the mean hearing thresholds of group 1 were

significantly lower than those of groups 2, 3, and 4
(p=0.010; p=0.002; p=0.010) (Table II).

Group 1 showed no statistically significant change in
the day 14 measurements compared to day 0 (p>0.05),
but it did show significant decreases in the day 28
measurements compared to day 0 (p<0.05) (Table I).

Group 2 exhibited no statistically significant change
in the day 14 and 28 measurements compared to
day 0 (p>0.05; p>0.05) (Table I).

Group 3 showed no statistically significant change
in the day 14 measurements (p>0.05), but significant
increases were noted on day 28 compared to day
0 (p<0.05) (Table I).

Group 4 revealed no statistically significant change
in the day 14 and 28 average frequency measurements
at 65/55 dB compared to day 0 (p>0.05; p>0.05)
(Table ).

There was no statistically significant difference in
the number of outer ciliated cells between the
three groups. Changes in stria vascularis and spiral
ganglion were also statistically insignificant among
the groups (p>0.05) (Table III).

Table I: Distortion product otoacustic emissions (DPOAE) at days 0, 14, 28 of treated Groups, Evaluation
of the mean of all frequencies used at 65/55 dB:

Group 1: Group 2: Group 3: Group 4:
Sildenafil Vardenafil Tadalafil Saline
65/55 dB Mean Frequency, Hz *D
MeanxSD Mean £SD Mean £SD Mean £SD
(Median) (Median) (Median) (Median)
Day 0 16.23+8,04 23.14+9.61 22.31+8.88 20.02+7.38 0.228
(17.00) (27.56) (23.16) (21.26)
Day 14 12.74+7.16 20.45+11.83 22.81+8.36 20.54+6.83 0.075
(12.48) (22.15) (26.45) (21.53)
Day 28 10.87+8.27 22.65+7.24 27.0+£5.71 21.1+6.98 0.003**
(8.74) (26.4) (28.79) (18.93)
**Day 0-14 0.093 1.000 1.000 0.327
**Day 0-28 0.050* 0.484 0.050* 0.484

+ Kruskal Wallis Test, ++ Wilcoxon Signed Ranks Test, * p<0,05, **p<0,01

There was no significant difference between the groups at days 0 and 14 (p=0.228; p=0.075). However, there was a significant
difference between the groups in the mean frequencies at the 28 (p=0.003)
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Table II: Comparison of the mean frequency at 65/55 dB stimulus between the groups on day 28.

65/55 dB Day 28
Mean Frequencies p
Group 1 - Group 2 0.010*
Group 1 - Group 3 0.002%*
Group 1 - Group 4 0.010%*
Group 2 - Group 3 0.105
Group 2 - Group 4 0.959
Group 3 - Group 4 0.130

Mann Whitney U Test *p<0.05 **p<0.01

Table llI: Light microscopic findings

Groups n MeanxSD P

Outer Ciliated 1: Sildenafil 8 1.00+0.54 0.103
cells 2: Vardenafil 8 0.50+0.54
3: Tadalafil 8 0.38+0.52
4: Saline 8 0.38+0.42

Stria vascularis 1: Sildenafil 8 0.75+0.87 0.580
2: Vardenafil 8 0.50+0.54
3: Tadalafil 8 0.38+0.52
4: Saline 8 0.25+0.46

Spiral ganglion 1: Sildenafil 8 0.5000+0.76 0.866
2: Vardenafil 8 0.25+0.46
3: Tadalafil 8 0.25+0.46
4: Saline 8 0.38+0.52

Kruskal Wallis Test p>0.05

There was no statistically significant difference in the numbers of outer ciliated cells, changes in the stria vascularis, or
changes in spiral ganglia between the three groups.
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Discussion

The present investigation aimed to determine the
potential ototoxic effects of vardenafil and tadalafil
administered orally, focusing on their impact on
DPOAE responses and cochlear histopathology.
This study specifically explored whether
phosphodiesterase-5 inhibitors induce ototoxicity,
a concern raised by reports of sudden hearing loss
and subsequent regulatory announcements.'® The
findings of the current study indicate no statistically
significant changes in DPOAE measurements or
cochlear histopathology following administration of
vardenafil and tadalafil, suggesting a limited ototoxic
effect at the tested dosages. This outcome contrasts
with some clinical observations in which PDE5
inhibitors, including sildenafil, vardenafil, and tadalafil,
have been associated with hearing impairment,
particularly sudden sensorineural hearing loss.**
However, previous research has indicated that
sildenafil may induce cochlear bleeding, which
could result in sensorineural hearing loss, although
this is posited to be secondary to physical exertion
rather than a direct ototoxic pharmacological effect.*

Sudden hearing loss is defined as a greater than 30
dB reduction in hearing, over at least three
consecutive frequencies, occurring within a period
of 72 hours or less. Studies have shown that OAE
has a high predictive value in diagnosing sudden
hearing loss and can be used for differential diagnosis
and follow-up of this condition. In the context of
ototoxicity research, evaluating cochlear structural
integrity is paramount, as demonstrated by studies
analyzing degeneration in spiral ganglion cells,
stria vascularis, and spiral ligament?*.

The most common side effects of PDE-5 inhibitors
include headaches, dyspepsia, flushing, nasal
congestion, dizziness, visual problems, and back
and muscle pains. Currently, there have been case
reports of sudden hearing loss associated with these
medications used for erectile dysfunction.

The source of otoacoustic emissions is the outer hair
cells. Damage to these cells due to ototoxic drugs,

hypoxia, and acoustic trauma inhibits the production
of otoacoustic emissions. A drug that causes cochlear
damage can be immediately detected with OAE.
In our study, we used DPOAE to assess the effects
of sildenafil, vardenafil, and tadalafil on the inner
ear and hearing, evaluating cochlear damage.****

The pathophysiology of sudden hearing loss due
to Pcaused5bynhibitors is not yremains. However,
PDE-5 inhibitors block the degradation of cGMP.
By doing so, they induce gene expression via
transcription factors by phosphorylating proteins
with specific kinases. These processes have been
associated with damage to cochlear hair cells due
to increased nitric oxide levels. It has also been
hypothesized that PDE-5 inhibitors might cause
hearing loss by affecting nasal physiological
characteristics and, thus, Eustachian tube function.

Recently, sensorineural hearing loss has been
reported in association with these drugs. However,
the published case reports of sudden sensorineural
hearing loss attributed to PDE-5 inhibitors may
simply reflect the natural incidence of this condition
rather than an increased risk posed by these
medications. Although our study supported the
ototoxic effect of sildenafil (Table I). In a population-
based study, patients aged 40 years or older with
self-reported hearing impairment were more than
twice as likely to report taking PDE-5 inhibitors
compared with those without hearing loss. It has
also been reported that this relationship was limited
to sildenafil intake and was not encountered with
other PDE- 5 inhibitors. These findings are compatible
with ours. 415

Most cases of hearing loss have been reported in
the early stages of drug usage. They performed
audiometric tests on 18 patients before vardenafil
and 1, 5, and 72 hours after drug ingestion.*®* They
detected decreases consistent with reversible
ototoxicity in four patients. Khan et al. identified 47
cases of sudden hearing loss attributable to PDE-5
inhibitor use. 66. 7% of cases developed within 24
hours of PDE-5 inhibitor intake, and over 50% were
due to sildenafil.®** Our study, in contrast to previous
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studies, evaluated both short- and long-term hearing
loss. We observed ototoxicity after day 14 and only
in the sildenafil group (Tables | & Il). The data in
this study do not support the previously described
early hearing loss.® This discrepancy underscores
the necessity for comprehensive, long-term studies
to ascertain the chronic effects of PDES5 inhibitors
on auditory function.

Rats were given high doses of sildenafil for 105 days,
and their hearing was evaluated. As in our study,
they found decreases in OAE values. However,
they did not compare the measurements with other
PDE-5 inhibitors. The present study revealed a
higher ototoxic effect of sildenafil than vardenafil
and tadalafil.*"*8

These PDE-5 inhibitor drugs have the same
therapeutic efficacy and side effects, except for
tadalafil, which has a longer onset of action and a
longer therapeutic half-life. Our study revealed a
significant improvement in hearing levels at day 28
compared with day 0 in the tadalafil group (p < 0.05)
(Table I). No significant effect of tadalafil on auditory
function was observed, except for an isolated
increase in hearing thresholds in a few patients.*®

They hypothesized that long-term sildenafil use
causes hearing loss in rats via increased apoptosis.
Histological findings showed cochlear apoptosis in
the examined rats. Light microscopy of modiolar
longitudinal sections allows observation of changes
in cilia and identification of alterations in the stria
vascularis and the spiral ganglion. According to our
results, there was a decrease in the number of outer
ciliated cells in the sildenafil group. However, there
was no statistically significant difference in the
number of outer ciliated cells among the three groups
(Table Il1). The tadalafil group showed physiological
effects similar to those in the normal saline group.
This suggests that sildenafil may have an ototoxic
effect. Changes in the spiral ganglion and stria
vascularis were not significant.'8°

Sildenafil has an ototoxic effect on the cochlea, which
was not observed in the tadalafil and vardenafil
groups. This study also revealed that the ototoxic
side effect of sildenafil was time-related. It is possible
that when PDE-5 inhibitors are used intermittently,
the risk for ototoxicity is much lower than during
continuous therapy.

Conclusion

This study, therefore, concludes that while sildenafil
demonstrates a discernible ototoxic potential,
particularly with prolonged administration, tadalafil
and vardenafil do not exhibit comparable effects °.
This differential ototoxicity among PDE-5 inhibitors
warrants further investigation into their molecular
mechanisms, particularly their differential effects
on cochlear physiology and cellular viability. Future
research should focus on elucidating the specific
biochemical pathways and genetic predispositions
that contribute to sildenafil-induced ototoxicity, while
also exploring potential protective mechanisms or
interventions.
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