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ARTICLE INFO ABSTRACT

Keywords: Phosphodiesterase (PDE) inhibitors — such as vardenafil — are used primarily for treating erectile dysfunction via
Retina increasing cyclic guanosine monophosphate (cGMP) levels. Recent studies have also demonstrated their signif-
Photoreceptors

icant cardioprotective effects in several diseases, including diabetes, upon long-term, continuous application.

Type 2 di_abetes mellitus However, PDE inhibitors are not specific for PDES5 and also inhibit the retinal isoform. A sustained rise in cGMP

Vardenafil . . . . . .
Retinotoxicity in photoreceptors is known to be toxic; therefore, we hypothesized that long-term vardenafil treatment might
result in retinotoxicity. The hypothesis was tested in a clinically relevant animal model of type 2 diabetes
mellitus. Histological experiments were performed on lean and diabetic Zucker Diabetic Fatty rats. Half of the
animals were treated with vardenafil for six months, and the retinal effects were evaluated. Vardenafil treatment
alleviated rod outer segment degeneration but decreased rod numbers in some positions and induced changes in
the interphotoreceptor matrix, even in control animals. Vardenafil treatment decreased total retinal thickness in
the control and diabetic groups and reduced the number of nuclei in the outer nuclear layer. Miiller cell acti-
vation was detectable even in the vardenafil-treated control animals, and vardenafil did not improve gliosis in
the diabetic group. Vardenafil-treated animals showed complex retinal alterations with improvements in some
parameters while deterioration in others. Our results point towards the retinotoxicity of vardenafil, even without
diabetes, which raises doubts about the retinal safety of long-term continuous vardenafil administration. This

effect needs to be considered when approving PDE inhibitors for alternative indications.

2018) and in the visual system (diabetic retinopathy (Wang and Lo,

2018; Rodriguez et al., 2019; Kang and Yang, 2020)), among others.
1. Introduction A large number of studies conducted over the last decades have
helped to increase our understanding of the development of these
Diabetes mellitus (DM) and its complications pose an ever-increasing complications and identified a series of common features in their path-
economic and social burden on modern societies. Today, more than 500 omechanisms, including microvascular alterations (Hammes, 2005;
million people are estimated to live with this disease, and this number is Tomlinson and Gardiner, 2008; Shin et al., 2014), inflammation
predicted to rise well above 600 million by 2030 (International Diabetes (Kinuthia et al., 2020), activation of the polyol pathway (Ramadan,
Federation, 2022). As a chronic disease, long-standing and poorly 2007) and accumulation of glycated end products (Lorenzi, 2007;
treated DM damages almost all organ systems with serious, sometimes Sharma et al., 2012), for example. The accumulating knowledge has led
even life-threatening complications in the kidney (diabetic nephropathy to the identification of several theoretically feasible therapeutic

(Qi et al., 2017)), in the cardiovascular system (Strain and Paldanius,
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Abbreviations ONL Outer nuclear layer
PAH Pulmonary arterial hypertension
AO Anti-rhodopsin PB Phosphate buffer
ARVO  The Association for Research in Vision and Ophthalmology PDE Phosphodiesterase
cGMP Cyclic guanosine monophosphate PNA Peanut agglutinin lectin
DAPI 4,6-diamidino-2-phenylindole RPE Retinal pigment epithelium
DM Diabetes mellitus RPE-65 Retinal pigment epithelium-specific 65 kDa protein
GFAP Glial fibrillary acidic protein SD Standard deviation
ILM Inner limiting membrane sGC soluble guanylate cyclase
IPM Interphotoreceptor matrix T2D Type 2 diabetes
M-cones Middle wavelength sensitive cones TUNEL Terminal deoxynucleotidyl transferase deoxyuridine
NeuN Neuron-specific nuclear protein triphosphate nick end labeling
NO Nitric oxide ZDF Zucker Diabetic Fatty
OLM Outer limiting membrane

approaches — besides the normalization of blood glucose levels - to slow
down disease progression and the development of its complications
(Oshitari, 2021; Ala et al., 2020). Some of these new therapies have
undergone preclinical testing and are currently in the clinical trial
phase; some are already in regular use as approved therapies (Gross
et al., 2018).

One of the most severe challenges in the therapy of diabetes is the
diverse clinical manifestations of the disease, with almost all organs
affected. Drugs that have a beneficial effect on one organ system may
have adverse effects on others. In the case of drugs with systemic effects
or administered systematically, i.e. when organ-specific delivery is not
possible, this may be a crucial issue to consider.

The phosphodiesterase (PDE) inhibitors (such as sildenafil or var-
denafil) and guanylate cyclase activators/stimulators (cinaciguat or
riociguat, for example) have recently been demonstrated to exert car-
dioprotective effects in several cardiovascular diseases, including
ischemia-reperfusion injury or diabetic cardiomyopathy (Matyas et al.,
2015, 2018; Korkmaz-Icoz et al., 2018; Veres et al., 2018; Benke et al.,
2020). Long-term application of vardenafil successfully prevented the
development of heart failure with preserved ejection fraction in both
type 1 and type 2 diabetic rat models (Radovits et al., 2009; Matyas
et al., 2017). Existing PDE5 inhibitors, however, are known to be
non-specific, with measurable inhibitory effects on the retinal PDE6
enzyme as well (Zhang et al., 2005; Cote, 2004). Side effects, such as
vision deterioration, color vision problems (red desaturation), and
perception of increased brightness of light, have been regularly reported
in a dose-dependent manner (Marmor and Kessler, 1999) when these
drugs were administered for erectile dysfunction — with a cumulative
dose of just a fraction of what is lately being proposed against diabetes.
Although existing toxicology studies claim that these side effects are
temporary and fully reversible (Marmor and Kessler, 1999; Abbott et al.,
2004) extreme elevation of cGMP levels in photoreceptor cells is known
to be toxic: abnormally high cGMP concentrations and decreased PDE6
function or a decline in PDE6 expression are responsible for some forms
of retinitis pigmentosa and are present in rd1 and rd10 mouse models
(Azevedo et al., 2014; Kalloniatis et al., 2016; Wang et al., 2018).
Therefore, we hypothesized, that long-term, continuous vardenafil
treatment could result in detectable retinotoxicity. Correspondingly,
preclinical and clinical studies need to be extended to longer, continuous
dosing regimens before PDES5 inhibitors are approved for alternative
indications by regulatory authorities.

For the above reasons, the present study aimed to investigate the
potential retinotoxic effects of the PDE5 inhibitor vardenafil in Zucker
Diabetic Fatty (ZDF) rats in a long-term application at a clinically rele-
vant dose already shown to exert significant cardioprotective effects
(Matyas et al., 2017). Results were compared with previously published
histological findings of diabetic retinal alterations in the same type 2
diabetic (T2D) rat model (Szabo et al., 2017).

2. Materials and methods
2.1. Animal model and tissue preparation

All procedures were performed in concordance with the Association
for Research in Vision and Ophthalmology (ARVO) statement for the Use
of Animals in Ophthalmic and Vision Research. The study was approved
by the local Ethics Committee for Animal Experimentation of Semmel-
weis University and by the Animal Health and Animal Welfare Direc-
torate of the National Food Chain Safety Office of the Hungarian State
(number of approval: January 22, 1162/3/2010).

ZDF inbred, male rats were obtained from Charles River Laboratories
(Sulzfeld, Germany). In ZDF rats, T2D and related complications develop
due to a leptin receptor gene mutation and a special diet. Homozygous
recessive males develop obesity, fasting hyperglycemia, and T2D
(referred to below as “ZDF diabetic”). Homozygous dominant and het-
erozygous genotypes remain normoglycemic (“ZDF lean™). Details about
animal handling and diabetes control were given elsewhere (Matyds
et al., 2018; Szabo et al., 2017). In brief, animals were delivered at the
age of 6 weeks and were randomly divided into four groups:
vehicle-treated controls (ZDF lean; n = 8), vehicle-treated diabetic (ZDF
diabetic; n = 8), vardenafil-treated controls (ZDF lean -+ vardenafil; n =
7) and vardenafil-treated diabetic (ZDF diabetic + vardenafil; n = 7).
Animals received per os drug treatment (10 mg/kg body weight varde-
nafil dissolved in 0.01 mol/L citrate buffer) or vehicle (0.01 mol/L cit-
rate buffer) from the 7th week of age. The body weights of the animals
were measured on every second day, and the dose of vardenafil was
adjusted accordingly. Blood glucose levels were measured regularly
with a digital blood glucose meter (Accu-Chek® Sensor; Roche, Man-
nheim, Germany).

At the age of 32 weeks, anesthesia was induced, and after a series of
cardiovascular examinations and hemodynamic measurements
(including echocardiography, left ventricular pressure-volume analysis,
cardiomyocyte force measurements, detailed in Matyas et al., 2017,
2018) the animals were euthanized by exsanguination and decapitated.
The eyes were removed, the eyecups were dissected and placed into
fixative (4 % paraformaldehyde diluted in 0.1 M phosphate buffer [PB,
pH 7.4] for 2 h at room temperature). After cryoprotection (30 % sucrose
diluted in 0.1 M PB), the eyecups were embedded in a tissue-embedding
medium (Shandon Cryomatrix, Thermo Scientific, UK) and frozen in
custom made blocks on the surface of an aluminum cube cooled down by
immersing into liquid nitrogen. 20 pm thick cryosections were cut
vertically and stored at —20 °C until use.

2.2. Immunohistochemistry

Detailed descriptions of the immunolabeling protocol have already
been published in our previous studies (Szabo et al., 2017; Enzsély etal.,
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2014). Primary antibodies (with their details listed in Table 1) were all
applied overnight at 4 °C. Bound antibodies were visualized by
species-specific fluorescent probes (Alexa 488 or Alexa 594 conjugates,
1:200, Life Technologies, Carlsbad, CA) applied for 2 h at room tem-
perature. Cell nuclei were counterstained with DAPI (4,6-dia-
midino-2-phenylindole, Sigma-Aldrich Kft, Budapest, Hungary).
Sections with the primary antibodies omitted were used as negative
controls. All antibodies applied have been tested and validated in ZDF
rat retinae previously (Szabo et al., 2017; Hajdu et al., 2019).

Peanut agglutinin lectin (PNA) was applied in a biotinylated form (2
h - detailed in Table 1) and was detected with streptavidin-linked Alexa
dies (1:200, Life Technologies, Carlsbad, CA).

2.3. Imaging

A Zeiss LSM 780 Confocal System coupled to a Zeiss Axio Imager
upright microscope, a 40x objective (NA = 1,4) and Zen 2012 software
(Carl Zeiss, Oberkochen, Germany) was used for image recording. Care
was taken to use strictly identical settings for each group. The final
montages were created and labeling was added by Adobe Photoshop 7.0
(San Diego, CA, USA).

2.4. Measurement of retinal thickness

Retinal thickness measurements were performed according to pre-
viously published protocols (Szab¢ et al., 2017) at six defined locations
(250 and 500 pm (central values), as well as 4000 pm (peripheral values)
from the optic nerve head in both superior and inferior directions), on
four sections per each retina and on four specimens from each group.
The distance between the outer and inner limiting membranes
(OLM-ILM) and the thickness of the outer nuclear layer (ONL) was
measured on vimentin-stained slides, where the proper plane of the
sectioning could be easily confirmed. Additionally, the number of nuclei
in the ONL columns was counted parallel to the thickness measure-
ments. Only vertical cryosections at the level of the optic nerve were
analyzed using a Zeiss Axiophot (Carl Zeiss, Oberkochen, Germany)
microscope with a 40x (NA: 1,4) oil immersion objective.
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2.5. Apoptosis and counting immunolabeled cells

Apoptotic cells were visualized using the terminal deoxynucleotidyl
transferase deoxyuridine triphosphate nick end labeling (TUNEL, In situ
Cell Death Detection Kit, Fluorescein; Roche Diagnostics, Mannheim,
Germany) assay following the manufacturer’s instructions. For negative
controls, we used sections without the terminal transferase enzyme,
while positive control sections were pre-incubated with DNAse I prior to
performing the TUNEL reaction.

Counting immunolabeled microglia cells and ganglion cells, as well
as TUNEL positive elements, was performed on complete 20 pm thick
vertical sections (4 sections per specimen) taken from 4 different ani-
mals from each group. Only the sections going through the optic nerve
head were selected; sections taken from the same specimen were
approximately 100 pm away from each other in the temporo-nasal di-
rection. M-cones (middle wavelength sensitive cones) were counted on
images reconstructed from confocal stacks, using 15 pm thickness and
425 pm long region of the section. Counting was performed in central
(immediately adjacent to the optic nerve head), mid-peripheral
(approximately 3 microscopical visual fields — 875 pm away from the
optic disc), and peripheral (approximately 6 visual fields — 1925 pm
away from the optic nerve) regions in both superior and inferior di-
rections. Data was collected from 4 animals from each group, 4 sections
were analyzed from each specimen.

The same images were also used to quantify M-cone outer segment
degeneration, but only central retinal regions were examined in details.
All cones with signs of outer segment degeneration were identified,
counted and the results were expressed as percentage of M-cones.

2.6. Quantifying miiller glia activation

The extent of glial activation was quantified by measuring the length
of the activated areas of each section and dividing it by the total length
of the same section. A Zeiss Axiophot (Carl Zeiss, Oberkochen, Germany)
microscope with a 20x objective was used for quantification, which was
performed on 4 sections per specimen from 4 different animals per
group. The results were presented as a percentage of the glial fibrillary
acidic protein (GFAP) activation. The advantage of this method is that it

Table 1
The list of the primary antibodies used in the study.
Antibodies (name, Source Working Host and type Epitope specificity or Reference
clone and cat. concentration labelling pattern in rats
number)
Ibal, Clone: Wako Chemicals Inc, USA 1:500 rabbit polyclonal microglia cells Roger et al., 2012; Szabo
#019-19741 et al. (2017)
GFAP, Clone: G-A-5, Sigma-Aldrich Kft., Budapest, 1:1000 mouse monoclonal astrocytes and Miiller cells in Szabo et al. (2017); Lieth
#G-3893 Hungary retinal injuries et al. (1998)
vimentin, Clone: V-9, Millipore, Billerica, MA, USA 1:10000 mouse monoclonal Miiller cells Fernandez-Sanchez et al.
#MAB3400 (2015)
NeuN, Clone: A60, Merck Kft., Budapest, 1:100 mouse monoclonal ganglion cells and some Hajdd et al. (2019); Zeng
#MAB377 Hungary amacrine cells et al. (2000)
Brn-3a, #SC-31984 Santa Cruz Biotechnology, 1:500 goat polyclonal ganglion cells Hajdu et al. (2019);
Inc., Heidelberg, Germany Charalambous et al. (2013)
0S-2 produced in the laboratory of 1:5000 mouse monoclonal S-cone opsin, S-cones Szabé et al. (2017); Rohlich
Pal Rohlich and Agoston Szél and Szél (1993)
Rb X opsin red/green,  Millipore, Billerica, MA 1:1000 rabbit polyclonal M-cone opsin, M-cones Szab¢ et al. (2017); Ng et al.
#AB5405 (2011)
AO produced in the laboratory of 1:100 rat polyclonal rhodopsin, rod Szabd et al. (2017); Rohlich
Pal Rohlich and Agoston Szél photoreceptors and Szél (1993)
RPE-65, Clone: Merck Kft., Budapest, 1:500 mouse monoclonal isomerohydrolase (retinal Szabd et al. (2017); Susaki
#MAB5428 Hungary pigment epithelium) et al. (2009)
cone arrestin, Clone: Millipore, Billerica, MA 1:1000 rabbit polyclonal cone photoreceptors Szabo et al. (2017); McGill
#AB15282 et al. (2012)
PNA, Clone: #L6135 Sigma-Aldrich Kft., Budapest, 5 mg/ml lectin, binding to galactosyl- interphotoreceptor matrix of Hageman and Johnson

Hungary

B(1,3)- N-acetyl-D-galactosamine

residues

cones, IPL sublayers

(1986)

GFAP: glial fibrillary acidic protein, NeuN: neuron-specific nuclear protein, AO: anti-rhodopsin, PNA: peanut agglutinin lectin, RPE-65: retinal pigment epithelium-
specific 65 kDa protein.
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is normalized for the length of the section, and comparison can be made
between sections (eyes) that may be different in size.

2.7. Statistical analysis

All data are presented as mean =+ standard deviation (SD). For sta-
tistical comparison of the groups in case of blood glucose levels and the
weights of the animals, two-way ANOVA test was used with the Bon-
ferroni post hoc test (N = 7 or 8 animals from each group). For
comparing other parameters derived from lower number of animals (N
= 4 - retinal thickness analysis, TUNEL, gliosis and microglia activation,
cone number and morphology and ganglion cell numbers) data from
each animal (obtained from the quantification of 4 sections per spec-
imen) was averaged and presented as a single value. Group average was
calculated from 4 animals and compared by Kruskal-Wallis test with
Dunn’s post hoc test. In all cases, a p value less than 0.05 was deemed to
be significant.

3. Results

A detailed description of the retinal alterations in untreated diabetic
ZDF rats compared with lean counterparts has already been published
(Szabo et al., 2017). However, to allow a better understanding of the
effects of vardenafil, we recite these results here and also present some
representative pictures from untreated animals.

3.1. Body weights and fasting blood glucose levels

The time-course of body weight and blood glucose level changes of
diabetic ZDF rats and lean controls were similar to those published by
the supplier (Charles River Laboratories, Sulzfeld, Germany) and have
already been published in detail elsewhere (Szabo et al., 2017). In brief:
no significant difference in average body weights was detectable at the
time of anesthesia (421.3 & 26.1 g in lean and 400.3 + 50.2 g in diabetic
animals, p = 0.81). Vardenafil treatment did not cause any significant
change in the body weights of the animals, neither in the lean nor in the
diabetic groups, although some tendency of decrease in weights was
visible in both cases. The average body weight in the lean + vardenafil
group was: 411.1 + 28.9 g (p = 0.97 lean vs. lean + vardenafil) and
385.8 + 62.9 g in the diabetic + vardenafil group (p = 0.92 diabetic vs.
diabetic + vardenafil).

Blood glucose levels were already elevated at the 7th week and
remained significantly higher in all diabetic animals throughout the
entire observation period compared with controls. No difference was
visible in blood glucose levels between treated and untreated groups at
any time examined, indicating that the retinal effects of vardenafil
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Fig. 1. Blood glucose levels in lean and diabetic ZDF rats with and
without vardenafil treatment. Based on statistical analysis, blood glucose
levels were significantly higher in untreated diabetic animals compared with
the untreated lean group from the 7th postnatal week till the 32nd week (time
of anesthesia). Vardenafil treatment had no effect on glucose levels neither in
lean, nor in diabetic animals. *: p < 0.05 lean vs. diabetic.
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treatment, if detectable, were not related to changes in glucose ho-
meostasis (Fig. 1). Details of the statistical analysis, along with the
appropriate p values are given in the Supplementary materials
(Table S1).

3.2. Retinal thickness and apoptosis rates

In a previous report we have already reported a significant increase
in total retinal thickness (OLM-ILM distance) in diabetic ZDF rats
compared with lean specimens (Szabo et al., 2017). With
non-parametric test, the increase was significant only in one retinal
position. This increase was most probably the result of edema formation.
Vardenafil application in general decreased retinal thickness both in the
diabetic and in the lean groups compared with the respective untreated
groups (Fig. 2a). The difference was statistically significant in all posi-
tions except the middle superior and inferior peripheral retina in dia-
betic specimens. In the case of lean rats, significant difference was
detectable only in the inferior central position.

Similarly to total retinal thickness, ONL thickness was also signifi-
cantly higher in diabetic specimens compared with the lean group in all
inferior and in the superior peripheral positions examined (Szabo et al.,
2017). Vardenafil treatment did not cause any significant change in ONL
thickness compared with the appropriate untreated groups (Fig. 2b).

The decreased retinal thickness after vardenafil treatment observed
in both groups could potentially be explained by assuming 1) either
changes in the extra- or intracellular fluid content and/or alternatively
2) by cell loss due to neurotoxicity. To examine this latter possibility, we
estimated the number of several cell types and performed a quantitative
TUNEL labeling.

Rods constitute about 70% of all retinal cells in rodents (Carter--
Dawson and Lavail, 1979). Their number can be estimated by counting
their nuclei. In well-oriented radial sections, the nuclei in the ONL are
arranged in discernible columns, and their number in each column can
be counted relatively easily, as done by our group and others in previous
reports (Szabo et al., 2017; Di Pierdomenico et al., 2018; Starr et al.,
2019; Xie et al., 2020). Summarized results are shown in Fig. 2c. While
there was no difference detectable between untreated diabetic and lean
specimens in the average number of cells in the ONL columns, vardenafil
treatment caused a significant decrease in cell numbers in some posi-
tions tested. This effect of vardenafil could be demonstrated in both
groups when compared with their appropriate controls. Changes were
detected in the superior central and peripheral positions in the case of
lean and inferior central and peripheral positions in diabetic specimens
after vardenafil treatment. Details of the statistical analysis for total
retinal thickness, ONL thickness, and number of nuclei in the ONL col-
umns, along with the appropriate p values, are given in the Supple-
mentary materials (Tables S2-4). Images demonstrating the
above-mentioned changes in retinal thickness are shown in Fig. 4 (a-d
and e-h). Results of cone- and ganglion cell number estimations will be
presented in the relevant sections below.

To further examine a possible loss of cells, TUNEL reactions were
performed on a set of radial sections but did not reveal any differences
between lean and diabetic specimens (lean 4.06 + 1.41 elements/sec-
tion vs diabetic 2.63 + 1.48 elements/section, p = 0.89). Furthermore,
no significant difference was detectable between treated and untreated
animals, neither in the lean nor in the diabetic groups (lean 4.06 + 1.41
elements/section vs lean + vardenafil 5.23 + 1.66 elements/section (p
= 0.83 lean vs lean + vardenafil) and diabetic 2.63 4 1.48 elements/
section vs diabetic + vardenafil: 5.00 + 0.84 elements/section (p = 0.17
diabetic vs diabetic + vardenafil)) (Fig. 3).

3.3. Glial response
Miiller glia activation was examined by GFAP immunoreactions. In

lean ZDF rats, in line with literature data (Lieth et al., 1998), GFAP
immunoreactivity was confined to the end feet of Miiller glia cells and
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astrocytes of the nerve fiber layer for the majority of the retina (Fig. 4a).
The radial processes of Miiller cells showed labeling only in the extreme
peripheral retina (7.86% =+ 1.63% of the complete retinal section
lengths) (Szabo et al., 2017) (Fig. 4i). In contrast to this, in diabetic rats
Miiller cells were heavily labeled by GFAP over the complete retina
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(caption on next page)

(Fig. 4b-i). The quantified difference in GFAP labeled areas between
lean and diabetic groups was significant. Vardenafil treatment did not
affect the GFAP labeling pattern in diabetic specimens (Fig. 4d) but
resulted in evident glial activation in the lean group (Fig. 4c—i). Unlike in
untreated lean animals, radial Miiller cell labeling appeared in central
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Fig. 2. Retinal thickness (a), outer nuclear layer (ONL) thickness (b), and number of nuclei in the ONL columns (c) in control and diabetic ZDF rats with
and without vardenafil treatment. Samples were taken 250 pm, 500 pm, and 4000 pm superiorly and inferiorly from the optic nerve head. Total retinal thickness
(a) was significantly elevated in one position in diabetic specimens compared with lean counterparts (black *, p < 0.05). Vardenafil treatment decreased retinal
thickness in general, which was significant in lean specimens in the inferior central position (blue *, p < 0.05). In vardenafil-treated diabetic specimens retinal
thickness decreased significantly in all retinal positions except the middle superior and the inferior peripheral regions compared with diabetic untreated specimens
(red *, p < 0.05). ONL thickness (b) was significantly higher in all inferior and in the superior peripheral retinal positions in diabetic specimens compared with leans
(black *, p < 0.05). Vardenafil treatment had no further significant effect on the values detected. The photoreceptor nuclei in the ONL are arranged in discernible
columns. Counting the number of nuclei in these columns (c) demonstrated no significant difference between lean and diabetic specimens. Vardenafil treatment
significantly decreased the number of nuclei in the columns in two superior regions in lean specimens (blue *, p < 0.05) and in the inferior central and peripheral
positions in the diabetic animal groups (red *, p < 0.05). ONL: outer nuclear layer. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

<

retinal regions as well, in approximately 50% of the entire retinal length
(48.94 + 11.12%, Fig. 4i) in vardenafil-treated lean specimens. Despite
this evident change in GFAP staining pattern, the quantification of the
percentage of labeled areas with non-parametric test failed to reveal any
significant difference between the lean vardenafil-treated group
compared with all other groups (Fig. 4i).

Vimentin is another intermediate filament found in Miiller cells. Our
previous report revealed no difference in the labeling pattern or in-
tensity between lean and diabetic specimens (Szabo et al., 2017). Fig. 4g
and h shows representative images from vardenafil-treated animals.
Here there was no detectable difference between lean and diabetic an-
imals, either.

An increase in the number of microglia cells has been shown to occur
in diabetic ZDF rats (Szabo et al., 2017) (Fig. 5a and b). Quantification of
the results of Iba-1 labeling (Fig. 5e) also demonstrated a significant
increase in the number of microglia cells in diabetic untreated specimens
compared with untreated controls (lean: 82.50 + 3.35 cells/section vs
diabetic: 218.30 + 58.38 cells/section, p = 0.01). Vardenafil treatment
alone does not cause microglia activation in lean rats (lean: 82.50 +
3.35 cells/section vs lean + vardenafil: 91.14 + 20.18 cells/section, p >
0.99, Fig. 5¢), but decreases the number of detectable microglia cells in
diabetic specimens (diabetic: 218.30 + 58.38 cells/section vs diabetic
+ vardenafil: 149.81 4+ 34.02 cells/section), however, with
non-parametric test, this difference was not significant p > 0.99,
Fig. 5d).

3.4. Photoreceptor cell response

In diabetic ZDF rats, a prominent outer segment degeneration was
detectable for the majority of rods and M-cones without an evident
decrease in the number of photoreceptor cells (Fig. 6) (Szabo et al.,
2017). This phenomenon was also detected in other diabetic models and
has previously been examined in detail by both light and electron mi-
croscopy (Szabo et al., 2017; Enzs()ly et al., 2014; Hammoum et al.,
2017). Interestingly, vardenafil treatment seemingly improved rod outer
segment morphology (Fig. 6a-d) but had no visible effect on the
degeneration of M-cone outer segments (Fig. 6e-h). Quantification for
M-cone degeneration revealed a significant difference in the percentage
of cone outer segments showing signs of degeneration (incomplete
fragmentation) between lean and diabetic specimens (lean 12.51 +
3.59% vs. diabetic 94.46 + 2.08%; p = 0.04). Vardenafil treatment had
no effect on this value, neither in lean (lean + vardenafil 14.23 4+ 1.55%;
p > 0.99 lean vs lean + vardenafil) nor in diabetic specimens (diabetic +
vardenafil 95.11 + 2.46%; p > 0.99 diabetic vs diabetic + vardenafil).
Regarding the number of labeled elements, no significant difference was
detected in M-cone numbers in the treated groups compared with un-
treated ones (Fig. 6i). Details of the statistical analysis, along with the
appropriate p values are given in the Supplementary materials
(Table S5).

Rod numbers were only indirectly estimated by measuring ONL
thickness and the number of nuclei in the ONL columns. As discussed in
detail previously, vardenafil had no effect on ONL thickness, but caused
a significant decrease in the number of nuclei in some but not all posi-
tions, suggesting a possible decrease in rod numbers (Fig. 2c).

Photoreceptor maintenance and function strongly depends on the
well-being of the retinal pigmented epithelium (RPE) (Strauss, 2005). To
examine RPE pathology, the cells were labeled by an antibody against an
RPE-specific enzyme isomerohydrolase (RPE-65), that exhibited a
prominent decrease in staining intensity in diabetic specimens, irre-
spectively of vardenafil treatment (Fig. 6a—d).

Cone morphology and interphotoreceptor matrix (IPM) labelling was
further examined by a cone arrestin antibody and PNA labeling. No
change in staining intensity or pattern was detectable with the cone
arrestin antibody in diabetic ZDF rats when compared with lean coun-
terparts, but evident outer segment degeneration was visible in diabetic
animals (Fig. 7a and b) (Szabo et al., 2017). Vardenafil treated groups
showed no alterations compared with the respective untreated groups.
Furthermore, unlike in the case of rods, cone outer segment morphology
did not improve in diabetic rats after vardenafil treatment (Fig. 7c and
d.

There was no detectable difference in PNA staining pattern between
untreated lean and diabetic ZDF rats (Fig. 7e and f) (Szabo et al., 2017).
However, importantly, vardenafil treatment triggered a conspicuous
change in PNA staining. PNA lectin started to label a small number of
rods besides cones in the non-diabetic animals exposed to vardenafil,
and produced an intensive and well visible rod and cone labeling in
vardenafil-treated diabetic animals, indicating a change in the glyco-
sylation of the IPM components (Fig. 7g and h). Representative images
from a total of 16 animals (that is from all of the 4 animals from all of the
4 groups) demonstrate (Supplementary Fig. S1) that the
above-mentioned alterations were present in all specimens examined.
Co-labeling with cone arrestin and PNA were also used to prove that
some PNA positive elements in the photoreceptor layer — the ones that
were cone arrestin negative - were undoubtedly rods (Supplementary
Fig. S2).

3.5. Ganglion cell response

Ganglion cells were labeled on cryosections using the Neu-N and Brn-
3a antibodies. No change was detected in the staining pattern or in-
tensity or in the number of stained elements between lean and diabetic
specimens (Fig. 8a and b), in line with our previous publications (Szabo
et al., 2017; Hajdu et al., 2019). Similarly, vardenafil treatment had no
effect on staining intensity (Fig. 8c and d) or ganglion cell numbers
(lean: 318.9 + 16.89 cells/section, lean + vardenafil: 333.69 + 21.45
cells/section, diabetic: 347.6 + 14.13 cells/section, diabetic + varde-
nafil: 343.50 + 7.91 cells/section, p = 0.09 for lean vs. diabetic, p =
0.90 for lean vs. lean + vardenafil, and p > 0.99 for diabetic vs. diabetic
+ vardenafil, Fig. 8e).

4. Discussion

Long-lasting diabetes mellitus often leads to compromised function
of almost all organ systems, including the kidney, the central as well as
peripheral nervous systems, and the cardiovascular system (Feldman
et al., 2019; Qi et al., 2017; Strain and Paldanius, 2018; Wang and Lo,
2018; Rodriguez et al., 2019; Kang and Yang, 2020). The impairment of
the crucial functions of these organs, like the appearance of diabetic
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Fig. 3. TUNEL-positive elements in lean and diabetic ZDF rats with and without vardenafil treatment. Representative images demonstrate TUNEL-positive
elements in the ONL in lean (a), diabetic (b), and vardenafil-treated lean and diabetic groups (c and d, respectively). Labeling was quantified in all retinal layers
in complete retinal sections from 4 animals per group, on 4 sections from each animal. Statistical analysis (e) of the number of TUNEL-positive elements per section
revealed no significant difference between the groups tested. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Bar: 20 pm.

cardiomyopathy characterized by decreased cardiac function and
endothelial cell dysfunction — can initiate a vicious circle, thereby
further worsening the conditions of diabetic patients (Viigimaa et al.,
2020). Deteriorating circulation increases hypoxia and decreases
nutrient supply all around the body, contributing to kidney dysfunction

(Qi et al., 2017) and the development of nervous system pathologies
(Iribarne and Masai, 2017), among others. Therefore, it is logical to
assume that any therapy improving cardiovascular health of diabetic
patients will have a beneficial effect on other compromised organ sys-
tems. That may indeed be the case for most therapeutic approaches as
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Fig. 4. Glial response in lean and diabetic ZDF rats with and without vardenafil treatment. GFAP labeling (a-d, in red) in lean rats was restricted to the inner
retina (inner limiting membrane and astrocytes of the nerve fiber layer); Miiller cell bodies were labeled only in the extreme peripheral retina. In vardenafil-treated
lean ZDF rats, GFAP labeling appeared in Miiller cell processes in some retinal parts in the central retina, as well (c). In diabetic rats, strong GFAP activation was
detectable all over the retina, both in vardenafil-treated (d) and untreated specimens (b). Vimentin labeling of Miiller glia cells (e-h, in green) demonstrated no
evident difference between lean (e) and diabetic (f) animals. Vardenafil treatment also did not affect labeling pattern or intensity (g-h, lean and diabetic, respec-
tively). DAPI is used for orientation (in blue). Quantified results of Miiller cell activation (expressed as the percentage of retinal section length with prominent GFAP
labeling) are summarized in Fig. 4i. While in lean untreated specimens, GFAP labeling was restricted to a small percentage of the retina, in diabetic animals, the
complete retinal length exhibited strong GFAP staining with 100% of the retina being labeled in all sections and in all specimens examined, both in the treated and
untreated groups. Interestingly, vardenafil treatment alone induced Miiller glia activation in lean specimens, however the quantified rate of this activation did not
reach the level of statistically significance. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. *: p < 0.05. Bar: 20 ym. (For interpretation of

the references to color in this figure legend, the reader is referred to the Web version of this article.)

long as these do not have organ-specific side effects elsewhere in the
body.

Based on the observed involvement of the nitrogen monoxide-cGMP
axis in diabetic cardiomyopathy, PDE5 inhibitors have emerged as a
possible therapeutic choice in diabetes. Indeed, recently published re-
ports claimed that long-term, continuous vardenafil treatment can suc-
cessfully prevent the development of cardiovascular dysfunction in rat
models of both type 1 (Radovits et al., 2009) and type 2 diabetes mellitus
(ZDF rats (Matyas et al., 2017)). Administered in a daily dose of 10
mg/kg, vardenafil treatment elevated cGMP levels and significantly
improved cardiac function, contractility, and vasorelaxation in both
models. Vardenafil thus seems to have favorable effects in diabetes, at
least as far as circulation is concerned.

However, most of the PDE5 inhibitors available to date (including
sildenafil and vardenafil) are not absolutely specific for the PDE5 sub-
type: they also inhibit PDE6, found in photoreceptors of the retina,
causing an elevation of cGMP inside these cells as well (Zhang et al.,
2005; Iribarne and Masai, 2017; Campbell and Jensen, 2017). cGMP is
the intracellular messenger of the rods and cones of the retina, playing a
crucial role in visual signal transduction. Inhibiting the retinal PDE6, the
degradation of cGMP is deteriorated resulting in high ¢cGMP levels,

which may affect adversely the photoreceptor function and — in the case
of a long-term application — it may even be toxic for rods and cones
(Azevedo et al., 2014; Kalloniatis et al., 2016; Wang et al., 2018).

The main indication today for taking PDES5 inhibitors, such as sil-
denafil and vardenafil, is male erectile dysfunction, when a single dose
daily is recommended, with 20 mg vardenafil or 100 mg sildenafil not to
be exceeded. Retinal side effects, most probably associated with
increased cGMP levels, are frequently documented and appear to be
dose-dependent. These include transitory visual disturbances, a blue
tinge to vision, and increased brightness perception, with concomitant
alterations of the electroretinogram also reported (Roessler et al., 2019).
These ocular side effects are believed to be reversible; furthermore,
available toxicity studies did not report any signs of degeneration even
after long-term application of PDES5 inhibitors (Ala et al., 2020).

However, in the case of existing or suggested alternative indications,
such as pulmonary arterial hypertension (PAH) or diabetic cardiomy-
opathy, much larger daily cumulative doses should be administered to
reach the desired effect on the circulatory system. In the case of PAH - an
already approved indication in the case of sildenafil - the recommended
dosing is 5-20 mg, 4-6 times a day. This may cause a less pronounced
but continuous increase in cGMP levels as opposed to the single peak of
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Fig. 5. Microglia cells in lean and diabetic ZDF rats with and without vardenafil treatment. Microglia cells were labeled by Iba-1 antibody. No difference was
detectable in microglia cell morphology neither between untreated control (a) and diabetic specimens (b) nor between the vardenafil-treated lean (c) and diabetic
groups (d). Quantitative analysis (e) demonstrated significantly increased microglia numbers in untreated diabetic specimens compared with the control group.
Vardenafil did not affect microglia numbers in lean specimens but seemingly decreased the numbers in diabetic animals, but this change was not significant. *: p <
0.05. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Bar: 20 pm.

the conservative application and thus may affect the retina differently.
Consequently, more thorough and detailed retinal toxicity studies are
warranted before alternative applications of these drugs make their way
to everyday practice.

In our model presented here, diabetic and lean animals were treated
daily for 6 months with a relatively high dose of vardenafil. At the age of
32 weeks, the animals were euthanized, and the cardiovascular status
(echocardiography, left ventricular pressure-volume analysis, car-
diomyocyte force measurements) along with the health of the retinal

tissue was assessed. According to previously published data the dose
chosen by us here was clinically relevant, as significant improvements in
cardiac and renal functions were reported in the same animals (Matyas
et al., 2017) and even in STZ-induced diabetic rats (Radovits et al., 2009;
Fang et al., 2013) after the treatment. Furthermore, other studies also
used similar dose ranges in rats (Sandner et al., 2015; Alp et al., 2017;
Salama et al., 2018; Aziret et al., 2014) and reported favorable results in
several disease models.

The retinal effects of long-term vardenafil administration were
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Fig. 6. Photoreceptor pathology in lean and diabetic ZDF rats with and without vardenafil treatment. Rods - labeled by anti-rhodopsin antibody (a-d, in
green) - exhibited severe signs of outer segment degeneration in untreated diabetic ZDF rats (b), compared with untreated controls (a). Vardenafil treatment did not
affect rod outer segment morphology in controls (c), but the improvement was evident in vardenafil-treated diabetic animals (d). RPE-65 antibody stains the retinal
pigment epithelium (a-d, in red). In untreated diabetic animals, a decrease in staining intensity was detectable (b) compared with controls (a). Vardenafil treatment
did not significantly affect RPE staining (c, d). Cone subtypes were labeled by M- and S-opsin-specific antibodies (e-h, in green and red, respectively). M-cones also
exhibited severely degenerated morphology in untreated diabetic specimens, with partially fragmented outer segment pieces (f). Vardenafil treatment did not in-
fluence M-cone morphology in lean animals (g); however, unlike in the case of rods, it did not prevent diabetic damage (h). Statistical analysis revealed no significant
difference in M-cone numbers between any of the groups examined (i). There was no evident change in the S-opsin labeling (e-h, in red). DAPI is used for orientation
(in blue). RPE: retinal pigment epithelium, OS: outer segments, IS: inner segments, ONL: outer nuclear layer, Bar: 20 pm. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Cone arrestin and PNA staining in lean and diabetic ZDF rats with and without vardenafil treatment. Cone outer segment degeneration was also
evident with cone arrestin staining (a-d, in green) in the diabetic untreated group (b) compared with control (a). Vardenafil treatment did not affect cone outer
segment morphology (c, d) compared with the appropriate untreated groups (a, b). PNA lectin normally stains the interphotoreceptor matrix (IPM) of cones (e-h, in
red). No evident change was detectable in untreated diabetic specimens (f) compared with untreated controls (e). After vardenafil treatment, PNA signal also
appeared in the IPM around rods, even in lean animals (g), and the rod staining became drastically stronger in the vardenafil-treated diabetic group (h). DAPI is used
for orientation (in blue). OS: outer segments, ONL: outer nuclear layer, OPL: outer plexiform layer. Bar: 20 pm. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

diverse. Improvements were detectable in some parameters, such as
microglia activation and rod outer segment morphology. In contrast,
other parameters showed evident deterioration (rod numbers and
glycosylation of the IPM components) or remained unchanged (cone
outer segment morphology, RPE labeling and ganglion cell numbers).

Improvements may be induced either directly by the positive retinal
actions of vardenafil or — more probably - indirectly by improving the
cardiovascular status. Nitric oxide (NO) plays an important role in the
regulation of retinal blood flow (for review see: Wright et al., 2020), so
altered NO-sGC-cGMP axis — as present after vardenafil treatment — may
increase retinal blood flow. This may be protective, as retinal blood flow
is reported to be decreased in early diabetes (Wright et al., 2020).
Furthermore, previous reports had shown, that ZDF rats develop dia-
betic cardiomyopathy - hear failure with preserved ejection fraction — by
32 weeks of age (Matyas et al., 2017, 2018). This is characterized pre-
dominantly by deteriorations in diastolic function, hypertrophy, fibrotic
remodeling, with the clinical signs of heart failure, but with preserved
left ventricular function. This was successfully prevented in treated
animals by long-term vardenafil application, by improving cardiac sta-
tus which can indirectly improve retinal circulation as well.

Despite and opposing all the possible positive effects, some of the
changes detected were clearly suggestive of the possible direct reti-
notoxicity of the treatment.

Changes in retinal thickness constitute one of the best examples of
the opposing actions of the treatment. Total thickness values indicated
that the diabetic retinae were actually thicker than the lean counter-
parts, most probably due to edema formation. Intracellular edema
(Tomlinson and Gardiner, 2008) and extracellular fluid accumulation
due to increased retinal permeability (Xu et al., 2011) could contribute
to this increase. Not surprisingly, therefore, we confirmed that varde-
nafil treatment decreased retinal thickness values in both diabetic and
lean groups. Any contribution of the decreased intracellular edema to
this decrease seems unlikely, as no difference in glucose homeostasis
was detectable. Positive hemodynamic effects and improving cardio-
vascular status may partially be responsible for this change; with the
caveat that decreased thickness in some positions coincided with a
decrease in the number of nuclei in the ONL columns. As this latter is a
well-known, and regularly applied estimation of rod numbers in rodents
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(Szab¢ et al., 2017; Di Pierdomenico et al., 2018; Starr et al., 2019; Xie
et al., 2020) it clearly argues in favor of significant photoreceptor loss.

Interestingly, in this report we did not detect any increase in the
number of TUNEL positive elements at the time of euthanasia. This
seemingly contradicts major cell loss; however, we must point out, that
TUNEL labeling is a far less sensitive method than the quantification of
the ONL nuclei, especially if a continuous, but low degree photoreceptor
loss is suspected. Compared to TUNEL reactions, that only label the cells
undergoing apoptosis precisely at the time of sampling, quantifying the
number of nuclei estimates cumulative loss of cells — over a period of 32
weeks in this case. In a study, like this one, where the overall decrease in
photoreceptor numbers is in the range of approximately 10%, TUNEL
may simply lack sensitivity to detect this. Furthermore, we must point
out again, that a significant decrease in rod numbers was evident even in
vardenafil-treated lean animals, which clearly indicates the toxicity of
this dosing regimen to rods. The fact that a change in the glycosylation of
the IPM around rods was detectable after vardenafil treatment also
suggests a toxic effect related to the administered molecule. Again, this
was visible even in lean specimens.

Overall, these results clearly point towards a potential photoreceptor
loss and question the safety of long-term, continuous, high-dose varde-
nafil administration. Our results indicate that cGMP levels may reach
sufficiently high levels to induce photoreceptor damage, similar to what
can be seen in some forms of retinitis pigmentosa (Azevedo et al., 2014;
Kalloniatis et al., 2016; Wang et al., 2018). This must be considered if
non-selective PDE inhibitors are planned to be used for alternative in-
dications in humans. A thorough toxicity study should be performed,
and the dosing or the administration should be modified to decrease the
unintended retinal side effects. Tadalafil may not have retinal adverse
effects being more specific for the PDES subtype (Zhang et al., 2005).
Alternatively, soluble guanylate cyclase (sGC) activators and stimulators
may achieve the same increase in vascular cGMP levels and the same
improvement in cardiovascular status (Sandner et al., 2021; Stasch et al.,
2011). Although sGC activity is also present in some cells of the inner
retina (Vielma et al., 2012), it is absent from photoreceptors; therefore,
the retinal safety profile is expected to be superior to PDE5 inhibitors.
Further experiments are warranted to examine this possibility.

Some limitations of this study have to be mentioned. First, ZDF rats
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Fig. 8. Ganglion cell staining in vardenafil treated and untreated ZDF diabetic and lean rats. Ganglion cells were labeled with two pan-ganglionic markers,
NeuN (a-d, in green) and Brn-3a (a-d, in red). The staining patterns were practically identical in the untreated control (a) and diabetic (b) animals and also after
vardenafil treatment (c, d). Quantitative analysis using the Brn-3a antibody demonstrated no significant difference between any of the groups (e). DAPI is used for
orientation (in blue). ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Bar: 20 ym. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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develop T2D-like alterations due to a leptin receptor mutation. There-
fore, the pathomechanism and also some manifestations are inherently
different from T2D in human patients (Wang et al., 2014) that must be
considered when interpreting the results. Leptin and leptin receptors are
known to play roles in neovascularization and angiogenesis (Suganami
et al., 2004; Scolaro et al., 2013). Furthermore, leptin levels correlate
with some vascular ophthalmic diseases: elevated vitreous levels were
detected in proliferative diabetic retinopathy (Maberley et al., 2006; Er
et al., 2005), serum levels are elevated in retinal vein occlusion (Ates
et al., 2008) and correlate with some vascular parameters (van Aart
et al., 2018; Ahiante et al., 2020). Retinal vascular alterations were not
examined here and the typical retinal vascular complications of diabetes
do not develop in ZDF rats (and also in most other rodent models of
diabetes in the time range examined), we can not fully rule out, that the
direct vascular effect of leptin receptor mutation was — at least partially —
responsible for some of the changes detected.

Furthermore, the dose chosen here as well as in most other studies
performed in rats (Radovits et al., 2009; Matyas et al., 2017; Fang et al.,
2013; Sandner et al., 2015; Alp et al., 2017; Salama et al., 2018; Aziret
et al., 2014) is higher than those applied or suggested in human patients.
This may partially be explained with differences in the metabolic rate
and undoubtedly, this higher dose exerts significant protective effect in
rats, in several disease models, including, but not limited to cardiovas-
cular pathologies. However, the lack of direct comparability of the doses
limits the translational potential of this study, as far as photoreceptor
toxicity is concerned. The mere chance, that such toxicity is present in
animal models and it is possible in human patients certainly urge for
further studies.

5. Conclusions

In summary, we report here that long-term, continuous vardenafil
application has prominent toxic effects on the retina, although it does
improve the cardiovascular status in models of type 2 diabetes. This
phenomenon must be taken into account before such treatment is
applied on human patients.
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