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Abstract: Diabetes and hypertension are complex pathologies with increasing prevalence nowadays.
Their interconnected pathways are frequently manifested in retinopathies. Severe retinal conse-
quences and their tight connections as well as their possible treatments are particularly important
to retinal research. In the present, work we induced diabetes with streptozotocin in spontaneously
hypertensive rats and treated them either with PACAP or olaparib and alternatively with both agents.
Morphological and immunohistochemical analyses were carried out to describe cell-specific changes
during pathologies and after different treatments. Diabetes and hypertension caused massive struc-
tural and cellular changes especially when they were elicited together. Hypertension was crucial
in the formation of ONL and OPL damage while diabetes caused significant differences in retinal
thickness, OPL thickness and in the cell number of the GCL. In diabetes, double neuroprotective treat-
ment ameliorated changes of calbindin-positive cells, rod bipolar cells and dopaminergic amacrine
cells. Double treatment was curative in hypertensive diabetic rat retinas, especially in the case of rod
bipolar and parvalbumin-positive cells compared to untreated or single-treated retinas. Our results
highlighted the promising therapeutic benefits of olaparib and PACAP in these severe metabolic
retinal disorders.

Keywords: PACAP; olaparib; retina; hypertensive retinopathy; diabetic retinopathy; immunohisto-
chemistry; morphometric analysis

1. Introduction

Diabetes mellitus and hypertension are two common, chronic, multifactorial diseases
with increasing prevalence and socioeconomic complications worldwide. They both tend
to appear with increased frequency as the aging process advances and usually coexist in
clinical practice, with elevated prevalence for hypertension in diabetic patients. More-
over, blood pressure control has been proven to reduce the risk factor of diabetes-related
complications while high blood pressure seems to increase disease progression [1–5]. Ad-
ditionally, in a cardiovascular risk study, Cheung and his colleagues described that 58%
of the diabetic patients had elevated blood pressure while 56% of hypertensive patients
had dysglycemia [6]. The considerable overlap in etiology and the many interacting path-
omechanisms (oxidative stress, immune cell activation, inflammation, etc.) exhibited by
both these diseases provide a basis for metabolic, micro- and macrovascular consequences
that have severe influential effects on the retina, the most metabolically active tissue of the
human body [7–9].

To make matters worse, diabetic retinopathy (DR) is a major well-known cause for
blindness with an increasing tendency in the working population [10,11]. It affects nearly
80% of patients with diabetes after 10 years of disease progression, increasing to 90% after
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20 years [12,13]. DR can also lead to short-term alterations in the physiological function and
structure of the retina [14], while hypertension affects the retinal information processing
mechanisms on a long-term basis. Because of that, tight control of blood pressure is an
essential factor in preventing severe complications [15,16].

Selecting an appropriate therapy is usually a complicated issue, and sometimes a
combination of different therapies proves to be the best possibility to ameliorate symp-
toms [17]. Keeping that in mind, the current study was carried out to evaluate the potential
therapeutic effects of pituitary adenylate cyclase activating polypeptide (PACAP) and poly
(ADP-ribose) polymerase (PARP) inhibitor in the treatment of these systemic diseases in
three different models, including spontaneously hypertensive rats (SHR), streptozotocin
(STZ)-induced diabetic rats and rats with both pathologies (SHR + STZ).

According to earlier work, PACAP attenuates impairments originating from metabolic
retinal disorders both at the structural and functional level [18], while PARP inhibition
plays a protective role against ischemic [19] and hypertensive [20] complications. In
the induced diabetes model, PACAP promotes neuronal survival during the course of
diabetic retinopathy [21]. On the other hand, PARP-1 inhibition has also been proven
capable of ameliorating neuropathy in diabetes [22]. So far, plenty of beneficial effects of
both agents have been investigated separately in diabetic conditions, but the question of
whether (and how) PACAP and PARP inhibition could work together against the complex
pathomechanisms of hypertension and diabetes in the retina remains unanswered.

The main purpose of this study was to provide evidence that cellular protective effects
exist and are available against the adverse effects of the examined common metabolic dis-
eases in the retina. With morphological and immunochemical approaches, we demonstrate
that these potentially promising therapeutic agents possess enhanced protective abilities
not only by themselves but also when applied simultaneously in our experimental model.

2. Materials and Methods
2.1. Animals and Treatments

All procedures abided by the ethical permission approved by the University of Pecs
(BA02/2000–15024/2011) and followed the ARVO guidelines. Spontaneously hypertensive
rats (with minimum blood pressure 140/90 mmHg) were obtained from a commercial
source (Charles River Laboratories, Veszprém, Hungary), (n = 45) were 8 weeks old and
were housed at the Animal House of the University of Pécs. All animals were kept under
identical conditions: room temperature varied between 19 ◦C and 23 ◦C, room humidity
was set between 40% and 70% and a minimum of 15 air changes per hour were provided.
The light cycle was controlled, and the light hours were timed between 7 a.m. and 7 p.m.
After 3 weeks of acclimatization, diabetes was induced by the injection of streptozotocin
(70 mg/kg) (Sigma, Hungary) into the penile veins. The glucose concentration of the
blood was measured before the induction and afterwards (Glucotrend Accu-Check System,
Roche, Hungary) (Table S1). If the blood glucose levels were higher than 15 mmol/L, they
were classified as diabetic. We excluded those animals from further examinations who
recovered after the injection and showed normal blood glucose levels in the follow-up
period. Most animals showed signs of severe diabetes with typical symptoms (polydipsia,
polyuria, excessive weight loss). After 1 week of induced diabetes, they received PACAP
(100 pmol/5 µL saline solution; 20 µM) and olaparib (PARP inhibitor) treatments. PACAP
was injected into the vitreous body of the right eye with a Hamilton syringe three times
(once a week) under anesthesia, the same volume of saline was injected into the left eye,
while olaparib was applied through their drinking water (estimated 4 mg/kg daily). One
day after the 3rd PACAP treatment, animals were sacrificed with an overdose of anesthetic
(Table S1b).

2.2. Histology

Animals were anaesthetized with Isofluorane (Isoba® vet, USA) and then sacrificed
by decapitation. After both eyes were removed, the following histological procedures were
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performed: the eyes were fixed in 4% paraformaldehyde (PFA; Merck, Hungary; dissolved
in 0.1 M phosphate buffer (PB; Spektrum3D, Hungary), the eyecups were dissected and
then these were embedded in epoxy resin (Durcupan ACM resin; Sigma-Aldrich, Hungary)
as described in previous study [18]. The retinal sections were cut at 2 µm, and stained with
toluidine blue (Sigma-Aldrich, Hungary) and studied with a Nikon Eclipse 80i microscope.
We have taken the measurements with the SPOT Basic program. Central retinal areas within
1 to 2 mm from the optic disc were used for measurements (n = 5–7 measurements from one
tissue block). We measured the cross-section of the retina from the outer limiting membrane
(OLM) to inner limiting membrane (ILM) to determine retinal thickness and the width
of each individual retinal layer (ONL—outer nuclear layer; OPL—outer plexiform layer;
INL-inner nuclear layer; IPL—inner plexiform layer) for further analysis. Cell numbers in
the ganglion cell layer (GCL) were measured for lengths of 100 µm from sections. Statistical
comparisons were made using the one-way ANOVA test followed by Tukey-B post hoc
analysis. Data were presented as mean ± SEM (GraphPad Prism 5.0).

2.3. Immunhistochemistry

Dissection of the eyes was carried out in ice-cold phosphate buffer with saline (PBS)
and fixed at room temperature in PFA (4%). Then, tissues were washed in PBS and
cryoprotected in 15% and 30% sucrose at 4 ◦C. Retinas were embedded in tissue-freezing
medium (Shandon Cryomatrix, USA) and cut with a cryostat (Leica, Germany) at 10 µm.
Peanut agglutinin (PNA) conjugated with fluorescein isothiocyanate (FITC) and primary
antibodies (anti-calbindin; anti-PKCα; anti-TH; anti-parvalbumin; anti-calretinin; anti-
vGlut1; anti-GFAP; anti-GS) were used at room temperature overnight (Table S2). Next
day, the sections were incubated with the corresponding secondary fluorescent antibodies
(anti-mouse IgG conjugated with Alexa Fluor “488”; anti-rabbit IgG conjugated with Alexa
Fluor “568”; anti-rabbit IgG conjugated with Alexa Fluor “488”; Table S1) for 2 h, in the
dark, at room temperature and then cover slipped with Fluoromount-G (Southern Biotech,
USA). Photos were taken with Fluoview FV-1000 Laser Confocal Scanning Microscope
(Olympus, Japan).

3. Results
3.1. Morphological and Morphometric Analysis

The structural changes present in the retina (Figure 1) were revealed through mor-
phometric analyses. The layered structure of the retina (ONL; OPL; INL; IPL; GCL) was
recognizable in each case with typical retinal cells present. The presence of retinal diseases
or effect of different treatments resulted in an alteration in the appearance of retinal layers
between groups listed below. Besides the apparent structural changes in layer integrity,
the change of cellular density and thickness of different layers, we have noticed signs
of cellular damage (pyknotic nuclei, lack of clearly defined cytoplasm) in the ONL and
capillary invasion with large lumen capillaries present primarily in the IPL and GCL.

The treatments turned out to be helpful in preserving the ONL cells, especially in
the case of the hypertensive diabetic groups (Figure 1). The retinal thickness changed
significantly in different pathologies and after combined treatments (Figure 2). The method
of measurement is described in the Material and Methods section in detail.
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Figure 1. Representative sections of rat retinas in different conditions: (a) untreated control retina; 

(b) PACAP-treated control retina; (c) untreated hypertensive retina; (d) PACAP-treated hyperten-

sive retina; (e) untreated diabetic retina; (f) PACAP-treated diabetic retina; (g) PARP inhibitor 

(Olap)–treated diabetic retina; (h) PACAP- and PARP inhibitor (Olap)–treated diabetic retina; (i) 

untreated hypertensive diabetic retina (j) PACAP-treated hypertensive diabetic retina; (k) PARP-

inhibitor-treated hypertensive diabetic retina; (l) PACAP- and PARP inhibitor (Olap)–treated hy-

pertensive diabetic retina. OLM—outer limiting membrane; ONL—outer nuclear layer; OPL—outer 

plexiform layer; INL—inner nuclear layer; IPL—inner plexiform layer; GCL—ganglion cell layer; 

ILM—inner limiting membrane. Arrows indicate capillaries, stars indicate signs of cellular damage. 

Figure 1. Representative sections of rat retinas in different conditions: (a) untreated control retina; (b) PACAP-treated
control retina; (c) untreated hypertensive retina; (d) PACAP-treated hypertensive retina; (e) untreated diabetic retina;
(f) PACAP-treated diabetic retina; (g) PARP inhibitor (Olap)–treated diabetic retina; (h) PACAP- and PARP inhibitor
(Olap)–treated diabetic retina; (i) untreated hypertensive diabetic retina (j) PACAP-treated hypertensive diabetic retina;
(k) PARP-inhibitor-treated hypertensive diabetic retina; (l) PACAP- and PARP inhibitor (Olap)–treated hypertensive diabetic
retina. OLM—outer limiting membrane; ONL—outer nuclear layer; OPL—outer plexiform layer; INL—inner nuclear layer;
IPL—inner plexiform layer; GCL—ganglion cell layer; ILM—inner limiting membrane. Arrows indicate capillaries, stars
indicate signs of cellular damage.
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Figure 2. Thickness of OLM–ILM in the PACAP- or/and PARP inhibitor (Olap)–treated and untreated groups of hypertensive
and diabetic rat retinas (a,b). Data are presented as mean ± SEM, where *** p < 0.001 and ** p < 0.01, * p < 0.05.

We have found significant differences between the untreated control group and the
untreated diabetic group, which also showed significant differences compared to the PARP-
inhibitor-treated diabetic group and the untreated hypertensive group (Figure 2a). The
OLM–ILM distance was significantly greater in the PACAP-treated diabetic group than
that in the PACAP-treated control, the PARP-inhibitor-treated diabetic and the PACAP-
treated hypertensive diabetic group. The PACAP-treated hypertensive diabetic group
had significantly less OLM–ILM distance than the double treated and the PARP-inhibitor-
treated hypertensive diabetic retinas (Figure 2b). The influence of PACAP and PARP-
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inhibition treatments were especially visible in the diabetic and hypertensive retinas both
because of their effect on retinal thickness and due to the changes provoked in individual
layers (Figures 3–6).

The ONL thickness was significantly less in the untreated hypertensive group than in
the untreated control and the untreated diabetic group (Figure 3).
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Figure 3. Thickness of ONL in the PACAP- or/and PARP inhibitor (Olap)–treated and untreated
groups of hypertensive and diabetic rat retinas (a,b). Data are presented as mean ± SEM, where
*** p < 0.001 and ** p < 0.01.

In the untreated hypertensive diabetic group, the ONL thickness was significantly
reduced compared to the untreated control or to the untreated hypertensive retinas. In ad-
dition, the untreated hypertensive diabetic group also was significantly different from the
PARP-inhibitor-treated hypertensive diabetic group and the double treated hypertensive
diabetic group (Figure 3a). The treatments turned out to be helpful in preserving the ONL
cells, especially in the case of the hypertensive diabetic groups. The ONL thickness was sig-
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nificantly greater in the PACAP-treated diabetic retinas than in the PARP-inhibitor-treated
diabetic retinas, the PACAP-treated hypertensive diabetic retinas or the double-treated dia-
betic retinas. The ONL thickness was significantly less in the PACAP treated hypertensive
diabetic retinas than in the PARP-inhibitor-treated or double-treated hypertensive diabetic
retinas (Figure 3b).

The thickness of the OPL changed most as a consequence of the presence of diabetes
or hypertension (Figure 4).

The OPL thickness decreased significantly in the untreated hypertensive and in the
diabetic group compared to the untreated control retinas. The OPL thickness was signifi-
cantly greater in the double-treated diabetic group than in the untreated diabetic group
(Figure 4a,c). The PACAP-treated hypertensive group was significantly different compared
to the PARP-inhibitor-treated and the PACAP-treated diabetic group (Figure 4b). The
double treatments were effective in the preservation of the OPL thickness, and PACAP
treatment also had a positive effect compared to the untreated groups (Figure 4c).
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Figure 4. Thickness of OPL in the PACAP- or/and PARP inhibitor (Olap)–treated and untreated
groups of hypertensive and diabetic rat retinas (a,b). Data are presented as mean ± SEM, where
* p < 0.05. Representative images of OPL thickness, stained for vGlut1 (c). Scale bar: 50 µm.
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The INL thickness was greater in the untreated diabetic group than in the untreated
hypertensive group. Moreover, it is significantly increased in the PARP-inhibitor-treated
hypertensive diabetic group compared to their untreated hypertensive diabetic control
(Figure 5a).

In addition, the INL thickness was significantly less in the PACAP-treated hyper-
tensive diabetic group than in the PACAP-treated diabetic group, the PARP-inhibitor-
treated hypertensive diabetic group or the double-treated hypertensive diabetic group. The
PACAP-treated diabetic group had a thicker INL than the PACAP-treated control, which
was significantly different compared to the PACAP-treated hypertensive diabetic group
(Figure 5b).
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groups of hypertensive and diabetic rat retinas (a,b). Data are presented as mean ± SEM, where
*** p < 0.001, ** p < 0.01, * p < 0.05.
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groups of hypertensive and diabetic rat retinas (a,b). Data are presented as mean ± SEM, where
** p < 0.01, * p < 0.05. Representative images of the IPL thickness, stained for vGlut1 (c). Scale bar:
50 µm.

The thickness of IPL significantly increased in the PARP-inhibitor-treated hypertensive
diabetic group compared to their untreated hypertensive diabetic control (Figure 6a). The
PACAP-treated hypertensive diabetic group had significantly thicker IPL than the PACAP-
treated control and the PACAP-treated hypertensive group. The PACAP-treated diabetic
group had less IPL thickness compared to the double-treated diabetic group. Furthermore,
the PARP-inhibitor-treated hypertensive diabetic group showed greater IPL thickness than
the PACAP-treated hypertensive diabetic group (Figure 6b,c).

The cell numbers of the GCL (Figure 7) were significantly less in the untreated diabetic
retinas compared to the untreated hypertensive, the control retinas and the double-treated
diabetic retinas (Figure 7a). Moreover, the double-treated hypertensive diabetic group
had higher cells number in the GCL than the PARP-inhibitor-treated hypertensive diabetic
group. To conclude, double treatment proved to be more effective against these pathologies
compared to the single treatment or control.
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Figure 7. Number of cells in the ganglion cell layer in the PACAP- or/and PARP inhibitor (Olap)–
treated and untreated groups of hypertensive (SHR) and diabetic (STZ) rat retinas (a,b). Cell numbers
in ganglion cell layer were measured in retinal sections for lengths of 100 µm. Data are presented as
mean ± SEM, where *** p < 0.001, ** p < 0.01, * p < 0.05.

3.2. Immunohistochemistry

To reveal the specific effects of the examined diseases or treatments at the cellular level,
we conducted immunohistochemical analysis using different markers for identification
(PKCα, TH, calbindin, calretinin, parvalbumin, GFAP, GS, PNA, vGlut1). Considering the
extensiveness of the research data obtained from these experiments, we only present the
results for those that showed remarkable deviation from our expectations and previously
published results (PKCα, TH, calbindin, calretinin, parvalbumin, vGlut1). At the same time,
all other supporting are available as Supplementary Materials (Figure S6—GS, Figure S7—
GFAP; Figure S8—PNA; Figure S9—vGlut1).

According to our results, the organization of the retina is clearly disrupted in diabetics
(Figure 8b) compared to the control (Figure 8a). After PACAP and PARP inhibitor treat-
ments (Figure 8c,d), an almost fully preserved regular structure is seen, with similar results
for combined diabetic and hypertensive conditions. PKCα in rod bipolar cells showed
lower intensity in the untreated diabetic (Figure 8b) retina than in control retinas (Figure 8a).
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In the double-treated retina, the labeling intensity increased and layers remained distinct
(Figures 8c,d and S1).
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Figure 8. Representative retina sections stained with rod bipolar cell marker (PKCα) in different conditions. Inserted
images include DAPI staining. (a) Untreated control retina; (b) untreated diabetic retina; (c) PARP inhibitor (Olap)– and
PACAP-treated diabetic retina; (d) PARP inhibitor (Olap)– and PACAP-treated hypertensive diabetic retina. INL—inner
nuclear layer, IPL—inner plexiform layer. Scale bar: 50 µm.

Tyrosine hydroxylase (TH) was localized in dopaminergic amacrine cells in the INL
(Figures 9 and S2). Labeled somata occurred with irregular shape in the diabetic group,
and their dendritic branching showed lower labeling intensity (Figure 9b) compared to
control. After double treatments were carried out, the shape of the cells remained regular
in retinas from the diabetic group (Figure 9c). However, the deterioration of shape and
branching of dopaminergic amacrine cells could not be prevented for the hypertensive
diabetic group even with combined PACAP + PARP inhibitor treatment (Figure 9d).

Calbindin immunoreactivity (Figures 10 and S3) occurred in control retinas mainly
in horizontal cells and also in some ganglion and amacrine cells (Figure 10a). In diabetic
retinas, the labeling of structures became disrupted (Figure 10b), but increasing calbindin
immunoreactivity was observed after PACAP + PARP inhibitor treatments, and the retina
structure in these retinas was also well preserved (Figure 10c). In hypertensive diabetic
retinas, the organization of the retina remained damaged even after the combined treatment
(Figure 10d), indicating that hypertension is critical in the development of this pathology.
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Calretinin was detected in the amacrine and ganglion cells (Figures 11a and S4)
and showed alterations in hypertensive (Figure 11b) and hypertensive diabetic retinas
(Figure 11d). The labeling of the three sublaminas of the IPL became diffuse and disap-
peared in these pathologies, and the treatments were not able to preserve and restore the
original calretinin distribution (Figure 11c,d). Hypertension seems to be a critical factor in
the development of this pathology.
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nuclear layer, IPL—inner plexiform layer, GCL—ganglion cell layer. Scale bar: 50 µm.

Parvalbumin was detected in some amacrine cells and ganglion cells (Figures 12 and S5).
The intensity of the labeling increased in the double-treated hypertensive diabetic groups
(Figure 12d) compared to the PARP-treated hypertensive diabetic groups (Figure 12c). The
PACAP treatment had strong protective effects on the parvalbumin-positive cells in these
pathologies.

Glutamine synthase (GS) levels increased in the retina in our experiments during
diabetes (Figure S6), while levels of glial fibrillary acidic protein (GFAP) also followed this
trend (Figure S7). In the combined presence of both diabetes and hypertension, the double
treatment did not influence the expression of these proteins strongly, indicating non-specific
metabolic stress. The double treatments have exhibited protective effects toward the PNA-
labeled photoreceptor cells against different pathologies (Figure S8), which is in agreement
with our previous observations [18]. The vesicular glutamate transporter 1 (vGlut1) level
did not change remarkably, only the double-treated diabetic retinas showed slight increase
in labeling (Figure S9). At the same time, we used this marker to demonstrate the thickness
changes of the plexiform layers as shown earlier (Figures 4c and 6c).
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staining. (a) Untreated control; (b) untreated hypertensive retina; (c) PARP inhibitor (Olap)–treated hypertensive diabetic
retina; (d) PARP- and PACAP inhibitor (Olap)–treated hypertensive diabetic retina. OPL—outer plexiform layer, INL—inner
nuclear layer, IPL—inner plexiform layer, GCL—ganglion cell layer. Scale bar: 50 µm.

4. Discussion

Structural changes and cell death are two main consequences of retinal pathologies,
which lead to altered cellular communication and functional decline. In the present work,
we have described the effects of two promising therapeutic agents against impairments
during the manifestation of the most common metabolic origins of pathologies in the
retina: hypertension and diabetes. Besides the tight control of blood glucose level, a good
control of hypertension is also an important step during the clinical management of DR,
because they usually occur together in clinical practice and have a reciprocal connection.
Among their cellular and molecular processes, we could find several common, connected
impairment mechanisms, such as neurodegeneration, loss of synaptic connectivity, glial
activation or the neurovascular unit dysfunction [18,19,23,24], which provide explanations
for the tight relationship between them. Research into their pharmacological management
have elucidated their complicated, interwoven processes and have initiated the need to
develop new combined therapeutic approaches.

Increased level of cell death, impairment of survival pathways, inflammation and
nitrative stress were described as destructive consequences of hypertensive diabetes in the
rat retina. These processes were more serious in the hypertensive diabetic group compared
to groups only with hypertension or with diabetes. At the molecular level, the increase of
JNK phosphorylation, glial reactivity, VEGF, ICAM, lipid peroxide, nitrotyrosine, NFkB,
p65 and TNFα levels are also well described [25,26]. Dozens of studies described the
role of PARP as nuclear enzyme in DNA-damage-induced cell death processes and its
increased activity connected to the manifestation of several neurodegenerative patholo-
gies. There are few PARP inhibitors that have effectively proved their therapeutic effects
against different pathologies and confirmed their protective effect also in retinal disorders.
Pharmacological inhibition of PARP offers protection during photoreceptor degeneration
in retinitis pigmentosa [27,28], hypoxia-induced ischemic injury [19], hyperfusion-induced
neurodegeneration [29] and diabetic retinal complication [30,31] in the retina. On the other
hand, PACAP, as an endogenous neuropeptide, proved its neuroprotective roles in neurode-
generative disorders[32–34] and also in retinal pathologies such as retinal ischemia [35],
excitotoxic retinal injury [36] or in DR [18,21,37–40]. The protective roles of PARP inhibitors
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and PACAP treatment have been proved to be connected with these altered molecular
pathways in the background of cell death and survival. Absence or inhibition of PARP
decreased inflammation, suppressed NFKB p65 activation, attenuated MAPK activation,
reduced nitrotyrosine formation and induced AKT phosphorylation. On the other hand,
PACAP treatment reduced activated caspase levels, attenuated p38MAPK protein lev-
els and phosphorylation of pro-apoptotic p38MAPK and increased Akt phosphorylation,
ERK1, PKC and Bcl-2 protein levels in diabetic retinas [21].

Our results showed that both hypertension and DR caused massive structural and
cellular changes in the retina especially when they were elicited together. The different de-
grees of changes in rat retina were previously described during induced diabetes [18,41–43]
in hypertension [44,45] and in diabetic hypertensive rats [46,47]. Combined treatment with
PACAP and PARP inhibitor could attenuate this severe alteration in different ways.

As we have shown in this study, the retinal thickness was larger in the diabetic retinas
than in the untreated hypertensive group. PARP inhibitor treatment in the diabetic group
and the double treatment in the hypertensive diabetic group retinas could attenuate these
OLM–ILM distance alterations. The alteration of retinal thickness was described previously
in induced diabetes [18,48], where PACAP treatment could attenuate this [18]; moreover,
olaparib treatment also rescued the retinal tissue in hypoxia/reoxygenation (H/R) [19]. The
effects of PACAP and PARP inhibitors on the attenuation of retinal layer reduction has also
been described in a model of retinal hypoperfusion [29,49]. The double treatment was also
curative against the OPL reduction in diabetes and against ONL reduction in hypertensive
diabetic retinas. In a previous investigation, we described that PACAP attenuates changes
of the OPL in induced diabetes [18], and PARP also proved to be protective against this
change in H/R retinal injury [19]. The combined treatment with PARP inhibitor and
PACAP was mainly helpful against the reduction of the cell number in the GCL in diabetic
retinas compared to single treatment. In previous investigations, PARP inhibitors and
PACAP helped in the prevention of ganglion cell number decline during optic nerve
transection [50,51]. Moreover, olaparib was protective in H/R-induced retinal injury [19],
PACAP in induced diabetes [18] and ischemia [52] by promoting ganglion cell survival.

The effectiveness of double treatment was also confirmed by our immunohistochem-
istry results. The double treatment increased the PKC alpha immunoreactivity in rod
bipolar cells, and TH reactivity in dopaminergic amacrine cells in SHR + STZ rats; more-
over, the double treatment was also more effective at increasing the calcium binding
proteins’ expressions. PACAP treatment could ameliorate the decrease of TH-positive cells
and the bipolar cells [18]. Calbindin and calretinin expression were the worst in the diabetic
group, the combined treatment had a stronger curative effect than the PACAP treatment.
Moreover, hypertension was critical in their altered expression. Parvalbumin expression
showed another trend. Diabetes really disrupted its expression, but PACAP treatment
could moderate it, and double treatment with olaparib further enhanced protection.

In summary, we introduced a new combined pharmacological tool in the treatment of
retinal consequences of hypertension and induced diabetes in animal models. Being aware
of the increasing prevalence of these pathologies in the human population, there is a need
to develop their clinical management. Our work highlighted how promising therapeutic
benefits of PARP inhibitor and PACAP can be utilized in the management of these severe
metabolic retinal disorders.
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.3390/cells10123470/s1, Table S1. (a) Final blood glucose level and initial and final body weight in
different groups. (b) Timeline of the induction of diabetes, treatment of olaparib and PACAP. Table S2.
Primary and secondary antibodies used in the immunohistochemical analysis (IHC), Figure S1.
Representative retinal sections stained with rod bipolar cell markers (PKCα) in different conditions,
Figure S2. Representative retinal sections stained with dopaminergic amacrine cell marker (TH)
in different conditions, Figure S3. Calbindin immunoreactivity in retinal sections under different
conditions, Figure S4. Calretinin immunoreactivity in retinal sections under different conditions,
Figure S5. Parvalbumin immunoreactivity in retinal sections under different conditions, Figure S6.
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Representative retinal sections stained with GS in different conditions, Figure S7. Representative
retinal sections stained with Müller glia cell marker (GFAP) in different conditions, Figure S8.
Representative retinal sections stained with cone terminal marker (PNA) in different conditions,
Figure S9. vGlut1 immunoreactivity in photoreceptor and bipolar cell terminals.

Author Contributions: Conceptualization, R.G.; methodology K.S. and E.P.; writing—original draft
preparation, E.P. and R.G.; writing—review and editing, R.G.; visualization, G.S.J.; supervision R.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by EFOP grant number 3.6.1-16-2016-00004, NKFIH grant
numbers 119289 and NN128293 and Hungarian Brain Research Program 2017-1.2.1-NKP-2017-00002
and 2020-4.1.1-TKP2020.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of University of Pécs (BAI/35/51-58-2016).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in Supplementary Materials.

Acknowledgments: The authors dedicate this publication to the memory of one of the authors, the
late Krisztina Szabadfi, Ph.D. (1983–2014). We would like to express our thanks to Alma Ganczer for
language editing. We are also grateful for the excellent technical assistance for Alina Bolboaca.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript or
in the decision to publish the results.

References
1. Turner, R.; Holam, R.; Matthews, D.; Bassett, P.; Coster, R.; Stratton, I.; Cull, C.; Peto, R.; Frighi, V.; Kennedy, I.; et al. Hypertension

in Diabetes Study (HDS): I. Prevalence of hypertension in newly presenting type 2 diabetic patients and the association with risk
factors for cardiovascular and diabetic complications. J. Hypertens. 1993, 11, 309–317. [CrossRef]

2. UK Prospective Diabetes Study Group. Tight blood pressure control and risk of macrovascular and microvascular complications
in type 2 diabetes: UKPDS 38. BMJ 1998, 317, 703–713. [CrossRef]

3. Ballard, D.J.; Melton, L.J., III; Dwyer, M.S.; Trautmann, J.C.; Chu, C.P.; O’Fallon, W.M.; Palumbo, P.J. Risk factors for diabetic
retinopathy: A population-based study in Rochester, Minnesota. Diabetes Care 1986, 9, 334–342. [CrossRef] [PubMed]

4. Fenwick, E.K.; Xie, J.; Man, R.E.K.; Sabanayagam, C.; Lim, L.; Rees, G.; Wong, T.Y.; Lamoureux, E.L. Combined poor diabetes
control indicators are associated with higher risks of diabetic retinopathy and macular edema than poor glycemic control alone.
PLoS ONE 2017, 12, e0180252. [CrossRef]

5. Whelton, P.K.; Carey, R.M.; Aronow, W.S.; Casey, D.E.J.; Collins, K.J.; Dennison Himmelfarb, C.; DePalma, S.M.; Gidding, S.;
Jamerson, K.A.; Jones, D.W.; et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline
for the Prevention, Detection, Evaluation, and Management of High Blood Pressure in Adults: A Report of the American College
of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. J. Am. Coll. Cardiol. 2018, 71, e127–e248.
[CrossRef] [PubMed]

6. Cheung, B.M.; Wat, N.M.; Tso, A.W.; Tam, S.; Thomas, G.N.; Leung, G.M.; Tse, H.F.; Woo, J.; Janus, E.D.; Lau, C.P.; et al.
Association between raised blood pressure and dysglycemia in Hong Kong Chinese. Diabetes Care 2008, 31, 1889–1891. [CrossRef]

7. Petrie, J.R.; Guzik, T.J.; Touyz, R.M. Diabetes, Hypertension, and Cardiovascular Disease: Clinical Insights and Vascular
Mechanisms. Can. J. Cardiol. 2018, 34, 575–584. [CrossRef] [PubMed]

8. Cheung, B.M. The hypertension-diabetes continuum. J. Cardiovasc. Pharmacol. 2010, 55, 333–339. [CrossRef]
9. Cheung, B.M.; Li, C. Diabetes and hypertension: Is there a common metabolic pathway? Curr. Atheroscler. Rep. 2012, 14, 160–166.

[CrossRef]
10. Fong, D.S.; Aiello, L.; Gardner, T.W.; King, G.L.; Blankenship, G.; Cavallerano, J.D.; Ferris, F.L., III; Klein, R.; American Diabetes

Association. Diabetic retinopathy. Diabetes Care 2003, 26, 226–229. [CrossRef]
11. Thylefors, B.; Negrel, A.D.; Pararajasegaram, R.; Dadzie, K.Y. Global data on blindness. Bull. World Health Organ. 1995, 73,

115–121. [PubMed]
12. Klein, R.; Klein, B.E.; Moss, S.E.; Davis, M.D.; DeMets, D.L. The Wisconsin epidemiologic study of diabetic retinopathy. III.

Prevalence and risk of diabetic retinopathy when age at diagnosis is 30 or more years. Arch. Ophthalmol. 1984, 102, 527–532.
[CrossRef]

13. Klein, R.; Klein, B.E.; Moss, S.E.; Davis, M.D.; DeMets, D.L. The Wisconsin epidemiologic study of diabetic retinopathy. II.
Prevalence and risk of diabetic retinopathy when age at diagnosis is less than 30 years. Arch. Ophthalmol. 1984, 102, 520–526.
[CrossRef]

14. Wolter, J.R. Diabetic retinopathy. Am. J. Ophthalmol. 1961, 51, 1123–1141. [CrossRef]

http://doi.org/10.1097/00004872-199303000-00012
http://doi.org/10.1136/bmj.317.7160.703
http://doi.org/10.2337/diacare.9.4.334
http://www.ncbi.nlm.nih.gov/pubmed/3743309
http://doi.org/10.1371/journal.pone.0180252
http://doi.org/10.1016/j.jacc.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29146535
http://doi.org/10.2337/dc08-0405
http://doi.org/10.1016/j.cjca.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29459239
http://doi.org/10.1097/FJC.0b013e3181d26430
http://doi.org/10.1007/s11883-012-0227-2
http://doi.org/10.2337/diacare.26.1.226
http://www.ncbi.nlm.nih.gov/pubmed/7704921
http://doi.org/10.1001/archopht.1984.01040030405011
http://doi.org/10.1001/archopht.1984.01040030398010
http://doi.org/10.1016/0002-9394(61)91802-5


Cells 2021, 10, 3470 17 of 18

15. Liu, L.; Quang, N.D.; Banu, R.; Kumar, H.; Tham, Y.C.; Cheng, C.Y.; Wong, T.Y.; Sabanayagam, C. Hypertension, blood pressure
control and diabetic retinopathy in a large population-based study. PLoS ONE 2020, 15, e0229665. [CrossRef] [PubMed]

16. Do, D.V.; Wang, X.; Vedula, S.S.; Marrone, M.; Sleilati, G.; Hawkins, B.S.; Frank, R.N. Blood pressure control for diabetic
retinopathy. Sao Paulo Med. J. 2015, 133, 278–279. [CrossRef]

17. Guerrero-Garcia, C.; Rubio-Guerra, A.F. Combination therapy in the treatment of hypertension. Drugs Context 2018, 7, 212531.
[CrossRef]

18. Szabadfi, K.; Atlasz, T.; Kiss, P.; Reglodi, D.; Szabo, A.; Kovacs, K.; Szalontai, B.; Setalo, G., Jr.; Banki, E.; Csanaky, K.; et al.
Protective effects of the neuropeptide PACAP in diabetic retinopathy. Cell Tissue Res. 2012, 348, 37–46. [CrossRef]

19. Kovacs, K.; Vaczy, A.; Fekete, K.; Kovari, P.; Atlasz, T.; Reglodi, D.; Gabriel, R.; Gallyas, F.; Sumegi, B. PARP Inhibitor Protects
Against Chronic Hypoxia/Reoxygenation-Induced Retinal Injury by Regulation of MAPKs, HIF1α, Nrf2, and NFKB. Investig.
Ophthalmol. Vis. Sci. 2019, 60, 1478–1490. [CrossRef]

20. Deres, L.; Bartha, E.; Palfi, A.; Eros, K.; Riba, A.; Lantos, J.; Kalai, T.; Hideg, K.; Sumegi, B.; Gallyas, F.; et al. PARP-inhibitor
treatment prevents hypertension induced cardiac remodeling by favorable modulation of heat shock proteins, Akt-1/GSK-3β
and several PKC isoforms. PLoS ONE 2014, 9, e102148. [CrossRef]

21. Szabadfi, K.; Szabo, A.; Kiss, P.; Reglodi, D.; Setalo, G.J.; Kovacs, K.; Tamas, A.; Toth, G.; Gabriel, R. PACAP promotes neuron
survival in early experimental diabetic retinopathy. Neurochem. Int. 2014, 64, 84–91. [CrossRef] [PubMed]

22. Mohammad, G.; Siddiquei, M.M.; Abu El-Asrar, A.M. Poly (ADP-ribose) polymerase mediates diabetes-induced retinal neuropa-
thy. Mediat. Inflamm. 2013, 2013, 510451. [CrossRef] [PubMed]

23. Presa, J.L.; Saravia, F.; Bagi, Z.; Filosa, J.A. Vasculo-Neuronal Coupling and Neurovascular Coupling at the Neurovascular Unit:
Impact of Hypertension. Front. Physiol. 2020, 11, 584135. [CrossRef] [PubMed]

24. Simo, R.; Simo-Servat, O.; Bogdanov, P.; Hernandez, C. Neurovascular Unit: A New Target for Treating Early Stages of Diabetic
Retinopathy. Pharmaceutics 2021, 13, 1320. [CrossRef] [PubMed]

25. Silva, K.C.; Rosales, M.A.; Biswas, S.K.; Lopes de Faria, J.B.; Lopes de Faria, J.M. Diabetic retinal neurodegeneration is associated
with mitochondrial oxidative stress and is improved by an angiotensin receptor blocker in a model combining hypertension and
diabetes. Diabetes 2009, 58, 1382–1390. [CrossRef]

26. Silva, K.C.; Pinto, C.C.; Biswas, S.K.; de Faria, J.B.; de Faria, J.M. Hypertension increases retinal inflammation in experimental
diabetes: A possible mechanism for aggravation of diabetic retinopathy by hypertension. Curr. Eye Res. 2007, 32, 533–541.
[CrossRef]

27. Sahaboglu, A.; Barth, M.; Secer, E.; Amo, E.M.; Urtti, A.; Arsenijevic, Y.; Zrenner, E.; Paquet-Durand, F. Olaparib significantly
delays photoreceptor loss in a model for hereditary retinal degeneration. Sci. Rep. 2016, 6, 39537. [CrossRef]

28. Vidal-Gil, L.; Sancho-Pelluz, J.; Zrenner, E.; Oltra, M.; Sahaboglu, A. Poly ADP ribosylation and extracellular vesicle activity in
rod photoreceptor degeneration. Sci. Rep. 2019, 9, 3758. [CrossRef]

29. Mester, L.; Szabo, A.; Atlasz, T.; Szabadfi, K.; Reglodi, D.; Kiss, P.; Racz, B.; Tamas, A.; Gallyas, F.J.; Sumegi, B.; et al. Protection
against chronic hypoperfusion-induced retinal neurodegeneration by PARP inhibition via activation of PI-3-kinase Akt pathway
and suppression of JNK and p38 MAP kinases. Neurotox. Res. 2009, 16, 68–76. [CrossRef] [PubMed]

30. Guzyk, M.M.; Tykhomyrov, A.A.; Nedzvetsky, V.S.; Prischepa, I.V.; Grinenko, T.V.; Yanitska, L.V.; Kuchmerovska, T.M. Poly(ADP-
Ribose) Polymerase-1 (PARP-1) Inhibitors Reduce Reactive Gliosis and Improve Angiostatin Levels in Retina of Diabetic Rats.
Neurochem. Res. 2016, 41, 2526–2537. [CrossRef]

31. Obrosova, I.G.; Minchenko, A.G.; Frank, R.N.; Seigel, G.M.; Zsengeller, Z.; Pacher, P.; Stevens, M.J.; Szabo, C. Poly(ADP-ribose)
polymerase inhibitors counteract diabetes- and hypoxia-induced retinal vascular endothelial growth factor overexpression. Int. J.
Mol. Med. 2004, 14, 55–64. [CrossRef]

32. Han, P.; Liang, W.; Baxter, L.C.; Yin, J.; Tang, Z.; Beach, T.G.; Caselli, R.J.; Reiman, E.M.; Shi, J. Pituitary adenylate cyclase-activating
polypeptide is reduced in Alzheimer disease. Neurology 2014, 82, 1724–1728. [CrossRef] [PubMed]

33. Masuo, Y.; Matsumoto, Y.; Tokito, F.; Tsuda, M.; Fujino, M. Effects of vasoactive intestinal polypeptide (VIP) and pituitary
adenylate cyclase activating polypeptide (PACAP) on the spontaneous release of acetylcholine from the rat hippocampus by
brain microdialysis. Brain Res. 1993, 611, 207–215. [CrossRef]

34. Gozes, I.; Bachar, M.; Bardea, A.; Davidson, A.; Rubinraut, S.; Fridkin, M.; Giladi, E. Protection against developmental retardation
in apolipoprotein E-deficient mice by a fatty neuropeptide: Implications for early treatment of Alzheimer’s disease. J. Neurobiol.
1997, 33, 329–342. [CrossRef]

35. Szabo, A.; Danyadi, B.; Bognar, E.; Szabadfi, K.; Fabian, E.; Kiss, P.; Mester, L.; Manavalan, S.; Atlasz, T.; Gabriel, R.; et al. Effect of
PACAP on MAP kinases, Akt and cytokine expressions in rat retinal hypoperfusion. Neurosci. Lett. 2012, 523, 93–98. [CrossRef]
[PubMed]

36. Atlasz, T.; Szabadfi, K.; Kiss, P.; Tamas, A.; Toth, G.; Reglodi, D.; Gabriel, R. Evaluation of the protective effects of PACAP with
cell-specific markers in ischemia-induced retinal degeneration. Brain Res. Bull. 2010, 81, 497–504. [CrossRef] [PubMed]

37. Giunta, S.; Castorina, A.; Bucolo, C.; Magro, G.; Drago, F.; D’Agata, V. Early changes in pituitary adenylate cyclase-activating
peptide, vasoactive intestinal peptide and related receptors expression in retina of streptozotocin-induced diabetic rats. Peptides
2012, 37, 32–39. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0229665
http://www.ncbi.nlm.nih.gov/pubmed/32134944
http://doi.org/10.1590/1516-3180.20151333T1
http://doi.org/10.7573/dic.212531
http://doi.org/10.1007/s00441-012-1349-0
http://doi.org/10.1167/iovs.18-25936
http://doi.org/10.1371/journal.pone.0102148
http://doi.org/10.1016/j.neuint.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24262293
http://doi.org/10.1155/2013/510451
http://www.ncbi.nlm.nih.gov/pubmed/24347828
http://doi.org/10.3389/fphys.2020.584135
http://www.ncbi.nlm.nih.gov/pubmed/33101063
http://doi.org/10.3390/pharmaceutics13081320
http://www.ncbi.nlm.nih.gov/pubmed/34452281
http://doi.org/10.2337/db09-0166
http://doi.org/10.1080/02713680701435391
http://doi.org/10.1038/srep39537
http://doi.org/10.1038/s41598-019-40215-3
http://doi.org/10.1007/s12640-009-9049-6
http://www.ncbi.nlm.nih.gov/pubmed/19526300
http://doi.org/10.1007/s11064-016-1964-3
http://doi.org/10.3892/ijmm.14.1.55
http://doi.org/10.1212/WNL.0000000000000417
http://www.ncbi.nlm.nih.gov/pubmed/24719484
http://doi.org/10.1016/0006-8993(93)90504-G
http://doi.org/10.1002/(SICI)1097-4695(199709)33:3&lt;329::AID-NEU10&gt;3.0.CO;2-A
http://doi.org/10.1016/j.neulet.2012.06.044
http://www.ncbi.nlm.nih.gov/pubmed/22750211
http://doi.org/10.1016/j.brainresbull.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19751807
http://doi.org/10.1016/j.peptides.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22721946


Cells 2021, 10, 3470 18 of 18

38. D’Amico, A.G.; Maugeri, G.; Reitano, R.; Bucolo, C.; Saccone, S.; Drago, F.; D’Agata, V. PACAP Modulates Expression of
Hypoxia-Inducible Factors in Streptozotocin-Induced Diabetic Rat Retina. J. Mol. Neurosci. 2015, 57, 501–509. [CrossRef]
[PubMed]

39. D’Amico, A.G.; Maugeri, G.; Rasa, D.M.; Bucolo, C.; Saccone, S.; Federico, C.; Cavallaro, S.; D’Agata, V. Modulation of IL-1β and
VEGF expression in rat diabetic retinopathy after PACAP administration. Peptides 2017, 97, 64–69. [CrossRef]

40. Maugeri, G.; D’Amico, A.G.; Bucolo, C.; D’Agata, V. Protective effect of PACAP-38 on retinal pigmented epithelium in an in vitro
and in vivo model of diabetic retinopathy through EGFR-dependent mechanism. Peptides 2019, 119, 170108. [CrossRef]

41. Barber, A.J.; Lieth, E.; Khin, S.A.; Antonetti, D.A.; Buchanan, A.G.; Gardner, T.W. Neural apoptosis in the retina during
experimental and human diabetes. Early onset and effect of insulin. J. Clin. Investig. 1998, 102, 783–791. [CrossRef] [PubMed]

42. Enzsoly, A.; Szabo, A.; Kantor, O.; David, C.; Szalay, P.; Szabo, K.; Szel, A.; Nemeth, J.; Lukats, A. Pathologic alterations of the
outer retina in streptozotocin-induced diabetes. Investig. Ophthalmol. Vis. Sci. 2014, 55, 3686–3699. [CrossRef] [PubMed]

43. Jung, K.I.; Woo, J.E.; Park, C.K. Intraocular pressure fluctuation and neurodegeneration in the diabetic rat retina. Br. J. Pharmacol.
2020, 177, 3046–3059. [CrossRef] [PubMed]

44. Hirose, F.; Kiryu, J.; Miyamoto, K.; Nishijima, K.; Miyahara, S.; Katsuta, H.; Tamura, H.; Honda, Y. In vivo evaluation of retinal
injury after transient ischemia in hypertensive rats. Hypertension 2004, 43, 1098–1102. [CrossRef]

45. Li, Y.; Wang, Q.; Muir, E.R.; Kiel, J.W.; Duong, T.Q. Retinal Vascular and Anatomical Features in the Spontaneously Hypertensive
Rat. Curr. Eye Res. 2020, 45, 1422–1429. [CrossRef] [PubMed]

46. Silva, K.C.; Pinto, C.C.; Biswas, S.K.; Souza, D.S.; de Faria, J.B.; de Faria, J.M. Prevention of hypertension abrogates early
inflammatory events in the retina of diabetic hypertensive rats. Exp. Eye Res. 2007, 85, 123–129. [CrossRef]

47. Lopes de Faria, J.M.; Silva, K.C.; Boer, P.A.; Cavalcanti, T.C.; Rosales, M.A.; Ferrari, A.L.; Lopes de Faria, J.B. A decrease in retinal
progenitor cells is associated with early features of diabetic retinopathy in a model that combines diabetes and hypertension. Mol.
Vis. 2008, 14, 1680–1691.

48. Sheskey, S.R.; Antonetti, D.A.; Renteria, R.C.; Lin, C.M. Correlation of Retinal Structure and Visual Function Assessments in
Mouse Diabetes Models. Investig. Ophthalmol. Vis. Sci. 2021, 62, 20. [CrossRef]

49. Werling, D.; Banks, W.A.; Salameh, T.S.; Kvarik, T.; Kovacs, L.A.; Vaczy, A.; Szabo, E.; Mayer, F.; Varga, R.; Tamas, A.; et al.
Passage through the Ocular Barriers and Beneficial Effects in Retinal Ischemia of Topical Application of PACAP1-38 in Rodents.
Int. J. Mol. Sci. 2017, 18, 675. [CrossRef]

50. Weise, J.; Isenmann, S.; Bahr, M. Increased expression and activation of poly(ADP-ribose) polymerase (PARP) contribute to retinal
ganglion cell death following rat optic nerve transection. Cell Death Differ. 2001, 8, 801–807. [CrossRef]

51. Seki, T.; Itoh, H.; Nakamachi, T.; Shioda, S. Suppression of ganglion cell death by PACAP following optic nerve transection in the
rat. J. Mol. Neurosci. 2008, 36, 57–60. [CrossRef] [PubMed]

52. Seki, T.; Itoh, H.; Nakamachi, T.; Endo, K.; Wada, Y.; Nakamura, K.; Shioda, S. Suppression of rat retinal ganglion cell death by
PACAP following transient ischemia induced by high intraocular pressure. J. Mol. Neurosci. 2011, 43, 30–34. [CrossRef] [PubMed]

http://doi.org/10.1007/s12031-015-0621-7
http://www.ncbi.nlm.nih.gov/pubmed/26202258
http://doi.org/10.1016/j.peptides.2017.09.014
http://doi.org/10.1016/j.peptides.2019.170108
http://doi.org/10.1172/JCI2425
http://www.ncbi.nlm.nih.gov/pubmed/9710447
http://doi.org/10.1167/iovs.13-13562
http://www.ncbi.nlm.nih.gov/pubmed/24845643
http://doi.org/10.1111/bph.15033
http://www.ncbi.nlm.nih.gov/pubmed/32087615
http://doi.org/10.1161/01.HYP.0000123069.02156.8a
http://doi.org/10.1080/02713683.2020.1752738
http://www.ncbi.nlm.nih.gov/pubmed/32255364
http://doi.org/10.1016/j.exer.2007.03.008
http://doi.org/10.1167/iovs.62.10.20
http://doi.org/10.3390/ijms18030675
http://doi.org/10.1038/sj.cdd.4400872
http://doi.org/10.1007/s12031-008-9091-5
http://www.ncbi.nlm.nih.gov/pubmed/18642101
http://doi.org/10.1007/s12031-010-9410-5
http://www.ncbi.nlm.nih.gov/pubmed/20585899

	Introduction 
	Materials and Methods 
	Animals and Treatments 
	Histology 
	Immunhistochemistry 

	Results 
	Morphological and Morphometric Analysis 
	Immunohistochemistry 

	Discussion 
	References

