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Abstract: PACAP is widely expressed throughout the body. It exerts a beneficial role in the eye,
including the cornea. The corneal epithelium is regularly exposed to diverse types of insults, including
ultraviolet B (UV-B) radiation. Previously, we showed the protective role played by PACAP in
counteracting UV-B ray insults in human corneal endothelial cells; however, its involvement in corneal
epithelium protection against ROS induced by UV-B radiation, and the underlying mechanisms,
remain to be determined. Here, we demonstrated that the peptide treatment reduced UV-B-induced
ROS generation by playing an anti-apoptotic role via JNK-signaling pathway inhibition. Overall,
our results can provide guidance in the therapeutic use of PACAP for the treatment of epithelial
corneal damage.
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1. Introduction

Sunlight covers a wide range of the electromagnetic spectrum. Visible light, ultraviolet
(UV) rays, and infrared rays reach the Earth’s surface to form terrestrial sunlight. There are
three types of UV radiation: UV-A, UV-B, and UV-C. Since UV-C is completely absorbed by
the ozone layer, the UV radiation component of terrestrial light consists of ~4% UV-B and
~96% UV-A. The depletion of the ozone layer causes increased human exposure to UV rays.
The overexposure of eyes to UV radiation causes harmful effects in the cornea, lens, and
retina [1-3]. In particular, the cornea, a natural UV-B filter, represents the most exposed
structure of the eye to oxidative stress since it absorbs the major part of UV-B at 300 nm [4,5].
The corneal epithelial layer is the most anterior region of the eye, characterized by about
six cell layers. It exhibits a smooth, regular surface and consists of nonkeratinized stratified
squamous cells. Beneath the epithelium is a fibrous meshwork called Bowman’s layer,
which is a condensation of collagen and proteoglycans. The stroma, representing 90%
of the corneal thickness, is formed by a collagen-rich central layer in contact with the
underlying Descemet’s membrane, which sustains the endothelial cells’ monolayer of
posterior cornea [6].

UV-B rays’ dangerous mechanism of action is composed of the aberrant increase in
reactive oxygen species (ROS) [7]. The UV-B-induced apoptotic process is regulated by
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some intracellular signaling, including the JNK pathway mediation of UV-B/ROS-induced
apoptosis [8-10].

The healthy cornea contains antioxidant molecules involved in the scavenging of
ROS [11]. However, when UV-B-induced ROS overwhelmed the corneal antioxidant
mechanisms, a reduction in its epithelium thickness was observed [12].

Corneal epithelial damage affects millions of people around the world. Therefore,
there is increased interest in discovering new strategies to repair corneal damage and
promote proper corneal re-epithelialization.

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide belong-
ing to the secretin and histidine-isoleucine (PHI) superfamily peptides. It exerts multiple
activities in a tissue-specific manner by binding to G protein-coupled receptors comprising
PAC1, VPAC-1, and VPAC-2 receptors [13-15]. Moreover, PACAP promotes the activity-
dependent neuroprotective protein (ADNP) [16,17]. Accordingly, NAP, the smallest active
element of ADNP, plays a beneficial role, acting in a synergic way with PACAP [18-20].
PACAP is widely expressed in the nervous system and shows a neuroprotective role in
several neurodegenerative diseases [21-28]. The peptide and its receptors are distributed
in different regions of the eye [29-32]. The effects of the peptide in the visual system were
repeatedly described, especially in the retina, where PACAP showed a neuroprotective
role against different types of insult [33-37]. In the cornea, PACAP displayed different
pleiotropic effects. It decreased corneal endothelial cell loss after transplantation, protected
the corneal surface by stimulating tear secretion, and defended the endothelium against UV
damage [38—42]. The involvement of PACAP in corneal epithelium protection against UV-
B-radiation-induced ROS formation, and the underlying mechanisms therein, remains to be
determined. Here, we assessed the expression of PACAP and its receptors in rabbit corneal
epithelium. Then, we investigated its role in UV-B-irradiation-induced damage in rabbit
corneal epithelial cells. Our results demonstrated that the peptide was strongly expressed
in the corneal epithelial layer. Moreover, it affected UV-B-induced ROS generation and JNK
pathway activation, counteracting apoptotic cell death induced by UV-B irradiation.

2. Materials and Methods
2.1. Animals
The experiments were performed on male New Zealand White rabbits (n = 12), in

accordance with the Association for Research in Vision and Ophthalmology (ARVO) State-
ment for the Use of Animals in Ophthalmic and Vision Research.

2.2. Immunohistochemistry (IHC) Analysis

PACAP, PACIR, VPACIR, and VPAC2R expression in rabbit cornea was analyzed
through immunohistochemical analysis [43] using the following primary antibodies: rabbit
anti-PACAP (H-76, sc-25439, 1:200), rabbit anti-PAC1 receptor (H-55, sc-30018, 1:300),
rabbit anti-VPAC1 (H-130, sc-30019, 1:200), and rabbit anti-VPAC2 (H-50, sc-30020, 1:200)
diluted in PBS and 1%BSA. The immunoreaction was observed using 3,3'-diaminobenzidine
solution. The samples were lightly counterstained with hematoxylin.

2.3. Cell Cultures

Experiments were performed on rabbit corneal cell lines (Statens Seruminstitut Rabbit
Cornea (SIRC) treated with vehicle (CTRL), or in the presence of PACAP (100 nM)) and sub-
jected to 30 s UV-B rays at a dose of 20 mJ/cm? through UVllink (UVItec, Cambridge, UK).

2.4. Cell Viability Assay

Cell viability was investigated through an MTT assay (11465007001, Roche Diagnostics,
Indianapolis, IN, USA) as previously demonstrated [43]. The absorbance was measured
with the a Varioskan reader (Thermo Fisher Scientific, Waltham, MA, USA).
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2.5. Assessment of Cell Death Using Fluorescence Microscope

The SIRC cells were cultured at a density of 4 x 103 cells/well in 500 pL of the culture
medium. The day after, cells were incubated in the control medium (CTRL) in the presence
of 100 nM PACAP, or exposed to 30s UV-B-irradiation (20 mJ/ cm?) in the presence or
absence of 100 nM PACAP. After 24 h, cells were incubated with 0.4 pg/mL Hoechst 33342
dye as previously described [43]. Two investigators carried out the counting of apoptotic
nuclei independently.

2.6. Western Blot Analysis

Western blot analysis was performed as described by D’Amico et al. [18]. Membranes
were incubated with the following primary antibodies: rabbit anti-PACAP (1:500); rabbit
anti-PACI1 receptor (1:1000); rabbit anti-VPAC1 (1:500); rabbit anti-VPAC2 (1:500); mouse
anti-Bcl2 (sc-509, 1:200); mouse anti-Bax (sc-20067, 1:200); rabbit anti-JNK (sc-571; 1:200);
mouse anti-p-JNK (sc-6254, 1:200), and rabbit anti-3-tubulin, which was used as a loading
control (sc-9104, 1:500). Densitometric analyses were performed using Image] software
(last access 22 March 2022).

2.7. Detection of ROS

To quantitatively assess the ROS production, the DCFDA /H2DCFDA assay (ab113851, Ab-
cam, Cambridge, UK) was performed on SIRC cells cultured at a density of 1 x 10* cells/well
for 24 h. ROS concentration was measured with the Varioskan reader.

Mitochondrial-derived ROS (mtROS) detection was assessed using the MitoSOX™
Red Mitochondrial Superoxide Indicator. The MACSQuant Analyzer 10 was used to
measure mtROS.

2.8. Statistical Analysis

Data reported mean 4+ SEM. One-way analysis of variance was performed, and statis-
tical significance was evaluated by the Tukey—Kramer post hoc test (p < 0.05).

3. Results
3.1. Detection of PACAP, PACIR and VPACRs in Corneal Epithelium

The expression of PACAP and its receptors in the eye has been widely reported [43-45].
PACAP-positive cells have been detected in the corneal endothelial layer [39,42], and
PACAP-IR has been found in nerve terminals running through the stroma [29]. Here, we
investigated the endogenous expression of PACAP and its receptors in the cornea of rabbits
(n = 12) through IHC analysis. We found the positive expression of PACAP and its receptors
in all examined sections. In particular, PACAP was expressed through the entire height of
the corneal epithelium in all examined zones but showed higher signal intensity in the cells
laying on the basement membrane. Weak expression of the peptide was detected in the
stroma (Figure 1Aa). The labeling of PACIR resembled the localization of PACAP, as the
receptor was clearly expressed in both the basal epithelial layer as well as in the stroma
(Figure 1Ab). The VPAC1 and VPAC2 receptors were found in all epithelial cell layers. The
signal intensity of VPACRs differed in the stroma, where VPACIR was highly expressed in
comparison to VPAC2R (Figure 1Ac—d). The endogenous expression of PACAP, PACIR,
VPACIR, and VPAC2R was also investigated in rabbit corneal epithelial cells. As shown in
Figure 1B, the peptide and its receptors are expressed in SIRC cells.

3.2. Effect of PACAP Treatment on UV-B-Induced Apoptotic Cell Death

Studies showed that UV-B insult injures the cornea by causing apoptotic cell death [46—-49].
Here, it was found that UV-B rays (20 mJ/cm?) significantly decreased cell viability in a
time-dependent manner starting from 24 h following UV-B insult (**** p < 0.0001 vs. CTRL)
(Figure 2A). Therefore, we chose this time point to investigate the effect of PACAP treatment
on UV-B-exposed cells’ viability. As shown in Figure 2B, the peptide increased cell viabil-
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ity when compared with the UV-B group, confirming its protective role (#### p < 0.0001
vs. UV-B).
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Figure 1. (A) Immunodetection of PACAP (a), PACIR (b), VPACIR (c), and VPAC2R (d) in rabbit
cornea: (1) epithelium, (2) Bowman’s membrane, (3) stroma. Original magnification x200, scale bar:
20 um. (B) Representative immunoblot of PACAP and its receptors in SIRC cells.
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Figure 2. (A) MTT assay performed on SIRC cells at different time points. (B) Cell viability evaluated
at 24 h on different experimental groups. **** p < 0.0001 vs. CTRL; ### p < 0.0001 vs. UV-B.

To further analyze the protective effect of PACAP on UV-B-mediated cell damage, the
nuclei of SIRC cells exposed to UV-B were stained with Hoechst 33342. As shown in Figure 3,
significant fragmentation and nuclear condensation, characteristic of apoptotic death, was
observed in the UV-B-exposed group, in comparison with the control (**** p <0.0001 vs.
CTRL). When the cells were treated with PACAP, the number of apoptotic nuclei in the
UV-B-exposed cells was markedly reduced (#### p < 0.0001 vs. UV-B).
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Figure 3. Assessment of cell death using Hoechst 33342 staining. Scale bar: 20 um. **** p < 0.0001 vs.
CTRL; ###HH# p < 0.0001 vs. UV-B.

Considering that apoptotic cell death is regulated by Bcl-2 family proteins, key media-
tors, we investigated the role of PACAP to modulate the expression of the anti-apoptotic
protein, Bcl-2, and pro-apoptotic protein, Bax. As shown in Figure 4, PACAP markedly
increased the expression of Bcl-2 protein in UV-B-exposed cells (# p < 0.05 vs. UV-B). In
contrast, the expression levels of the pro-apoptotic protein Bax, which drastically increased
following UV-B exposure (**** p < 0.0001 vs. CTRL), were significantly downregulated by
treatment with the peptide (##Hf p < 0.0001 vs. UV-B). These results confirmed that PACAP
inhibits corneal epithelial cells” apoptotic death activated by UV-B ray exposure.
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Figure 4. Expression of Bcl-2 and Bax proteins at 24 h in different experimental groups. **** p < 0.0001
vs. CTRL; #p < 0.05, and #### p < 0.0001 vs. UV-B.



Appl. Sci. 2022,12, 3435

60f 11

3.3. PACAP Decreased the Production of ROS Induced by UV-B Rays on Corneal Epithelial Cells
via the JNK Pathway Inhibition

Considering that corneal injuries induced by UV-B are predominantly triggered by
oxidative stress [50,51], we analyzed the time-course of ROS generation in corneal ep-
ithelial cells after UV-B radiation exposure (20 mJ/cm?) by using the DCFDA assay and
the Mito-SOX™ Red fluorescence indicator (Figure 5A,B). The cellular ROS production
significantly increased in a time-dependent manner starting from 30 s after UV-B irradia-
tion (**** p < 0.0001 vs. CTRL). Treatment with the peptide significantly counteracted ROS
formation starting from one hour after UV-B irradiation (20 mJ/ cm? for 30 s) (Figure 5A).
Similarly, a time-dependent increase in mitochondrial ROS formation was observed in
cells exposed to UV-B irradiation (**** p < 0.0001 vs. CTRL) (Figure 5B). PACAP treatment
strongly reduced UV-B-induced mitochondrial ROS formation at all time points considered.
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Figure 5. Detection of intracellular ROS production in SIRC cells after UV-B exposure through DCFDA
(A), or MitoSOX™ Red (B). **** p < 0.0001 vs. CTRL; #### p < 0.0001 vs. UV-B 30'; §§§ p < 0.001
and §8§§ p < 0.0001 vs. UV-B 1 h; ° p < 0.05 and °°°° p < 0.0001 vs. UV-B 6 h; ++ p < 0.01 and
++++p < 0.0001 vs. UV-B 24 h.

The literature shows that JNK activation is crucial as it represents the signaling path-
way downstream of ROS, leading to apoptotic cell death [50,51]. Therefore, to investigate
whether this pathway was linked to UV-B ROS-generation-induced cell death, we first
measured the phosphorylated JNK (p-JNK) and total JNK at different time points in cells
exposed to UV-B rays, through Western blot analysis. The significant activation of JNK was
observed starting from 6 h after UV-B irradiation (**** p < 0.0001 vs. CTRL) (Figure 6A),
before assessing the PACAP effect on JNK phosphorylation after 6 h from UV-B insult.
As observed in Figure 6B, PACAP treatment strongly reduced p-JNK (#### p < 0.0001
vs. UV-B).
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Figure 6. (A) JNK activation induced by UV-B at different time points. (B) JNK phosphorylation
expression at 6 h. **** p < 0.0001 vs. CTRL; ### p < 0.0001 vs. UV-B.

4. Discussion

Ozone layer depletion causes a continuous and more pronounced exposure of the
cornea to UV-B rays, which provokes the formation of ROS, including superoxide anion
(0%), hydrogen peroxide (H,0O;), and hydroxyl (OH-) radicals. ROS overproduction is
associated with different ocular disorders, e.g., cataracts, age-related macular degener-
ation, glaucoma, inflammation, and corneal alteration [52]. The human eye has several
defense mechanisms, including enzymes and antioxidants (e.g., glutathione peroxidase and
ascorbic acid) which protect ocular tissues against oxidative injury [53]. However, these
are gradually reduced during UV-B irradiation, as opposed to the pro-oxidant enzymes
such as xanthine oxidoreductase/xanthine oxidase, which remain at normal values or may
even increase.

Many works demonstrated that PACAP exerts an important antioxidant and anti-
apoptotic role in different cell types throughout the body [54-56]. The present study aimed
to investigate the role of the peptide in corneal epithelium protection against UV-B radiation
and elucidate the associated molecular mechanisms (Figure 7).
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Figure 7. Schematic representation of the protective effects exerted by PACAP on corneal epithelium
against UV-B-induced apoptosis via ROS/JNK pathway inhibition.

We first analyzed the endogenous expression of PACAP and its receptors in the corneal
epithelium. PACAP and PACIR are found in the rabbit corneal epithelium, specifically in
basal cells. VPAC1R and VPAC2R were observed in the entire length of the epithelial layers
as well as in the stroma (Figure 1).

To explore the role of PACAP in corneal epithelium, we exposed SIRC cells to UV-B
insult. It is widely recognized that UV-B radiation leads to corneal cell apoptotic death due
to DNA damage and the production of ROS [47-49]. Here, we confirmed this evidentially,
as well as demonstrating that treatment with PACAP significantly increased cell viability
(Figure 2B) by preventing UV-B-induced apoptotic death (Figure 3). These data were
also confirmed by the analysis of proteins Bcl-2/Bax. High levels of Bax protein were
detected in the UV-B group (Figure 4), consistent with previous findings showing that
UV-B irradiation increased pro-apoptotic Bax gene expression [54,55]. PACAP treatment
significantly increased Bcl-2 protein expression and reduced the pro-apoptotic protein Bax
in SIRC cells exposed to UV-B insult, confirming the anti-apoptotic mechanism involved in
the protective effect of PACAP against UV-B-induced corneal epithelial damage.

As previously shown, UV-B irradiation induced ROS formation on the ocular sur-
face [56], leading to DNA and mitochondrial damage, mitochondrial membrane depolariza-
tion, lipid peroxidation, and protein denaturation [56]. Here, we showed that UV-B insult
induced a time-dependent increase in cellular ROS formation, as well as mitochondrial
superoxide anion generation, whereas treatment with PACAP significantly reversed these
changes (Figure 5A,B). Therefore, PACAP reduced oxidative stress directly through ROS
scavenging and protected cells against UV-B radiation through the modulation of the JNK
pathway. ROS induces different pathways, including JNK [9], which serves a central role in
the apoptotic event [57,58]. Accordingly, we showed that UV-B insult triggers the activation
of the JNK pathway, whereas PACAP treatment counteracts its phosphorylation (Figure 6).
Correspondingly, previous findings show that PACAP exerts important cytoprotective
effects by suppressing the JNK pathway [59,60].
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The therapeutic use of PACAP has some limitations due to its poor in vivo stability. In
fact, the peptide is degraded by different peptidases in the blood, including the dipeptidyl
peptidase IV, which binds PACAP 1-38 to the PAC1 receptor antagonist, and other enzymes
such as carboxypeptidase, endopeptidase, and prohormone convertase [61,62]. However, a
recent paper showed that PACAP in a water solution can be preserved for relatively long
periods of time [62]. Consequently, the present findings, along with the aforementioned
studies, demonstrate that PACAP protects the cornea from UV-B damage, encouraging new
investigations. In fact, the main limitation of the present work is that it was executed on
immortalized corneal epithelial cells that fail to perfectly replicate the complex architecture
and organization of the epithelial corneal layer. Therefore, further in vivo studies will be
needed to confirm the corneal protective effects displayed by PACAP.
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