Current Research in Pharmacology and Drug Discovery 3 (2022) 100107

1O Current Research in

i i i i Ph logy an
Contents lists available at ScienceDirect Dr:;;msicszgvgeyr; =

Current Research in Pharmacology and Drug Discovery

~ ba > journal homepage: www.journals.elsevier.com/current-research-in-pharmacology-
ELSEVIER and-drug-discovery
Low-dose melittin is safe for intravitreal administration and ameliorates R)
inflammation in an experimental model of uveitis e

Brenda Fernanda Moreira Castro ™, Carolina Nunes da Silva?, Lidia Pereira Barbosa Cordeiro ",

Sarah Pereira de Freitas Cenachi ¢, Daniel Vitor Vasconcelos-Santos ¢, Renes Resende Machado ?,
Luiz Guilherme Dias Heneine ¢, Luciana Maria Silva ¢, Armando Silva-Cunha?, Silvia
Ligério Fialho®

? Faculty of Pharmacy, Federal University of Minas Gerais, 6627 Presidente Antonio Carlos Avenue, Pampulha, Belo Horizonte, Minas Gerais, 31270-901, Brazil

b Department of Chemistry, Federal University of Minas Gerais, 6627 Presidente Antonio Carlos Avenue, Pampulha, Belo Horizonte, Minas Gerais, 31270-901, Brazil
¢ Faculty of Medicine, Federal University of Minas Gerais, 190 Professor Alfredo Balena Avenue, Santa Efigenia, Belo Horizonte, Minas Gerais, 30130-100, Brazil

d Laboratory of Immunology, Ezequiel Dias Foundation, 80, Conde Pereira Carneiro Street, Gameleira, Belo Horizonte, Minas Gerais, 30510-010, Brazil

¢ Laboratory of Cell Biology, Ezequiel Dias Foundation, 80, Conde Pereira Carneiro Street, Gameleira, Belo Horizonte, Minas Gerais, 30510-010, Brazil

f Pharmaceutical Research and Development, Ezequiel Dias Foundation, 80, Conde Pereira Carneiro Street, Gameleira, Belo Horizonte, Minas Gerais, 30510-010, Brazil

ARTICLE INFO ABSTRACT

Keywords: Uveitis is a group of sight-threatening ocular inflammatory disorders, whose mainstay of therapy is associated
Melittin with severe adverse events, prompting the investigation of alternative treatments. The peptide melittin (MEL) is
Peptide . the major component of Apis mellifera bee venom and presents anti-inflammatory and antiangiogenic activities,
S‘fﬁglsmanon with possible application in ophthalmology. This work aims to investigate the potential of intravitreal MEL in the
Antiangiogenic treatment of ocular diseases involving inflammatory processes, especially uveitis. Safety of MEL was assessed in
Eye retinal cells, chick embryo chorioallantoic membranes, and rats. MEL at concentrations safe for intravitreal

administration showed an antiangiogenic activity in the chorioallantoic membrane model comparable to bev-
acizumab, used as positive control. A protective anti-inflammatory effect in retinal cells stimulated with lipo-
polysaccharide (LPS) was also observed, without toxic effects. Finally, rats with bacille Calmette-Guerin- (BCG)
induced uveitis treated with intravitreal MEL showed attenuated disease progression and improvement of clinical,
morphological, and functional parameters, in addition to decreased levels of proinflammatory mediators in the
posterior segment of the eye. These effects were comparable to the response observed with corticosteroid
treatment. Therefore, MEL presents adequate safety profile for intraocular administration and has therapeutic
potential as an anti-inflammatory and antiangiogenic agent for ocular diseases.

blindness in the world, accounting for 15% of preventable vision loss
worldwide, and 25% of irreversible blindness in developing countries
(Foster et al., 2016). Uveitis comprises a variety of ocular inflammatory
disorders affecting the uvea and adjacent structures (de Smet et al.,
2011). It affects mostly young individuals in their working years, causing
an important economic and social burden (Chen et al., 2017; Fukunaga
nisms that maintain its integrity and homeostasis (Hove et al., 2016). et al., 2020). Uveitis can be infectious or non-infectious according to
Inflammatory processes within the eye affect the integrity of ocular etiology and can also be further classified regarding the primary
structures and fluids and, thus, are detrimental to vision function (Caspi, anatomical site of inflammation, clinical course, and histopathology
2010). Hence, intraocular inflammation is the third leading cause of

1. Introduction

The ocular immune-privilege, endowed with multiple and specialized
components, protects the eye through functional and structural mecha-
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Abbreviations

MEL Melittin

LPS lipopolysaccharide;

STAT activator of transcription

ERK extracellular signal-regulated kinase %2
JNK c-jun N-terminal kinase

iNOS inducible nitric oxide synthase

ARPE-19 human retinal pigmented epithelium cell line;

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide;

FBS fetal bovine serum

ICCVAM Interagency Coordinating Committee on the Validation of
Alternative Methods

CAM chorioallantoic membrane

IS irritation score

SD standard deviation

VT intravitreal

10P intraocular pressure (IOP)

ERG electroretinogram

ISCEV  International Society for Clinical Electrophysiology of

Vision
FITC fluorescein Isothiocyanate
BCG Bacille Calmette-Guérin
DEX dexamethasone sodium phosphate
NAG N-acetylglucosaminidase
MPO myeloperoxidase
oD optical density
ELISA  enzyme-linked immunosorbent assay
ANOVA analysis of variance
GCL ganglion cell layer
IPL inner plexiform layer
INL inner nuclear layer
OPL outer plexiform layer
ONL outer nuclear layer
PRL photoreceptor layer
RPE retinal pigment epithelium cells
HUVEC human umbilical vein endothelial cells
VEFG vascular endothelial growth factor
TLR4 toll-like receptor 4
MD-2 myeloid differentiation protein-2
Akt protein kinase B

(Foster et al, 2016; Gamalero et al, 2019). Management of
non-infectious uveitis is challenging, since corticosteroids, the mainstay
of therapy, are associated with severe adverse events after local and
systemic administration. This is particularly observed in long-term
treatment for chronic non-infectious uveitis, for which alternative
corticosteroid-sparing/immunomodulatory therapies may be required in
a significant number of patients for sustained control of intraocular
inflammation (Rosenbaum et al., 2019). Once there is still a critical
unmet need for effective and safe therapeutic options for uveitis, several
studies have been investigating alternative treatments with numerous
clinical trials underway (Hassan et al., 2019; Rosenbaum et al., 2019;
Ahmed et al., 2020).

Melittin (MEL) is the major component of Apis mellifera bee venom,
accounting for 50-60% of its dry weight (Pascoal et al., 2019). It is a
linear amphiphilic peptide of 2840 Da, composed of 26 amino acids
residues  (GIGAVLKVLTTGLPALISWIKRKRQQ), in which the
amino-terminal region is predominantly hydrophobic and the c-terminal
is hydrophilic (Moreno and Giralt, 2015; Santos-Pinto et al., 2018). A
wide spectrum of pharmacological effects has been described for MEL,
including anticancer, antimicrobial, antiviral, antinociceptive, and
anti-inflammatory (Rady et al., 2017; Wehbe et al., 2019; Aufschnaiter
et al., 2020). As an anti-inflammatory agent, MEL has demonstrated a
potent activity, being explored in different settings, including acne vul-
garis, neuroinflammation, atopic dermatitis, atherosclerosis, rheumatoid
arthritis, liver inflammation, and renal fibrosis (An et al., 2016; Lee and
Bae, 2016; Kim et al., 2017; Pascoal et al., 2019). In inflammatory acne
vulgaris and acute hepatic failure models MEL was able to decrease
production of proinflammatory cytokines through regulation of the
NF-kB signalling pathway (Lee et al., 2014). Similarly, in a model of
atopic dermatitis, MEL decreased expression of proinflammatory medi-
ators by suppressing NF-kB and signal transducer and activator of tran-
scription (STAT) pathways (Kim et al., 2017; An et al, 2018). In
microglial cells, MEL suppressed activation of NF-kB and inhibited
phosphorylation of p38, extracellular signal-regulated kinase % (ERK '%),
and c-jun N-terminal kinase (JNK) along with expression of inducible
nitric oxide synthase (iNOS) (Moon et al., 2007). Although the potential
of MEL as an anti-inflammatory agent has been evidenced in a variety of
cell lines and animal models, it has not been explored for treatment of
ocular diseases. Therefore, this work aims to establish a safety profile for
intravitreal administration of MEL and to investigate the
anti-inflammatory and antiangiogenic effects of MEL in vitro and in vivo.

2. Materials and methods
2.1. Animals

Male Wistar rats (n = 66) aged 6-8 weeks and weighing 180-220 g
were used in this study. They were housed and maintained in the animal
facility of the Pharmacy School of Universidade Federal de Minas Gerais,
under controlled temperature (27 + 5 °C) and luminosity (12h light/12h
dark). Food and water were supplied ad libitum and the studies were
conducted following the guide for the care and use of laboratory animals
(National Institutes of Health Publications No. 8023, revised 1978) and
in accordance with the Association for Research in Vision and Ophthal-
mology Resolution Standards for Animal Research. The study was
approved by the Animal Ethics Committee of UFMG, under the protocol
n° 303/2019.

Animals were randomly divided into 4 groups for the toxicity study
(n = 4/group) and evaluation of retinal penetration (n = 2/group). To
assess in vivo anti-inflammatory effect of MEL, 42 rats were divided into
7 groups (n = 6/group). At the end of each experiment, all animals were
euthanized with an intraperitoneal injection of 270 mg/kg of ketamine
(Dopalen, Ceva, Brazil) and 30 mg/kg of xylazine (Anasedan, Ceva,
Brazil).

2.2. Cell culture and treatment

Human retinal pigmented epithelium cell line (ARPE-19) obtained
from the American Type Culture Collection (ATCC CRL-2302, USA), was
used in this study. The cells (passage 23) were cultured in a mixture (1:1)
of DMEM and Ham's F-12 (DMEM/F-12; Sigma-Aldrich, USA), supple-
mented with 10% fetal bovine serum (FBS), and 1% antibiotics/anti-
mycotic solution (100 units/mL penicillin, 100 pg/mL streptomycin and
0.25 pg/mL amphotericin B; Gibco, USA), at 37 °C in a humidified 5%
CO, incubator.

2.3. MEL isolation from Apis mellifera bee venom

MEL was purified from Apis mellifera bee venom using heparin-
affinity chromatography (HiPrep Heparin Fast Flow 16/10; GE health-
care, Brazil) in a GE AKTA Purifier 100 fast protein liquid chromatog-
raphy system with UV-900 detector, as previously described by Banks
et al. (1981). The peptide was desalted by solid-phase extraction
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(SEK-PAK C18; Waters, Brazil), freeze-dried (ModulyoD, Thermo Scien-
tific, USA), and stored at —20 °C in sealed lo-bind tubes. The purity (92.4
+ 7.4%) and identity (m/z of 2845.7) of MEL samples were assessed by
high-performance liquid chromatography (HPLC, Agilent 1100, Agilent,
USA) and MALDI-TOF/TOF (Autoflex III TOF/TOF 200, Bruker, Ger-
many) analysis (data not shown). The latter was performed over
alpha-cyano-4-hydroxycinnamic acid matrix, at 0-200 kDa m/z range,
with data acquisition and analysis being carried out in the FlexControl
3.3 software. The liquid chromatographic method described by Haghi
et al. (2013) was used to analyze the samples in a Shim-pack VP-ODS
(250 mm x 4,6 mm x 5,0 pm) chromatographic column (Shimadzu,
Japan). For in vitro and in vivo assays, a stock solution of MEL was
prepared in sterile saline and diluted in culture medium (cell studies) or
sterile saline (in vivo studies and CAM assays).

2.4. Cell viability by MTT

The viability of ARPE-19 cells treated with MEL was determined by
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay. Firstly, ARPE-19 cells were seeded at 1 x 10* cells/well in
96-well plates and incubated at 37 °C for 24 h. Later, the cells were
treated with MEL solutions with increasing concentrations (0.5; 1.0; 1.5;
2.0; 2.5 and 3.0 pg/mL) prepared in DMEM/F-12 supplemented with 1%
FBS. The same medium was used to prepare hydrogen peroxide solution
(1 mM), which was used as the positive control. After 24, 48, and 72 h,
the medium was replaced with 0.5 mg/mL MTT solution (Sigma-Aldrich,
USA) and the plates were incubated for 3 h under the same conditions.
Then, the precipitated formazan crystals were solubilized by adding
dimethyl sulfoxide (Vetec, Brazil) and the optical densities were
measured at 550 nm using a microplate reader (Spectramax 190; Mo-
lecular devices LCC, USA). Cell viability was reported as a percentage of
control (untreated) viability. Data were obtained from three independent
experiments.

2.5. Hen's egg test-chorioallantoic membrane (HET-CAM)

HET-CAM is an in vitro assay alternative to the Draize rabbit eye test.
In this work, the HET-CAM assay was performed according to the pro-
tocol established by the Interagency Coordinating Committee on the
Validation of Alternative Methods (ICCVAM) ICCVAM 2010), to evaluate
the ocular tolerance of MEL. For this, viable fertilized hens' eggs (Gallus
gallus domesticus), supplied by Granja Rivelli, (Minas Gerais, Brazil), were
incubated for 9 days at 37 + 0.5 °C and 55 + 5% of relative humidity
(Premium Ecolégica, Brazil). On day 9, the eggshells were opened with
surgical tweezers and the inner membrane was removed for exposure of
the chorioallantoic membrane (CAM). A volume of 300 pL of MEL solu-
tion (0.1; 0.5; 1.0; 2.0; 2.5; 3.0 pg/mL), 0,1 M NaOH (positive control) or
sterile saline (negative control) were applied onto the CAM surface.
Throughout 5 min, blood vessels of the membrane were observed using a
stereomicroscope (SZ61, Olympus, USA), in order to detect reactions as
lysis, hemorrhage, and coagulation. The time onset for each reaction was
recorded and photographs were taken after 0.5, 2, and 5 min with a
digital camera attached to the microscope. The irritation score (IS) was
calculated by the sum of the numerical scores (Table 1), and the classi-
fication of ocular irritation potential was determined as described in

Table 1
Numerical scores and ocular irritation classification for HET-CAM assay.

Effect Score IS Classification
0.5 min 2 min 5 min 0.0 to 0.9 non-irritant
Lysis 5 3 1 1.0 to 4.9 slight irritant
Hemorrhage 7 5 3 5.0 to 8.9 moderate
Coagulation 9 7 5 9.0 to 21.0 severe irritant

IS: Irritation score.
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Table 1. The results were expressed as mean + standard deviation (SD), n
= 6 eggs/group.

2.5.1. Intravitreal injections

Prior to intravitreal (IVT) injections, the animals were anesthetized
with intraperitoneal ketamine (80 mg/kg; Dopalen, Ceva, Brazil) and
xylazine (10 mg/kg; Anasedan, Ceva, Brazil) followed by topical instil-
lation of 0.1% phenylephrine/1% tetracaine eyedrops (Anestésico,
Allergan, Brazil). A volume of 5 pL was injected through the pars plana of
the right eyes with a 31-gauge needle (BD Ultrafine II, USA) inserted
about 2 mm posterior to the limbus. The needle remained in place for
about 30 s in order to prevent reflux when it was removed.

2.6. In vivo safety

The in vivo safety of MEL was assessed by ophthalmic examination,
measurement of intraocular pressure (IOP), electroretinographic exams,
and histopathological analyses. A total of 16 rats were randomly divided
into 4 groups that received an IVT injection of MEL solution (0.5, 1.0, and
2.0 pg/mL) or vehicle (sterile saline) in their right eyes. Ophthalmic
examinations and IOP measurements were conducted before, 6, and 14
days after IVT injections. The clinical examination consisted of indirect
ophthalmoscopy (Eyetec, Brazil) employing a 90D wide-field noncontact
lens (Volk Digital Wide Field, Volk, Germany) after pupillary dilation
with 1% tropicamide drops (Mydriacyl, Alcon, USA). Fundus images
were registered with a smartphone camera coupled to the 90D lens. IOP
was measured with a TonoPen Vet (Reichert, USA) calibrated before each
use. Measurements were taken under sedation with intraperitoneal ke-
tamine/xylazine 80:10 mg/kg, and topical anesthesia with 0.1% phen-
ylephrine/1% tetracaine. Each IOP value was an average of three
consecutive readings taken in each eye, with a standard error < 10%, and
at the same conditions to avoid circadian variation.

Electroretinogram (ERG) recordings were carried out as reported by
Toledo et al. (2019), 7 and 15 days after the IVT injections. Animals were
dark-adapted for 12h and then sedated with intraperitoneal ketamine
and xylazine (80:10 mg/kg). Pupils were dilated with topical tropica-
mide 1% and eyes were anesthetized with 0.1% phenylephrine/1%
tetracaine eye drops. Subcutaneous reference electrodes were inserted
near the temporal canthus of the animals' eyes while the ground elec-
trode was inserted in the animals' rump. ERG responses were acquired
using a corneal bipolar contact lens electrode (ERG Jet, Fabrinal SA,
Switzerland) under dim red light. The full-field ERG was obtained in an
Espion E2 electrophysiology system (Diagnosys LLC, USA) with a Ganz-
feld LED stimulator (ColorDome desktop Ganzfeld, Diagnosys LLC, USA).
The protocol was conducted following the guidelines of the International
Society for Clinical Electrophysiology of Vision (ISCEV) (Robson et al.,
2018). For the scotopic dark-adapted exam, white flashes of 6500 K and
4 ms of duration were delivered in 11 steps of increasing luminance in-
tensity (0.003-3 cd.m.s’l). The stimulus of 0.01 and 3 cd.m.s~! were
analyzed to evaluate rod and combined rod and cone responses,
respectively. Next, the rats were light-adapted for 10 min under a
background luminance of 3 cd.m.s~! for the photopic exam. Flashes of 3
cd.m.s™! for 4 ms followed by a 30-Hz flickering stimulus with the same
luminance and duration were applied. The results were amplified and
analyzed using the Espion E3 software (Diagnosys LLC, USA), and am-
plitudes and implicit times of a- and b-waves were measured as described
by Chen et al. (2013). The effect of MEL on both response components
was assessed by determining the mean + SD percentage relative to the
control group (vehicle) for each parameter and time-point.

After the last ERG examination, the animals were euthanized and
their eyes enucleated for histopathological analysis. The eyes were fixed
in Davidson's fixative solution, transferred to 70% ethanol, processed,
embedded in paraffin blocks, sectioned through the sagittal plane (5 pm),
and stained with hematoxylin-eosin for light microscopy analysis (Axio
Imager M2 optic microscope, Zeiss, Germany).
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2.7. Retinal penetration

MEL was conjugated with fluorescein Isothiocyanate (FITC, Sigma-
Aldrich, USA), according to the protocol described by Maeda and
Kawauchi (1968), to evaluate the location of the peptide in rats' retina
after the IVT injection, at different time-points. The animals received an
IVT injection of the conjugated peptide (MEL-FITC, 2 pg/mL) or FITC
solution (n = 4/group), and were euthanized 2 or 8 h later (n = 2 per
time-point). The eyes were enucleated for preparation of histology slides,
which were analyzed by fluorescence microscopy at an excitation
wavelength of 495 nm and an emission wavelength of 517 nm (Axio
Vert-Al FL-LED fluorescence microscope, Zeiss, Germany). A control
slide from the vehicle group (saline) was used to adjust the background
and mitigate retinal autofluorescence.

2.8. Antiangiogenic activity

Antiangiogenic activity of MEL was assessed by the chicken embryo
CAM assay, as previously described by Vieira et al. (2020). Briefly,
fertilized hens' eggs (Gallus gallus domesticus) incubated at 37 + 0.5 °C
and 55 + 5% of relative humidity were opened on the 3rd day after
fertilization and their inner membrane was removed for CAM exposure.
On the 5th and 6th day, 50 pL of MEL solution (0.5, 1.0, and 2.0 pg/mL),
sterile saline (negative control) or bevacizumab (Avastin, Roche, USA;
positive control; 5 mg/mL) were applied on the CAM (n = 12/group) at a
standardized location. The eggs were sealed and incubated afterward. On
the 7th day, the membranes were photographed with a camera coupled
to a stereomicroscope (SZ61, Olympus, USA), and the vascularized area
was quantified using the ImageJ program, version 1.50i. The results were
expressed as a percentage of the negative control group (100%).

2.9. In vitro anti-inflammatory activity

The effect of pre-treatment with MEL on LPS-induced inflammatory
response in ARPE-19 cells was investigated by measuring the levels of
inflammatory mediators in cells supernatant after LPS stimulus. ARPE-19
cells were cultured in complete medium in 96-well plates until reaching
80-90% of confluency. Then, cells were pre-treated with MEL (0.5, 1.0
and 2.0 pg/mL in serum-free medium) for 1 h followed by treatment
removal and activation with LPS 10 pg/mL (Escherichia coli, serotype
0111:B4; Sigma-Aldrich, USA) in serum-free medium for 24 h (n = 4/
group). Phenol red-free medium (Gibco, USA) was used for nitrite
determination and the chosen concentration of LPS was based on pre-
vious studies using the same cell-line (Leung et al., 2009; Arjamaa et al.,
2017).

Next, cells supernatant was collected and levels of proinflammatory
cytokines (IL-6, IL-8, IL-18, TNF-a, INF-y, IL-17A, TGF-f1) and nitrite
were determined by flow cytometry and Griess reagent assay (Sigma-
Aldrich, USA), respectively. A customized human inflammation panel
(LEGENDPlex; Biolegend, USA) was used for flow cytometry analysis,
which was performed according to the manufacturer's instructions in an
LSRFortessa (BD Biosciences, USA) flow cytometer. Each sample and
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standard were assayed in duplicate and analyzed using Biolegend LEG-
ENDplex data analysis software, as previously reported (Lehmann et al.,
2019). Standard curves ranging from 10,000 to 2.44 or 20,000-4.88
pg/mL (TGF-f1) were used in the analysis (R? > 0.99). Nitric oxide (NO)
levels were determined indirectly by measuring the nitrite concentration,
using the modified Griess methodology described by da Silva et al.
(2020). Samples were assayed in triplicate and the concentration of ni-
trite was determined by using a calibration curve (1-100 pM; R? 0.999).

The following controls were also analyzed: Cells treated with MEL 2
pg/mL without LPS-activation (received medium instead), cells treated
with medium followed by LPS-activation (untreated LPS-activated cells),
and cells receiving medium only without LPS-activation (control).

2.10. In vivo anti-inflammatory activity

2.10.1. Induction of uveitis and treatment with MEL

The anti-inflammatory effect of MEL in vivo was assessed in rats using
the animal model of uveitis induced by Bacille Calmette-Guérin (BCG), as
previously described (Castro et al., 2020). First, the animals (n = 35)
received on their dorsum a subcutaneous injection of BCG (2.6 mg/mL;
(ImunoBCG 40 mg, equivalent to >2.0 x 10° CFU/mg; Fundacio
Ataulpho de Paiva, Brazil) suspended in phosphate buffer and emulsified
with mineral oil (Montanide ISA50 V2, Seppic, France). A second sub-
cutaneous injection of the antigen was given after 7 days (day 8) and an
intravitreal injection (5 pL) of BCG suspended in sterile saline (2 mg/mL)
was given on day 15. IVT injections were performed as previously
described for the in vivo safety study. After 3 days (day 18) the animals
were randomly divided into 5 groups (n = 7/group) and received MEL
solution (0.5, 1, and 2 pg/mL), dexamethasone sodium phosphate (DEX;
Decadron solution for injection, 4 mg/mL) or sterile saline (vehicle)
intravitreally. A group of healthy animals (n = 7) not submitted to any
intervention was used as a control. The experimental design used for this
study is illustrated in Fig. 1.

2.10.2. Ophthalmic evaluation

Ophthalmic examination was performed 2 days after intravitreal in-
jection of BCG (day 17) and 6 days after treatment (day 24). In a masked
fashion, an ophthalmologist examined all the animals and documented
the observations. Slit-lamp biomicroscopy (Apramed HS5, Brazil) and
indirect ophthalmoscopy (Eyetec, Brazil) employing a widefield
noncontact lens (Volk Digital Wide Field, Volk, Germany) were per-
formed after pupillary dilation with tropicamide 1%. Scoring of clinical
findings was based on human standards for ocular inflammation (Stan-
dardization of Uveitis Nomenclature Working Group, 2005).

2.10.3. Electroretinography

Full-field electroretinographic exams were performed in 4 animals of
each group at baseline, 3 days after the induction of uveitis, and 7 days
after treatment, to evaluate the disease progression and treatment effect
on retinal function. Scotopic and photopic exams were carried out as
described in the in vivo safety study.

Induction of uveitis
intravitreal BCG (10
pg) in saline

Subcutaneous injection
BCG (260 pg) in mineral oil

MEL (0.5; 1 and 2 pg/mL)

Fig. 1. Scheme of uveitis induction and
intravitreal treatments. Rats were intra-
peritoneally inoculated with BCG on days 1
and 8 and the disease was induced on day 15
with an intravitreal injection of BCG. On day

Treatment

DEX (4 mg/mL)
Saline (vehicle)

18 the animals received an intravitreal in-
jection of the following treatments: melittin

@ N 0.5, 1 and 2 pg/mL; dexamethasone sodium

Euthanasia phosphate 4 mg/mL and saline. The healthy
| group was not submitted to any intervention

| and all animals were euthanized on day 25.
Dav 25 BCG: bacille Calmette Guerin; MEL: melittin;
y DEX: dexamethasone sodium phosphate.
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2.10.4. Histopathological analysis

All animals were euthanized 7 days after treatment (day 25) for his-
topathological evaluation and quantification of inflammatory markers.
For histopathology, eyes of 3 animals (n = 3) were enucleated and pro-
cessed as previously described in the safety study. Signs of inflammation
on the anterior chamber, vitreous cavity, and retina were assessed by
light microscopy.

2.10.5. Quantification of pro-inflammatory markers

The quantification of pro-inflammatory markers in ocular tissues was
performed in 4 animals of each group after euthanasia. For this, eyes
were enucleated and tissues of the posterior segment (sclera, choroid,
and retina) were harvested, weighed, and homogenized in phosphate
buffer containing Tween-20 (0.05%), phenylmethylsulphonyl fluoride
(0.1 mM), benzethonium chloride (0.1 mM), EDTA (10 mM), aprotinin A
(2 pg/mL) and bovine serum albumin (0.5%). Next, samples were
centrifuged (10.000 rpm, 15 min, 4 °C) and the supernatant was collected
for cytokines and nitrite quantification. The remained pellets were used
to characterize the inflammatory infiltrate, by measuring the activity of
N-acetylglucosaminidase (NAG) and myeloperoxidase (MPO). NAG is an
enzyme present in high levels in activated macrophages, whereas MPO is
produced by neutrophils (de Souza et al., 2012; Arafat et al., 2014). The
assays were carried out according to the methodology described in Castro
et al. (2020) using 3,30-5,50-tetramethylbenzidine (Sigma-Aldrich,
USA) and 4-Nitrophenyl N-acetyl-f-D-glucosaminide (Sigma-Aldrich,
USA) as substrates to determine MPO and NAG activity, respectively.
Results were expressed as optical density (OD) per 100 mg of tissue.

Nitric oxide levels in posterior segment tissues were determined indi-
rectly by measuring nitrite concentration in the homogenate supernatant,
using the modified Griess reagent method (Sigma-Aldrich, USA). The assay
was performed following the manufacturer's instructions and the result
was reported as the concentration of nitrite per 100 mg of tissue, deter-
mined using a calibration curve (0.5-20 pM; R? = 0.996). Similarly, levels
of IL-6, IL-1p, TNF-o, and CXCL-1 were determined in the posterior
segment tissues by enzyme-linked immunosorbent assay (ELISA). The
assay was carried out according to the manufacturer's instructions (DuoSet
kits, R&D Systems, USA) at 490 nm. All samples were analyzed in dupli-
cate and the results were expressed as pg/100 mg of tissue.
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2.11. Statistical analysis

For the MTT assay, within each exposure time, all concentrations
were compared to the negative control by unpaired t-test followed by
Sidak-Bonferroni post-hoc test. Differences in cell viability between the
exposure times were compared by two-way ANOVA with post-hoc Tukey
for multiple comparisons. ERG and IOP data were compared by two-way
ANOVA with Bonferroni as post-hoc test while all other results were
compared by one-way ANOVA followed by post-hoc Bonferroni. Graph-
Pad Prism 6 software (GraphPad Software Inc., USA) was used for the
analysis, and p < 0.05 was considered to be statistically significant. Data
were expressed as mean + SD.

3. Results
3.1. The effect of melittin on the viability of ARPE-19 cells

ARPE-19 cells were treated with different concentrations of MEL (0.5;
1.0; 1.5; 2.0; 2.5 and 3.0 pg/mL) during 24, 48 and 72h. The concen-
trations of 0.5, 1, and 1.5 pg/mL did not affect cell viability compared to
the control group, in all exposure times (Fig. 2A). MEL solution at con-
centrations of 2 pg/mL and above significantly reduced viability of ARPE-
19 cells after 24h of treatment (p < 0.0001). The same behavior was
observed after 48h of exposure (p < 0.0001), except for cells treated with
MEL 2 pg/mL. However, this effect was not observed in cells treated with
MEL for 72h, whose viability in all concentrations was not statistically
different from the control cells. In fact, viability of ARPE-19 cells exposed
to MEL for 72h was significantly higher (p < 0.0001) compared to 24 and
48h of exposure, for concentrations >1.5 and 2.0 pg/mlL, respectively.
There was no significant difference between 24 and 48h of treatment.

3.2. Ocular tolerance of MEL by HET-CAM assay

In HET-CAM assay, the potential of ocular irritation of a substance is
assessed by detecting signs as hemorrhage, lysis and, coagulation on the
CAM. All three signs of vascular response were observed within 30 s in
the positive control group, 0.1 M NaOH (Fig. 2B), leading to a total score
of 20.0 &+ 1.1, indicative of a severe irritant agent (Fig. 2C). The negative

A
1281 = 72h B substance IS+SD Classification
tested

e 1007 i MELO0.1pg/mL  <0.9+0.0 Non-irritant

28 =240 MELOSpg/mL <0.9+00 Non-irritant

38 ™ ab "GOO MEL10pg/mL <0900 Non-irritant

; e MEL 2.0 pg/mL <0.9 +0.0 Non-irritant

3= MEL 2.5 pg/mL <0.9+0.0 Non-irritant

254 MEL 3.0 pg/mL <0.9+0.0 Non-irritant
NaOHO0.1 M R Severe Irritant

0 Saline <0.9+0.0 Non-irritant

05 10 15 20 25 3.0

Melittin (ng/mL)

Fig. 2. Effect of melittin on the viability of ARPE-19 cells and the vascular network of chicken embryos chorioallantoic membrane. (A) MTT assay performed
on ARPE-19 cells 24, 48, and 72h after exposure to melittin 0.5-3.0 pg/mL showed that concentrations up to 1.5 pg/mL did not affect cells viability at all time-points
evaluated. (B) Representative stereomicrographs showing no signs of vascular response on chick embryos chorioallantoic membranes after administration of melittin
0.1-3.0 pg/mL and saline (negative control), while the positive control (0,1 M NaOH) presented expected reactions. (C) Cumulative irritation scores and ocular
irritation classification for melittin and controls according to HET-CAM assay, n = 6/group. Data are mean + SD, n = 3; *p < 0.05 compared with control. * p < 0.05

for 24 vs 72h; b p < 0.05 for 48 vs 72h. IS: irritation score; MEL: melittin.
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control, saline, did not cause any vascular alteration on the CAM, being
classified as non-irritant (score <0.9). Likewise, no changes on the CAM
were noticed after applying all tested concentrations of MEL, which was
categorized as non-irritant (score <0.9). It indicates that MEL 0.1-3.0 pg/
mL is likely a non-irritant substance for ocular application, by the HET-
CAM assay.

3.3. Melittin is safe for intraocular administration

Ophthalmic and ERG examinations, IOP monitoring, and histopath-
ological analyses were performed to assess in vivo ocular safety of
intravitreal MEL at 0.5, 1, and 2 pg/mL in rats. IOP of animals treated
with intravitreal MEL was not significantly different from vehicle-treated
group (saline) in all time-points and concentrations evaluated (p > 0.05)
(Fig. 3A). Also, no fundus alterations were observed on indirect
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ophthalmoscopy 6 and 14 days after intravitreal injections of MEL or
vehicle (Fig. 3C). Fundus examination, thus, evidenced no signs of retinal
toxicity, including hemorrhage, vascular changes or vitreous opacities,
and showed a preserved optic disc in all groups evaluated. This was
confirmed by the histopathological analysis (Fig. 3B), which showed no
apparent retinal toxicity with absence of signs of inflammation or
degeneration. These results were consistent with the electroretino-
graphic evaluation, which revealed no significant difference in a- and b-
waves mean amplitudes when compared to the vehicle group, in all time-
points and flash intensities (Fig. 3D). This was observed in both scotopic
and photopic exams and included the 30 Hz flicker evaluation (Fig. 3D).
In addition, no remarkable changes were observed in the mean ERG
curves (Fig. 3E) of all MEL groups. However, animals treated with MEL 2
pg/mL presented a significantly shorter implicit time for b-wave and
flicker in the light-adapted exam performed 7 days after the injections,
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Fig. 3. Melittin 0.5, 1, and 2 pg/mL are safe for intravitreal administration. (A) The IOP of melittin-treated animals measured at baseline, 6 and 14 days after the
intravitreal injections was not significantly different from the vehicle group at all time-points. (B) Eye fundus images representative of vehicle, naive, and melittin-
treated animals showing preserved retinal vasculature and optic nerve head, as well as the absence of vitreous opacity in all groups, after 6 and 14 days of the
intravitreal injections. (C) Representative photomicrographs of eyes enucleated 15 days after the intravitreal injection of melittin 0.5, 1, and 2 pg/mL or vehicle,
evidencing an organized retina with preserved morphology and with no signs of inflammation or degeneration. (D) ERG examinations recorded 7 and 15 days after
intravitreal melittin or vehicle showing preserved dark- and light-adapted parameters, except for a transient shorter implicit-time in the light-adapted exam of animals
treated with MEL 2 pg/mL. (E) Similar mean ERG curves were observed for all groups evaluated 7 and 15 days after treatment. Data are mean + SD, n = 4/group; *p <
0.05 vs vehicle-treated animals; MEL: Melittin; GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer
nuclear layer; PRL: photoreceptor layer; RPE: retinal pigment epithelium cells. Bar = 50 pm.
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when compared to the vehicle group (p < 0.05 and p < 0.01 respec-
tively). This alteration was regarded as transient, once there was no
significant difference on the exam carried out 15 days after the injections.
Altogether, these findings support the safety of MEL 0.5, 1, and 2 pg/mL
for intravitreal administration.

3.4. MEL localization in the retina following intravitreal injection

Direct fluorescence microscopy was used to localize MEL conjugated
with FITC in rats' retina 2 and 8 h after the intravitreal injection. Animals
receiving intravitreal FITC solution and vehicle (saline) were used for
qualitative comparison. At 2h post-injection, fluorescent signals were
noticed in RPE and PRL of the retinas from animals receiving MEL-FITC
(Fig. 4). The same was observed, although with lower intensity, in the
FITC group, along with some fluorescent signals in the GCL. At 8h post-
injection, however, no evident fluorescence was observed in the retinas
of animals that received FITC solution, suggesting its elimination.
Differently, after 8h, MEL-FITC injected animals still exhibited fluores-
cence in the PRL, with higher intensity when compared to the previous
time-point. Also, some fluorescence signal was noticed in the GCL of
MEL-FITC group at this time. These data indicate the presence of MEL in
rats' retina for at least 8h after the injection and suggests that the peptide
is able to reach the outer retina. The photomicrograph of the vehicle
group confirms that background signals resulting from retinal auto-
fluorescence were reduced prior to the other groups' analysis.

3.5. Melittin reduces blood vessels growth in the CAM model

The effect of MEL on blood vessels growth in the CAM was assessed by
determining the relative vascularized area of the CAM, after treatment

RPE PRL

RPE PRL ONL INL GCL

PRL
RPE

ONL
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ONL INL
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with MEL 0.5, 1, 2 pg/mL, bevacizumab (positive control), and saline
(negative control). As expected, bevacizumab 5 mg/mL promoted a sig-
nificant reduction of 40 + 9% in the mean vascularized area (Fig. 5A) in
comparison to the negative control treated with saline (p < 0.0001).
Similarly, treatment with MEL 0.5, 1 and 2 pg/mL significantly reduced
the mean vascularized area in 28 4+ 8%, 30 + 10%, and 37 + 12%,
respectively, when compared to the negative control (p < 0.0001). There
was no significant difference between bevacizumab and MEL 2 pg/mL (p
> 0.05) groups. No signs of acute inflammation and vascular prolifera-
tion were observed on the CAM after treatment with MEL, as shown in
the representative CAM images (Fig. 5B). Thus, these data confirm safety
of MEL and suggest its antiangiogenic effect for all tested concentrations
in the CAM model.

3.6. Melittin protects ARPE-19 cells from LPS-induced inflammatory
response

The effect of pre-treatment with MEL on the inflammatory response
induced by LPS in ARPE-19 cells was assessed by measuring levels of IL-6,
IL-8, IL-1f, TNF-a, INF-y, IL-17A, TGF-p1, and nitrite in the supernatant.
Cells stimulated with LPS 10 pg/mL showed increased levels of IL-6, IL-8,
and nitrite, when compared to control cells (p = 0.0003 for IL-8 and p <
0.0001 for IL-6 and nitrite) (Fig. 6). Levels of IL-1p, TNF-a, INF-y, IL-17A,
and TGF-p were below the minimum detectable concentration (MDC) in
all groups evaluated (MDC = 2.15; 1.96; 1.79; 0.71; and 2.57 pg/mL,
respectively). Although pre-treatment with MEL in all tested concentra-
tions reduced the levels of IL-6, IL-8, and nitrite in LPS-activated cells,
this decrease was not significant for nitrite and IL-8 levels in MEL 0.5 pg/
mL treated cells (p > 0.05). However, IL-6 levels were significantly lower
in all MEL treated groups when compared to untreated LPS-activated

RPE PRL ONL INL

GCL GCL

PRL ONL INL
RPE |

INL GCL

—— W MEL-FITC8 h

Fig. 4. Melittin conjugated with FITC penetrates through the retina and reaches the outer retina. Fluorescence photomicrographs representative of rats' retinas
after 2 and 8h of intravitreal injection of melittin conjugated with FITC, FITC solution, or vehicle. MEL-FITC group showing fluorescent signals in the PRL and RPE
after 2 and 8h, with additional signals in the GCL after 8h, while the FITC group exhibited fluorescence in PRL, RPE, and GCL after 2h with no evident signals after 8h;
n = 2/group. MEL-FITC: melittin conjugated with FITC; FITC: fluorescein isothiocyanate; GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer;

PRL: photoreceptor layer; RPE: retinal pigment epithelium cells. Bar = 50 pm.
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Fig. 5. Melittin inhibits angiogenesis in
the chorioallantoic membrane. Chick em-
bryos chorioallantoic membranes were
treated with melittin 0.5, 1, and 2 pg/mL,
bevacizumab 5 mg/mL, or saline on the 5th
and 6th day after fertilization and photo-
graphed on the following day. (A) Melittin at
all concentrations significantly reduced the
vascularized area of the CAM in comparison
to saline-treated group. (B) Representative
photomicrographs of the CAM, taken 1 day

4 / } after the last administration of each treat-

T ment. MEL: melittin. Data are mean + SD, n
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3 < 0.05 vs bevacizumab.

MEL 2

Bevacizumab

N & N ¢
2 KN N g >
) ,}6" @Q’ @QI \‘&
&
300 X IL-6 450- i IL-8 - NO
b
b
J =
_, 200 . _, 300 . . = 40
E E ) a
> a = s =
a a <% a =
100 a a 150 Z 20
i IEI Iﬂ | : a
0 0- Dj E] lj
MEL 0 20 ,0 05 1.0 20 MEL 0 20 0 05 10 20 MEL 0 20 0 05 10 20

(ug/mL) LPS 10 pg/mL (ng/mL)

—_

LPS 10 pg/mL LPS 10 pg/mL

(ng/mL)

Fig. 6. Melittin reduces LPS-induced release of pro-inflammatory cytokines in ARPE-19 cells. Pre-treatment with melittin 1 and 2 pg/mL for 1h prior stimulation
with LPS 10 pg/mL for 24h decreased IL-6, IL-8, and nitrite levels in the supernatant, determined by flow cytometry and Griess assay, respectively. Melittin 2 pg/mL
did not stimulate de production of the proinflammatory markers measured in this assay in ARPE-19 cells. Data are mean + SD, n = 4/group; ® p < 0.05 vs untreated
LPS-activated cells; ® p < 0.05 vs control cells; MEL: melittin; LPS: lipopolysaccharide; NO: nitric oxide.

cells (p = 0.0027, p = 0.0003 and p < 0.0001 for MEL 0.5, 1 and 2 pg/
mL, respectively). Likewise, pre-treatment with MEL 1 and 2 pg/mL
resulted in significantly reduced levels of nitrite and IL-8 in comparison
to untreated LPS-activated cells (IL-8: p = 0.0158 and p = 0.0005 for MEL
1 and 2 pg/mL respectively; nitrite: p = 0.0051 and p < 0.0001 for MEL 1
and 2 pg/mL respectively). Cells treated with MEL 2.0 pg/mL without
LPS activation did not present any significant alteration in IL-6, IL-8, and
nitrite levels when compared to control cells, that received only medium
(p > 0.05). These results indicate the potential protective anti-
inflammatory effect of MEL in ARPE-19 cells and support the following
in vivo studies.

3.7. Intravitreal melittin alleviates ocular inflammation in rats

Rats with uveitis induced by BCG were treated with intravitreal MEL
0.5, 1.0, and 2.0 pg/mlL, sterile saline (vehicle), or dexamethasone so-
dium phosphate (4 mg/mL), 3 days after disease induction. Clinical,
morphological, and functional evaluation, in addition to immunological
characterization, were conducted to assess the efficacy of intravitreal
MEL for treatment of intraocular inflammation.

ERG examinations were performed at baseline, after uveitis induc-
tion, and 7 days following the IVT injections of MEL, to evaluate retinal
function along the disease course and after treatments. As shown in
Fig. 7A, there was no difference in a- and b-wave mean amplitudes
recorded at baseline (p > 0.9999) for all groups evaluated. After disease
induction, however, all animals receiving IVT injection of BCG presented
significantly decreased a- and b-wave mean amplitudes in the maximum
scotopic response when compared to healthy animals (p < 0.0001). Still,
there was no significant difference among all groups with uveitis at this

time-point (p > 0.9999). Nevertheless, the exam recorded 7 days after
IVT treatments revealed different responses for each group, as shown in
more detail in Fig. 7B. Animals treated with MEL 1 and 2 pg/mL showed
significantly improved amplitudes for both intensities evaluated in the
light-adapted condition (Fig. 7B), in comparison to vehicle group (MEL 1
and 2 pg/mL respectively: p < 0.0001 and p = 0.0341 for b-wave at 0.01
cd.m.s™% p < 0.0001 and p = 0.0193 for b-wave at 3.0 cd.m.s ™% p =
0.0039 and p = 0.0393 for a-wave at 3.0 cd.rn.s_z). The same was
observed in rats treated with intravitreal dexamethasone (p = 0.0008 for
b-wave at 0.01 cd.m.s 2, p = 0.0192 and p = 0.0273 for a and b-wave at
3.0 cd.m.s™2). Although animals treated with MEL 0.5 pg/mL showed
improved mean amplitude, the values were not statistically different
from the vehicle-treated group (p > 0.05). However, when comparing
dexamethasone and all MEL-treated groups, there was no significant
difference in the mean amplitude values (p > 0.05). The same result was
reported in the dark-adapted exam, with dexamethasone, MEL 1 and 2
ug/mL promoting a significant improvement in b-wave and flicker peak
(dexamethasone, MEL 1, and 2 pg/mL respectively: p = 0.0320, p =
0.0001, and p = 0.0214 for b-wave; p < 0.0001, p = 0.0120, and p =
0.0118 for flicker). No significant changes were detected in the implicit
time in both light- and dark-adapted conditions (Fig. 7B). Mean ERG
curves responses are shown in Fig. 7C, where it is noticeable the
improvement after intravitreal treatment with MEL.

ERG data correlated with clinical and histopathological findings.
Ophthalmic examination performed 2 days after IVT injections of BCG,
detected inflammatory signs involving the anterior and posterior
segment of the eyes. A mean score relative to ciliary injection of 2.3 +
0.2+/4+, iris congestion of 2.2 + 0.2+/4+, and conjunctival hyperemia
of 1.9 £+ 0.24+/4+ was observed. An intense vitreous haze was also
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Fig. 7. Intravitreal melittin improves retinal function in rats with BCG-induced uveitis. Rats inoculated with two weekly doses of BCG received 7 days later an
intravitreal injection of the same antigen and were treated with intravitreal melittin 0.5, 1, or 2 ug/mL, dexamethasone, or saline. (A) ERG examinations performed at
baseline, 3 days after BCG intravitreal injection, and 7 days after treatment showed a significantly reduced retinal function after disease induction for all groups with
uveitis when compared to healthy animals and different responses after each treatment. (B) Rats treated with MEL showed significantly higher a and b-wave am-
plitudes compared to vehicle-treated group, with values similar to dexamethasone-treated animals, in light- and dark-adapted exams. (C) Mean ERG curves showing
improved responses with treatment with MEL and dexamethasone. Data are mean + SD, n = 4/group. ® p < 0.05 vs vehicle; ® p < 0.05 vs dexamethasone;  p < 0.05 vs
healthy group. Dashed lines represent mean values from the healthy group. MEL: melittin; DEX: dexamethasone.

detected, with a mean score of 3.6 + 0.4+/4+. The inflammatory
response was consistent in all groups with uveitis and healthy animals
presented no abnormalities. Animals were examined once again 6 days
after treatment, and representative images of slit-lamp biomicroscopy are
shown in Fig. 8. Animals treated with vehicle (saline) presented mild to
moderate (1-2+/4+) iris congestion, as well as the presence of cells in
the anterior chamber (1-2+/4+), and fibrin deposits on the lens capsule.
Posterior subcapsular cataract of 2+/4+ and severe vitreous haze (4+/
4+) were also observed. Animals treated with MEL 0.5 pg/mL showed
apparent normal conjunctiva. Yet, mild iris congestion (0-1+/4+) and
anterior chamber cells (0-1+/4+) were detected, in addition to fibrin
deposition on the lens capsule, posterior subcapsular cataract (1+/4+),
and vitreous haze (3-4+4/4+). Treatment with MEL 1 pg/mL resulted in
an improvement of the inflammatory reaction in the anterior chamber,
which presented an apparent normal aspect. Still, iris congestion of
0-1+/4+ was identified, along with fibrin deposits on the lens capsule
and vitreous haze (2-3+4/4+). The same findings were identified in an-
imals treated with MEL 2 pg/mL, with a slight improvement in vitreous
haze (1-2+/4+). Similarly, animals treated with dexamethasone 4 mg/
mL presented anterior chamber and conjunctiva with normal aspect.
Mild iris congestion (0-1+/4+) and marked vitreous haze (3+/4+) were
also detected in this group. No clinical alterations were identified in

healthy animals. These findings suggest a clinical improvement after
treatment with IVT MEL and with dexamethasone.

This result was confirmed in the histopathological analysis of the eyes
enucleated 7 days after treatment (Fig. 9). The photomicrographs
showed that animals treated with vehicle (saline) exhibited an intense
inflammatory reaction involving the uveal tract. Inflammatory cells were
seen infiltrating the vitreous and the retina, whose structure was disor-
ganized and presenting abnormal folds. The photoreceptor layer was
disrupted and damage was also observed in the ganglion cell layer of this
group. The inflammatory response was less intense in animals treated
with MEL 0.5 pg/mL, although inflammatory cells in the ciliary body and
vitreo-retinal interface were still found. The retina was slightly more
organized but folds were still detected. The inflammatory response was
attenuated in animals treated with MEL 1 pg/mL, MEL 2 pg/mlL, and
DEX. These groups exhibited a more preserved retinal structure and mild
inflammatory infiltrate in the ciliary body and retina. No histopatho-
logical changes were observed in eyes healthy animals.

In order to characterize the inflammatory infiltrate and assess levels
of pro-inflammatory markers in the posterior segment after treatment
with MEL, activity of MPO and NAG in these tissues was determined, as
well as concentration of IL-6, IL-13, TNF-a, and CXCL-1. Animals treated
with vehicle showed significantly higher activity of NAG (p < 0.0001)
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Fig. 8. Intravitreal melittin ameliorates clinical manifestation of uveitis in rats. Representative images were obtained with a slit-lamp, 6 days after intravitreal
treatment with melittin, dexamethasone, or saline in rats with BCG-induced uveitis. Clinical signs of ocular inflammation, including iris congestion (arrows), posterior
subcapsular cataract (asterisks), and synechiae (arrowheads) were observed in saline-treated animals. MEL 0.5 improved conjunctival hyperemia, although mild iris
congestion and posterior subcapsular cataract were still present. An attenuated inflammatory reaction was observed in animals treated with MEL 1, 2 pg/mL and
dexamethasone, whose anterior segment presented a normal aspect, except for mild iris congestion. Healthy animals exhibited eyes with a normal aspect; n = 6

per group.

and MPO (p = 0.0038) when compared to the healthy group, as depicted
in Fig. 10. Treatment with MEL 0.5 pg/mL was able to significantly
reduce the activity of NAG (p = 0.0157), but not of MPO (p > 0.05) when
compared to vehicle-treated animals. MEL 0.5 also promoted a signifi-
cant reduction in IL-6 (p = 0.0038) and nitrite (p = 0.0018) levels
(Fig. 10), whereas CXCL-1 and IL-1f levels did not differ from the vehicle
group (p > 0.05). Rats treated with intravitreal MEL 1 pg/mL, MEL 2 pg/
mL and DEX showed decreased activities of NAG and MPO in comparison
to the vehicle group (NAG: p = 0.0035; p = 0.0240; p = 0.0008; MPO: p
= 0.0089; p = 0.0384; p = 0.0131 for MEL 1, MEL 2 and DEX respec-
tively). This effect was accompanied by significantly reduced levels of
nitrite, IL-6, IL-1f, TNF-a, and CXCL-1 in posterior segment tissues (ni-
trite: p = 0.0018, p = 0.0071, and p = 0.0103 for MEL 1, MEL 2 and DEX
respectively; IL-1f: p = 0.0004, p = 0.0005, and p < 0.0001; TNF-a: p =
0.0340, p = 0.0260, and p = 0.0022; CXCL-1: p = 0.0013, p = 0001, and
p < 0.0001; IL-6: p < 0.0001. There was no significant difference be-
tween MEL 1, MEL 2, and DEX groups in all analyses performed. The
same was observed when comparing MEL 1, MEL 2, and healthy animals
regarding IL-6, IL-1p, MPO, and NAG levels (p > 0.05).

4. Discussion

This study demonstrates the potential of intravitreal MEL for ocular
therapy, particularly for management of inflammation and neo-
vascularization. These results were confirmed in vitro, using retinal cells,
and in vivo using chick embryo chorioallantoic membranes and rats.
Treatment of noninfectious uveitis can be challenging to clinicians due to
its complex pathogenesis and diverse etiology, in addition to potentially
severe adverse events associated with the mainstay therapy (Hou et al.,
2020). MEL is the major component of bee venom and has shown ther-
apeutic effects in different models of inflammatory diseases, although not
yet explored in an intraocular setting (Lee et al., 2014; Lee and Bae, 2016;
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Kim et al., 2017; Lin et al., 2017). Here, we report the safety of MEL for
intravitreal administration and its ability to alleviate clinical, morpho-
logical, and functional ocular changes observed in a model of uveitis
induced by BCG in rats.

MEL at low concentrations did not affect the viability of ARPE-19 cells
as well as did not cause vascular damage to the CAM and was safe for
intravitreal administration in rats. MEL at concentrations of 1.5 pg/mL
and lower did not reduce ARPE-19 cells viability after 24 and 48h of
exposure. In contrast, only concentrations higher than 3.0 pg/mL
significantly affected cells viability after 72h of treatment. Srivastava
et al. (2018) observed a similar behavior in ARPE-19 cells and suggested
that since the substance induced only 40-50% mortality at 24h, surviving
cells could have had sufficient growth to achieve higher viabilities at
72h, which is consistent with the population doubling time reported for
ARPE-19 cells (Heimsath et al., 2006; Liang et al., 2010; Liu et al., 2017).
Also, the cytotoxic effect of MEL is associated with its interaction with
cell membranes, which can lead to its membrane-disrupting activity (Liu
etal., 2016; Sabapathy et al., 2020). This interaction has been reported as
rapid and dependent on several elements, such as peptide/lipid ratio and
peptide concentration, although not described as time-dependent
(Jamasbi et al., 2016; Hong et al., 2019; Pereira et al., 2020). Alto-
gether, these factors might have contributed to the difference observed in
long exposure times, an outcome also reported in other cell viability
studies with MEL (Park et al., 2011; Tipgomut et al., 2018; Yang et al.,
2022).

HET-CAM is an alternative eye irritation assay that uses the vascu-
larized chorioallantoic membrane of fertilized chicken eggs. The CAM
presents similarities to the retina and to mucosal tissues of the human
eye, representing a suitable model to predict ocular toxicity after expo-
sure to a tested compound (Leng et al., 2004; Hao et al., 2014). The
absence of vascular reactions after administration of MEL at concentra-
tions further chosen for the in vivo study is crucial to corroborate this
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Fig. 9. Intravitreal melittin attenuates morphological changes in rats with uveitis. Representative H&E photomicrographs of eyes enucleated 7 days after
intravitreal treatment with melittin, dexamethasone, or saline in rats with BCG-induced uveitis. Severe retinal folds (asterisks) and disorganized retinal structure were
observed in the saline-treated group, in addition to damaged photoreceptors layer (arrowhead) and inflammatory infiltrate (arrows) involving the ciliary body region
and vitreous cavity. MEL 0.5-treated group showed a less intense inflammatory response in the ciliary body region, the retina slightly more organized but with an
intense inflammatory infiltrate. Treatment with MEL 1, 2, and DEX attenuated the ocular inflammatory reaction, with animals exhibiting improved retinal structure
and mild inflammatory infiltrate in the ciliary body region. No abnormal histological findings were observed on healthy animals; n = 3 per group.

choice since hemolysis is a toxic reaction previously reported with MEL
(Rady et al., 2017). Somwongin et al. (2018) reported a vascular
response in a HET-CAM assay with MEL, but at concentrations 1000x
higher than the ones evaluated in this work. At the evaluated concen-
trations of this study, MEL did not cause vascular damage or any other
signal of toxicity to the CAM.
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When evaluating ocular toxicity of new drug candidates, it is
important to conduct electrophysiological, clinical and histopathological
studies, as here performed (Onodera et al., 2015; Shibuya et al., 2015).
ERG examinations provide information regarding particular retinal cells
and their function, being widely applied to assess toxicity of new ocular
therapies (Huang et al., 2015; Paiva et al., 2021; Toledo et al., 2019).
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Fig. 10. Treatment with intravitreal melittin decreases levels of pro-inflammatory markers in the posterior segment of rats with uveitis. Eyes were
enucleated 7 days after treatment with melittin, dexamethasone, or saline, and cytokines/chemokine levels were determined by ELISA while nitrite concentration was
assessed by the Griess reagent assay and NAG and MPO activity by a colorimetric reaction. Treatment with DEX, MEL 1 and 2 pg/mL was able to decrease the levels of
all markers in comparison to the vehicle-treated group, whereas MEL 0.5 did not significantly affect CXCL-1, TNF-a, and MPO levels. Data are mean + SD, n = 4/

group. ® p < 0.05 vs vehicle; ®
acetylglucosaminidase; NO: nitric oxide.

Once elements of a- and b-waves were not affected in both scotopic and
photopic conditions, the functionality of rods (a-wave, scotopic) and
rod-driven On-bipolar cells (b-wave, scotopic) were preserved, as well as
the activity of cones on bipolar cells (photopic) and the photo-
transduction kinetics (implicit-times) (Robson et al., 2018; Mcclinton
et al., 2019). Clinical and histopathological evaluations complemented
the ERG results, all confirming the safety of intravitreal MEL. Altogether,
these results indicate that MEL does not cause any damage to intraocular
tissues and support its application on animal models of ocular diseases.
Additionally, intravitreal MEL conjugated with FITC was detected in the
inner and outer retina, suggesting the ability of this peptide to penetrate
through the retina and reach cells highly affected during an inflammatory
process (Nguyen and Rao, 2011; Taylor et al., 2021). These qualitative
data are important when targeting retinal cells through intravitreal in-
jections, once several biological barriers, including the vitreous, inner
limiting membrane, and extracellular matrix, must be overcome to reach
these cells (Huang and Chau, 2019).

The concentrations of MEL safe for intravitreal administration also
showed in vivo antiangiogenic activity in the CAM assay. This effect was
similar to the positive control, bevacizumab, which is an anti-vascular
endothelial growth factor (VEFG) monoclonal antibody highly applied
in clinical practice to treat ocular neovascularization (Formica et al.,
2021). Other studies have explored the antiangiogenic activity of MEL,
especially for cancer treatment (Liu et al., 2016; Rady et al., 2017). Zhang
etal. (2016) showed the ability of MEL to inhibit capillary tube formation
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p < 0.05 vs dexamethasone; c p < 0.05 vs healthy group. MEL: melittin; DEX: dexamethasone; MPO: myeloperoxidase; NAG: N-

in human umbilical vein endothelial cells (HUVEC) transfected with
cathepsin-S and its suppressing effect on the expression of components of
VEGF-A/VEGFR-2/MEK1/ERK1/2 signaling pathway in hepatocellular
carcinoma cells. Likewise, El Bakary et al. (2020) reported a decreased
expression of VEGFR-2, COX-2, and prostaglandin E2 in VEGF-A trans-
fected HUVECs treated with MEL, along with reduced ERK1/2 and JNK
phosphorylation and increased p38 phosphorylation. In the eye, patho-
logical angiogenesis can lead to significant visual loss, especially when
affecting the retina and choroid (Cabral et al., 2017). VEGF is a key
regulator of ocular angiogenesis, being an important target in several
conditions, including diabetic retinopathy, neovascular age-related
macular degeneration, retinopathy of prematurity, retinal vein occlu-
sions, uveitis, and neovascular glaucoma (Usui et al., 2015; Cabral et al.,
2017). Although current anti-VEGF therapies have shown to be effective
for the treatment of most eye diseases related to neovascularization,
there are still some concerns regarding resistance and off-target effects,
which stimulate the investigation of new therapeutic strategies (Usui
et al., 2015). Thus, the suggested antiangiogenic effect of MEL at safe
concentrations for intravitreal administration is promising, although
more studies are needed to ascertain its mechanism of action in an ocular
model of neovascularization and to screen for off-target effects.

MEL also showed a protective effect from the inflammatory response
induced by LPS in ARPE-19 cells. Activation with LPS in retinal cells has
been widely used to evaluate new therapies for ocular inflammation
(Maugeri et al., 2018; Ozal et al., 2018; Zhang et al., 2018; Girol et al.,
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2019). ARPE-19 cells constitutively express toll-like receptor 4 (TLR4),
which in conjunction with CD14 and MD-2 (myeloid differentiation
protein-2), co-receptors also expressed in these cells, mediates LPS
recognition (Chui et al., 2009; Mai et al., 2014). The formation of this
complex leads to the production of proinflammatory mediators poten-
tially involved in retinal degeneration and ocular inflammation (Elner
et al., 2005; Chui et al., 2009). In this work, this was observed by the
increased levels of IL-6, IL-8, and nitrite in the supernatant of
LPS-activated cells. In the RPE, IL-6 is involved in acute inflammation
while IL-8 is a granulocyte-attracting chemokine, with both having
functional importance in angiogenesis and LPS-induced toxicity (Arja-
maa et al., 2017). During inflammation, iNOS catalyzes the formation of
NO, which is rapidly metabolized into nitrite and nitrate, the mediators
of its toxicity (Arroul-lammali et al., 2012). Cells pre-treated with MEL
presented lower levels of these mediators, comparable to controls, sug-
gesting a protective effect (Taylor et al., 2021). A similar outcome re-
ported by Moon et al. (2007) in microglial cells was associated with
effects of MEL in downregulation of NF-kB activation, and inhibition of
JNK and protein kinase B (Akt) pathways. Park et al. (2007) also
observed a decrease in nitrite levels in the supernatant of cells stimulated
with LPS in the presence of MEL. The authors attributed this result to the
high binding affinity of MEL and IKK which consequently suppresses
LPS-induced IKKp activity, NF-xB signaling, and the expression of COX-2
and iNOS. Other studies have reported the activation of the NF-kB and
MAPKs signaling pathways as a result of LPS stimulation in ARPE-19
cells, with following increase in NO, IL-6, and IL-8 levels (Jung et al.,
2014; Girol et al., 2019; Song et al., 2020). Overall, it suggests that the
observed effect of MEL on ARPE-19 cells could be related to its activity on
NF-kB and MAPKs signaling pathways, as reported in other cell lines
(Moon et al., 2007; Lee and Bae, 2016). Yet, the exact anti-inflammatory
mechanism of MEL on RPE cells still has to be elucidated.

The effect of intravitreal MEL was assessed in an experimental model
of BCG-induced panuveitis in rats. The ocular manifestations of uveitis
observed in this work are consistent with other studies using the same
experimental model (Castro et al., 2020; Toledo et al., 2021). Treatment
with MEL was able to alleviate clinical signs of intraocular inflammation,
showing a response similar to that of animals treated with dexametha-
sone. The preservation/restoration of retinal structure and function in
MEL-treated groups was confirmed in histopathological and ERG anal-
ysis. ERG examinations can be a useful clinical tool in uveitis, allowing
the monitoring of the disease severity and progression, along with the
therapy response (Chen et al., 2013; Moschos et al., 2014). ERG changes
in uveitis may result from photoreceptor damage, which occurs due to
the presence of inflammatory infiltrate in the posterior segment (Paiva
et al.,, 2021). In fact, disruption of blood-ocular barriers characterizes
experimental models of ocular inflammation and leads to infiltration of
inflammatory cells, including macrophages and polymorphonuclear
leukocytes (Bousquet et al., 2015). In this work, this process is indicated
by the increased activity of NAG and MPO, which was significantly
higher in the vehicle-treated group compared to all the others. NAG is
produced mainly by macrophages, indicating their accumulation and
activation, whereas MPO is secreted during neutrophil activation/de-
granulation (de Souza et al., 2012; Arafat et al., 2014). Chu et al. (2016)
observed higher MPO activity following an increase in inflammatory cells
in ocular tissues during inflammation, possibly reflecting neutrophil
activation. Recruitment of inflammatory cells from the circulation to the
eye also involves release of proinflammatory cytokines and chemokines
(Diedrichs-Mohring et al., 2018). Indeed, higher levels of IL-6, IL-1§,
TNF-a, CXCL1, and nitrite were detected in all groups with uveitis in this
study. Increased production and secretion of these mediators have also
been observed in ocular fluids and serum from patients with uveitis when
compared to healthy controls (Carreno et al., 2016; Fukunaga et al.,
2020). Furthermore, TNF-a, IL-6, and IL-1f§ are central mediators of
ocular inflammation, which lead to activation of both innate and adap-
tative immunity (Reddy et al., 2018). In addition, increased production
of NO during the inflammatory process within the eye can result in cell
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damage, especially photoreceptors, which was detected in the histo-
pathological analysis of the vehicle-treated group (Saraswathy and Rao,
2008). The therapeutic effect of MEL in inflammation has been demon-
strated in different animal models including acute liver failure, renal
fibrosis, acne, atopic dermatitis, and chronic prostatitis (Park et al., 2012;
Lee et al., 2014; An et al., 2016; Kim et al., 2017; Lin et al., 2017). This
outcome was mainly associated with the regulation of the NF-«xB
signaling pathway by MEL, which, in fact, has been proposed as its
anti-inflammatory mechanism (Son et al., 2007; Lee et al., 2014; Lee and
Bae, 2016). In this regard, Son et al. (2007) suggested that MEL modifies
the activities of IKKa and IKKB and inhibits the release of IxBa and IxBp.
This likely happens due to an interaction between MEL and the sulfhydryl
group of IKKa and IKK@, which results in NF-kB inactivation and conse-
quent reduction in inflammatory mediators' production. The authors also
mentioned that MEL can interact directly with p50 of NF-xB, inhibiting
its translocation into the nucleus. Still, further investigations are needed
to evaluate whether the anti-inflammatory effect of MEL observed in the
experimental model of uveitis used in our study is associated with
regulation of this pathway.

5. Conclusion

This study shows for the first-time evidence that MEL may be a po-
tential candidate for treatment of eye diseases involving angiogenesis
and inflammation. Once clinical application of melittin is limited due to
its potential toxicity, we provided a range of concentrations suitable and
safe for intravitreal administration, as demonstrated in vitro and in vivo
through different assays. Therefore, it allows further exploration of this
peptide in different ocular disorders, in addition to stimulating the study
of MEL derivatives and delivery systems containing melittin in ophthal-
mology. Future studies are expected to provide a more in-depth phar-
macological evaluation of pathways affected by MEL in the context of
ocular inflammation and angiogenesis.
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