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RESUMO

COUTO, Gabriela Klein. O uso da terapia fotodinamica em linhagem de
melanoma metastatico. 2020. 118f. Tese (Doutorado em Bioquimica e
Bioprospecc¢éo) — Programa de Pd6s-Graduagdo em Bioquimica e Bioprospeccao
da Universidade Federal de Pelotas, 2020.

Terapias alternativas tém sido estudadas a fim de otimizar o tratamento de
patologias agressivas como o cancer, que € uma das doengas com maior
impacto na vida de pacientes. O melanoma € um tipo de cancer de pele que se
origina e se desenvolve nos melandcitos. Foram estimados, para o triénio 2020-
2022, cerca de 8.450 casos. Quando diagnosticado em estagios iniciais pode ser
curado, no entanto, estudos tem demonstrado a disseminacdo do tumor para
outras regides (metastases) em diagnosticos tardios. A terapia fotodinamica tem
se mostrado uma alternativa promissora neste sentido. Sua agéo, para que
ocorra o dano celular, é fundamentada em trés pontos principais: o uso de
sensibilizadores, a luz e a molécula de oxigénio. Atualmente, tem-se buscado
novas moléculas que apresentem propriedades ideais para que possam ser
utilizadas, como fotossensibilizadores. Neste sentido, as porfirinas tém sido uma
classe com interesse fotodinamico em funcéo de suas caracteristicas quimicas.
Esta tese produziu 4 artigos cientificos, sendo 2 revisdes e 2 artigos originais, 0s
quais avaliaram moléculas com potencial fototerapéutico em linhagem de
melanoma e nédo-tumoral. A metodologia dos artigos originais foi realizada da
seguinte forma: Linhagens de células WM1366 (melanoma metastatico), CHO
(ovario de hamster chinés) e A375 (melanoma metastatico) foram cultivadas sob
condic¢Oes ideais e divididas em dois grupos: claro (submetidas a 30 minutos de
luz) e escuro (sem exposicao a luz). Analises de viabilidade celular, apoptose,
ciclo celular, ancoragem molecular, PCR em tempo real e microscopia confocal
foram realizadas a fim de respondermos questdes como: inibicdo do crescimento
celular, determinacao de ICso, identificacdo do possivel mecanismo de morte
celular e avaliacdo da integridade da célula (viabilidade de membrana e
integridade do DNA). Cinco diferentes concentragdes que variaram de 1,4 a 56
nm foram utilizadas nos diferentes grupos. Nossos resultados demonstram que
ambas as porfirinas de platina(ll) induzem apoptose por ativacdo das caspases
3 e 9 via Bax/BCL2. Ainda, indicam que ambas as porfirinas de platina(ll) sdo
promissoras como estratégia de administracdo de medicamentos, uma vez que
apresentaram seletividade pelo receptor de LDL, demonstrado pela afinidade
com a regido N-terminal do ApoB-100 (responsavel por carrear o ligante até o
receptor de LDL). Somado a isso, analises de arranjo molecular com metais de
transicdo como zinco, cobre e niquel, associados as porfirinas de platina, foram
desenvolvidas, a fim de melhorar a ligacdo das porfirinas a receptores
especificos (APOB-100, ERT-B, CAT, SOD e HSA), tornando assim a terapia
mais efetiva. Nossos resultados in vitro demonstraram que a adicdo dos ions
manteve a inibicdo da proliferacdo celular de melanoma metastatico. Ja os
estudos de arranjo molecular mostraram que a adi¢cao destes metais melhoraram
a forca de ligacao principalmente com os receptores APOB-100, ERT-B, SOD.
Espera-se que os resultados deste trabalho possam contribuir para, futuramente,
auxiliar na escolha de uma terapia mais especifica e eficaz contra o0 melanoma
metastatico.

Palavras-chave: Porfirinas de platina; fotossensibilizadores; Docking molecular;
receptor de LDL; APO B-100; ERT-B, HSA; metais de transi¢cdo; Cancer.



ABSTRACT

COUTO, Gabriela Klein. The use of photodynamic therapy in a metastatic
melanoma lineage. 2020. 118f. Thesis (PhD in Biochemistry and
Bioprospecting) - Graduate Program in Biochemistry and Bioprospecting of
Federal University of Pelotas, 2020.

Alternative therapies have been studied to optimize the treatment of aggressive
pathologies such as cancer, which is one of the diseases with the greatest impact
on patients' lives. Melanoma is a type of skin cancer that originates and develops
in melanocytes. For the period 2020-2022, an estimated 8,450 cases were
estimated. When diagnosed in the early stages it can be cured, however, studies
have shown the spread of the tumor to other regions (metastases) in late
diagnoses. Photodynamic therapy has shown to be a promising alternative in this
regard. Its action, for cell damage to occur, is based on three main points: the
use of sensitizers, light and the oxygen molecule. Currently, new molecules have
been sought that have ideal properties so that they can be used, as
photosensitizers. In this sense, porphyrins have been a class with photodynamic
interest due to their chemical characteristics. This thesis produced 4 scientific
articles, 2 reviews and 2 original articles, which evaluated molecules with
phototherapeutic potential in melanoma and non-tumor lineage. The
methodology of the original articles was performed as follows: Cell lines WM1366
(metastatic melanoma), CHO (Chinese hamster ovary) and A375 (metastatic
melanoma) were grown under ideal conditions and divided into two groups: clear
(submitted to 30 minutes light) and dark (without exposure to light). Analyzes of
cell viability, apoptosis, cell cycle, molecular anchoring, real-time PCR and
confocal microscopy were performed in order to answer questions such as:
inhibition of cell growth, determination of IC50, identification of the possible
mechanism of cell death and evaluation of the integrity of the cell. cell (membrane
viability and DNA integrity). Five different concentrations ranging from 1.4 to 56
nm were used in the different groups. Our results demonstrate that both platinum
(I porphyrins induce apoptosis by activating caspases 3 and 9 via Bax / BCL2.
Still, they indicate that both platinum (lI) porphyrins are promising as a drug
administration strategy, since they showed selectivity for the LDL receptor,
demonstrated by the affinity with the ApoB-100 N-terminal region (responsible for
carrying the ligand to the LDL receptor). In addition, molecular arrangement
analyzes with transition metals such as zinc, copper and nickel, associated with
platinum porphyrins, were developed in order to improve the binding of porphyrins
to specific receptors (APOB-100, ERT-B, CAT, SOD and HSA), thus making
therapy more effective. Our in vitro results demonstrated that the addition of the
ions maintained the inhibition of metastatic melanoma cell proliferation. Molecular
arrangement studies have shown that the addition of these metals improved the
binding strength mainly with APOB-100, ERT-B, SOD receptors. It is hoped that
the results of this work may contribute to, in the future, assist in choosing a more
specific and effective therapy against metastatic melanoma.

Keywords: Platinum porphyrins; photosensitizers; Molecular docking; LDL
receptor; APO B-100; ERT-B, HSA; transition metals; Cancer.
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oxigénio. Fonte: Préprio autor.



Figura 7: Representacdo esquematica das 3 geragdes dos fotossensibilizadores
utilizados na terapia fotodinamica. No esquema demonstramos as evolugdes de
tais compostos. Na primeira geracdo observamos um nuamero maior de
limitacbes nestes compostos. Estas limitacbes foram resolvidas, em partes,
pelas moléculas de segunda geragcdo, no entanto, atualmente, estdo em
desenvolvimento moléculas que sejam ainda mais efetivas e seletivas. Fonte:

Préprio autor.

Figura 8: Representacdo esquematica do macrociclo tetrapirrolico comum das
porfirinas. Fonte: Enciclopédia Britanica.

ARTIGO 1

Figure 1. Biotechnology and photodynamic therapy in the areas of human /

animal health and agriculture.

Figure 2. (A) Examples of most common tetrapyrrole macrocycle molecules used
in PDT field and (B) 103 New photosensitizers generation for PDT and PDI
application formulated by Luzitin SA, NIOPIK and 104 Pharmacyclics Inc.

ARTIGO 2

Figure 1. Results indicate the number of articles using each screening
methodology by decade. The number of articles found for each topic searched is
presented on the y axis. Different decades are presented in the x axis. Each bar
represents a different screening method (in vitro, in vivo, and in silico) and the
combination of more than one screening method: dark blue for in vivo, orange
for in vitro, gray for in vivo/in vitro, yellow for in silico and light blue for all the three

screening methods (in silico/in vitro/in vivo).

Figure 2. (A) Percentage of trials using different cell lines to form grafts in
melanoma murine models for in vivo therapeutic screening. B16 stands for all
B16 sublines. Skmel stands for all Skmel sublines. “Others” include UACC-62,



A2058, Nall+, Melanoma xenograft (MEXF), K1735, K1735-M2, HT168-M1,
MM96L, Me501, M-14, Me30966, D10, 205, MeWo, VM1, Mel-JD, MEXF 989,
WM 266-4, human malignant melanoma (BRO), and M24 cell
lines. (B) Percentage of trials using each of the B16 sublines in syngeneic tumor
models of melanoma for screening in vivo. Obs.: B16 indicates articles that do
not specify a B16 subline.

Figure 3. Software most commonly used for melanoma drug screening. The most
commonly used software is MOE (17%), followed by HTS (11%).

Figure 4. The steps necessary for safe, agile, and effective drug screening, which

represent important steps for future development of precision medicine.

ARTIGO 3

Fig.1. Structural representation of free-base platinum(ll) peripheral porphyrins3-
PtTPyP and 4-PtTPyPused in this study. The hexafluorophosphate counter-

ionsare omitted for more clarity.

Fig.2. Scheme of treatment protocol of WM1366 cells with 3-PtTPyP and 4-
PtTPyP photosensitizers in photodynamic therapy.

Fig. 3. Effect of light action on photosensitizing molecule on cell proliferation.
Porphyrin-treated and untreated cells were irradiated for 30 min. Dark group went
totally in the dark for the same time. The graph shows the comparison within the
light and dark group of 3-PtTPyP and 4-PtTPyP porphyrins. Data are expressed
as mean * SD of three independent times performed in triplicate. Fig. 3A-D:
WM1366 cell line was treated with3-PtTPyP (Fig. A and B) and 4-PtTPyP (Fig.C
and D) platinum(ll) porphyrins at 5 different concentrations. Control group
received no treatment with porphyrins. Fig. 3E-F: Effect of light on the
photosensitizing molecule on cell proliferation of non-tumor cells. The CHO cell
line was treated with3-PtTPyP (Fig. E and G) and4-PtTPyP (Fig. F and H)
platinum (I1) porphyrins at a concentration above the IC 50 and one below the
predetermined IC 50 of each of the molecules. The concentrations used were:



5.62, 4.50 and 2.81 nM for 3-PtTPyP and 5.62, 3.01 and 2.81 for 4-PtTPyP. The
concentrations used were: 5.62, 4.50 and 2.81 nM for 3-PtTPyP and 5.62, 3.01
and 2.81 for 4-PtTPyP. For comparison different letters in the chart denote
significant difference between the groups. p< .05 was considered significant.
Table 2 IC50 values of molecules 3-PtTPyPand 4-PtTPyP after 24 h of light
exposition against WM1366 line. Porphyrin IC50(nM) 3-PtTPyP4.501 + 0.58 4-
PtTPyP 3.012 + 0.27.

Fig.4. Molecular docking results. Fig. A and D represent the 3D molecular
structure of platinum porphyrins 3-PtTPyP and 4-PtTPyP and their amino acid
linkages of the B0582 LDL analog. Fig. B and E demonstrate the binding of
platinum porphyrins to the N-terminal region of APO B-100. Fig. C and F
demonstrate the similarity of B0582 anchoring of 3-PtTPyP and 4-PtTPyP
molecules to the N-terminal region of APO B-100.

Fig.5. (A—F): Morphological analysis after treatment with 3-PtTPyP and 4-PtTPyP
photosensitizers. WM1366 cells were stained Texas Red and DAPI - cytoplasm
and nucleus, respectively. In the image we can observe a uniform cytoplasm in
the control group (Figs. 5A and D) and in the treatments (3-PtTPyPand4-PtTPyP)
we observe a reorganization of actin filaments (arrows Fig. 5B). A general
thickening of actin fibers in the membrane, ruffling occurred at the border of its
plasma membrane (arrows Fig. 5B) and microspikes (arrows Fig. 5C) was
observed on the cell surface of some cells. These changes were not identified in

dark group cells (Figs. 5D, E and F), respectively.

Fig.6. Induction of apoptosis by porphyrin3-PtTPyP. WM1366 cells were
evaluated for apoptosis by annexin V staining under light and dark group
conditions at the IC 50 concentration of the compound. The graph (Fig. E) shows
the total percentage of apoptotic cells. Figs. A-D show % late and recent
apoptosis in each of the groups. Porphyrin 3-PtTPyP with white light dosage had
a significant increase in apoptosis when compared to all other groups (**) denotes
p< .007.

Fig.7. Porphyrin 4-PtTPyP apoptosis induction. WM1366 cells were evaluated for
apoptosis by annexin V staining under light and dark group conditions at the IC



50concentration of the compound. The graph (Fig. E) shows the total percentage
of apoptotic cells. Figs. A—D show % of late and recent apoptosis in each of the
groups. Porphyrin 4-PtTPyP with white light dosage had a significant increase in

apoptosis when compared to all other groups (*) denotes p< .03.

Fig.8. Platinum(ll) porphyrin 3-PtTPyP increased expression of Caspase 3,
Caspase 9, P21, BAX, BCL2, MnSOD and GSHR genes in metastatic melanoma
line WM1366 24 h after being submitted to white-light irradiation. The gene
expression profile was determined by gRT-PCR and the data were normalized
using the GAPDH levels. 3-PtTPyPhad a significant increase in the expression of
all evaluated genes when compared to the other groups. (****) denotes p< .0001,
(***) denotes p< .0005, (**) denotes p< .004, (*) p< .04. when compared to the
light and dark group of the same molecule. Three independent experiments were
performed in triplicate.

Fig. 9. Platinum(ll) porphyrin4-PtTPyPincreased expression of Caspase 3,
Caspase 9, P21, BAX, BCL2, MnSOD and GSHR genes in metastatic melanoma
line WM1366 24 h after being submitted to white-light irradiation. The gene
expression profile was determined by gRT-PCR and the data were normalized
using the GAPDH levels. 4-PtTPyPhad a significant increase in the expression of
all evaluated genes when compared to the other groups. (****) denotes p <.0001,
(***) denotes p < .0005, (**) denotes p < .004, (*) p < .04. when compared to the
light and dark group of the same molecule. Three independent experiments were

performed in triplicate.

Fig.10. The platinum(ll) porphyrins 3-PtTPyP and 4-PtTPyP did not alter the
expression of the INOS gene (Figs. 10A and B) in the metastatic melanoma line
WM1366 and did not induce production of nitric oxide in the cell medium (Fig.
10C) 24 h after submitted to white-light irradiation. The concentration tested was
that of the IC50 of each of the molecules. Data are expressed as mean + SD of
three independent times, performed in triplicate. There was no significant
difference in the light and dark groups. Fig. 11. The platinum(ll) porphyrins 3-
PtTPyP and 4-PtTPyP did not alter the cell cycle. The groups had no significant
difference in cell cycle arrest.



Fig. 11. The platinum(ll) porphyrins 3-PtTPyP and 4-PtTPyP did not alter the cell

cycle. The groups had no significant difference in cell cycle arrest.

ARTIGO 4

Figure 1. Representative molecular structures of Pt(ll) metalloporphyrins used in
this study. The counterion hexafluorophosphate (PF6 —) was omitted for more

clarity.

Figure 2. Photostability of metalloporphyrin derivatives Zn-4-PtTPyP, Cu-4-
PtTPyP and Ni-4-PtTPyP, after irradiation with white-light LED lamp source
(100W; 400-800 nm) at a fluence rate of 50 mW/cm2 for different periods of time
(0-30 min).

Figure 3. DPBF photo-degradation assay (20 uM) in DMF solution with or without
metalloporphyrin derivatives at 2.0 yM, after red-light irradiation (LED array
system) at a potency of 26 mW/cm2. The DPBF absorbance was recorded at 416

nm.

Figure 4. Effect of light action on photosensitizing molecule on cell proliferation.
Porphyrin-treated and untreated cells were irradiated for 30 minutes. Dark group
went totally in the dark for the same time. Comparisons were made within the
white-light and dark groups, separately, for each porphyrin. Control group
received no treatment with porphyrins. DMSO was the vehicle used to solubilize
porphyrins. Data are expressed as mean = SD of three independent times
performed in triplicate. Fig. 4B, 4D and 4F: A375 cell line was treated with Zn-4-
PtTPyP (Fig. B), Cu-4-PtTPyP (Fig. D) and Ni-4-PtTPyP (Fig. F) and platinum (II)
porphyrins at 6 different concentrations and exposed at photodynamic therapy,
for 30 min. Fig. 4A, 4C and 4E: A375 cell line was treated with Zn-4- PtTPyP (Fig.
A), Cu-4-PtTPyP (Fig. C) and Ni-4-PtTPyP (Fig. E) and platinum(ll) porphyrins at
6 different concentrations, but the groups were kept in the dark. For this
evaluation we used the MTT technique. For comparison different letters in the

chart denote significant difference between the groups.



Figure 5. A-l — Image of the molecular arrangement of Zn-4-PtTPyP, Cu-4-
PtTPyP and Ni-4-PtTPyP porphyrins with the AP-B-100 N-terminal region. In A,
D and G we observe the 3D structure of platinum(ll) porphyrins with zinc(ll),
copper(ll) and nickel(ll), respectively, and their bindings with amino acids. In B,
E and H we observe the coupling of porphyrin with zinc(ll), copper(ll) and
nickel(ll), respectively and the N-terminal region of Apo B-100. In C, F and |, we
can see that the coupling between B0582 and the Apo B-100 region occurs in a
similar way to that of zinc(ll), copper(ll) and nickel(ll), respectively derivative. we
can observe that the coupling between B0582 and the Apo B-100 region occurs
in a similar way to that of zinc(ll), copper(Il) and nickel(ll).

Figure 6. A-l — Image of the molecular arrangement of Zn-4-PtTPyP, Cu-4-
PtTPyP and Ni-4-PtTPyP porphyrins with the endothelin B receptor (ERT-B). In
A, D and G we observe the 3D structure of platinum(ll) porphyrins with zinc(ll),
copper(ll) and nickel(ll), respectively, and their bindings with amino acids. In B,
E and H we observe the coupling of porphyrin with zinc(ll), copper(ll) and
nickel(Il) respectively, and the endothelin B receptor. In C, F and | we can see
that the coupling between ET3 and the ERT-B region occurs in a similar way to
that of zinc(ll), copper(ll) and nickel(ll) derivative, respectively. we can observe
that the coupling between ET3 and the ERT-B region occurs in a similar way for

zinc(ll), copper(Il) and nickel(ll).

Figure 7. The HSA steady-state fluorescence emission spectra without and as a
function of metalloporphyrin (a) Zn-4-PtTPyP, (b) Cu-4-PtTPyP and (c) Ni-4-
PtTPyP, in a Tris-HCI buffer (pH = 7.4). The concentration of HSA is 10 uM and

porphyrin concentrations ranged from 0 to 100 uM. Inset: plot of FO/F versus

[porphyrin].

Figure 8. A-l — Image of the molecular arrangement of Zn-4-PtTPyP, Cu-4-
PtTPyP and Ni-4-PtTPyP porphyrins with the protein Human serum albumin
(HSA). In A, D and G we observe the 3D structure of platinum (Il) porphyrins with
zinc, copper and nickel, respectively, and their bindings with amino acids. In B, E
and H we observe the coupling of porphyrin with zinc, copper and nickel,
respectively and HAS protein. In C, F and | we can see that the coupling between
crystallographic ligand and the HSA protein region occurs in a similar way to that



of zinc, copper and nickel, respectively. we can observe that the coupling
between the crystallographic ligand and the HSA protein region occurs in a similar

way for zinc, copper and nickel.

Figure 9. In this image, we can see the main common interactions of amino acids
and porphyrins. In image A, B and C we see that the most important connections
are the same in both porphyrins TYR138 and ARG117, for Zn-4-PtTPyP, Cu-4-
PtTPyP and Ni-4-PtTPyP.

DISCUSSAO

Figura 9: Representacdo esquemética do mecanismo de morte induzido por

apoptose.
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1. INTRODUCAO

O cancer € uma das doencas com maior impacto na vida de pacientes e
familiares na atualidade, sendo uma das principais causas de morte no mundo.
No Brasil, para o triénio 2020-2022, foram estimados cerca de 625.370 mil novos
casos. Destes, 8.450 sao de cancer de pele do tipo melanoma (INSTITUTO
NACIONAL DO CANCER, 2018a).

O melanoma é um tipo de cancer que se origina e se desenvolve nos
melandcitos. Por esse motivo, as lesdes geralmente apresentam aspecto de
coloragdo marrom ou preto, entretanto a presenca dessa coloragdo nédo €
exclusiva podendo ser rosada, bege ou branca (BROUSSARD et al., 2018).
Apesar de ser menos comum que o cancer de pele ndo-melanoma de células
escamosas e basocelular, o tipo melanoma é considerado mais agressivo
(BROUSSARD et al., 2018). Quando detectado em estagios iniciais pode ser
curado, no entanto, a disseminacdo (metastases) para outras regiées € muito

frequente quando o diagndstico é tardio.

O tratamento desta doenca € determinado de acordo com o estagio em
que se encontra (ORGANIZACAO MUNDIAL DE SAUDE - OMS, 2017).
Geralmente, para os estagios | e Il € recomendado a cirurgia para remocédo da
leséo. Para estagios Il e Ill, imunoterapia, radioterapia ou quimioterapicos podem
ser indicados. No estagio mais avancado (IV), no qual a doenca ja atingiu o perfil
metastatico, podem ser tratados com radioterapia, imunoterapia, terapia-alvo ou
guimioterapia. No entanto, este estagio de carater mais agressivo € muito dificil
de ser tratado com as terapias disponiveis atualmente, e por isso a necessidade
da busca de tratamentos mais promissores ou alternativos (AMERICAN
CANCER SOCIETY, 2016; SETH et al., 2020).

Neste contexto, terapias alternativas tém sido estudadas a fim de otimizar
o tratamento de patologias agressivas como o cancer (AMERICAN CANCER
SOCIETY, 2018a). A terapia fotodindmica (TFD), tém se mostrado uma
alternativa promissora neste sentido. Ela tem sua ac¢do fundamentada em trés
pontos principais, sendo eles: o uso de fotossensibilizadores, a luz e a molécula
de oxigénio, para inducdo do dano celular. Esta terapia caracteriza-se por ser
um método minimamente invasivo e seletivo aos tumores, além de apresentar

uma diminuicdo dos efeitos adversos ao paciente (AGOSTINIS et al., 2011,
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SAINI; POH, 2013). A sensibilizacdo se da por meio da absorcéo da irradiagéo
da fonte de energia luminosa, transferindo essa energia do fotossensibilizador
para o oxigénio molecular gerando as espécies reativas de oxigénio (EROs), que
sdo citotoxicas (ABRAHAMSE et al., 2016; HORNE; CRONJE, 2017). Essa
terapia ja tem sido bem estabelecida e com bons resultados em tratamentos
como o de acne, antienvelhecimento, verrugas, cancer de pele superficial ndo-
melanoma e hiperplasia sebacea. Além disso, também tém sido utilizada na
terapia adjuvante no tratamento de tumores pulmonares, trato respiratorio e
urinério e tumores neurais (RKEIN; OZOG, 2014).

Atualmente, tem-se buscado novas moléculas que apresentem
propriedades ideais para serem utilizadas, como fotossensibilizadores, no
tratamento fototerapéutico. Neste sentido, algumas caracteristicas especificas
necessitam ser observadas nessas moléculas a fim de que possam ser utilizadas
para este fim. Dentre essas caracteristicas destacam-se fotoestabilidade
potencializada, boa solubilidade em meio fisiologico, alta geracdo de EROs,
seletividade e alta fototoxicidade (O’'CONNOR; GALLAGHER; BYRNE, 2009).
Moléculas como as porfirinas tém tido grande interesse por parte dos
pesquisadores. A estrutura do anel porfirinico € a razéo pela qual todos estes
derivados absorvem luz a um comprimento de onda préximo dos 400-450 nm,
além disso, é uma molécula funcional arquetipicas que desempenha um papel
importante em inUmeras areas de pesquisa cientifica devido ao seu exclusivo
sistema eletrénico e propriedades oOpticas (HIROTO; MIYAKE; SHINOKUBO,
2017). Assim, novas moléculas, como as porfirinas contendo complexos
periféricos de platina(ll) , vém sendo estudadas com o objetivo de serem
candidatas a fotossensibilizadores (TASSO et al., 2017). Tendo em vista 0s
aspectos dissertados anteriormente, somado ao himero crescente de casos de
cancer de pele no Brasil, € necessario que se faca a busca por compostos e
terapias mais efetivas e seguras ao paciente. Acredita-se que a terapia

fotodinamica € um tratamento com potencial que necessita ser mais explorada.
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2. REVISAO BIBLIOGRAFICA

2 .1 Cancer

O cancer é um termo genérico utilizado para descrever um conjunto de
mais de 100 doencas que se caracterizam pelo crescimento anormal e
desordenado de células, além de seus limites habituais, que podem invadir
partes adjacentes do corpo e / ou espalhar-se para outros 6rgaos (WHO, 2017)
(Figura 1).

Células Células
normais tumorais
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Cancer Research UK

Figura 1. Imagem das células com crescimento normal (nicleo puarpura) e as células com
crescimento anormal (ndcleo azul). Imagem modificada com licenga autoral de Cancer Research
UK".

Historicamente o cancer é uma doenc¢a muito antiga, tendo seus primeiros
relatos datados por volta de 8.000 a.C, os quais evidenciaram um osteossarcoma
em um dos dedos dos pés de um hominideo’. Ainda neste contexto historico,
Hipocrates, na Grécia Antiga (460-370 a.C), foi criador do termo “carcinoma” que
€ utilizado até os dias atuais, pois chamou o cancer de “karkino” em fungao da
aparéncia do tumor ser muito similar com a de um caranguejo da mitologia grega.
Assim, existem muitos relatos a cerca desta patologia que é foco de estudo de
diversos grupos de pesquisa em todo o mundo (MILLER et al., 2016).

Dados do Instituto Nacional do Cancer (INCA) demostram que o cancer €

a segunda principal causa de morte em todo o mundo e indicam que cerca de

* Licenca autoral da Cancer Research UK.
(https://commons.wikimedia.org/wiki/File:Diagram_showing_how_cancer_cells_keep_on_reproducing
_to_form_a_tumour_CRUK_127.svg)

" Informacdes retiradas do Portal da Educac3o
(https://siteantigo.portaleducacao.com.br/conteudo/artigos/fisioterapia/historia-do-cancerdos-
escritos-antigos-a-tecnologias-atuais/5559.)
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7,6 milhdes de pessoas no planeta morrem em decorréncia da doenca a cada
ano. O cancer de pele do tipo ndo-melanoma lidera os tipos de cancer mais
prevalentes do Brasil. Ja os canceres de proéstata, pulméo, colorretal, estbmago
e figado sédo os tipos mais frequentes em homens, enquanto os de mama,
colorretal, pulméo, colo do Utero e o de tireoide sdo 0S mais comuns entre as
mulheres (INSTITUTO NACIONAL DO CANCER, 2018b).

O cancer tem sua origem a partir de uma alteracdo no DNA da célula, que
passa a receber informacdes incorretas para execucao de suas atividades. Tais
alteracdes podem ocorrer em genes especiais, denominados proto-oncogenes,
que a principio sdo inativos em células normais. Quando ativados, tornam-se
oncogenes, responsaveis por transformar as células normais em células
cancerosas (INSTITUTO NACIONAL DO C&NCER, 2018a).

Por ser uma doenca multifatorial, as possiveis causas desta patologia sdo
as mais variadas, podendo ser externas ou internas ao organismo. Fatores
ambientais, comportamentais e genéticos estéo diretamente relacionados. Desta
forma, o ambiente ao qual a pessoa esta diariamente exposta (poluicao,
defensivos agricolas, postos de gasolina), seu comportamento (sedentarismo,
ingesta de aclcar, carboidratos simples, realizacdo de atividade fisica)
(KLEMENT; KAMMERER, 2011) e sua carga genética de pré-disposi¢do para
determinado tipo de céncer terdo ligacdo ndo s6 com o aparecimento do tumor
maligno como também com seu potencial de cura (AMERICAN CANCER
SOCIETY, 2018b; INCA, 2017).

Dentre os fatores extrinsecos aqueles mais relacionados com o
surgimento da doenca séo: o fumo, a obesidade e as doencas infecciosas. Os
homens e as mulheres fumantes expde-se ha& inUmeras substancias
carcinogénicas presentes no cigarro como: cianeto, benzeno, nitrosaminas,
formaldeido. J& com relacdo a obesidade o grande problema é a resisténcia a
insulina, pois esta resisténcia se da nos tecidos-alvo (figado, musculo e tecido
adiposo) e pelo fato da insulina ser um fator de crescimento celular, a
hiperinsulinemia na corrente circulatoria pode induzir a um crescimento celular
desordenado nos tecidos nao-alvo (BRAUNA; BITTON-WORMS; LE ROITH,
2011)%.

* Dados da Agéncia Nacional de Pesquisa para o Cancer.
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2.2 Melanoma

A incidéncia do cancer de pele é a que mais cresce no Brasil. Segundo
dados epidemiolégicos do INCA o numero de casos novos estimados sera de
4.200 em homens e de 4.250 em mulheres, totalizando 8.450 novos casos para
o triénio 2020-2022. Esses valores correspondem a um risco estimado de 4,03
casos novos a cada 100 mil homens e 3,94 para cada 100 mil mulheres. Na
Regido Sul, o cancer de pele melanoma é mais incidente quando comparado

com as demais regides, para ambos os sexos (INCA, 2020)

O céancer de pele divide-se em: carcinoma basocelular, epidermoide e
melanoma. De todos eles, o melanoma € o menos comum, mas 0 mais agressivo
devido ao seu diagndstico tardio e com isso chances elevadas de metastase.
Sua origem da-se nos melandcitos (células produtoras de melanina, substancia
que determina a cor da pele), células que contém um pigmento chamado
melanina, que absorve o0s raios ultravioletas prejudiciais do sol e tem
predominancia em adultos brancos (WILLYARD, 2014).

Para um diagnostico correto € importante que algumas caracteristicas
sejam analisadas nas pintas, na maioria das vezes a regra “ABCDE” pode ser
utilizada: Assimetria, Borda, Cor, Diametro e Evolucao (Figura 2). Dessa forma,
manchas que crescem, com formas irregulares e que mudam de coloracao
devem ser analisadas com cuidado (AMERICAN CANCER SOCIETY, 2018b).

Assimétrico Variagdaode Cor
oa Jg o @O
NS ) S TN | . ‘
Normal t i

Bordas Irregulares Diametro
=22 _'_.
Evolugao

Figura 2: Demonstracéo visual da regra “ABCDE”. Na imagem podemos observar a presenca de
assimetria, variacdo de cor, as bordas e didmetros da pinta e sua evolucdo de crescimento.

Figura adaptada da Sociedade Brasileira de Dermatologia - ano: 2020°.

§ https://www.sbd.org.br/dermatologia/pele/doencas-e-problemas/cancer-da-pele/64/
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Somado a isso, o diagndstico é realizado por meio dos estagios, os quais
o melanoma se encontra. Nas figuras abaixo (Figura 3 e 4) é possivel observar
0s estagios de la/b-1V (tabela 1) sendo que no IV as células tumorais ja atingem
a corrente sanguinea levando a um perfil metastatico (COMPREHENSIVE;
NETWORK, 2020).

Tabela 1: Descricdo dos estagios de diagndsticos do melanoma.

Estagio Descricao
la <0,8 mm de espessura sem
ulceracéo.
Ib <0,8 mm de espessura com

ulceracdo ou 0,8 — 1 mm com

ulceracao média.

Il >1 mm de espessura

1] Nédulo sentinela positivo

v Perfil metastatico

Figura 3: Andlise dos estagios do melanoma: I, Il, lll e IV. Sendo que na ultima imagem (IV) pode-
se observar as células neoplasicas atingindo corrente sanguinea. Imagem modificada de

Alexillus (5 stages of the process and the development of melanoma metastasis to reach the.

Numero de identificacéo da foto: 43968256)"

ok ok ok

https://www.bigstockphoto.com/pt/image-43968256/stock-photo-stages-of-melanoma
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Figura 4: Esquema da metastatizacao a partir de células oriundas de massa tumoral. Na imagem
as células tumorais se desprendem e chegam a corrente sanguinea, fazendo com que a ocorra

o espalhamento dessas células de forma sistémica. Fonte: Préprio autor.

O melanoma tem como principal fator de risco a exposicao a radiacao
ultravioleta do sol. O padrdo de exposicao pode ser tdo importante quanto a
guantidade total de radiacéo ultravioleta que atinge a pele (WILLYARD, 2014).
Dessa forma, a maneira mais eficaz para a protecéo € o uso do filtro solar e a
exposicao solar nos horarios adequados (antes das 9 h e apdés as 15 h),
podendo variar de acordo com a localizacdo geografica, conforme o Consenso
Brasileiro de Fotoprotecdo. Ainda, outros fatores parecem estar ligados como:
pele fototipo | e Il (pele branca muito sensivel ou sensivel, respectivamente, a
gueimaduras solares), possuir graves queimaduras solares, a presenca de

pintas, idade (mais comum nos adultos) e histérico familiar.

2.2.1 Espécies reativas de oxigénio (EROs) e melanoma

As espécies reativas do oxigénio (ERO) sdo moléculas altamente
instaveis e reativas que sao capazes de transformar outras moléculas com as
quais reagem. Estas espécies sdo geradas em grande quantidade durante o
processo de estresse oxidativo, que afetam moléculas como proteinas,

carboidratos, lipideos e acido nucleicos. Como exemplo destas espécies
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podemos citar: peréxido de hidrogénio, radical superoxido e radical hidroxila.
(SILVA; GONCALVES, 2010).

Espécies reativas e seus derivados sdo de fundamental importancia em
razao dos diversos processos fisioldégicos que exercem no organismo humano
como: a regulacdo do tonus vascular, a deteccdo da tensédo de oxigénio, a
regulacdo de fungcbes que s&o controlados pela concentracdo de oxigénio, o
aumento da transducéo de sinal a partir de varios receptores de membrana, além
de respostas ao estresse oxidativo que irdo assegurar a manutencdo da
homeostase (COUTO et al., 2018; DROGE, 2002).

Tais espécies reativas (principalmente as espécies reativas de oxigénio —
ERO), sdo produtos gerados como consequéncia de reacfes metabdlicas nas
mitocondrias de células eucaridticas. Em células normais, baixas concentracdes
desses compostos sdo necessarios para a transducao de sinal antes de sua
eliminacdo. No entanto, as células cancerigenas, por apresentarem um
metabolismo acelerado, exigem elevadas concentracfes de EROs para manter
sua alta taxa de proliferacdo (SOSA et al., 2013).

Acredita-se que no processo do melanoma ha envolvimento direto das
EROs, estudos recentes confirmaram o importante papel destas espécies em
diferentes etapas deste processo de formacdo desta patologia. A comecar pela
sintese de melanina que envolve reacdo redox e acumulo de ERO, somado a
evidéncia de varios genes mutados que sao associados ao melanoma resultantes
da atividade EROs. Ainda, estas espécies estdo relacionadas ao metabolismo
celular, hipéxia e metastase (CANNAVO et al., 2019; DENAT et al., 2014;
MEIERJOHANN, 2014; WITTGEN; VAN KEMPEN, 2007).

Estudos tem mostrado que células de melanoma sdo resistentes ao
estresse oxidativo. Se niveis elevados de EROs promovem a sobrevivéncia,
proliferacdo e metastase do cancer, por outro lado, em um nivel superior, podem
induzir apoptose e senescéncia celular por meio de danos no DNA (CANNAVO et
al., 2019).

Um mecanismo de protecdo natural para evitar danos oxidativos e
promover a sobrevivéncia celular, sdo os antioxidantes, moléculas néo
enzimaticas e enzimaticas como a glutationa peroxidase (GPx), catalase (CAT),
superoxido dismutase (SOD), entre outras (CANNAVO et al., 2019). Regular o
equilibrio pré-antioxidante poderia ser uma estratégia interessante no tratamento

para o melanoma. Principalmente tendo em vista que os medicamentos radio e
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quimioterapicos comumente  usados influenciam o resultado da

diminuig&o/eliminag&o do tumor por meio da modulagéo da ERO.

2.3 Terapia para o melanoma

Segundo o guideline do National Comprehensive Cancer Network (NCCN)
(COMPREHENSIVE; NETWORK, 2020) o tratamento mais adequado do
melanoma ¢é determinado de acordo com o estadiamento da doenca.
Geralmente, para os estagios iniciais (la/b e Il) a cirurgia para remocéao da leséo
é recomendada, sendo a analise do linfonodo sentinela recomendada para
estagio Ib. Assim, a maioria dos pacientes acabam realizando a cirurgia apos a
biépsia da lesdo. Para maior seguranca do paciente, o procedimento cirdrgico €
realizado com margens de seguranca, ou seja, 0 cirurgido ira retirar alguns
centimetros além da lesdo para ter certeza de que todas as células foram
removidas. Caso o linfonodo sentinela seja negativo, o paciente deve continuar
acompanhando, se positivo paciente devera receber tratamento especifico
(COMPREHENSIVE; NETWORK, 2020; SETH et al., 2020).

Para estagio Il, apés a remoc¢do da lesdo, ha a recomendacao da biopsia
do linfonodo sentinela, isso porque o melanoma pode disseminar-se para 0s
ganglios linfaticos. Além disso, testes de imagem também sdo recomendados.
Assim, para os pacientes com linfonodos positivos recomenda-se tratamento
com interferon ap6s a cirurgia (COMPREHENSIVE; NETWORK, 2020; SETH et
al., 2020)

No estagio lll, os linfonodos do paciente ja estdo comprometidos, dessa
forma, devem ser removidos com excisdes amplas (leséo e linfonodos) e as
opcdes de tratamento incluem: vacina Bacillus Calmette-Guérin (BCG) — como
uma forma de imunoterapia, pois aprimora fortemente a resposta imune
inespecifica, aumentando a protecdo especifica e tem demonstrado efeitos
clinicos interessantes (LUCIA et al., 2019; NISHIDA et al., 2019), interferon ou
interleucina — 2 diretamente na lesdo, imunoterapia (como por exemplo,
Nivolumabe, Pembrolizumabe, Dafrafenibe e Trametinibe), radioterapia ou
quimioterapia. Neste estagio testes de mutacdo BRAF e exames de imagem
também sao recomendados. No estagio mais avancado (1V), no qual a doenca

ja atingiu o perfil metastatico, podem ser tratados com radioterapia,
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imunoterapia, terapia-alvo ou quimioterapia. No entanto, este estagio de carater
mais agressivo € muito dificil de ser tratado com as terapias disponiveis
atualmente (COMPREHENSIVE; NETWORK, 2020; SETH et al., 2020)

Além da dificuldade do tratamento, os efeitos adversos aos quais 0s
pacientes acabam tendo que se submeter sdo extremamente agressivos ao
organismo. Com isso, h4 a necessidade da busca de tratamentos mais

promissores e efetivos.

2.4 Terapia fotodinamica (TFD)

A TFD é uma forma inovadora e nao-invasiva de terapia que tem sido
utilizada com sucesso em areas como a ginecologia, urologia, dermatologia e
oncologia. Esta terapia tem demonstrado excelentes resultados no tratamento
de doencas como acne, psoriase, na inflamacdo crénica, no tratamento de
infeccOes bacterianas resistentes a medicamentos, bem como diversos tipos de
cancer (LUO et al., 2017; SPERANDIO; HUANG; HAMBLIN, 2013).

O uso da fototerapia é ancestral, desde os primérdios os humanos
consideravam a aplicacdo de radiacdes solares para curas medicinais. Na
Grécia antiga, Hipocrates, considerado uma das figuras mais notaveis da historia
da medicina, incentivou o uso da luz do sol para recuperacdo de atrofias
musculares (EMERSON; MEMBER, 1932). Em 1973 Peter S. Herman, do centro
hospitalar universitario de Quebec — Canada, publicou no periédico LANCET
uma short-communication alertando que a TFD poderia ser uma nova e
interessante abordagem para o tratamento das neoplasias humanas resistentes
as terapias convencionais, achados esses demostrados por Diamond e
colaboradores (“to existing neoplasms treatment is fascinating . It is mentioned
that porphyrins”, 1972). A TFD baseia-se na aplicacéo local ou sistémica de um
composto com propriedades fotossensiveis, denominado fotossensibilizador,
que se acumula intensamente em tecidos patologicos (figura 5) (KHARKWAL et
al., 2011).
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Etapas da TFD:

| Aplicacio do fotossensibilizante

Il Acimulo no tecido alvo

Il Ativacdo por luz visivel [400-800nm)
IV Apoptose ou Necrose

Célula
cancerosa

Sistémica

Figura 5: Imagem ilustrativa das etapas envolvidas na aplicacdo da TFD. Fonte: Proprio autor.

Outro aspecto interessante é que este processo permite a destruicao
seletiva das células inapropriadas, justamente por serem rea¢fes guiadas pela
luz (fototoxicas), as quais ocorrem apenas na area de distribuicdo do
fotossensibilizador, somado a isso estas moléculas tem a capacidade de
absorver luz no comprimento de onda adequado (VROUENRAETS et al., 2003).
Estudos demonstram que fotossensibilizadores acumulam-se em concentracées
mais elevadas nas células cancerigenas quando comparados com as células
normais (CRUZ et al., 2013; GOMES; NEVES; CAVALEIRO, 2018).

O motivo desta distribuicdo seletiva pode ser a tendéncia que os
fotossensibilizadores tém de combinar-se, preferencialmente, com lipoproteinas
de baixa densidade (LDL) (CRUZ et al.,, 2013; HAMBLIN; NEWMAN, 1994;
KANDA et al., 2019). Ha evidéncias de que células neoplasicas possuam maior
captacdo de LDL e com isso uma maior expressao destes receptores
(FIRESTONE, 1994). Esta terapia € bem tolerada pelos pacientes em funcao de
sua acao seletiva. Os protocolos fotodindmicos sdo indolores e a simplicidade
de sua aplicagcdo permite o uso ambulatorial (KHARKWAL et al.,, 2011;
KWIATKOWSKI et al., 2018).

Apesar do sucesso desta terapia, novos métodos e compostos estédo
sendo estudados para melhorar seu uso efetivo para esta finalidade. Tem sido
pesquisado a associacdo de eletroporacdo e nanotecnologia, com o uso de
nanocarreadores, objetivando aumentar a concentragdo local do
fotossensibilizador e, também direciona-lo as células de interesse, o que resulta
em melhor eficiéncia de terapia aplicada (KWIATKOWSKI et al.,, 2018;
SCHMITT; JUILLERAT-JEANNERET, 2012).

32



2.4.1 TFD e o cancer

A TFD ja tem sua aprovacdo no Food and Drug Administration (FDA),
orgdo americano responsavel por fiscalizar medicamentos. Aqui no Brasil,
diversos estudos tém demonstrado excelentes e promissores resultados em
linhagens celulares, como em adenocarcinoma de colo de Utero, cancer de
mama, préstata, entre outros (FONSECA TEIXEIRA; ALVES, 2018; LINARES-
ESPINOS et al., 2018; PELLOSI et al., 2018; SILVA et al., 2018; TASSO et al.,
2017).

Ainda, o banco nacional de desenvolvimento (BNDS) est4 apoiando
financeiramente com R$ 3,2 milhdes de reais para que TFD seja utilizada em
escala comercial e no sistema unico de saude (SUS), oferecendo treinamento e
capacitacdo clinica, facilitando o acesso a medicamentos e equipamentos, e
reduzindo os custos da terapia. Este projeto, que esta em andamento, envolve
10 paises: Brasil, Bolivia, Chile, Equador, El Salvador, Coldmbia, Cuba, México,
Peru e Venezuela (BUZZA et al., 2016). Outro estudo interessante, com
pacientes portadores de multiplos canceres de pele nao-melanoma, foi
desenvolvido na Holanda por Horlings e colaboradores utilizando o meta-
tetra(hidroxifenil)clorina (mTHPC) como fotossensibilizador, o qual demonstrou-
se altamente eficaz, com poucos efeitos colaterais (HORLINGS; TERRA,;
WITJES, 2015).

Com relacao a medicamentos que sdo comercializados, um exemplo € o
Foscan® um fotossensibilizador de 22 geracdo utilizado na Unido Europeia
desde o ano de 2001 para os seguintes tipos de cancer: cabeca, pescoco,
pulmao e cérebro. A formulagdo contém um Unico composto ativo, sendo um
derivado de clorina (mTHPC), é fotoativado a 652 nm, onde é um étimo gerador
de oxigénio singlete. Sua sintese foi relatada por Bonnett e colaboradores
(BONNETT; BERENBAUM, 1989; KNIEBUHLER et al., 2013).

Outro exemplo € o Metvix®, desenvolvido pela Galderma, indicado - entre
outros - para o tratamento de carcinoma basocelular superficial e/ou nodular. A
acdo deste medicamento se da pela formacdo e acumulo de porfirinas
(compostos fotoativos) dentro das células da lesdo na area tratada. Quando
ativados pela luz, na presenca de oxigénio, ocorre a formagcdo de oxigénio

singlete, que causa dano aos componentes celulares, em particular as
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mitocondrias e ao DNA. Assim, a ativacao pela luz das porfirinas acumuladas
conduz a uma reacao fotoquimica e consequente fototoxicidade as células- alvo
expostas a luz (TASSO et al., 2017).

2.4.2 Mecanismo de agao

A TFD tem seu mecanismo de acdo fundamentado em trés principais
componentes ndo-toxicos, sendo eles o uso de sensibilizadores, a luz (com o
comprimento de onda adequado) e a molécula de oxigénio, para inducao do
dano celular, visto que o oxigénio esta presente em abundancia nos tecidos
cancerigenos (BROWN; BROWN; WALKER, 2004; GOMES; NEVES;
CAVALEIRO, 2018; SAINI; POH, 2013). Estudos mostram que essa
sensibilizacdo pode se dar, principalmente, por dois mecanismos, sendo que
ambos sdo dependentes de moléculas de oxigénio dentro das células
(ABRAHAMSE; HAMBLIN, 2016; HORNE; CRONJE, 2017; KWIATKOWSKI et
al., 2018).

O primeiro estagio dos dois mecanismos é similar: apos entrar na célula,
a molécula fotossensibilizadora sofre irradiagdo com um comprimento de onda
de luz que coincide com o seu espectro de absorcao e é convertida do estado
fundamental de energia So para um estado excitado Sn*, denominado “estado
singleto Sn*” pela absor¢ao de fétons. Parte da energia retorna ao estado
fundamental e emite fluorescéncia , e a energia remanescente é direcionada,
pela molécula fotossensibilizadora, ao estado triplete excitado T1 — a forma
terapéutica adequada do composto (CASTANO; DEMIDOVA; HAMBLIN, 2005;
ROBERTSON; EVANS; ABRAHAMSE, 2009).

2.4.2.1 Mecanismo de a¢éo TFD - Tipo |

Estando no estado excitado T1, o fotossensibilizador tem a possibilidade
de converter o oxigénio molecular em variadas espécies reativas. Através de
um processo de transferéncia de elétrons neste estado excitado tripleto, temos
a formacdo de espécies radicalares tais como radical hidroxil, radical

superoxido, radical hidroperoxil e radical peroxinitrito. Esta cascata de reacfes
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gera estresse oxidativo resultando na destruicdo de células cancerigenas (DE
SILVA et al., 2020; ROBERTSON; EVANS; ABRAHAMSE, 2009).

2.4.2.2 Mecanismo de agéao TFD — Tipo Il

Além da possibilidade de um fotossensibilizador converter o oxigénio
molecular em radicais, 0 mesmo pode acontecer através de processo de
transferéncia de energia. Desta maneira, o oxigénio molecular que se encontra
na forma de triplete (302) passa para singlete (*O2), gerando assim uma forma
altamente reativa. Assim, moléculas de oxigénio singlete sdo geradas, sendo
estas caracterizadas por propriedades oxidantes extremamente fortes
(JUZENIENE; MOAN, 2007; NOWAK-STEPNIOWSKA; PERGOL; PADZIK-
GRACZYK, 2013). Por este motivo, fotossensibilizantes quando excitados nao
danificam estruturas celulares, eles reagem apenas com moléculas de oxigénio
gue se encontram dissolvidas no citoplasma (FONSECA et al., 2006). Tendo
em vista este panorama, entende-se que mecanismo do tipo Il é o processo
mais importante condicionando a eficiéncia da TFD. No entanto, a medida que
0 oxigénio se esgota, 0 mecanismo do tipo | comeca a prevalecer (CASTANO;
DEMIDOVA; HAMBLIN, 2005). O esquema de ambos mecanismos pode ser
observado na figura 6.

Independentemente do tipo de mecanismo, as EROs levam ao foto-dano
das proteinas, do DNA, gorduras e outras moléculas na area fotossensibilizada,
levando a morte direta de células tumorais. Os diferentes tipos de morte celular
dependem de onde o fotossensibilizador encontra-se intracelularmente: danos
a mitocéndria podem levar a apoptose, em contrapartida, destruicéo e a perda
da integridade da membrana celular podem induzir necrose, jA danos aos
lisossomos ou mesmo ao reticulo endoplasmatico podem provocar autofagia
(KESSEL,; OLEINICK, 2010; MEHRABAN; FREEMAN, 2015).
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Figura 6: Representacdo esquematica dos mecanismos de agdo da TFD que conduzem a
destruigdo do tecido tumoral por acdo do oxigénio singleto (ao combinar-se com lipideos
insaturados/proteinas presentes na membrana plasmatica) ou pela formacdo de espécies
reativas de oxigénio. FS -Fotossensibilizador; T1 — Forma ativa do composto; EROs - espécies

reativas de oxigénio. Fonte: Proprio autor.

2.4.3 Fotossensibilizadores

Os Fotossensibilizadores sao substancias capazes de absorver luz com
um comprimento de onda especifico, gerando reac¢des fotoquimicas ou
fotofisicas (DE SILVA et al.,, 2020). Dentre as condicbes que descrevem um
fotossensibilizador ideal, podemos citar: estabilidade a temperatura ambiente,
fotossensibilidade apenas na presenca de um comprimento de onda especifico,
absorcdo maxima na faixa 600 a 800 nm, absor¢cdo minima na faixa de 400 a
600 nm (previne fotossensibilidade excessiva causada pela luz solar), baixa
citotoxicidade no escuro e alta seletividade para tecidos neoplasicos (DOBSON;
DE QUEIROZ; GOLDING, 2018).

Estes compostos estao descritos em 3 geragdes, sendo que a 12 geracao
ficou conhecida pelos "derivado de hematoporfirina" (HpD) (ABRAHAMSE;
HAMBLIN, 2016). Estes derivados foram obtidos por meio de modificacbes
quimicas da primeira porfirina - hematoporfirina (Hp), sendo que a HpD quando
comparada com a Hp apresenta melhor seletividade tecidual para tumores. No
entanto, surgiram limitacdes para a sua aplicacdo clinica como a baixa pureza
quimica e a pobre penetracdo tecidual em razdo da absor¢do maxima em um
comprimento de onda relativamente curto. Somado a isso, apés a TFD, o
paciente apresentava hipersensibilidade da pele a luz por varias semanas devido
a longa meia-vida do fotossensibilizador e seu alto acumulo na pele. Estas

desvantagens levaram a necessidade de investigar novos compostos e iniciou-
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se o desenvolvimento de fotossensibilizadores de 22 geragdo (CHATTERJEE;
FONG; ZHANG, 2008; ZHANG et al., 2018).

Os de 22 geracdo incluem derivados de hematoporfirina e
fotossensibilizadores sintéticos como: acido 5-aminolevulinico (ALA), derivados
de benzoporfirina, texafirinas, derivados de tiopurina, entre outros (YOON; LI;
SHIM, 2013). O uso do ALA mostrou-se uma importante descoberta, pois é um
tipo de pro-farmaco que se torna um fotossensibilizador ativo somente apds ser
transformado na protoporfirina. Por esse motivo, o ALA passou a ser utilizado
topicamente ou por via oral em muitas aplicacdes clinicas (DE ROSA; BENTLEY,
2000; MORTON, 2002). A 22 geracdo destas moléculas foi caracterizada por
maior pureza quimica, maior rendimento na formacdo de oxigénio singleto e
melhor penetracdo em tecidos devido a sua absor¢do maxima na faixa de
comprimento de onda de 650 a 800 nm.

Além disso, eles demonstram menos efeitos colaterais, 0 que resulta de
uma maior seletividade para tecidos cancerigenos e eliminacdo mais rapida do
fotossensibilizador corpo. A principal desvantagem da 22 geracao € a sua pobre
solubilidade na é&gua, que é um fator significativamente limitante em sua
administracdo, induzindo dessa maneira, a busca por novos métodos de entrega
(NOWAK-STEPNIOWSKA; PERGOL; PADZIK-GRACZYK, 2013) (Figura 7).

Com esse entendimento, os fotossensibilizadores de 32 geracdo foram
fundamentados na sintese de substancias com maior afinidade ao tecido
tumoral, reduzindo os danos aos tecidos saudaveis circundantes (JOSEFSEN;
BOYLE, 2008). Outra demanda que as moléculas de 32 geracdo tentam atender
€ a aplicacao clinica como a administracéo parenteral de fotossensibilizadores,
bem como resolver o problema da baixa solubilidade em agua (ZHANG et al.,
2018).

Novos sistemas de distribuicdo de medicamentos estdo surgindo para
aumentar a biodisponibilidade do método fotodinamico (JOSEFSEN; BOYLE,
2008). Tendo em vista este objetivo, pesquisadores tem combinado moléculas
de 22 geracdo com outras moléculas focando no receptor-alvo, conjugando, por
exemplo, o fotossensibilizador com um anticorpo monoclonal dirigido ao
antigeno especifico da célula cancerosa (KATAOKA et al., 2017). Estas solugfes
poderiam permitir um aumento da seletividade e acimulo do fotossensibilizador

nas areas afetadas, reduzindo as doses do medicamento, mantendo efeitos
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terapéuticos satisfatorios (KATAOKA et al., 2017; SAVELLANO; HASAN, 2003)
(Figura 7).

Com relacéo a baixa solubilidade, Muehlmann et al. propuseram um novo
fotossensibilizador de terceira geracdo, que se apresenta como um sistema
composto pelo fotossensibilizador hidrofébico de cloreto de aluminio-ftalocianina
(AlPc) associado a nanoparticulas de poli (metil-vinil éter-anidrido maleico)
dispersiveis em agua. O estudo obteve resultados eficazes nas linhagens
tumorais testadas (MUEHLMANN et al., 2014).

ALA e FOSCAN
LIMITACAO: _
POUCO SOLUVEL EM AGUA Cl~

1§ ) I‘ F 2 u:;:;vﬂ
GERACAO s Uel GERAGAO
>

DERIVADOS OBIJETIVO:
HEMATOPORFIRINAS

- PHOTOFRIN

LIMITACOES: = = AFINIDADE PELO TECIDO TUMORAL;
*BAIXA PUREZA;

*POBRE PENETRAGAO;

*HIPERSENSIBILIDADE === DANOS AO TECIDO CIRCUNDANTE.

NO PACIENTE PGS USO.

Figura 7: Representacao esquematica das 3 geracdes dos fotossensibilizadores utilizados na
terapia fotodindmica. No esquema demonstramos as evolugbes de tais compostos. Na
primeira geracdo observamos um numero maior de limitagbes nestes compostos. Estas
limitacdes foram resolvidas, em partes, pelas moléculas de segunda geracdo, no entanto,
atualmente, estdo em desenvolvimento moléculas que sejam ainda mais efetivas e seletivas.

Fonte: Préprio autor.

2.4.4 Porfirinas

As porfirinas pertencem a uma classe de moléculas orgénicas com uma
estrutura geral de macrociclo tetrapirrolico contendo 18 elétrons (formado por
guatro anéis pirrélicos), consiste em quatro unidades de pirrol e quatro atomos
de carbono em ponte, ligados por ligacdes metilicas (-CH-) (HIROTO; MIYAKE;

SHINOKUBO, 2017). Como representantes desta classe de compostos temos o
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grupo heme, que contém ions ferro(ll), a clorofila, que contém ions magnésio(ll)
e 0s pigmentos biliares. Dessa forma, sdo responséveis por fun¢cdes como:
transporte de oxigénio e armazenamento (hemoglobina e mioglobina), transporte
de elétrons (citocromos) e coleta de energia luminosa (clorofila) (MILGROM,
1997). Elas possuem pigmentacdo de cor purpura. A estrutura em anel da
porfirina € a razdo pela qual todos os derivados porfiricos absorvem luz a
um comprimento de onda proximo dos 400-450 nm, dando-lhes a sua cor
caracteristica (Figura 8) (MILGROM, 1997).

Figura 8: Representacéo esquemética do macrociclo tetrapirrélico comum das porfirinas.
Fonte: Enciclopédia Britanica.

A biossintese de porfirinas é regulada nos eucariotos superiores pela
concentracdo do produto heme, o qual serve como inibidor por retroalimentacéo
dos passos iniciais da via de sintese (LEHNINGER, 2009). A concentracdo do
hemo em eucariontes regula a sua sintese por um mecanismo de feedback
negativo. Em humanos, a desregulacdo deste sistema por deficiéncia de uma
das enzimas da via de sintese de porfirinas causa uma doenga popularmente
conhecida como porfirias (LEHNINGER, 2009).

O interesse dos quimicos orgéanicos e inorganicos pelas porfirinas deu-se,
em funcdo de que a porfirina € uma molécula funcional arquetipicas que
desempenha um papel importante em inimeras areas de pesquisa cientifica
devido ao seu exclusivo sistema eletrénico e propriedades 6pticas (HIROTO;
MIYAKE; SHINOKUBO, 2017; KADISH; CAEMELBECKE; ROYAL, 2000).
Dentre essa ampla variedade de areas podemos citar: fotossintese, biocatalise

relacionada ao P450, células fotovoltaicas, agentes terapéuticos fotodinamicos,
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sondas de bioimagem, quimiossensores, entre outros (KADISH,;
CAEMELBECKE; ROYAL, 2000).

2.4.5 Platina e seus derivados na area médica

A platina é um metal de transicdo denso, maleavel, ductil, altamente néo
reativo, branco prateado. Possui excelente resisténcia a corroséo, é estavel a
altas temperaturas e possui propriedades elétricas estaveis. Seu nome é
derivado do termo espanhol platino, que significa "pequena prata" (LOKSE,
2018). Este metal foi descrito pelos europeus no inicio do século XVI, mas foi
ter uma investigagdo mais aprofundada com Antonio de Ulloa em 1748, quando
este publicou um relatério sobre o “novo metal” atraindo, assim, a curiosidade de
cientistas (MAUSKOPF; MCDONALD; HUNT, 1984).

Atualmente diversos sdo 0s usos conhecidos da platina, ela pode ser
encontrada em equipamentos de laboratério, pode ser usada como conversores
cataliticos, eletrodos elétricos, joias, equipamentos odontolégicos, entre outros.
Por ser um metal pesado, a exposi¢cao a curto prazo a sais de platina pode causar
irritacdo nos olhos, nariz e garganta e a exposi¢ao a longo prazo pode causar
alergias respiratorias e cutaneas (MEEKS; LA NIECE; ESTEVEZ, 2002). De
maneira geral, compostos de platina sédo encontrados em apenas dois estados
de oxidacdo estavel: Pt(ll) e Pt(IV). Os derivados de platina(ll) sdo os mais
comuns e se encontram em uma configuracao estrutural quadratica-planar de
seus compostos, sendo estes compostos dificeis de serem oxidados a Pt(1V). Ja
os derivados de platina(lV) sdo mais raros mas ndo menos importantes.
Normalmente sdo estaveis em uma configuracdo geomeétrica octaédrica, com
sua esfera de coordenacéo contendo atomos mais duros (por exemplo, oxigénio)
para estabilizar o centro metalico. Sais de platina(lV) podem ser facilmente

reduzidos a compostos de platina(ll), principalmente em meio fisiologico.

Agentes antineoplasicos a base de platina(ll), como cisplatina, oxaliplatina
e carboplatina foram desenvolvidos ao longo dos anos e demonstraram possuir
um boa efetividade contra alguns tumores (WHEATE et al., 2010). Nesta reviséo,

dentre os derivados de platina(ll), daremos destaque a cisplatina.
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A cisplatina teve sua descoberta datada de 1845 e liberada para uso
médico em 1978/1979(FISCHER; ROBIN GANELLIN, 2006). Faz parte da lista
de medicamentos essenciais da Organizacdo Mundial da Saude (OMS, 2013).
Este medicamento tem sua administracao por via intravenosa como infusédo de
curta duracdo em solugédo salina normal para tratamento de malignidades solidas
e hematoldgicas, como por exemplo: cancer de pulméo de pequenas células,
carcinoma de células escamosas da cabeca e pescoco, cancer de ovario, cancer
de colo do utero, bexiga, testiculos, linfoma (INSTITUTO NACIONAL DEL
CANCER, 2016). Como mecanismo de a¢ao, temos que a cisplatina interfere na
replicagdo do DNA, matando as células de proliferacdo mais rapida, que em
teoria sdo cancerigenas. Essa atividade antitumoral é atribuida a ligacdo ao
DNA, com formacdo de adutos, originando ligacGes intra e intercadeias que
induzem alteracbes estruturais. O seu efeito citotoxico é, dessa maneira,
causado pela inibicdo da transcricdo e replicacdo, o que leva a indugcéo da
apoptose (ROCHA et al., 2018; WANG,; LIPPARD, 2005).

Mesmo sendo uma alternativa de tratamento com resposta inicial alta para
varios tipos de cancer, alguns pacientes acabam recidivando com a doenca
resistente a cisplatina. Neste contexto, diferentes mecanismos de resisténcia a
cisplatina foram propostos, incluindo: altera¢des na captagao celular e efluxo do
farmaco, aumento da desintoxicagdo do farmaco, inibicdo da apoptose e
aumento do reparo do DNA(STORDAL; DAVEY, 2007).

Dessa forma, sabendo que derivados de platina(ll) apresentam uma
resposta promissora ao tratamento de alguns tipos de cancer, mas atualmente
observamos pacientes resistentes a tal tratamento, torna-se necessaria a busca
por novos derivados de platina(ll) que consigam desempenhar o tratamento de

forma mais efetiva, segura e com menos resisténcia.
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3. OBJETIVO

3.1 Objetivo geral

Bioprospectar fotossensibilizadores para terapia fotodinamica no

tratamento do melanoma metastatico.

3.2 Objetivos especificos

o Elucidar o estado da arte da terapia fotodinamica, bem como sua
aplicacao na biotecnologia e ciéncias biologicas;

o Verificar a forma de screening de novas moléculas na terapia do
melanoma;

o Avaliar o potencial antitumoral de porfirinas tetra-catidnicas contendo
complexos periféricos de platina(ll) (3-PtTPyP e 4-PtTPyP) na
linhagem celular de melanoma metastatico (WM1366);

o Avaliar o efeito citotdéxico destas porfirinas (3-PtTPyP e 4-PtTPyP) em
linhagem ndo tumoral de ovario de hamster chinés (CHO-K1) como
controle da terapia proposta e identificar o mecanismo de morte celular;

o Investigar a adicdo de metais de transicdo como zinco (Zn-4-PtTPyP),
cobre (Cu-4-PtTPyP) e niquel (Ni-4-PtTPyP) a porfirina de platina(ll)
no potencial antitumoral, bem como na seletividade na linhagem celular
de melanoma metastatico;

o Elucidar o tempo de exposicéo a terapia fotodindmica induzida pelos
compostos nas linhagens tratadas;

o Demonstrar mecanismos de seletividade dos compostos em estudo;

o Observar a integridade da célula, como viabilidade de membrana e

integridade do DNA, ap0s tratamento com 0S compostos;
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4. RESULTADOS

Esta Tese originou 4 artigos cientificos que se interligaram ao longo deste
estudo. Em um momento inicial buscamos entender, por meio da nossa invited
review, o estado da arte da terapia fotodinamica, sua insergéo na bioprospeccao
de novas moléculas e sua relacdo com a biotecnologia e as ciéncias biologicas.
Dentre os principais achados deste artigo de revisdo, destacamos: (i) a
diminuicdo os efeitos adversos relacionados a terapia convencional; (i) a
melhora da resisténcia dos quimioterapicos tradicionais, como a doxorrubicina;
(iii) a terapia fotodindmica como uma opc¢ao viavel e eficaz para um tratamento
de melhor qualidade. Nossa busca ainda correlacionou a TFD com a
nanotecnologia na melhora da forma de entrega, absor¢cdo da luz e para
aplicacdo no diagnéstico do cancer (COUTO et al., 2020a).

Posteriormente, observamos a importancia de implementarmos estudos
in silico a triagem de nossas moléculas candidatas a testes in vitro para avaliagéo
de efeito antitumoral. Ferramentas in silico mostraram-se de grande valor para
triagem inicial de novas moléculas, pensando em uma abordagem mais racional
do screening de novos compostos. Além disso, a possibilidade da precisdo na
previsdo de interacdes entre as moléculas e seus receptores, além da economia
de tempo e dinheiro, € de grande valia, pois a escolha das moléculas para testes

subsequentes pode se dar de forma mais efetiva (COUTO et al., 2019).

Apds um primeiro screening, avaliamos a acao antitumoral de porfirinas
de platina(ll). Nossos resultados indicaram que as porfirinas 3-PtTPyP e 4-
PtTPyP apresentam atividade seletiva antitumoral na linhagem de melanoma
metastatico estudada, sugerindo que o principal mecanismo de morte se deu por
apoptose por meio da ativacao das caspases 3 e 9 via Bax/BCL2. Somado a isso
€ importante citar que ambas néo foram téxicas na linhagem celular ndo-tumoral
e também nos grupos que ndo receberam incidéncia de luz (grupos escuros).
Ainda, a avaliagéo in silico indicou que ambas as porfirinas de platina(ll) foram
promissoras como estratégia de liberacdo do farmaco, apresentando afinidade
para a regido N-terminal da ApoB-100, o que também pode estar explicando o

fato da preferéncia pelas células tumorais (COUTO et al., 2020b).

Ao longo do estudo do uso das porfirinas de platina(ll) na TFD

investigamos também as consequéncias (possivel melhora do efeito antitumoral
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e seletividade) da inclusao de ions como 0 zinco, cobre e niquel a porfirina 4-
PtTPyP e sua acdo na ligagdo com os receptores apolipoproteina B (APO B-100)
e receptor de endotelina (ERT-B), albumina do soro humano (HSA) e
antioxidantes como superoxido dismutase (SOD) e catalase (CAT). Nossos
resultados sugerem que, principalmente, porfirinas Zn-4-PtTPyP e Ni-4-PtTPyP
podem inibir a proliferacéo celular de melanoma metastatico quando exposto ao
sistema fotodinamico. Além disso, o estudo in silico indicou que ao adicionarmos
metais de transicdo ocorreu uma potencializacéo da afinidade destas porfirinas
a regido N-terminal de ApoB-100 (KLEIN COUTO et al., 2020).

Neste contexto, a afinidade para o receptor de ERT-B foi avaliada pelo
fato deste estar superexpresso em patologias como o cancer. Dessa forma,
manejar a atividade deste receptor torna-se interessante. Nossas porfirinas
ligaram-se de forma superior ao controle (ET3) utilizado neste estudo. Indicando
que, a atividade proliferativa, metastatica e antiapoptotica relacionadas a este
receptor estavam comprometidas. Com isso, as metaloporfirinas mostraram-se
de forma promissora como um antitumoral e na estratégia de seletividade,
entrega e inibicdo de metastase tumoral (KLEIN COUTO et al., 2020).

Antioxidantes como a SOD séo conhecidos por serem importantes para
o tratamento de patologias como cancer. As células tumorais, dependem, de
certa forma, do ambiente altamente instavel e mutagénico do estresse oxidativo
€ por isso que 0 manejo de espécies antioxidantes € interessante (ANDRISIC et
al., 2018). As metaloporfirinas apresentaram uma forte ligacdo in silico com o
receptor da SOD, com destaque para Zn-4-PtTPyP e Ni-4-PtTPyP, indicando a
possibilidade destas porfirinas suprimirem a malignidade de células de
melanoma humano (KLEIN COUTO et al., 2020).

Por fim, entendemos que a TFD pode ser extrapolada e ganhar espaco
nas mais diferentes areas de estudo, e encorajamos seu uso em diferentes areas

bioldgicas, inclusive sendo sugerida para potencializar o tratamento do cancer.
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Os resultados que fazem parte desta tese de doutorado estdo apresentados
sob forma de artigo. Os itens materiais e métodos, resultados, discussao e

referéncias bibliograficas encontram-se no préprio manuscrito.

4.1 Capitulo 1 (Artigo 1) - Perspectives of photodynamic therapy in
Biotechnology (invited review)
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ARTICLEINFO ABSTRACT

Photodynamic therapy (PDT) is a current and innovative technique that can be applied in different areas, such as
medical, biotechnological, veterinary, among others, both for the treatment of different pathologies, as well as
for diagnosis. It is based on the action of light to activate photosensitizers that will perform their activity on
target tissues, presenting high sensitivity and less adverse effects. Therefore, knowing that biotechnology aims to
use processes to develop products aimed at improving the quality of life of human and the environment, and
optimizing therapeutic actions, researchers have been used PDT as a tool of choice. This review aims to identify
the impacts and perspectives and challenges of PDT in different areas of biotechnology, such as health and
agriculture and oncology. Our search demonstrated that PDT has an important impact around oncology,
minimizing the adverse effects and resistance to chemotherapeutic to the current treatments available for cancer.
Veterinary medicine is another area with continuous interest in this therapy, since studies have shown promising
results for the treatment of different animal pathologies such as Bovine mastitis, Malassezia, cutaneous he-
mangiosarcoma, among others. In agriculture, PDT has been used, for example, to remove traces of antibiotics of
milk. The challenges, in general, of PDT in the field of biotechnology are mainly the development of effective
and non-toxic or less toxic photosensitizers for humans, animals and plants. We believe that there is a current
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Agricultural biotechnology

Health biotechnology
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Bioprospecting

and future potential for PDT in different fields of biotechnology due to the existing demand.

1. Introduction

Photodynamic therapy (PDT) has been an interesting ally in dif-
ferent areas of knowledge. Its mechanism of action is based on the
application of photosensitizers activated locally or systemically by light
with an oxygen source, at an appropriate wavelength, and from this
application occurs the generation of reactive oxygen species (ROS -
singlet oxygen and radical species), responsible for triggering the ex-
pected results [1]. Studies in the field of human and animal health,
especially dermatology, oncology, urology, microbiology, parasitology
[2-4] and agriculture [5,6] has been demonstrating how eclectic and
interesting this therapy can be (Fig. 1).

In this sense, biotechnology that aims to use cellular and biomole-
cular processes to develop technologies and products, aiming to im-
prove life and health on the planet, has a total interest in developing
products that may use tools that can be more effective and less ag-
gressive either to humans, animals and plants [7]. For this reason, PDT
has been widely used in the field of biotechnological treatments for the
most different pathologies, such as method of choice for treatment of
age-related macular degeneration and is appreciated as minimally in-
vasive therapeutic procedure to treat skin, esophageal, head and neck,

* Corresponding author.

lung, and bladder cancers with high cure rates, low side effects, and
excellent cosmetic outcome [8].

Still, in this context, it would be very interesting to think of molecules
that could be marked and activated by light directly on the tissue of in-
terest, for diagnostic purposes, for example, tetrapyrrole macrocycles
(Fig. 2) [2,9]. Fig. 2A highlights some molecules with their effectiveness
highlighted, for example, the mixture of oligomers Photofrin®, which is a
photosensitizer used in photodynamic therapy and radiotherapy and for
the treatment of lung carcinoma and esophageal cancer [10]. Foscan®, a
drug-based on a tetra-(3-hydroxyphenyl)chlorin (temoporfin), is a pho-
tosensitizer commercialized in Europe and widely used in photodynamic
therapy for the treatment of head and neck carcinoma [11]. Other
chlorophyll derivatives, such as Chlorin e6, Visudyne® and Tookad®, are
also used in the treatment of cancer by photodynamic action [12,13]. A
new generation of photosensitizers for application in PDT has also shown
success in this area (Fig. 2B), as is the case with Redaporfin®, a third-
generation bacteriochlorin derivative used in the treatment of cancer and
produced by Luzitin SA (Coimbra - Portugal) [14] and the Lutex® deri-
vative (Lutrin/Antrin) based on a lutetium texafirin structure (Texas-
shaped porphyrin) that exhibited an excellent response in preclinical
breast cancer studies and prostate [15,16].
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Fig. 1. Biotechnology and photodynamic therapy in the areas of human/animal health and agriculture.

In this context, we could also think of molecules that could not only
diagnose but also treat the patient simultaneously. We are at the
frontier of knowledge and the development of such forms of treatment/
diagnosis [17].

Another area that has shown interest in PDT is that of biopros-
pecting, after all, have as precept is the systematic search for organisms,
genes, enzymes, compounds, processes and parts from living beings that
have economic potential and lead to the development of a product [18].
We know that one of the greatest difficulties in the management of
photosensitizers is linked to the fact of low solubility in water, the most
appropriate vehicle for future formulations [19]. Thus, due to this high
hydrophobicity, encapsulation approaches have been considered to
minimize the formation of inactive aggregates in an aqueous environ-
ment. [20].

The vast majority of controlled delivery systems are based on na-
noparticles (NP) or other nanostructures [21]. NPs, which usually range
in size from 1 to 100 nm, reveal unique physical and chemical prop-
erties and are being explored for photosensitizers in order to optimize
current treatment regimes in PDT [22]. Still, it is important to mention
that in addition to the NPs (most commonly used) the encapsulation of
the photosensitizer can occur through a system of micelles, liposomes,
biodegradable NPs, conjugating the photosensitizer with hydrophobic
polymers such as polyethylene glycol (PEG) [19].

These modifications end up bioprospect old and new photo-
sensitizers which end up optimizing their specificity, selectivity, in-
creasing their action time, leading to a better biological response.

Thus, the areas of biotechnology and bioprospecting are closely
related, showing a special interest in photodynamic processes, due to
the advantages it presents. Thus, this perspective aimed to assess the
impact of PDT on biotechnology, the main goals and challenges within
this field in the current scenario.

2. Impacts of Photodynamic therapy at Biotechnology

In this session we will address the impacts that the PDT has on the

different areas of knowledge of biotechnology. We chose to cover the
areas of human and veterinary health and agriculture. We also added a
topic specifically involving cancer, as it is the area of study of our re-
search group.

2.1. Photodynamic Therapy and Biotechnology and Health

The use of phototherapy is ancestral, from the beginning of time
humans consider utilize the application of solar radiation for medicinal
cures. In ancient Greece, Hippocrates encourages the use of sunlight to
recover from muscular atrophies []. The first evidence of the use of PDT
in this area dates back to 1988 when Schneckenburger et al. discussed
the fluorescence properties of photosensitizers used in photodynamic
therapy in the field of medicine and biology. In this paper, they still
highlight the importance of PDT for biotechnology, emphasizing that
until the present moment (1988), few works had been done in the ap-
plication of fluorescence methods in this field. Until that moment the
development of biotechnological products was concentrated in com-
pounds with fluorescent properties [24].

Currently, product development and the number of studies in this
area have considerably increased. The main focus of using PDT in the
area of biotechnology has been human and animal health. Areas such as
dermatology, oncology, urology are of great interest in this type of
treatment, since the adverse effects are infinitely less than those of
conventional therapies [25-27].

In human medicine, PDT represents an alternative, well-known and
recognized treatment option for several indications, as mentioned
above. In the medical veterinary area, the steps are slower. Few treat-
ments are available for pets and large pets. The main indication in this
area is for skin tumors in cats. Other possible indications are urinary
tract neoplasms in dogs and equine sarcoid (common tumors in horses)
[28] and canine otitis [29].

Dobson et al. published a review in 2018 in order to verify a possible
new scenario for the veterinary PDT. However, even though it is pro-
mising, the area advances in this treatment at a slow pace. According to
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them, there are few professionals qualified to perform such treatment
and the cost of treatment is still high [17].

If the treatment still does not reach the veterinary clinics, for the
reasons already mentioned, research in this area, on the other hand, has
sought alternatives and new photosensitizers for this therapy. Searches
of databases such as PubMed and Science Direct have shown this in-
terest on the part of researchers. As in the research of human health, the

veterinary area has focused more on lines aimed at the treatment of
cancer, with slightly focus in clinic microbiology [30,31]. In a recent
study Rocha et al. (2019) used PDT to fight cutaneous hemangio-
sarcoma in dogs, a malignant neoplasm that often occurs in this species
[32]. A treatment with PDT, in this pathology, is very interesting since
it can avoid mutilating surgeries, being seen as an alternative therapy
and possible efficacy.
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In the veterinary field, we also observed studies in the ophthalmo-
logical area [33], dermatology such as the treatment of Malassezia in-
fection [34], in the treatment of bovine mastitis, a disease that leads to
a significant drop in milk production, added to the fact that treatments
with conventional antibiotics can leave residues in the milk [35],
among other areas.

Thus, investing time, energy and money in this field of knowledge
seems to be a good and future strategy since, especially in the veter-
inary area, there is still a lot of space for new developments and re-
search. The creation of new biotechnological products and the re-
positioning of strategies will be essential in the near future.

2.2. Photodynamic Therapy and Biotechnology and Agriculture

The scientific evidence in the field of PDT is very vast in the area of
health, however, it comes in a constant growth in agriculture.
Improvements in milk and food are among the focuses of this treatment.
In a recent study (2020) Chen et al. evaluated 5-aminolevulinic acid (5-
ALA) which is a promising bio-stimulant, food nutrient and photo-
dynamic drug (widely used in the treatment of some types of cancer)
with wide applications in modern agriculture and phototherapy. The
objective of this study was to improve the yield in addition to estab-
lishing a solid technological base for the large-scale commercialized
bioproduction of 5-ALA [6]. In this study in question, increase the
biosynthesis of 5-ALA more economically increase the prospects for
industrialization in the form of a sustainable and environmentally
friendly process.

For biotechnology field, improving efficiency and productive ca-
pacity is of great importance for the productive sector. After all, agri-
cultural biotechnology includes a range of breeding tools and techni-
ques, which alter living organisms, or parts of them, to produce or
modify products, improve plants or animals, or develop microorgan-
isms for specific agricultural uses.

Another perspective of studies in this area, is the fact of improving
the cultivation of plants that produce metabolites that can be used as
photosensitizers in PDT. As is the case with Hypericum perforatum (St.
John's wort) which has valuable secondary metabolites for treatment
with PDT and depression [5].

In addition to improvements in food, it is possible to try to reduce
the bacteria in milk, through a photoinactivation performed with the
aid of PDT, in this case, antimicrobial photodynamic therapy (aPDT)
[36,37]. The interesting thing about this technique is that because it
does not use conventional antibiotic therapy, milk does not have traces
of antibiotics in the final product, which can lead to possible bacterial
resistance. It is important to note that antibiotics are widely used in the
dairy industry to fight disease and improve animal performance [38].
Thus, alternative treatments for the pathologies that affect these ani-
mals, such as mastitis, are considered of great value for agricultural
biotechnology.

2.3. Photodynamic Therapy and Biotechnology and Cancer

In section 2.1 we covered PDT in the field of biotechnology related
to health. As we mentioned, studies in this area are vast. However, the
number of researchers focused on the search for cancer treatments
draws attention. There are numerous treatment strategies, here we can
mention the use of recombinant Mycobacterium bovis BCG [39] and also
the use of pyrazoline with the hydrogen and chlorine substituents for
bladder cancer [40], for example. Because it is a less aggressive and
more targeted therapy, it is easy to understand this interest. This is a
therapy that is already available for the treatment of different types of
cancer worldwide, mainly for non-melanoma skin cancer [41].

The researchers' current search has focused on the discovery of new
photosensitizers (PS). These are fundamental pieces for the success of
the therapy, after all PS are excited by a specific wavelength, triggering
the whole mechanism of action. New drug distribution systems are
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emerging to increase the bioavailability of the photodynamic method
[42]. These solutions could allow an increase in selectivity and accu-
mulation of photosensitizer in the affected areas, reducing the doses of
the medication, maintaining satisfactory therapeutic effects [43,44].

Our research group has started studied tetra-cationic porphyrins
containing peripheral platinum(II) complexes [45-47] as candidates for
photosensitizers for the treatment of metastatic melanoma, an ex-
tremely aggressive type of skin cancer that is diagnosed late and does
not respond well to the treatments currently available. Our results have
shown promising, in which we observed not only an anti-tumor activity
in the studied metastatic melanoma strains, with a concentration of
porphyrins on the nanomolar scale, but also a selective distribution in
tumor tissues. These findings demonstrate an alternative therapy with
less adverse effects and more targeted [48].

In a search in databases such as science direct when we search for
the words “photodynamic therapy” and “cancer”, we have 1129 articles
published in 2020 alone, while in PubMed we found 1124 publications
in the years 2019-2020, demonstrating how vast and interesting is this
area. Lung cancer [49], glioma [50], breast [51], melanoma [48], has
been in great demand.

In addition to the unpleasant adverse effects on the patient, the fact
that resistance to conventional chemotherapy is also on the bio-
technology radar, aiming at the development of more effective and less
novice products for patients [52]. Khdair et al. evaluated the combi-
nation of doxorubicin with methylene blue, for PDT, a drug widely used
in the treatment of different types of cancer, with PDT. This combina-
tion was evaluated precisely because doxorubicin has significant re-
sistance to patients [53].

In a comparative way we have numerous studies focused on the area
of oncology in order to improve the therapy of this pathology, reducing
the adverse effects, increasing the adherence to the treatment, de-
creasing the resistance to the chemotherapies existing in the market
[54-56]. In the literature, we found some reviews that evaluated the
viability of PDT, such as that of Yang et al. who demonstrated that this
therapy is a viable and effective option for better quality treatment for
future cancer patients [57]. In contrast, E-Hussein et al. in their review
article explored the combined use of chemotherapy and PDT in the
treatment of lung cancer, demonstrating how this approach can be the
last resort for many patients who have been diagnosed with this type of
cancer [58].

Still, in this context of PDT for cancer magnetic nanocomposites
(photosensitizers associated with magnetic nanoparticles) seem inter-
esting for the treatment of pathologies as complex and heterogeneous as
this one [59-61]. For example, we cite the study by Choi et al. which
proposed to develop multifunctional magnetic nanoparticles con-
jugated with a photosensitizer (PS) and molecules directed to cancer, in
order to reach an improvement in the penetration of light in vivo, as
well as the efficiency of targeting cancer cells. In this work, the central
magnetic nanoparticles (Fe,0,) were covalently linked with chlorine e6
(Ce6) asa PS and folic acid (FA). The group obtained good results of cell
death via apoptosis, however, in vivo studies are necessary to verify its
biological effects for clinical applications [61].

On the other hand, Chiang et al. developed a photosensitive and
magnetic satellite nucleus (TCSN) in order to increase the damage in-
duced by the incidence of light to tumor cells. The results of the studies
showed that with this technique an increase in the therapeutic window
by magnetic enrichment and bimodal phototherapy, which could serve
as an advanced extracorporeal strategy to remove the circulating tumor
cells, cells that often end up causing metastases [62].

PDT can also contemplate that diagnosis and therapy can go to-
gether to fight cancer. It was what Fan et al. proposed in their study,
where they successfully developed a distinct three-layer nanostructured
particle responsive to tumor acidity (S-NP) that encapsulates the pho-
tosensitizer chlorin e6 (Ce6) and that Gd(III) derivatives to be used in
precision PDT guided by dual model image - fluorescence / magnetic
resonance (MR) [63].
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In the vast field of PDT, biotechnology and cancer, we still need to
move forward and focus efforts against more deeply located tumors,
since against superficial tumors such as basal cell skin cancer, PDT has a
good response [64]. In order to develop options for PDT in vivo, Ro-
drigues et al. evaluated the success of a nano-emulsion containing
aluminum-phthalocyanine (AlPc-NE) as a mediator of photodynamic
therapy (PDT-AlPc-NE) against breast adenocarcinoma tumors grafted
into mice (BALB/c). The study was concerned with evaluating the de-
velopment of lung metastases, as well as the growth of the mammary
tumor. The results show that the application of PDT-AlPc-NE eradicated
transplanted tumors in all treated animals. In addition, known animals
free of detectable metastases in the lungs [65].

2.4. Techniques Consolidated in PDT

Still within the context of the PDT, it is important to mention con-
solidated techniques in the area, as PDT and biotechnology become
even more connected. Techniques such as photosensitizing doping.
Interesting studies in this area have been developed over time, such as
that of Shen et al. which conjugated doped polymer nanoparticles with
photosensitizer incorporating poly-oxyethylene nonylphenol ether (CO-
520) in them. Thus obtaining nanoparticles of poly[9,9-dibromohex-
ylfluorene-2,7-ylenethylene-alt-1,4-(2,5-dimethoxy)phenylene]
(PFEMO) doped with meso-tetra(phenyl)porphyrin (TPP) incorporated
in CO-520 with stability characteristics and low cytotoxicity in the
dark, in addition to efficiency in the generation of singlet oxygen spe-
cies, improving PDT activity in cancer cells. This modification allowed
simultaneous monitoring in vivo by fluorescence images of two photons
during the photodynamic treatment [66].

In addition to the oncology area, we observed impressive results
against Leishmania, using PDT doping. These results were demon-
strated in the study by Nadhman et al. which developed biocompatible
silver PEGylated zinc oxide nanoparticles. These nanoparticles per-
formed well, with high production of singlet oxygen and hydroxyl ra-
dicals, the leading producers of ROS, in addition to low toxicity in the
dark [67]. Interesting answers, according to the authors, not only for
leishmaniasis but for the treatment of cancer and other infections.

Correlating PDT and immunological therapies are also medical
strategies of interest against cancer. For example, we quote Ramirez-
Garcia et al. who proposed to integrate these techniques with upward
converting nanoparticles (UCNPs) in order to improve the diagnosis of
cancer. Ramirez-Garcia demonstrated that as UCNPs convert deep in-
frared light (NIR) into higher energy emissions, they allow the ob-
servation of images and detection of malignant cells, in addition to the
simultaneous transfer of energy to activate photosensitizers [68]. In this
study, they used nanocomposites conjugated with the monoclonal an-
tibody trastuzumab to treat HER2 positive breast cancer, obtaining
significant positive results.

Drug delivery techniques with photosensitizers are of paramount
importance in addition to being widely applied around oncology. The
use of nanoparticles makes it possible to reach a target, focusing on
specific receptors, increasing the selectivity of photodynamic therapy
[69]. As we mentioned earlier, in order to improve the delivery system,
in addition to NPs we can find polysomes, biodegradable NPs, micelles,
among others [19], without forgetting that photosensitizers must re-
main in a monomeric form to be photoactive [70]. We draw attention
here to liposomes, which are considered one of the most efficient ve-
hicles for transporting hydrophobic molecules in an aqueous medium to
the target tissue, usually the scenario that we find in front of PDT
treatments [71].

These vesicles with one or more concentric phospholipid bilayers,
end up becoming biocompatible depending on their lipid composition.
[19,72]. In addition, the particle size, being nanometric (between 60
and 120 nm), ends up giving a high delivery capacity of the therapeutic
agent. All these properties make this type of system effective vehicles
for delivering PDT drugs [73]. As an example, Hematoporphyrin (Hp)
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or its derivative (HpD) and Photofrin® (a partially purified form of
HpD) were the first photosensitizers to be encapsulated in liposomes
based on L-a-di-palmitoylphosphatidylcholine (DPPC) [74].

In this context of Drug delivery, polymeric micelles appear as na-
nocarriers of well-known drugs and used in the diagnosis and phar-
macotherapy of several diseases [75]. This type of vehicle is composed
of amphiphilic polymers that “self-conform” in nanostructures with
sizes ranging between 10 and 200 nm and that contain an internal
hydrophobic core, in which drugs that are poorly soluble in water can
be trapped, providing excellent distribution and stability to these hy-
drophobic compounds [76,77].

In this universe, such techniques can be combined, as in the study
by Zhang et al. which developed a drug delivery system for photo-
sensitized doped nanoparticles, self-monitored and self-administered in
order to diagnose, treat and monitor the delivery and distribution of
drug molecules [78]. In this study the researchers used two possible
drugs for the treatment of cancer, curcumin and meso-tetra(4-pyridyl)
porphyrin (H,TPyP) being co-doped in the curcumin matrix. In this
context, H,TPyP was used as a PDT drug. As a result the researchers
observed that the combined drugs provided a fluorescent imaging and
tracking system in real time in vitro and in vivo with high therapeutic
efficiency of cancer [78].

Medicines like Photofrin, a photosensitizer know for PDT have been
the subject of studies in the field of nanotechnology. As for example,
Lamch et al. who studied the use of polymeric micelles based on
Pluronic P123 (EO 20 PO 65 -EO 20, PM 5800 Da) and F127 (EO 100
-EN 69 -EO 100, PM 12600 Da), in order to improve the efficiency of
Photofrin® in cell line of ovary resistant to traditional drugs and breast
deficient in caspase-3. These cells were treated with Photofrin® in free
and encapsulated form, showing as results an improved photodynamic
activity with good efficiency, in the groups treated with the en-
capsulated drug [79].

We know that photosensitizers, in general, have limitations such as
low water solubility [80], which makes its subsequent in vivo admin-
istration difficult. In this sense, nanotechnology can be a great ally.
Muehlmann et al. proposed a new third generation photosensitizer,
which is presented as a system composed of the hydrophobic photo-
sensitizer of aluminum chloride-phthalocyanine (AlPc) associated with
nanoparticles of poly(methyl-vinyl ether-maleic anhydride) dispersible
in water. They evaluated this photosensitizer in breast tumor and non-
tumor cells in vitro, obtaining effective results in the tumor lines tested
[81].

Much of the studies in the area of PDT is directed to the treatment of
diseases such as cancer [47,81-85], however, we can observe an in-
teresting development of biotechnological bioprospecting, in relation to
this therapy in the industrial area that meets agriculture, food, en-
vironment, converging for the elaboration of new processes and bio-
products [86-88]. As an example, we highlight the Photodynamic In-
activation Device (PID) developed by Foggiato et al. in order to use it
for microbial reduction or disinfection of solid surfaces for clinical or-
thodontic instruments, and thus, to propose a low cost and non-toxic
alternative for the disinfection of biomedical devices as non-critical
instruments, allowing its use also in the food industry [88].

In this context of industrial bioprospecting, we see an important
demand regarding foodborne microbial diseases, as they are considered
a worldwide public health problem, since they are directly related to
food security. The chemical and thermal procedures traditionally ap-
plied to control microbial growth in the food industry can alter the food
matrix and lead to antimicrobial resistance, thus, changes in this area
are desired [89,90]. Thus, antimicrobial PDT becomes an attractive
alternative for the control of foodborne pathogenic bacteria, as it is less
likely to cause antimicrobial resistance and does not promote undesir-
able nutritional and sensory changes in the food matrix [91].

Still in the food area, Kim et al. evaluated the effect of the
405 + 5 nm light-emitting diode (LED) on food preservation. This
effect was evaluated against bacteria such as Escherichia coli 0157:H7,
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Listeria monocytogenes and Salmonella spp. The study showed excellent
results, in which LED lighting effectively inactivated 97-99% of these
microorganisms. of the sleeve surface at refrigerated temperature,
being, however, less effective for L. monocytogenes and E. coli 0157:H7
at room temperature. Another result interesting was that the quality of
the mango fruit when cut was not influenced by the LED, even after
long exposure, regardless of the storage temperature [92]. Examples
like this show us that PDT tends to arouse industrial interest, since it
can be marketed as a highly efficient, non-thermal sterilization tech-
nology.

In addition to the food industry, product development based on PDT
has been developed. Rocha et al. proposed the creation of a micro-
emulsion mouthwash based on curcumin to disinfect the oral cavity in
combination with PDT. The formulation developed by the group was
tested against biofilms of Candida albicans, methicillin-resistant
Staphylococcus aureus (MRSA) and Escherichia coli, remaining stable
after 60 days of storage. As a result, they observed a significant re-
duction (p < 0,05) of UFC.mL™! in all microorganisms tested after
treatment combining PDT and curcumin microemulsion. [93].

3. Challenges and Perspectives of Photodynamic Therapy in
Biotechnology

The challenges of PDT in the field of biotechnology are the devel-
opment of effective and non-toxic or less toxic photosensitizers for
humans, animals and plants. The focus should be on third generation
molecules, which include the characteristics necessary for the func-
tioning of the PDT, with increased and selectivity in the generation of
reactive oxygen species and efficiency.

Results in clinical practice demonstrate how interesting the therapy
is, including financially for biotechnology. One of the factors that
generate greater interest in this therapy is the possibility of avoiding
resistance to photosensitizers, differently from what occurs in conven-
tional chemotherapy.

Currently, the difficulty in treating large tumor masses and the
limited depth of treatment are the main limitations of PDT. The fact
that visible light can penetrate tissues with a depth of no more than
5-10 mm ends up restricting the application of therapy to more su-
perficial lesions, being, up to the present moment, molecules that have
absorption in a lower energy region (for example, red or near infrared
regions) the most suitable.

Regarding costs, comparatively between PDT and conventional
chemotherapy, both are similar, being high - still - to patients. If the
area of cancer still has challenges to be overcome, in agriculture, on the
other hand, the therapy will be shown to be a little more accessible for
the treatment of cases of mastitis, for example, and for direct im-
provement in the quality of milk to patients. Treatments of interest on
the biotechnological scale to improve the population's diet.

We believe that there is current and future potential for photo-
dynamic therapy in different fields of biotechnology, due to the already
existing demand. It needs more effective treatments, with less adverse
effects, targeted, with less incidence of resistance (to drugs and mi-
croorganisms) both in the area of human and animal health, as well as
in the agricultural area.
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The global incidence of cancer is rising rapidly and continues to be one of the leading
causes of death in the world. Melanoma deserves special attention since it represents
one of the fastest growing types of cancer, with advanced metastatic forms presenting
high mortality rates due to the development of drug resistance. The aim of this review
is to evaluate how the screening of drugs and compounds for melanoma has been
performed over the last seven decades. Thus, we performed literature searches to identify
melanoma drug screening methods commonly used by research groups during this
timeframe. In vitro and in vivo tests are essential for the development of new drugs;
however, incorporation of in silico analyses increases the possibility of finding more
suitable candidates for subsequent tests. In silico techniques, such as molecular docking,
represent an important and necessary first step in the screening process. However, these
technigues have not been widely used by research groups to date. Our research has
shown that the vast majority of research groups still perform in vitro and in vivo tests,
with emphasis on the use of in vitro enzymatic tests on melanoma cell lines such as
SKMEL and in vivo tests using the B16 mouse model. We believe that the union of these
three approaches (in silico, in vitro, and in vivo) is essential for improving the discovery
and development of new molecules with potential antimelanoma action. This workflow
would provide greater confidence and safety for preclinical trials, which will translate to
more successful clinical trials and improve the translatability of new melanoma treatments
into clinical practice while minimizing the unnecessary use of laboratory animals under
the principles of the 3R’s.

Keywords: drug screening, melanoma, in silico, in vitro, in vivo, cancer, 3R, B16 melanoma

INTRODUCTION

The global incidence of cancer is rapidly rising and remains a leading cause of death worldwide
(1), highlighting the need for ongoing research focused on the discovery and development of new
drug candidate molecules as well as new treatments. According to the World Health Organization
(WHO), about 8.8 million people die of cancer each year (2). With regard to Brazil, around 600,000
new cancer cases are expected for the biennium 2018-2019 (3). This is partially due to the increased
incidence of Melanoma in recent years (4). Not only does melanoma represents one of the fastest
growing forms of cancer, but its advanced metastatic forms carry high mortality rates due to their
development of resistance to drugs traditionally used to treat melanoma (5).
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In order to determine the optimal treatment strategy,
melanoma patients must be evaluated and classified into
stages. For stages 0 and I, surgery for tumor excision is
generally the preferred treatment option. For stage II, or
stage I with positive sentinel lymph node biopsy, adjuvant
treatment with interferon is preferred. For stage III where the
tumor has already metastasized to the lymph nodes, surgery
with wide excision in addition to adjuvant treatment with
interferon is preferred. If the patient does not respond, the
remaining options include: bacillus Calmette-Guérin (BCG)
immunotherapy, interleukin-2 (intralesional), radiotherapy,
imiquimod application, and chemotherapy (see Table1 for
a list of the most commonly used chemotherapeutics for
melanoma treatment). Stage IV melanomas are especially
difficult to treat. Chemotherapy with dacarbazine and
temozolomide may be used individually or in combination
with interleukin-2 and/or interferon. In recent years, therapies
such as immunotherapy and targeted therapies have proven to be
more effective than the traditional chemotherapy (21). Although
early-stage melanoma can be treated with surgery, advanced
(metastatic) disease is difficult to cure and treatment options are
unsatisfactory, highlighting the urgent need for novel treatment
strategies (22).

For new drugs to be available for commercialization, they
must first go through the necessary steps mandated by
regulatory agencies such as the Food and Drug Administration
(FDA)!, namely: Discovery and development; preclinical trials,
clinical trials, and FDA review. Research and development
of new antimelanoma molecules occurs in several ways.
Some research groups develop or acquire software in order
to test thousands of molecules, aiming to select the most
promising candidates for the next tests (in vitro/in vivo). This
development process is known as “in silico test” (23, 24).
In addition to predicting safety and toxicity, these tests can
predict interactions between molecules and their receptors,
saving time and money during the process of drug screening,
Other groups choose to test some molecules in vitro and then
select their candidates for future in vivo and ex vivo trials.
Both of these approaches follow the 3R principle: “reduction,
replacement, and refinement” of animal use. In order to
adhere to this principle, it is important to continuously review
and optimize the way screening of new candidate drugs is
performed. In addition, a robust initial screening of these
molecules provides strong candidates for subsequent preclinical
and clinical testing.

The objective of this review is to analyze the methods used
to screen new drug candidate molecules over the last seven
decades using articles published during this period (Figure 1).
As the use of in silico and ex vivo methodologies are not as
widespread compared with in vivo and in vitro methodologies,
this review is divided into three major sessions according
to the chronological order in which these different screening
approaches were first utilized.

'hitps:/ fwww.fda.gov/patients/drug- development- process/step- 5- fda- post-
market- drug- safety- monitoring

Section |

In vitro Drug Assays for Melanoma

In vitro drug screening assays for melanoma are mostly
performed to evaluate the cytotoxic potential of new compounds
for cancer cell lines and to characterize target mechanisms of
action. Several mechanisms have been identified in melanoma
regression, including apoptosis pathways, necrosis, and
autophagy (25). In addition to cytotoxicity, immune mechanisms
are also involved in the therapeutic efficacy against metastatic
melanoma, corroborating the use of intralesional BCG as an
immunotherapeutic agent (26, 27).

The need to conduct animal research based on 3Rs
principle has strengthened the development of novel and more
robust in vitro models able to better mimic in vivo human
conditions. Tumor biology is extensively diverse in terms of
genetics, pigmentation, morphology, metabolism, and immune
microenvironment. A variety of screening techniques have been
developed tin an attempt to address this variability. Combination
therapies have been clinically employed; however, resistance to
therapy has propelled the search for low-cost and rapid screening
techniques that allow for selection of new and more effective
compounds (28).

In this section, we aim to show the evolution of in vitro
techniques employed for melanoma drug screening, ranging
from conventional assays to novel models for the discovery of
more efficient targets.

Cell Lines

Most melanoma cell lines used for in vitro drug screening
are derived from humans. In addition, some studies have
explored the use of cells obtained directly from both primary
and metastatic tumor biopsies to characterize the potential of
novel drugs in vitro (29-32). The establishment and analysis of
primary melanoma cell cultures is important to investigate tumor
heterogeneity in the era of personalized medicine. However, the
need to preserve biopsy samples for histological diagnosis may
limit their use for in vitro drug screening.

Mutations involved in human melanoma progression are
commonly observed in BRAF/NRAS and TP53 resulting in
altered regulation of the RAS RAF-MEK-ERK and ARF-p53
pathways, respectively (33). As expected, the most commonly
used melanoma cell lines harbor many of these mutations
(Table 2). In addition, as metastatic melanoma is the most
aggressive type of skin cancer, cell lines derived from metastatic
tumors (Table 2) are routinely employed to evaluate drugs
targeting cell migration and invasiveness (34).

Both pigmented and non-pigmented melanoma cell lines have
been used to identify drugs capable of improving therapeutic
efficacy and avoiding resistance related to melanin’s scavenger
ability (35). Amelanotic cell lines, especially A375 and SKMEL-
28, have been employed for this purpose (36, 37). Sharma et al.
demonstrated improved efficacy of a hypericin-based therapy
following depigmentation of melanotic and amelanotic cell lines
(UCT Mel-1 and A375, respectively) with a tyrosinase-inhibitor,
suggesting the melanogenesis process represents a promising
target for treating metastatic melanoma (36).
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TABLE 1 | Chemotherapeutics most commonly used for treatment of melanoma.

In vitro tests In vivo tests
chemotherapy Institute Cellline Human Mouse/ Rabbit Dogs Monkey Clinical Approval Company References
blood camundongos /monkey tests date?
Dacarbazine®  -American Information Analysis of Carcinogenicity  Risk for Information Information PHASE lland  May.27.1975/  BAYER (6-9)
(also called CancerSociety; not found. human Pregnancy not found. not found. 1l FDA HLTHCARE
DTIC) -Brazilian peripheral
Ministry blood
of Health; - lymphocytes
National
Cancer|nstitute.
Temozolomided  -American Information Clastogenic = Toxicology —Testicular Information PHASE Illand  Aug.11.1999/  MERCK ©,10)
Cancer Society; not found. analysis in Carcinogenicity; profile. atrophy was not found. v FDA SHARP
-Brazilian human —Toxicology observed; DOHME
Ministry lymphocytes profile. —Toxicology
of Health. studies were
performed.
Nab- American CHO cell line clastogenic o= Information Information Information PHASE Il and Dec. 29, HQ SPCLT (11-13)
paclitaxel® Cancer -mutagenicity ~ analysis in Genotoxicity; not found. not found. not found. 1l 1992/ PHARMA
Society. test human —Risk for FDA
lymphocytes. pregnancy.
Cisplatin® -American -Mutagenic Information -Drug is Information Information Information PHASE Il Dec. 19, HQ SPCLT (14)
CancerSociety; test; not found. teratogenic, not found. not found. not found. 1978 /FDA PHARMA
-Brazilian - embryotoxic,
Ministry Chromosomal carcinogenic
of Heatth. abnomalities and
in cell lines. leukemogenic;
—Regression
of tumors in
mice was
observed.
Carboplatind American Genotoxicity Information —Evaluationof  Information -Alethal dose  Information PHASE lland ~ March 3, Uninformed (15-17)
Cancer assessment not found. the lethal not found. was not found. 1l 1989 /FDA
Society. dose; evaluated;
—Investigation -Investigation
of toxic of toxic
effects; effects.
—Risk for
pregnancy.
(Continued)
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TABLE 1 | Continued

In vitro tests In vivo tests

chemotherapy Institute Cell line Human Mouse/ Rabbit Dogs Monkey Clinical Approval Company References

blood camundongos /monkey tests date?

Vinblastine® American = Information -Risk of Information Information Information PHASElland  Nov. 5, Uninformed
Cancer Mutagenicity;  not found. Mutagenicity;  not found. not found. not found. Il 1965/FDA
Society ~Thereis no -There is no

information information

on on

clastogenicity. clastogenicity;
Degenerative
changes were
observed in
germ cells, in
animal
studies.

Nivolumabd American In vitro Tests Transgenic - PHASE Ill Dec. 22, BRISTOL (18)
Cancer assays: carried out: mice were Phamacokinetics, 2014 /FDA MYERS
Society -Specific -Mixed immunized for toxicity and SQUIBB

memory lymphocytic antibody- immunogenicity
response reaction; screening of nivolumab
antigen -Stabilization test in
in vitro. of enterotoxin cynomolgus
B by monkeys;
Staphylococcal -Imunization
of PBMCs; of SK-MEL-3
-Suppression melanoma
assay with cells and
regulatory surface
Tcells antigen of
hepatitis B
virus in
cynomolgus
monkeys.

Ipilimumabd American -To evaluate Risk Information Information -Evaluationof ~ PHASE Il March 25, BRISTOL (19, 20)
Cancer potential assessment not found. not found. risk pregnancy;  and Il 2011/FDA MYERS
Society action was in pregnancy. —Post SQuUIBB

tested on abnormalities
human cement;
lymphocytes; —Toxicological
—Evaluate tests.
immunotherapy

action.

2 httpy/arugeentral.org; © https://media.celgene.comy/content/uploads/sites/ 19/Abraxane_Bula_Profissional.pdf; Shttp://pfizer.com.br/sites/g/fles/q 10027021/f/proauct_attachments/ PlatamineCS_PS.paf: Shttps://cailymed.nim.nih.
gov/aailymea/druginfo.cim?setid=f073b58e- 56d6-4c80-a2ce-h3771940247 7&audience=consumer; http://www.bccancer.be.ca/ arug-database-site/ Diug %20index/ Vinblastine_monograph_1Feb2015.,pdf; https://clinicaltrials.gov/

ct2/show/NCT00213278.
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(in siico/in vitro/in vivo).

Melanoma drug screening in the past decades
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FIGURE 1 | Results indicate the number of articles using each screening methodology by decade. The number of articles found for each topic searched is presented
on the y axis. Different decades are presented in the x axis. Each bar represents a different screening method (in vitro, in vivo, and in silico) and the combination of
more than one screening method: dark blue for in vivo, orange for in vitro, gray for in vivo/in vitro, yellow for in sifico and light blue for all the three screening methods
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Murine melanoma is mainly represented by studies using
the metastatic B16F10 cell line. The BI16F10 cell line retains
wild-type copies of TP53, NRAS, and BRAF, although it does
harbor deletions of tumor suppressor genes associated with the
INK4a/ARF pathway (38). B16 cell lines are frequently employed
to induce tumors in murine models for in vivo drug screening,
which is discussed in detail below.

Conventional Assays

The most common assays used for screening drugs for melanoma
treatment, as well as for other cancers, are employed to evaluate
enzyme activity. Other techniques have been used to determine
mechanisms of cytotoxicity, including membrane damage, DNA
synthesis blockade, production of reactive oxygen species (ROS,
and drug uptake (39).

Assays primarily based on tetrazolium compounds have
been used since the 1980s to determine cell viability. These
compounds, such as 3- (4,5-dimethylthiazol-2-yl)—2,5-diphenyl
tetrazolium bromide (MTT) and 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-  (4-sulfophenyl)-2H-tetrazolium
(MTS), are used as substrates in colorimetric assays to determine
the activity level of mitochondrial enzymes. These techniques are
often used as initial steps for novel molecule screening. However,
there are several disadvantages associated with tests based
on detection of mitochondrial enzymatic activity, including
the fact that reprogramming of melanoma cells is frequently
accompanied by a metabolic switch that uses glycolysis rather
than oxidative phosphorylation for energy production, and that
tetrazolium compounds can be reduced by other mechanisms
independent of enzymatic catalysis, which can lead to a biased
result (40). Thymidine incorporation assays are a direct method
to measure DNA synthesis during cell division that have

been used extensively since the 80s in studies reporting drug
evaluation for melanoma (41). However, assays based on isotype
incorporation are reported to be more sensitive and reliable
than indirect methods to assess cell viability, such as MTT and
clonogenic assays (29).

A more recent study used the activity of an acid phosphatase
enzyme to determine melanoma cell viability after treatment
with kinase inhibitors (42). Kinase proteins are involved in
several process that are deregulated in cancers, including
melanoma (43). Using Sk-Mel-28 and Sk-Mel-2 cell lines, which
harbor BRAF and NRAS mutants, respectively, the authors
screened 160 compounds of which 20 demonstrated the ability
to inhibit growth rates by more than 50%. Among them,
fascaplysin, a CDK4 inhibitor, demonstrated the ability to induce
apoptosis and inhibit growth using a clonogenic assay. CDK4
deregulation due to a lack of expression of the tumor suppressor
p16INK4a is associated with 82% of melanoma metastases (44).
These results demonstrate that kinase-targeted screening assays
are a promising strategy for identification of novel, targeted
therapeutics for metastatic melanoma. Other studies employed
for preliminary drug screening for melanoma are based on
ATP detection through a luminescent signal produced by the
luciferase reaction (45, 46).

The production of melanin by melanocytes occurs through
activity of a tyrosinase enzyme in an organelle called melanosome
(47). Tt is well established that melanin can contribute to
therapeutic evasion and resistance by acting as a chelator agent
(48-50). Tyrosinase-targeted drugs may promote melanocyte
depigmentation and consequently improve therapeutic
susceptibility (36). Thus, the melanogenesis process has also been
explored as a therapeutic target since the 90 (48, 51, 52). In vitro
techniques to evaluate tyrosinase activity have been employed.
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TABLE 2 | Human melanoma cell lines most frequently used for in vitro drug
screening studies.

Human melanoma  Genetic characteristics* Pigmentation*
cell lines
LOX-IMVI# BRAF ValGlu (600) Amelanotic
Malme-3iv* BRAF ValGlu (600) Pigmented
CDKN2A deletion
SKMEL-2* NRAS GlnArg (61) Amelanotic
TP53 GlySer (245)
SKMEL-5* BRAF ValGlu (600) Amelanotic
SKMEL-28 BRAF ValGlu (800) Amelanotic
CDK4 ArgCys (24)
EGFR ProSer (753)
PTEN ThrAla (167)
TP53 LeuArg (145)
UACC-62 BRAF ValGlu (800) **
PTEN insertion;
frameshift (248)
UACC-257 BRAF ValGlu (600) "
CDKN2A deletion
M14# BRAF ValGlu (600) Amelanotic
TP53 GlyGlu (266)
WM1366 NRAS GinLeu (61)
A375 BRAF ValGlu (600) Amelanotic
SKMEL-1# BRAF ValGlu (600) Pigmented

CTNINB1 SerCys (33)

" Data obtained from PubMed, ATCC and EXPASy databases.
#Denved from metastatic sites.
" Information not described.

Riley ef al. screened a group of phenolic compounds with side-
chain variations for melanogenesis-targeted cytotoxicity (51).
The authors evaluated tyrosinase mediated oxidation of phenols
to quinones using oximetry and spectrophotometry, in addition
to the relation with inhibition of thymidine incorporation as
a measure of cell viability. Phenols with lipophilic sidechains
demonstrated increased melanocytotoxic potential, highlighting
the importance of screening organelle-specific drug targets.
More recent works have accessed tyrosinase activity using
L-dihydroxyphenylalanine (L-DOPA), a precursor for melanin
biosynthesis, as a substrate (48, 53).

Studies from as early as the 80s were already seeking to
develop screening techniques to detect anti-proliferative or
anti-invasiveness drugs for melanoma (34, 54). A membrane
invasion culture system (MICS) was developed using a basement-
membrane-like structure to evaluate the ability of a drug to
block invasiveness, a desirable characteristic to fight against
metastasis. Using the A375 metastatic cell line, its ability to
invade Matrigel-filters in MICS chambers was measured after
drug exposure by staining and counting cells that remained
trapped on the filters. After evaluation of 26 compounds in
different dosages, 15 combinations demonstrated more than 60%
inhibition of invasion compared to untreated cells. Compounds
were previously characterized based on their non-cytotoxic
profile in established concentrations through clonogenic assays
to ensure that cells would remain viable, i.e., retaining their ability

to metastasis (34). A fluorometric assay was developed in the
early 90’s to screen compounds for anti-proliferative potential
based on the ability of cytoplasmatic esterase to metabolize the
substrate 4-methylumbelliferyl heptanoate (MUH) in viable cells.
The results of this assay correlated with results obtained using the
thymidine incorporation method. The test was further validated
using cisplatin and vindesine treatments on SK Mel-28 and
StML-12 melanoma cell lines (54).

Aiming to improve selectivity, studies from the last decade
have explored the potential of photodynamic therapy in
melanoma (48, 55-57). Such studies have also employed uptake
assays to assess the internalization of photosensitizers by
tumor cells. Internalization experiments are commonly based
on fluorescent microscopy, confocal microscopy, fluorometry,
and spectrophotometry (48, 55, 56). Following preliminary
screenings, other in vitro techniques are typically utilized to
better characterize compounds with promising characteristics for
melanoma treatment, including (i) flow cytometry (FC) to detect
phosphatidylserine residues that are externalized in apoptotic
cells (58) and to assess cell cycle distribution (59); (ii) enzymatic
assays to detect caspase activity (60); (iii) TUNEL staining to
measure DNA damage (60); and (iv) western blot to detect
expression of kinase proteins (60, 61).

Unfortunately, due to the extensive diversity of melanoma
tumors and mechanisms involved in cell death processes, it is
difficult to elect a single test to predict effective drugs. Moreover,
most novel screening approaches described in the literature
do not use positive and negative clinical samples nor a single
standard treatment as a reference to determine the potential
predictive value of new in vitro screening techniques, making it
difficult to compare the efficacy of these methodologies. Thus,
our group has employed a combination of several in vitro
approaches to determine the potential efficacy of novel targets,
including characterization of cell death processes, cell cycle,
cytotoxic mechanisms, production of reactive oxygen species,
and clonogenic ability (62-66). We believe that the incorporation
of multiple techniques results in a more reliable result that could
be extrapolated for further in vivo tests.

Molecular Approaches
Molecular tools have also played an important role in co-
localization studies, which are used to evaluate intracellular
targets of new anti-tumor compounds. Kleemann et al. employed
organelle-targeted GFP and/or YFP-plasmids to characterize
location of hypericin in A375, 50lmel, and UCT Mel-1
melanoma cell lines (48). Our group has also been working
to characterize possible mechanisms of action of BCG-based
immunotherapy against metastatic melanoma using reporter
recombinant BCG strains (data not published). We have also
employed the construction of recombinant BCG strains to
serve as potentially stronger immunotherapeutic agents against
bladder cancer, with promising results demonstrated through
in vitro approaches (67, 68). We are currently evaluating the
efficacy of this strategy for melanoma treatment.
High-throughput screening based on a gene trap strategies
was also developed and validated for malignant melanoma
using the A375 cell line harboring a BRAF driver mutation
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(V600E) (69). The approach consists of detecting the inhibition
of oncogenic pathways by drugs using a promoterless reporter
system that becomes active and emits an “on” signal when
integrated in specific loci. Identification of gene traps in relevant
oncogenic pathways was performed using known BRAF and
MEK inhibitors, vemurafenib and trametinib, respectively. Of the
6000 compounds initially screened, 40 were identified as MAPK
pathway inhibitors using this approach.

3D Models

Melanoma progression evolves from a radial growth phase (RGP)
to a vertical growth phase (VGP), the stage in which most cases
are diagnosed (70). Tumors in the VGP stage are associated with
increased metastatic potential and poor prognosis. Moreover,
the melanoma microenvironment consists of a network of
cells, including fibroblasts, immune cells, endothelial cells, and
transformed melanocytes (71). Conventional tests based on
detection of enzyme activity do not effectively mimic this
complexity. Thus, more complex systems are urgently needed
to better understand and mimic the tumor microenvironment,
especially for metastatic melanoma, which is often associated
with resistance to therapy.

A 3D platform was developed to screen a series of
chemotherapeutic drugs using B16-F10 melanoma cell line as a
model (72). The platform combines a 3D extracellular matrix
with gold electrodes that sense the electrical response after drug
exposure. The microfluidic device was able to detect changes in
the response of drug-susceptible and drug tolerant B16-F10 cells
after carboplatin exposure. Considering that intra- and inter-
tumor variability can result in varying levels of chemoresistance
for individual tumor cell clones, this kind of approach could
emerge as an ideal solution for personalized screening of multiple
drugs at once.

Spheroid models have also been developed for evaluation of
novel drugs (73). The organotypic 3D model resembles cutaneous
melanoma metastasis and represents a more reliable strategy than
2D methods. Vorsmann et al. developed melanoma spheroids of
about 500 um in size using SBCL 2 (RGP stage), WM 115 (VGP
stage), and 451-LU (metastatic) cells mixed with collagen I and
fibroblasts to form an in vitro skin model (74). Using the 3D
model, the authors observed an improvement in the therapeutic
effect of TRAIL + cisplatin and reduced efficacy of TRAIL +
UVB, which is incongruent with what was observed when using a
2D culture system. Three-dimensional models represent a more
suitable tool for drug screening for metastatic melanoma. As the
metastatic process involves cytoskeletal reorganization and loss
of adhesion receptors, destabilizing the cellular interactions with
the extracellular matrix, these targets can also be explored to
characterize novel anti-melanoma drugs. Changes in cytoskeletal
organization have been investigated using fluorescence staining
and tubulin polymerization assays; however, this work has been
done predominately using 2D models (75). Combining 3D model
systems with these evaluations represents a powerful new method
for new drug discovery, allowing for investigation of distinct
processes contributing to invasion, migration, and metastasis.

Because of these results, we believe it is important to consider
the effects of cell-cell interactions in co-culture experiments

and the mechanism of action for immune cells when screening
potential of new drug targets. Moreover, further investigation
of tumor microenvironment is another important factor to be
considered when testing therapies against melanoma, especially
in the case of metastatic disease. Our group is currently focused
on determining the response induced by novel compounds
using melanoma cells co-cultured with immune cells, and
characterizing pathways activated by these agents.

We also highlight that although in vitro assays provide
important information regarding the cytotoxic potential of new
compounds being screened, they fail to mimic the complex
environment of a living animal. Therefore, in vivo screening
following initial in vitro validation of the most promising anti-
melanoma compounds represents an essential and rational step
in the development and approval of new melanoma drugs, in
accordance with the need to reduce, replace and refine animal
experimentation and to better select drug candidates. Moreover,
the huge tumor variability observed clinically requires the use of
a combination of techniques for screening, including the use of
different cell lines representative of various genetic, metabolic,
and physiologic phenotypes to minimize bias when testing
new drugs.

Section Il

In vivo Models of Melanoma

Animal models are important tools for elucidating the
effectiveness of new biomedical compounds and therapies.
In fact, in order for a new biomedical product to enter human
clinical trials and be approved for commercialization, the
treatment must first be tested for efficacy and safety in at least
two different animal models (76). Therefore, in vivo testing
in animal models is a critical step in the screening of new
potential compounds with antimelanoma activity. therapies
for melanoma.

Since the rise of spontaneous melanoma is extremely rare
in animal models, exceptions being three swine lines that
develop spontaneous forms of malignant melanoma: the Sinclair
miniature white pig (77), the Munich miniature swine troll
(78) and the Melanoma bearing Libechov minipigs (MeLiM)
(79), it is necessary to induce tumor formation in order
to create biological models of melanoma. This induction
can be performed using several approaches, including genetic
engineering, graft transplantation, and viral/physical/chemical
induction. Graft transplantations consist of either xenograft or
allograft (syngeneic) depending on whether the donor tumor
originates from a different or the same species, respectively (80).

The most widely used preclinical model is the murine
model. Some of their characteristics, like small size, well-known
genetics, easy handling, and inexpensiveness make them the
ideal choice for drug screening. Specifically, for melanoma, graft
transplantation using B16 murine melanoma cells represent
the most widely used animal model. Of the articles published
between 1980 and 2018 involving in vivo screening of potential
antimelanoma molecules, 70% of them used mice bearing B16
grafts for their in vivo evaluations (Figure 2A). In this section
of the review, we will discuss the most widely used melanoma
animal models for in vivo screening of drugs and compounds.
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A Most commonly used cell line for
melanoma
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FIGURE 2 | (A) Percentage of trials using different cell lines to form grafts in melanoma murine models for in vivo therapeutic screening. B16 stands for all B16
sublines. Skmel stands for all Skmel sublines. “Others” include UACC-62, A2058, Na11+, Melanoma xenograft (MEXF), K1735, K1735-M2, HT168-M1, MMS6L,
Meb01, M-14, Me30966, D10, 205, MeWo, VM1, Mel-JD, MEXF 983, WM 266-4, human malignant melanoma (BRO), and M24 cell lines. (B) Percentage of trials
using each of the B16 sublines in syngeneic tumor models of melanoma for screening in vivo. Obs.: B16 indicates articles that do not specify a B16 subline.

B16 Syngenic Mouse Model

As mentioned before, the most widely used pre-clinical animal
model for melanoma drug screening is the B16 syngenic
mouse model, mainly due to its well-known genetics and
histological characteristics similar to human melanoma. In
addition, because this animal model possess a functional immune
system, syngeneic transplantations are frequently used to evalu-
ate immunotherapies and interactions between tumor and
immune cells (81). Synergistic transplantation of B16 murine
melanoma cells into C57BL/6 mice involves inoculation of mice
with the same genetic background of the host animal. It is one
of the most advantageous experimental models for testing large
numbers of drugs in order to select specific compounds for
their antimelanoma activity and has been vastly used for this
purpose over the past decades. The inoculation can be performed
subcutaneously (SC), intraperitoneally (IP), or intravenously
(IV) depending on whether the formation ofa solid or metastatic
tumor is desired.

Several studies use the B16 murine melanoma model to
evaluate compounds. Some examples date back from the 80%,
where Miura et al. tested the antimelanoma and melanocytotoxic
effects of phenolic and catecholic compounds. Among nine
compounds tested, 4-S-cysteaminylphenol (CAP) resulted in an
increase in the life span of solid melanoma-bearing mice and
inhibited the growth of the melanoma tissue (82). In addition the
glutamine analog L-glutamic acid y-monohydroxamate (GAH)
was tested and proved to considerably increase survival of mice
bearing solid B16 melanoma tumors in a schedule-dependent
matter (83). Finally, the anti-tumor properties of Cy 233, a
new nitrosoureido sugar, was investigated and demonstrated
long-term survival of mice bearing B16 solid tumors across all
schedules of treatment (84). Together, these studies represent
examples of successful in vivo evaluation of melanoma treatments
using the B16 syngenic mouse model.

More recently, 16K hPRL, a potent inhibitor of angiogenesis
was shown to inhibit tumor growth in a subcutaneous B16F10
mouse melanoma model using a gene transfer method based
on cationic liposomes (85). TPI-1, a SHP-1-targeted anti-cancer
agent, inhibited the growth of B16 melanoma tumors in ~83%

of treated mice at a tolerated oral dose in a T cell-dependent
manner (86). A systematic study testing MPTQ, a compound
containing a novel tetracyclic condensed quinoline ring system,
was carried out to evaluate its antitumor efficacy against B16
murine melanoma. In this study, both single and multiple IP
doses displayed high levels of activity against the SC grafted
B16 melanoma, significantly increasing survival and inhibiting
tumor growth (87). Finally, in vivo investigation of dipotassium-
trioxohydroxytetrafluorotriborate’s antitumor effects in a B16-
F10 melanoma tumor model demonstrated reduced tumor
growth compared to controls (88).

The methodology to obtain and utilize the widely used
B16 solid tumor model is well established. The subcutaneous
(or sometimes intraperitoneal) injection of about 1 x 10°
cells/mouse in C57BL/6] strain mice results in palpable tumor
within 5 to 10 days that grow to 1 cm? in 14 to 21 days (89). The
results are obtained by comparing the tumor size of the treated
groups against the control.

B16 Artificial Metastatic Mouse Model
The use of models that mimic invasiveness are important in
melanoma drug discovery since melanomas are characterized by
their high aggressiveness and ability to metastasize to distant
organs (90). Metastatic melanoma is incurable in most cases,
presenting a 5-year survival rate lower than 5% (91). Therapeutic
options available today for the treatment of advanced melanoma
are largely ineffective (5, 92), highlighting the importance
of continued improvement in metastatic melanoma treatment
through the screening of new compounds for anti-metastatic
activity. In this context, IV injection of B16 cells to obtain
pulmonary metastases has been used for the past decades in
order to investigate the effect of new molecules on metastatic
formations. Several studies have performed IV injection of B16-
F10 cells into the tail vein of mice, which allows the cells to travel
throughout the body and invade other organs, resulting in distant
melanoma metastases (93-96).

Using this model, Sharma et al. demonstrated that 7t80G
was able to reduce the number of lung metastases observed
in 89-99% of mice harboring B16 metastatic tumors (93). The
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antimelanoma activity of molecules produced by Streptomyces
griseoluteus was also evaluated using this approach. One of the
tested molecules demonstrated a dose-dependent antimetastatic
activity in vivo, however, none of them showed activity against
solid melanoma tumor models in vivo (94). A liposome-based
formulation of ET-18-OCH3 was also shown to be more effective
inreducing lung tumor nodules in metastatic B16/F10 melanoma
bearing mice than non-liposome-based formulations (97).

In more recent studies, B16-F10 tumor-bearing mice
with pulmonary metastases were used to screen potential
antimelanoma molecules and evaluate their antimetastatic
activity, including a specific inhibitor of thrombin, recombinant
hirudin with stealthy liposomal vinblastine (98), a heterodimer
recombinant (r) IL-7/HGFDb that was cloned and expressed as a
single-chain hybrid cytokine (95), nanoencapsulated alkanoid
Camptothecin (CPT) (99), interferon alpha (100), an aqueous
extract from the root of Platycodon grandiflorum (96), berberine
(101), and RAM, an RGD-non-peptide Analog-Molecule that
markedly reduced up to 80% of lung metastases development
(102). In addition, the antimetastatic activity of the theophylline
analog 7-(2-hydroxyethyl)theophylline (HET) (103), peptides
corresponding to conserved complementary determining regions
from different immunoglobulins (104), carbamoylphosphonates
(CPOs) (105), and C4-benzazole naphthalimide derivatives (106)
were also screened using this model.

In addition, the ability of the topoisomerase I inhibitor
MONCPT to reduce melanoma metastasis was tested using
the B16-F10 metastatic mouse model. However, instead of
using the regular B16 cell line, they employed a slightly
different approach through the use of a B16-F10 cell line
expressing green fluorescent protein (B16-F10-GFP). These
cells were also injected subcutaneously in order to evaluate
the antitumor effect of the molecule in solid melanoma
tumors. The use of B16-F10-GFP recombinant cells allowed the
investigators to visualize the resulting tumors using a fluorescent
macro-imaging system and fluorescence stereomicroscope.
The number of metastatic nodules on the lung surface
were counted under fluorescence stereomicroscope to
quantify the pulmonary metastases. MONCPT markedly
reduced pulmonary metastases in a dose-dependent matter
and inhibited tumor growth in the B16-F10 xenograft
model (107).

Another alternative approach is to use the melanotic subline
B16F10-Nex2, which was developed from B16-F10 cells by the
Experimental Oncology Unit (UNONEX) and is characterized by
low immunogenicity and moderate virulence. It can form lethal
subcutaneous tumors, while pulmonary nodules are formed only
when injected IV (108). Three studies have used this subline
to produce a lung metastatic melanoma model for screening of
potential melanoma treatments. The first evaluated the effect of
fastuosain, a cysteine proteinase from Bromelia fastuosa. After
treatment, very few lung metastatic nodules were detected (108).
In another study, FTY720, a compound already approved by
the Food and Drug Administration for treatment of patients
with multiple sclerosis, was found to limit metastatic melanoma
growth (109). Finally, Bechara et al tested the in vitro antitumor
activity of a Biphosphinic Palladacycle Complex (BPC), followed

by in vivo studies demonstrating BPC protects mice against
metastatic melanoma (110).

The methodology to obtain and utilize B16 artificial metastatic
mouse models is also well established. An IV injection of 2 x
10° cells on C57BL/6] mice results in the establishment of visible
pulmonary tumor nodules within 3 days. In order to determine
the antimetastatic effects of a given drug, the number of lung
metastases are counted and compared to a control group.

One big advantage of this model is the extremely rapid
formation of lung metastases. However, this is only possible
because this model does not mimic the actual events required for
metastasis of primary tumors, since the first steps of metastasis
(localized invasion and intravasation into the blood vessels)
are bypassed when cells are injected directly into the mouse
bloodstream (111). This represents the biggest disadvantage
when utilizing the B16 artificial metastatic model. To overcome
this, B16 sublines with enhanced metastatic ability have been
isolated and used to form spontaneous metastases in mice.
Despite these limitations, the B16-F10 artificial metastatic mouse
model is still a valuable model to test the ability of compounds to
inhibit formation of metastatic nodules.

B16 Sublines

It is well known that primary malignant tumors consist of a
heterogeneous population of cells rather than a homogeneous
cellular mass (112). Therefore, it is rational to think that
subpopulations within a cell line can present different and
unique characteristics from one another. Likewise, the B16
lineage has sublines that present different characteristics. Due
to their specific characteristics, each subline is ideal to study
different aspects of melanoma. Some sublines, like B16-F1, have
a low potential for lung colonization and are useful for studying
primary tumor growth (113), while others, for example Bl6-
F10, display a high potential for pulmonary metastasis and are
ideal for in vivo metastatic studies. The rapid growth and fast
development of B16-F10 tumors typically leads to death within 2
to 4 weeks after SC injection into mice (114). Therefore, the ideal
subline to use depends on the experimental design and expected
activity of the compounds being screened.

There are also some populations of melanoma B16 cells
with enhanced metastatic ability. These populations have
been identified, selected, and isolated in vitro to established
sublines characterized by their enhanced invasive properties.
One example is the B16-BL6 melanoma cell line, a highly
metastatic murine tumor cell. The BL6 variant subline was
selected and isolated in vitro from B16-F10 cells. It displays
greater invasiveness when injected SC or intramuscular (IM)
compared to its parental line (B16-F10). However, the variant
subline is less efficient than the parent B16-F10 line in producing
experimental metastases after IV injection, probably because
B16-F10 cells are already highly metastatic when injected IV
(115). Similar to its parental cell line, the B16-BL6 can also
be used to form solid tumors, and has been used to test
novel melanoma treatments, including N-Benzyladriamycin-14-
valerate, a novel lipophilic anthracycline with greater in vivo
antitumor activity than doxorubicin (116), SBF-1, a synthetic
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steroidal glycoside (117), and surface-charged nanostructured
lipid carriers (NLCs) (118).

In addition to B16-BL6, the Mmbl6 cell line represents
another metastatic B16 subclone (119, 120). It has been used
to demonstrate significant antitumoral activity of combination
IL-12 and paclitaxel therapy (120), as well as the efficacy of
systemic infusion of recombinant human macrophage-colony-
stimulating factor in combination with local treatment with
human recombinant tumor necrosis factor cx and mouse
recombinant interferon (119).

One of the advantages of using B16 sublines with enhanced
metastatic ability instead of the parental B16-F10 lines is
the ability of these sublines (B16-Bl6 and Mmbl6) to form
spontaneous lung metastases when inoculated SC or IP. The
spontaneous lung metastasis model represents a highly valuable
model because B16-Bl6 and Mmb16 cells have to go through all
the initial events required for primary tumor metastasis (111,
121), therefore mimicking the metastatic process that occurs
clinically. This is in contrast to methods consisting of artificial
injection of cells directly into the animal vein. However, it is
a much more time-consuming process and therefore not as
frequently used.

Other B16 variations include the B16-FO and B16-F1 cell
lines, which are derived from C57Bl/6 mice®. But, overall, these
sublines are not used as frequently as the B16-F10 cell line
(Figure 2B). In fact, B16-F10 is the most widely used of all
available sublines for in vivo xenograft modeling.

Several characteristics make the B16 an ideal experimental
model in drug screening. For instance, it utilizes a well-
characterized cell line and tumors are rapidly developed after
B16 inoculation. Also, syngeneic transplantations are frequently
used to test immunotherapies (81), which represents a major
advantage of this model over xenografts because it allows the
evaluation of interactions between tumor and immune cells
present in the tumor microenvironment. In fact, models with
functional immune systems are essential to test immunotherapies
that aim to stimulate the body’s immune system to target
and attack melanoma cells. One example is the melanin-
mediated cancer immunotherapy strategy, which consists of
transdermal vaccination using a MN patch loaded with B16F10
whole tumor lysate, which resulted in increased survival of
C57BL/6] mice (122). The B16-F10 model was also used to
test a synergistic immunotherapy strategy targeting both the
immunoinhibitory receptor programmed cell death protein 1 and
the immunosuppressive enzyme indoleamine 2,3-dioxygenase.
Using this model, the antitumor effect of this treatment was
demonstrated, including enhanced effective T cell immunity and
reduced immunosuppression in the local site (123). In addition,
the use of an in situ formed immunotherapeutic biorresponsive
fibrin gel was able to control local tumor recurrence after surgery
as well as the development of distant tumors by ‘awaking’ the host
innate and adaptive immune systems (124).

However, an obvious disadvantage of B16 syngeneic models
is the use of murine cell lines instead of human cells,
which have shown to display several differences compared to

*Information extracted from: https://www.atcc.org

human melanomas in terms of hallmarks of cancer, including
expression of adhesion proteins, growth factor production,
and antiapoptotic mechanisms (114). In addition, even though
distinct sublines are available, B16 cells were originally isolated
from a single inbred mouse strain and therefore do not possess
the range of genetic variation observed clinically. Some authors
even propose that B16 models should not be used because
the data obtained from them can lead to false conclusions.
Instead, they recommend using murine models that better
recapitulate human melanoma, such as genetically modified
mouse models (114).

Additional Murine Cell Lines

Although the B16 allogenic tumor model deserves special
attention as it is the most widely used melanoma model for
in vivo drug screening, other murine cells are also available to be
inoculated into mice to form graft tumor models. These include
K1735 and its subclone K1735-M2, both derived from C3H/HeN
mice (86, 94), and the Cloudman S-9 cell line, obtained from the
DBA/2 mouse (113, 125), in addition to a variety of other cell
lines not addressed here.

These lines have also been used to evaluate new compounds
with potential antimelanoma activity. In one study, TPI-1
analogs were tested, with analog TPI-1a4 found to inhibit growth
of K1735 melanoma tumors in mice (86). In a screening of
actinomycetes for substances with solid antitumor activity,
a structure named U-77863 obtained from Streptomyces
griseoluteus (strain 'WS6724) exhibited a dose-dependent
antimetastatic activity in vivo in both K1735-M2 and Bl6-
F10 murine melanoma models (94). Lastly, vitalethine was
evaluated in mice inoculated with the uniformly fatal Cloudman
S-91 melanoma cell line, displaying substantially diminished
tumor sizes as well as increased survival (125). However, these
murine cell lines are not as well characterized, and their use for
melanoma drug screening is uncommon compared to the B16
cell line.

Cell Line Xenograft Models

Xenograft models developed using human cancer cell lines have
been widely used in research to answer questions ranging from
the efficacy of new therapies to elucidation of the mechanisms
underlying tumor biology. This scenario is no different for
melanoma, where xenograft models are widely used for the study
of metastases and drug screening (126). Consistent with the
methodologies employed to obtain solid tumors in syngeneic
models, an amount of & 2 x 10® human cells are injected usually
SC into immunodeficient mice to generate xenograft models of
human melanoma.

Thebiggest difference in injecting either mouse or human cells
into mice in order to form grafts is that human cells lines need
to be injected into immunosuppressed or imunocompromised
mice to avoid rejection by the host immune system. These
models are called xenograft models, meaning that the tumor
donor and the host animal belong to different species. Severe
compromised imunodeficience (SCID) and athymic nude mice
are the most commonly used animals for this purpose. They both
lack an efficient immune system, limiting the ability of these mice
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to recognize and reject the human cells, allowing the injected
human cells to grow in the mouse model and form tumors. More
specifically, nude athymic (nu/nu) mice are T-cell deficient (127)
and SCID mice are both T and B-cells deficient (128).

A375 is one of the most commonly used human cell lines
for mouse xenograft development and subsequent compound
screening. In nude mice bearing well-developed human A375
melanoma xenografts, administration of 125I-labeled ZME and
ZME-gelonin was tested for its antimelanoma activity in solid
and metastatic tumor models. The results showed suppression
of tumor growth and a 213% increase in mean survival time in
the immunotoxin group compared to the control group (129).
Other compounds, including 4-substituted methoxybenzoyl-
aryl-thiazoles (SMART) (130), YM-201627 (131), and the
organopalladium compound tris (dibenzylideneacetone)
dipalladium (Tris DBA) (132) were tested using A375 melanoma
xenografts. Other generally used human cell lines include the
Skmel sublines and LOX human amelanotic melanoma cell line.

Although used frequently for compound screening, cell line
xenograft models are poorly pre-dictive of clinical outcomes,
as evidence by the high proportion of drugs demonstrating
efficacy in these models that ultimately fail in clinical trials
(133). This is mainly due to establishment of melanoma cell
lines under artificial conditions during cell culture growth and
in vivo passaging over several years resulting in selection of clones
that are no longer representative of the original tumor (80). To
overcome this, the use of primary mela-noma cells for xenograft
development has also been reported and will be addressed in the
next section of the review.

In addition, these models do not possess a functional immune
system, which precludes their use in immunotherapy studies.
Despite these disadvantages, xenografts are widely used due
to the ability to produce tumors using human melanoma
cells. In mice, these melanoma cells can interact with the
bloodstream, lymphatic vessels, and tissue stroma, providing
valuable information regarding compound eftectiveness in this
context. (134).

As discussed in this section, all in vivo graft models have
advantages and disadvantages. Therefore, to obtain results
translatable to preclinical and clinical trials, we believe that
compounds should be tested simultaneously in more than one
murine model. The data obtained in each model (syngeneic and
xenograft) would complement each other, since the advantages
of one model usually represent disadvantages of another. In
addition, the use of genetically modified mouse models that
better reflect the human disease could help address questions not
possible using graft models.

New Models

In order to improve the process of screening compounds with
potential antimelanoma activity, a number of research groups
have worked to develop new models with various pros and cons,
which are discussed in depth below.

Patient-Derived Tumor Xenograft (PDTX)
Several studies have demonstrated that PDTX models are more
suitable for mimicking human tumors than traditional cell line

xenografts (135, 136). The goal of PDTX models is to promote
personalized medicine by allowing the animal model to bear
human tumor cells originated from actual patients. This platform
allows scientists to test and evaluate efficacy of drugs and
therapies on the patients own cells. PDTX models have led
to discovery of drug resistance mechanisms common found in
metastatic melanoma patients and are also useful for identifying
combination therapy regimens that could prevent drug resistance
(135). PDTX models are also heterogeneous in nature and
therefore more closely reflect tumors observed clinically.

To develop PDTX models, tumor cells are obtained from a
surgically resected clinical tumor sample. The tumor mass serves
as the raw material from which small specimens are obtained.
These specimens are then transplanted SC into immunodeficient
mice to produce tumors derived from the patient’s malignant
cells (136). However, this is a time consuming and technically
challenging technique, with palpable tumors developing between
3 to 9 months, with many mice failing to develop tumors, which
represents its biggest disadvantage of this model (135, 136).

Although this approach allows for more personalized drug
discovery and has a huge potential in melanoma drug screening,
it hasn’t been widely employed to date. One example using
PDTX models for drug screening is the work of Hollingshead
et al. describing the preclinical basis for further development
of 17-dimethyl aminoethylamino-17-demethoxygeldanamycin
hydrochloride (17-DMAG, NSC 707545). In this work, four
melanoma xenografts (MEXF 276, MEXF 462, MEXF 514, and
MEXF 989) were derived from clinical surgical specimens and
directly implanted into nude mice aiming to perform the in vivo
efficacy studies (137).

Genetic Engineered Mouse Models (GEMM) of
Melanoma

Cancer is a multifactorial diseases trigged by genetic
perturbations in genes related mostly to cell proliferation,
cell cycle, and apoptosis (138). In this context, elucidating
the genetic underlying melanoma development is an essential
step to fully understand the disease and improve melanoma
treatment. To this end, genetically engi-neered mouse models
(GEMMs) have been vastly used to investigate the effect of
genetic alterations in the processes of melanoma initia-tion,
progression, and metastasis (139).

GEMMs are mostly used to unravel the molecular
mechanisms related to melanoma development and drug
resistance rather than in the drug screening process itself.
However, they have been very useful for elucidating gene
function and identifying key targets for therapeutics. Examples
of genetic engineering models (GEMs) for melanoma are showed
in Table 3.

Zebrafish and Porcine Models

Another model that is of interest for melanoma drug screening
is the zebrafish (Danio rerio) embryonic model because it
allows the investigation of antitumor drug properties within 1
week, in addition to being suitable for toxicity screenings. The
optical transparency of the zebrafish also provides the unique
opportunity to monitor fluorescently labeled cancer cell growth
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TABLE 3 | Examples of GEM for melanoma.

Animal Gene Function/goal References
modified
Zebrafish ~ BRAFY®0E:  Study the genetic basis of (140)
pS3-deficient  melanoma initiation and
development,
Zebrafish  NRASE'K:  Study the genetic basis of (141)
p53-deficient  melanoma pathogenesis
Zebrafh ~ HRASG!2Y Study the molecular basis of (142)
melanoma formation and
progression
Zebrafish ~ HRASG!2Y Provide a link between kita (143)
expressing melanocyte
progenitors and melanoma and
offer the advantage of a larval
phenotype suitable for large
scale drug and genetic modifier
screen
Zebrafish  GNAQY209F;  Study the conelation between (144)
p53-deficient  oncogenic GNAQQ20SP
mutation and sustained
ERK1/2-MAPK activation
Mouse HRASS12V Study the genetic basis of (145)
pS3-deficient  melanomagenesis
Mouse  NRASYEIK.  Obtain a novel mouse model (146)
INK4a- with melanotic and metastasizing
deficient melanoma
Mouse BRAFV9E Produce a pre-clinical model of (147)
INK4A/Arf- mutant BRAF function in
deficient melanoma
Mouse HGF/SF-Tg Study the genetic basis of (148)
melanoma formation and
progression
Mouse BRAFCA; Study the mechanisms driving (149)
Cdkn2al®*/X;  melanoma metastasis
PTENOX,/IOX

over time. Interest in this model has been growing due to its rapid
development, low cost, and minimal amounts of compounds
and housing requirements (150). Added to this, similarities
between human and zebrafish larvae in terms of genetics and
the physiology of the innate immune system makes this model
ideal for melanoma studies (151). Despite this, the model does
have some limitations, including the route of compound delivery
(dissolving the compound in egg water, diffusion through the
skin and gills, or absorption via the gastrointestinal tract),
and whether these compounds pass through the blood-brain
barrier needs to be clarified (152). Some groups have started to
investigate some of these concerns, as Fleming et al. who used
fluorescent labels and capture compounds to assess blood-brain
barrier permeability (153-155).

Zebrafish models can also be genetically engineered to closely
recapitulate the genetic background and characteristics of human
melanomas. In the same way that GEMMs are usually employed,
genetic engineered zebrafish models are most commonly use to
elucidate the genetic basis of melanoma initiation, development,
and progression rather than for drug screening. Examples
of genetically modified zebrafish models for melanoma are

provided in Table 3. However, there are examples of zebrafish
genetic modified models that were first used to model genetic
characteristics of melanoma (142) and later employed for in vivo
validation of targeted melanoma treatments (156).

One more extremely relevant animal model is the swine.
Swine are known to hold great resemblance toward humans
in several aspects, including genetic, physiologic, and anatomic
levels. A review from Bourneuf et al. discusses the advantages
of using swine models to study the genetic basis of spontaneous
melanoma, specially the MeLim minipig. He states that swine
are an important model for studying spontaneous melanoma
development because they recapitulate features of human
melanoma, and that a spontaneous porcine melanoma model
could be extremelly valuable for investigating melanoma genetics.
Inaddition to the above-mentioned similarities with humans, the
location of the melanocytes is the same in both species, being
found in the basal layer of the epidermis. This is in contrast to
mice where the melanocytes are located in the dermis. As such,
pigskinis expected to better reflect healthy and neoplastic human
tissue (157).

The knowledge of the pigs genome sequence, which shows
great similarity with humans (158, 159), combined with the
advancement in genetic engineering techniques makes genetic
engineering a powerful tool for developing transgenic porcine
models for cancer drug discovery. These platforms represent
a more robust model than swine that develop spontaneous
melanomas because they can be engineered to express mutated
genes frequently found in human tumor, allowing for generation
of personalized models that closely mimics the human disease.

To this end, our group in partnership with collaborators has
developed the genetically modified Oncopig cancer model, a
transgenic pig harboring Cre recombinase inducible transgenes
representing two of the most common genetic mutations found
in human cancers (TP53R67H and KRASC™2D) (160). This
genetically defined porcine cancer model holds the potential
for generating several types of cancer, including melanoma. In
a review published by Segatto et al. pigs were proposed as a
complementary model for phenotypic drug discovery (PDD) of
new cancer therapies due to their metabolic, physiological, and
genetic similarities with humans (161).

Section llI

In silico Drug Assays for Melanoma

The use of alternative methodologies for the development of new
compounds with potential antimelanoma activity has rarely been
applied in recent years to complement currently used in vitro and
in vivo approaches. These approaches have been developed in
order to minimize the use of laboratory animals for experimental
testing, as well as to provide additional safety evaluations for
subsequent preclinical tests (162). Thus, the use of in silico
methodologies, such as molecular docking, addresses the need for
reduction, replacement, and refinement of animal use in research
(3Rs). As we can see in Table 1, the drugs currently used for the
treatment of melanoma did not undergo i# silico testing as part of
their development process. The inclusion of such tests represents
a more rational approach to screening that can help reduce both
the number of animals required and the time and money invested
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FIGURE 3 | Software most commonly used for melanoma drug screening. The most commonly used software is MOE (17%), followed by HTS (11%).

in each molecule. While it is well known that in vivo testing is
still essential, there are ways to incorporate alternative processes
prior to animal testing so that only promising compounds are
advanced to animal studies. In addition, using docking studies
that predict interactions between molecules and their receptors
save time and money during the costly process of discovery and
development of new drugs (163).

Researchers have focused on developing numerous
software’s to aid in this initial developmental process (164).
Using these approaches, millions of molecules can be tested
computationally to investigate the effectiveness of structure-
activity relationships (binding affinity, prediction of the binder’s
conformation/orientation) and identify cell types it is likely to
be most effective in Thiel and Hummer (165), Meng et al. (166).
These “in silico” approaches therefore allow researchers to choose
the best candidates to advance to in vitro and in vivo testing,

A literature search was performed to identify programs
most frequently used for the development of compounds with
potential antimelanoma activity over the past few decades
(Figure 3). In this review, we will focus on MOE, HTS,
GLIDE, and AutoDock. The Molecular Operating Environment
(MOE) is one of the most widely used programs availablely
by the research community. This software was developed and
is available for purchase through the Chemical Computing
Group (CCG). However, there are teaching licenses available
on the group’s website. This program is capable of performing
many functions, including structure and fragment-based design,
pharmacophore discovery, biological and medicinal chemistry
applications, molecular modeling and simulations, and protein
and antibody modeling, among others’. Ismail et al. (167) used
this program to sharpen the joints of topoisomerase II DNA

3Information extracted from:
Molecular_Operating_Environment.htm

https:/ /www.chemcomp.com/MOE-

gyrase (167). In addition, Al-Suwaidan et al. used this feature
to verify whether their ligands were formed at the proposed
receptors (EGFR-TK ATP binding site) (168, 169). Furthermore,
Hassan et al. used this software to identify new candidates
for cancer treatments with higher efficacy and lower toxicity,
identifying the possible mechanisms of 13a binding in the CDK2
enzyme (170).

High throughput screening (HTS) is the second most widely
used software for screening for melanoma treatments. It is
a scientific experimental method that selects large libraries
of compounds for activity against biological targets through
automation, miniature assays, and even analyzes the data on
a large scale. With the aid of HTS it is possible to quickly
identify active compounds, antibodies, or genes that modulate
a specific biomolecular pathway, providing starting points for
drug design and an understanding of their role in biochemical
processes (171). However, access to this software requires a
high investment. To run the HTS requires a highly specialized
screening laboratory, so in many cases, due to the high
investment costs associated with this in silico tool, small to
medium research institutions typically use the services of an
existing HTS facility instead of developing one themselves. These
facilities are typically run by companies, but some universities
also have HTS facilities. Hwang et al. used the HTS tool to
selectively activate p53 and inhibit NF-kB at the same time, as
a strategy for anticancer activity (172). Zimmer et al. also used
HTS to induce molecular inhibitors of the S100B protein for
melanoma therapy (173). Although an interesting technology,
there are some limitations, including a high number of false-
positives. Because of this, virtual screening (VS), a totally in silico
method, emerged as an alternative to HTS (174-176).

GLIDE and Auto-Dock are two other commonly used
programs. GLIDE presents itself as complete software for
determining anchoring between receptors and ligands. With the
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FIGURE 4 | The steps necessary for safe, agile, and effective drug screening, which represent important steps for future development of precision medicine.

help of this tool, productivity increases considerably and the costs
of drug development are reduced. What makes this tool even
more interesting is that it has a high throughput virtual screening
mode (HTVS) included in its system, as well as a standard
precision (SP) mode so you can reliably anchor hundreds of
thousands of libraries. Another important feature is its ability
to reduce false positives using the “false-positive extra precision
(XP)” mode. This software is also available through academic
licensing*. Wang et al. (55) used this tool to identify and obtain
molecular structures of potential inhibitors of B-Raf V6% (177),
Quirit et al. (178) aiming to inhibit the proliferation of human
melanoma cells, performed in silico binding simulations with the
crystallographic structure of NEDD4-1, showing that each of the
indolecarbinol compounds bound to the catalytic HECT domain
purified from NEDD4-1 (178).

AutoDock 4.0 is a free to download software featuring a
set of automated docking tools. It is designed to predict how
binding of small molecules, such as substrates or drug candidates,
occurs to a receptor of known 3D structure. Easy access to
this free software has stimulated its use by academic research
groups, where basic and initial research is usually developed.
AutoDock has already been distributed to more than 29,000 users
worldwide. Among the advantages cited by the creators of the
software include its speed and ability to provides high quality
predictions and correlations between predicted and experimental
inhibition constants®. Luo et al. (179) and Ruan et al. (59) used
AutoDock to evaluate the antiproliferative activity of melanoma
cell lines, in order to run a coupling simulation to insert a
compound of interest into the crystal structure of tubulin to
determine the likely binding pattern (41, 42). While it is clear
that some programs are more complete than others, the cost
to research groups must also be taken into consideration. In

#Information extracted from: https://www.schrodinger.com/glide
> Information extracted from: http://autodock.scripps.edu/

this context, AutoDock software is a very interesting tool for
researchers focused on the synthesis of new compounds.

In silico tools are undoubtedly of great value for the initial
steps of drug screening. With the aid of these tools, thousands
of compounds can be tested to effectively identify candidates
for in vitro and in vivo testing while considering multiple
endpoints during a single assessment. Thus, the inserted models
can evaluate multiple effects, providing a more comprehensive
prediction. However, these approaches, like all techniques, have
limitations such as the high cost of commercially available
software, the need for high performance processors, the high
number of false-positives predicted by software like HTS, and
additional uncertainties due to the absence of toxicological data.
Although there are limitations, research groups have developed
strategies to lessen their impact. There is no doubt that in vitro
and in vivo testing is essential for drug development. Nothing
thus far replaces pharmacokinetic and pharmacodynamic tests
with such precision as that of a living organism. However,
the available systems are based on validated models and well-
established REA and QSTR information, which has tended
to rationalize the testing, acceptance, recommendation and
inclusion of in silico methods in several organizations around
the world such as European Community, United States
Environmental Protection Agency (USEPA) and Food and Drug
Administration (FDA). Because of this, we believe that the results
of in silico methodologies tends to make subsequent tests more
effective and predictable and are essential for the screening of
new molecules.

PERSPECTIVES AND CONCLUSIONS

Several approaches are available for melanoma drug screening,
including in silico, in vitro, and in vivo methods, even though
few studies have explored the union of these methodologies. In
silico techniques represent a necessary first step in the screening
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process and a potential predictive test with the ability to evaluate
thousands of molecules and identify the 5-10 with a greater
chance of success. In addition to being able to better identify
drug candidates, it is possible to exploit drug repositioning,
which is a cheap and safe strategy for researchers. In the future,
it would be ideal if these computational simulations could
be applied more comprehensively using a single software that
would simultaneously provide information on cell lines, proteins,
and receptors.

The need to understand and mimic the tumor
microenvironment in vitro has promoted the development
of 3D culture models, aiming to reduce the limitations of other
in vitro tests. We believe that the union of molecular docking
with in vitro models, such as 3D cultivation, will provide more
direct and reliable results. In the period analyzed by our group,
few studies used the triad of tests that we consider essential,
which demonstrates the need to evolve our future drug screening
process in this direction.

Regarding in vivo screening, not much has changed regarding
the xenograft models used for melanoma drug screening over
the past four decades. Although other robust animal models
have been developed recently, the “go to” graft model for
in vivo screening of antimelanoma compounds continues to
be the Bl6 mouse model, even though it represents an
unsatisfactory model. Nowadays, in vivo drug screening is also
performed using additional robust tools to test the efficiency
of new molecules and therapies, such as human cell line
xenograft models, patient-derived-xenograft models, zebra fish,
and GEMs.
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Os resultados que fazem parte desta tese de doutorado estdo apresentados
sob forma de artigo. Os itens materiais e métodos, resultados, discussao e
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candidate photosensitizers to bind, selective and drug delivery for
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Photodynamic therapy (PDT) is an expanding treatment modality due to its minimally invasive localized activity
and few adverse effects. This therapy requires photosensitive compounds, which have high sensitivity to light
exposure. Thus, in this work, the in vitro antitumor activity of meso-tetra(3- and 4-pyridyl)porphyrins (3-TPyP
and 4-TPyP) in metastatic melanoma cell (WM1366 line) and non-tumoral Ovarian lineage Chinese Hamister
(CHO) was evaluated using photodynamic process. Cell viability tests, molecular docking, annexin V, confocal
microscopy and qRT-PCR were performed. Our results show that both porphyrins inhibited the viability of
metastatic melanoma cells when exposed to light and did not alter viability in the dark. In addition, they did not
demonstrate cytotoxicity in non-tumor cells. Molecular coupling demonstrated platinum porphyrin affinity for
the N-terminal region of APO B-100, LDL receptor, and therefore of the cells under study. Genes such as Caspase
3 and 9, P21, Bax / BCL2, MnSod and GSH showed increased expression. For meta isomer 3-PtTPyP treatment,
caspase-9 and caspase-3 expression levels showed a 4.89 and 3.23-fold increase, respectively, while for the para
isomer 4-PtTPyP, this change was 3.77 and 12.16-fold, respectively. We also observed an upregulated expres-
sion of p21, a protein well-known by its action in cell cycle arrest in a p53-dependent manner. Conclusion: 3-
PtTPyP and 4-PtTPyP demonstrated antitumor effect on WM1366 cells, inducing apoptosis and significant al-
teration of cell cytoskeleton actin. Our work shows that platinum(Il) porphyrins may be promising photo-
sensitizers for the treatment of metastatic melanoma by PDT.

1. Introduction In this context, alternative therapies have been studied to optimize

the treatment of aggressive pathologies such as cancer [7]. Photo-

Melanoma is considered the most aggressive type of skin cancer,
due to its late diagnosis in most cases [1]. It can be cured when di-
agnosed in the early stages, however, it is very likely to develop me-
tastases if this diagnosis is late. The treatment of this pathology is
chosen depending on the tumor staging. The advanced stages are very
difficult to be treated with the currently available therapies, including
chemo and immunotherapy, highlighting the need for new and se-
lective treatments [2-4]. According to World Cancer Research Fund,
this neoplasy is the 19th most commonly occurring cancer. In 2018,
nearly 300,000 new cases were diagnosed [5]. According to American
Cancer Society, 96,480 new cases are estimated to be diagnosed in
2019 and 7230 deaths from melanoma are expected. And in Brazil, for
biennium 2018/2019, an estimated 6260 new cases of skin cancer of
the melanoma type [6].

* Corresponding authors.

dynamic therapy (PDT) has been shown to be a promising alternative in
this regard. It has its action based on three main points, being: the use
of sensitizers, light and oxygen molecule, to induce cellular damage. It
is characterized by being a minimally invasive and a tumor-selective
method, besides presenting a decrease of the adverse effects to the
patient [8,9].

Currently, new molecules have been found that have ideal proper-
ties to be used as photosensitizers in PDT. In this sense, some specific
characteristics need to be observed in these molecules so that they can
be used as photosensitizers. Among these characteristics we highlight
potentiated photostability, good solubility in physiological medium,
high generation of reactive oxygen species (ROS), selectivity and high
phototoxicity [10].

A widely studied example is the porphyrins due to their structure in
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the form of a ring with 18 conjugated = electrons, which is why their
porphyrin derivatives absorb light, proving their photophysical prop-
erties as well as their ability to accumulate in the tumor selectively
[11]. In order to potentiate the action of these structures, associations
with some inorganic compounds, such as platinum(II) complexes, have
been described [12]. This association is justified by the fact that, in
isolation, such metals demonstrate potent anti-tumor action properties,
and thus, the union between porphyrins and metal-transition co-
ordination compounds may offer the possibility of synergistic effects as
well as decrease observed adverse effects for each drug separately [12].
Thus, the aim of this study was to analyze the anti-tumor action of
isomeric tetra-cationic(pyridyl)porphyrins containing peripheral at-
tached platinum(I) complexes at the meta and para positions on me-
tastatic melanoma cell line using photoactivated compounds.

2. Materials and Methods
2.1. Tetra-cationic porphyrin photosensitizers 3-PtTPyP and 4-PtTPyP

The meso-tetra(3- and 4-pyridyl)porphyrins (3-TPyP and 4-TPyP)
were purchased from Frontier Scientific® (Logan, Utah, USA).
Peripheral platinated(II) porphyrin hexafluorophosphate compound (3-
PtTPyP and 4-PtTPyP; Fig. 1) were synthesized, fully characterized and
reported in some publications in the literature [12-15] (see supple-
mentary information section — Figs. S1-S7 and Table S1). All Pt(I)-por-
phyrins tested in this study are soluble in DMSO and stable in this so-
lution (see supplementary information section — Figs. S8-S9). Stock
solutions were prepared in anhydrous dimethyl sulfoxide at con-
centration of 1 mg/mL (Sigma-Aldrich®).

2.2. Cell culture and reagents

The WM1366 cell line kindly provided by Universidade de Ribeirdo
Preto, SP-Brazil and a non-tumor cell line derived from the ovary of the
Chinese hamster (CHO), were obtained from the Rio de Janeiro Cell
Bank (PABCAM, Federal University of Rio de Janeiro, RJ, Brazil). They
were grown in Dulbecco's Modified Eagle's Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), respectively, obtained from
Vitrocell Embriolife (Campinas, Brazil) and Gibco (Grand Island, NY,
USA). Cells were grown under controlled atmosphere at 37 °C, 95%
humidity and 5% CO,.

3-PtTPyP
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2.3. Experimental groups and photodynamic assay

The cells were divided into two distinct groups: light and dark
conditions. Each group was treated with five different concentrations
(0.563, 1.125, 5.625, 11.25, 28.125 and 56.25 nM) of the two platinum
(ID) porphyrins, 3-PtTPyP and 4-PtTPyP. After adherence of the cells to
the wells, they were divided into separate groups and treated with the
different concentrations previously presented of the proposed com-
pounds. As these compounds are activated by the incidence of light,
these were divided into two groups (light and dark), where the light
group was activated by phototherapy for 30 min. In the irradiation light
conditions, the porphyrins were exposed to white-light (400 to 800 nm
range, consisting of a 100 W LED lamp system) with a fluence rate of
50 mW/cm?, for 30 min (total light dose of 45 J/cm?), according to a
method in the literature [16]. After exposure to light for 30 min the
plates were put back into the incubator and the following tests were
performed 24 h after exposure to light (Fig. 2).

2.4. Cell proliferation assay

WM1366 and CHO cells were seeded in 96-well culture plates at a
density of 2.0 x 10*/well (200 pL/well) with different concentrations
of the molecules. The negative control consisted in 200 pL/well of
medium, and the control of the vehicle in 200 pL/well of medium and
DMSO (with concentration < 0.5%). Cell proliferation was evaluated
24 h after the activation of the compounds by the light irradiation. After
the incubation period, the MTT salt (tetrazolium salt [3- (4,5-di-
methylthiazol-2-yl) -2,5-diphenyltetrazolium bromide]) was added to
each well (5 mg MTT/ml). Then, absorbance was measured using a
spectrophotometer (Thermo Plate TP-Reader) at a wavelength of at
495 nm. Percent of growth inhibition was determined by the formula:

%inhibition = (Abs, treated cells/Abs,g, control cells) x 100.

2.5. Molecular docking

Given the importance of the binding between our molecules (3-
PtTPyP and 4-PtTPyP) in the mechanism of selectivity of tumor cells,
molecular docking analyzes were performed. For the creation of the
target receptor we used the sequence APOB_HUMAN (P04114) that was
obtained from the UniProt website (Cathy H. Wu et al., 2006) and its
domains were analyzed by the SMART platform (Ivica Letunic et al.,
2004) to obtain the N-terminal domain amino acid sequence (LPD_N),

4-PtTPYP

Fig. 1. Structural representation of free-base platinum(II) peripheral porphyrins 3-PtTPyP and 4-PtTPyP used in this study. The hexafluorophosphate counter-ions

are omitted for more clarity.
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Fig. 2. Scheme of treatment protocol of WM1366 cells with 3-PtTPyP and 4-PtTPyP photosensitizers in photodynamic therapy.

which was predicted at the 46-598 position with its E-value of 6.97e-
140. This represents a conserved region that has been found in several
lipid carrier proteins, including vitellogenin, triglyceride microsomal
transfer protein and Apolipoprotein B-100 [44]. The receptor was
modeled by homology using CPHmodels-3.0 (Morten Nielsen et al.,
2010) with its Z-score of 59.41. The model used was 1LSH protein re-
fined lipovitelin molecular structure with a resolution of 1.9 A, with its
E-Value of 5e-05 and 99% convergence with BLAST-protein search. The
preparation of the molecules began with the 2D creation of the mole-
cules, prepared by ChemDraw 2018 software, the molecules were pre-
pared as ligands for anchoring using the Molecular Operating En-
vironment (MOE; Chemical computing Group, Montreal, Canada)
software. The protonation state was adjusted to pH 7. Our "““P**" was
prepared by the Schréndinger Maestro Protein Preparation Wizard
(Protein Preparation Wizard, Schrondinger, LLC, New York, NY, 2015).
Where hydrogens were added, completing the missing loops and finally
minimizing their energy and optimizing the protein. Molecular an-
choring was performed using the GOLD software (G. Jones, P. Willett,
R. C. Glen, A. R. Leach, R. Taylor, J. Mol. Biol. 1997, 267, 727).

Anchoring results were obtained through fitness values, in which the
higher the value, the better the interaction of anchoring with the com-
plexes is defined. For this work we used the ChemPLP algorithm. To
validate the results obtained by docking, we used a low-density lipopro-
tein (LDL) analog, which binds at the Apo B-100 site causing it to trigger
the membrane LDL-R binding cycle. The analog chosen was amino acid
sequence *?DLKKLVKEVLKESQLPTVMDFRKFSRNYQ!? of name
B0582 [17]. This amino acid sequence was taken from the N-terminal
region of APO B-100 itself and was modeled by CPHmodels-3.0 (Morten
Nielsen et al, 2010). After modeling, the GOLD molecular anchor pro-
gram was used to simulate the binding of B0582 to our target protein. For
this simulation was used the standard mode of the software, we used the
target protein without solvent and with added hydrogen atoms.

2.6. Confocal microscopy analysis

Changes in cell membrane were identified using DAPI (4,6-diami-
dino-2-phenylindole) staining, which forms a fluorescent complex with
double-stranded DNA, and Texas red that stains the cell's actin. Cells
seeded in a 96-well plate were treated with 4.501 and 3.012 nM of 3-
PtTPyP and 4-PtTPyP porphyrins, respectively. After 24 h of treatment

the white-light source was applied, and cells were incubated for 24 h.
After treatment, the cells were washed three times in phosphate buf-
fered saline (PBS), fixed and stained according to the manufacturer's
protocol. Cell morphology was examined by SP8 confocal microscopy
(Leica Microsystems ©). DAPI dye emission: ~-460 nm. Texas red dye
emission: ~-615 nm. Cell morphology was examined by confocal mi-
croscopy at a magnification of 400 x .

2.7. RNA extraction and qRT-PCR

Total mRNA was extracted of cells using TRIzol (Invitrogen™,
Carlsbad, USA) followed by DNase treatment with DNA-free® kit
(Ambion™, USA) and mRNA quantification by Nanovue Plus
Spectrophotometer™ (GE®). The cDNA synthesis was performed using
High Capacity cDNA Reverse Transcription kit (Applied Biosystems™,
UK) according to the manufacturer's protocol. The amplification was
made with UltraSYBR Mix (COWIN Bioscience Co., Pequim, China)
using the Stratagene Mx3005P and the sequence of primers used are
indicated in Table 1. Gene expression were normalized using glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) as a reference gene and
the conditions for the reactions included 95 °C for 15 s, 60 °C for 60 s
and 72 °C for 30 s. The 2AACT (Delta-Delta Comparative Threshold)
method was used to normalize the fold change in gene expressions.
Control used to calculate AACT was the group that received only
DMEM, without porphyrin and without light.

2.8. Annexin V by flow cytometry

The ability of the different treatments to induce apoptosis against
metastatic melanoma cells was assessed by flow cytometry using the
Muse ™ Annexin V & Dead Cell Assay Kit (EMD Millipore Corporation).
For this analysis, WM1366 cells were plated in 12-well plates at a
density of 1.0 x 10° cells per well. After 24 h of adhesion, the cells
were incubated with the ICsy concentrations of the porphyrin mole-
cules. Twenty-four hours after treatment, the cells were treated with
light for 30 min (the dark group stayed away from the light). After light
exposure, the cells were washed with PBS, trypsinized and centrifuged
at 1200 rpm for 10 min. After centrifugation, 1.0 X 10° cells were
stained according to the manufacturer's instructions and analyzed using
the Muse Cell Analyzer (EMD Millipore Corporation).
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Table 1
Primer sequences for qRT-PCR used in this study.

Primer Sequence 5’ — 3’

MnSod For GGAAGCCATCAAACGTGACT
MnSod Rev CTGATTTGGACAAGCAGCAA
P21 For TGTCCGTCAGAACCCATGC
P21 Rev AAAGTCGAAGTTCCATCGCTC
Casp 9 For GTCTCAATGCCACAGTCCAG
Casp 9 Rev TGTACATGCAGCAAACCTC
Casp 3 For CAGTGGAGGCCGACTTCTTG
Casp 3 Rev TGGCACAAAGCGATCGGAT
GSHR For CCCGATGTATCACGCAGTTA
GSHR Rev TTCACTGCAACAGCAAAACC
Bax For ATGCGTCCACCAAGAAGC
Bax Rev ACGGCGGCAATCATCCTC
BCL-2 For GGTGGGGTCATGTGTGTGG
BCL-2 Rev CCGTTCAGGTACTCAGTCATCC
INOS For ACAAGCCTACCCCTCCAGAT
iNOS Rev TCCCGTCAGTTGGTAGGT
GAPDH For GGATTTGGTCGTATTGGG
GAPDH Rev TCGCTCCTGGAAGATGG

2.9. Cell cycle analysis

In order to assess possible mechanisms involved in the decreased
cell viability, such as cell cycle arrest, we performed flow cytometry
analysis with the objective of identifying cell populations at different
stages of the cell cycle after different treatments. For this analysis,
WM1366 cells were plated in 12-well plates at a density of 2.0 x 10°
cells per well. After 24 h, the cells were incubated with the ICso con-
centrations of each of the molecules. After 24 h, the cells underwent
photodynamic therapy for 30 min. After light irradiation process, cells
were detached, fixed with 70% ethanol and stained according to the
manufacturer's protocol. Measurement of DNA content was analyzed by
propidium iodide staining using the Guava Cell Cycle reagent kit
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Table 2
ICso values of molecules 3-PtTPyP and 4-PtTPyP
after 24 h of light exposition against WM1366 line.

Porphyrin ICs (nM)
3-PtTPyP 4501 = 0.58
4-PtTPyP 3.012 * 027

(Merck Millipore Corporation) and analyzed in the Muse Cell Analyzer
(EMD Millipore Corporation).

2.10. Statistical analysis

Data are presented as mean and standard deviation (SD).
Comparative analyzes were performed using one-way analysis of var-
iance (ANOVA). Tukey's post hoc method was employed for multiple
comparisons. All statistical analyzes were performed with GraphPad
Prism and p < .05 was considered statistically significant. For the the
cell cycle analysis, the bidirectional analysis of variance (ANOVA) was
used. Bonferroni's post hoc method was used for multiple comparisons.

3. Results
3.1. Platinum(1) porphyrins as good candidates for photosensitizers

With the cell proliferation assay, it was observed that platinum (II)
porphyrins were activated in the presence of light (Fig. 3A and B) at
most concentrations tested. Cellular inhibition was more expressive for
3-PtTPyP and 4-PtTPyP molecules at the two highest concentrations
(5.625 and 56.25 nM). In addition, we calculated the IC50 of the mo-
lecules for subsequent testing (Table 2). Also, we tested as porphyrins in
the CHO cell at the same IC50 concentrations calculated for the 3-
PtTPyP and 4-PtTPyP porphyrins. In addition to the IC50 concentration,
we added a concentration above and below this value, and these
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Fig. 3. Effect of light action on photosensitizing molecule on cell proliferation. Porphyrin-treated and untreated cells were irradiated for 30 min. Dark group went
totally in the dark for the same time. The graph shows the comparison within the light and dark group of 3-PtTPyP and 4-PtTPyP porphyrins. Data are expressed as
mean + SD of three independent times performed in triplicate. Fig. 3A-D: WM1366 cell line was treated with 3-PtTPyP (Fig. A and B) and 4-PtTPyP (Fig.C and D)
platinum (II) porphyrins at 5 different concentrations. Control group received no treatment with porphyrins. Fig. 3E-F: Effect of light on the photosensitizing
molecule on cell proliferation of non-tumor cells. The CHO cell line was treated with 3-PtTPyP (Fig. E and G) and 4-PtTPyP (Fig. F and H) platinum (II) porphyrins at
a concentration above the IC 50 and one below the predetermined IC 50 of each of the molecules. The concentrations used were: 5.62, 4.50 and 2.81 nM for 3-PtTPyP
and 5.62, 3.01 and 2.81 for 4-PtTPyP. For comparison different letters in the chart denote significant difference between the groups. p < .05 was considered

significant.
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Table 3
Anchor results of APO B-100 E LDL receptor molecules.
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Molecule - protein Amino acids Fitness Common amino acids with B0582
B0582 - Apo B-100 ASP168, PRO172, ARG174, LEU182, LYS184, LYS409, PRO412, LYS462, LYS488, LYS492 93.2881 -

3-PtTPyP - Apo B-100 ARG174, ILE177, LEU180, ALA181, LEU182, LYS184, GLU490, LYS492 ¢ ARG522 90.7311 ARG174, LEU182, LYS184 e LYS492
4-PtTPyP -Apo B-100 ASP168, ARG169, LYS171, PRO172, LYS409, PRO412 68.5542 ASP168, PRO172, LYS409 e PRO412
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Fig. 4. Molecular docking results. Fig. A and D represent the 3D molecular structure of platinum porphyrins 3-PtTPyP and 4-PtTPyP and their amino acid linkages of
the B0582 LDL analog. Fig. B and E demonstrate the binding of platinum porphyrins to the N-terminal region of APO B-100. Fig. C and F demonstrate the similarity of
B0582 anchoring of 3-PtTPyP and 4-PtTPyP molecules to the N-terminal region of APO B-100.

compounds were not toxic to normal cells (Figs. 3E-H). Graphs 3C-D
and 3G-H show the test performed with porphyrins in the dark and we
can see that all concentrations were well below 50% inhibition. In
addition, due to the low solubility and aggregate formation, all assays
without platinum (I) peripheral complexes could not be performed.

3.2. Peripheral platinum(II) porphyrins bind to LDL receptor

After running the molecular docking tests, we recognized as better
the position of the analog B0582 that obtained the highest fitness which
was 93.2881 with the ChemPLP algorithm. Based on these values, we
chose the positions with the closest proximity of this score to the 3-
PtTPyP and 4-PtTPyP molecules. It was also taken into consideration
the pose in which it had greater interaction with lysines, because ac-
cording to Guevara et al. this analog has high affinity for lysines. We
anchored the 3-PtTPyP and 4-PtTPyP molecules in the region of the
binding site that BO582 was anchored to, having amino acid residues at
a distance of 20 A considered. Anchoring results can be seen in Table 3
and Figs. 4A-F. For this study of docking molecular we use the

algorithms in the default mode directly in the GOLD software, we use
the fitness function like parameters for screening poses. This function
indicates the ability of the ligand compound interact directly with the
target protein, the higher this value better they are because they in-
dicate the affinity of bond of these poses and the protein. This score was
calculated by the forces of the bonds between the ligand and the protein
for example, van der Waals forces, electrostatics and hydrophobics in-
teractions.

We used as valid the poses of the compounds in which they obtained
a high fitness score and obtained bonds with amino acids present in the
active site of the protein.

3.3. Platinum(1I) porphyrins alter cellular actin organization

To analyze the morphological alterations of the treated WM1366
cells with a cytotoxic concentration of the 3-PtTPyP and 4-PtTPyP
porphyrins, we observed that in the control group (without treatment)
the stress fibers appeared thin and diffuse (Fig. SA). After being treated,
the cells appeared to be rounded, a general thickening of the membrane
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4-PtTPyP Light
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Fig. 5. (A-F): Morphological analysis after treatment with 3-PtTPyP and 4-PtTPyP photosensitizers. WM1366 cells were stained Texas Red and DAPI-cytoplasm and
nucleus, respectively. In the image we can observe a uniform cytoplasm in the control group (Figs. 5A and D) and in the treatments (3-PtTPyP and 4-PtTPyP) we
observe a reorganization of actin filaments (arrows Fig. 5B). A general thickening of actin fibers in the membrane, ruffling occurred at the border of its plasma
membrane (arrows Fig. 5B) and microspikes (arrows Fig. 5C) was observed on the cell surface of some cells. These changes were not identified in dark group cells

(Figs. 5D, E and F), respectively.

actin fibers (Figs. 5B and C) and significant ruffling occurred at the edge
of their plasma membrane was also observed. Additional morphological
changes as microspikes were observed (Fig. 5C) on the cell surface of
some cells. Such changes mentioned above were not identified in dark
group cells (Figs. 5D, E and F).

3.4. Pt(ID)-porphyrins induces apoptosis

We use annexin V to detect apoptotic cells because of its ability to
bind to phosphatidylserine, an apoptosis marker when it is on the outer
leaflet of the plasma membrane. The annexin V double staining assay
and dead cells allow to differentiate between early apoptosis, late
apoptosis, dead / debris and living cell populations. Early or late
apoptosis rates (Fig. 6A-D and 7A-D) assessed by flow cytometry
showed that 3-PtTPyP and 4-PtTPyP porphyrins at concentrations of
4.50 and 3012 nM induced a percentage of the total. of apoptotic cells
of 37.18% and 13.5%, respectively (total apoptosis = early and late
apoptosis), indicating that the photodynamic process using Pt (II)
-pyrphyrins as photosensitizers is efficient. In addition, we observed
that the dark, light control and light control groups did not significantly
induce apoptosis in both molecules (Figs. 6 and 7) (P < .05).

3.5. Tetra-cationic platinum(II) porphyrins alter expression level of genes
related to apoptosis and oxidative stress

In order to further investigate the platinum(II) porphyrins photo-
dynamic therapy mechanisms of apoptosis induction in the melanoma
cell line, evidenced by the annexin V assay, the relative mRNA ex-
pression of the p21, BAX, Bcl-2, caspase 9, caspase 3, MnSOD, iNOS and
Glutathione reductase (GSHR) genes were assessed by qRT-PCR. As
shown in Figs. 8-10, both porphyrins (3-PtTPyP and 4-PtTPyP) sig-
nificantly altered the expression levels of all genes analyzed in meta-
static melanoma cell (WM1366) after photodynamic conditions (ex-
posure to light) (p < .001). Interestingly, we also obtained a discrete
increase in GSHR expression in the dark group of 3-PtTPyP porphyrin
(p < .001), Fig. 8G. As expected, the increased relative expression of
caspase 3, caspase 9 and P21 genes as well as the upregulated Bax/Bcl-2
ratio corroborate with the apoptotic results obtained in the annexin V
test. Further, elevated iNOS levels in porphyrin 4-PtTPyP (Fig. 10B)
indicate that oxidative stress may be related to a possible cause of
apoptosis and cell death.

3.6. Peripheral platinum(I) porphyrins don't arrest the cell cycle

Cells at the different stages of the cell cycle (GO/ 1, S and G2/M)
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Fig. 6. Induction of apoptosis by porphyrin 3-PtTPyP. WM1366 cells were evaluated for apoptosis by annexin V staining under light and dark group conditions at the
IC 50 concentration of the compound. The graph (Fig. E) shows the total percentage of apoptotic cells. Figs. A-D show % late and recent apoptosis in each of the
groups. Porphyrin 3-PtTPyP with white light dosage had a significant increase in apoptosis when compared to all other groups (**) denotes p < .007.

were analyzed by flow cytometry and are shown in Fig. 11. The results 4. Discussion

showed that although an increased expression of the P21 gene (in-

volved in the cell cycle) was observed in the qRT-PCR, we did not have Results obtained in WM1366 after treatment with 3-PtTPyP and 4-
a significant stop in the G0/G1, S and G2/M cycle between the groups PtTPyP showed that both porphyrins were not toxic to non-tumor cells
evaluated. (CHO cell line), as they showed low levels of inhibition in the
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Fig. 7. Porphyrin 4-PtTPyP apoptosis induction. WM1366 cells were evaluated for apoptosis by annexin V staining under light and dark group conditions at the IC 50
concentration of the compound. The graph (Fig. E) shows the total percentage of apoptotic cells. Figs. A-D show % of late and recent apoptosis in each of the groups.
Porphyrin 4-PtTPyP with white light dosage had a significant increase in apoptosis when compared to all other groups (*) denotes p < .03.

cytotoxicity test. These findings suggest a possible selectivity of por-
phyrin compounds towards tumor cells, which could be explained by
the tendency of binding of the photosensitizers, preferably, with low
density lipoproteins (LDL) [18,19]. Firestone et al. demonstrated that
neoplastic cells have higher uptake of LDL and with this a greater ex-
pression of these receptors [20]. Our molecular docking data corrobo-
rate this suggestion as our 3-PtTPyP and 4-PtTPyP porphyrins de-
monstrated a binding profile with the target. This protein was chosen
because an important part of the circulating LDL binds to Apo B-100 to

bind to the LDL receptor present on the cell membrane. The peptide
sequence called B0582 (analogous to LDL) showed the binding of the N-
terminal region of APO B-100 + B0582 and allowed us to compare the
interaction of porphyrins with this target [17]. Our results demonstrate
that platinum porphyrins 3-PtTPyP and 4-PtTPyP bound very similarly
to B0582 in the target protein, especially 3-PtTPyP, which had a fitness
score of 90.73 (very close to the B0582 score that was 93.28) and amino
acid binding: ARG174, ILE177, LEU180, ALA181, LEU182, LYS184,
GLU490, LYS492 and ARG522. Of which four of these amino acids were
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Fig. 8. Platinum(Il) porphyrin 3-PtTPyP increased expression of Caspase 3, Caspase 9, P21, BAX, BCL2, MnSOD and GSHR genes in metastatic melanoma line
WM1366 24 h after being submitted to white-light irradiation. The gene expression profile was determined by qRT-PCR and the data were normalized using the
GAPDH levels. 3-PtTPyP had a significant increase in the expression of all evaluated genes when compared to the other groups. (****) denotes p < .0001, (***)
denotes p < .0005, (**) denotes p < .004, (*) p < .04. when compared to the light and dark group of the same molecule. Three independent experiments were

performed in triplicate.

the same in the binding of B0582 to N-terminal region (ARG174,
LEU182, LYS184 and LYS492).

Porphyrin 4-PtTPyP had a score of 68.55 fitness and amino acid
binding ASP168, ARG169, LYS171, PRO172, LYS409, PRO412. In this
platinum porphyrin we also find four amino acids in common with
B0582 (ASP168, PRO172, LYS409 and PRO412). These results corro-
borate our in vitro findings, described above, where we observed a se-
lectivity for the tumor lineage. As with 3-PtTPyP we can suggest that 4-
PtTPyP platinum porphyrin is a photosensitizer-like candidate due to
the stability of hydrophobic bonds with amino acids. These molecular
anchor studies have also been described in the same vein to predict
specific receptor affinities in order to improve drug delivery or induce
possible selectivity. Bazcaran and co-workers conducted anchor studies
with the ALK gene for non-small-cell lung cancer to try to improve the
action of drugs for this cancer. [21]. Similarly, Xu et al. Evaluated by
molecular anchorage the receptor RXR as a pharmacological route for
acute promyelocytic leukemia [22]. Still a review published by our
group demonstrated the importance of using molecular docking to
predict interactions between molecules and their receptors in the de-
velopment of new drug candidates [4].

It is still important to highlight the fact that the molecules did not
present cytotoxicity in all dark groups confirming the action of the
molecules 3-PtTPyP and 4-PtTPyP only when exposed to light. In ad-
dition, other evidence leads us to believe that one of the main acting
species may be singlet oxygen (*0,) produced by the light action in the
presence of Pt(II)-porphyrins studied here [12,23], as reported in the
literature on photoinactivation processes of microorganisms by the
same platinum(Il) porphyrins [16,24].

Morphological changes were observed in WM1366 cells treated
with 3-PtTPyP and 4-PtTPyP porphyrins. The reorganization of actin
fibers can be observed after treatment with photodynamic therapy,

such as microspikes on the surface of the membrane and formation of
filopodia. It can be said that these modifications in actin from the cy-
toskeleton of the cell are important for the defense mechanism and cell
death [25]. Garg and collaborators in a study with retinal pigmented
epithelium cells obtained findings corroborating ours [26]. As well as
Zhao and co-workers who observed such modifications in the actin in
bovine pulmonary artery endothelial cells (BPAEC), which underwent
stress caused by hydrogen peroxide (H,0,), stress similar to that caused
by anti-cancer drugs such as cisplatin [27-29]. Other studies in lung
cells (A549 and H460) have also confirmed our findings related to actin
cytoskeleton rearrangement [30]. In our study these changes were ob-
served only in the light-exposed groups treated with porphyrins 3-
PtTPyP and 4-PtTPyP, probably by ROS generation. In the light/dark
and 3-PtTPyP and 4-PtTPyP dark control groups we did not observe
these modifications. With these results we can state that the molecules
are activated only in white-light conditions and that only light exposure
has no action on the cells.

We accessed the effect of porphyrins 3-PtTPyP and 4-PtTPyP in the
apoptosis induction of metastatic melanoma cells in vitro. Treatments
with both Pt(Il)-porphyrins after light exposure increased the number
of total apoptotic cells evidenced by their phosphatidylserine ex-
ternalization, when compared to the control group and to the groups in
the dark conditions. This evidence of phosphatidylserine externaliza-
tion taken together with the finds towards cytoskeleton actin re-
organization demonstrated by Texas red staining strongly indicate that
porphyrins 3-PtTPyP and 4-PtTPyP induce apoptosis in metastatic
melanoma cells in vitro after light activation. In addition, the fact that
porphyrins 3-PtTPyP and 4-PtTPyP treatments did not have an effect in
the cell cycle of WM1366 cells could further indicate that the me-
chanism of growth inhibition of these compounds is linked to apoptosis
induction rather than cell cycle arrest. Deregulations in the apoptotic
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Fig. 9. Platinum(Il) porphyrin 4-PtTPyP increased expression of Caspase 3, Caspase 9, P21, BAX, BCL2, MnSOD and GSHR genes in metastatic melanoma line
WM1366 24 h after being submitted to white-light irradiation. The gene expression profile was determined by qRT-PCR and the data were normalized using the
GAPDH levels. 4-PtTPyP had a significant increase in the expression of all evaluated genes when compared to the other groups. (****) denotes p < .0001, (***)
denotes p < .0005, (**) denotesp < .004, (*) p < .04. when compared to the light and dark group of the same molecule. Three independent experiments were

performed in triplicate.

process can generate cellular disorders that are related to several
pathologies, such as cancer [31,32]. Thus, the ability to modulate this
cellular death mechanism presents great potential in the development
of new oncological therapies. Cells undergoing death by apoptosis ex-
perience some cellular alterations known as apoptotic hallmarks, that
include actin reorganization, phosphatidylserine externalization, chro-
matin condensation and membrane permeabilization [33].

Our results corroborate with finds in the literature, where the
apoptotic activity of different porphyrins as photosensitizers in photo-
dynamic therapy has been demonstrated in several human cell lines,
including lung carcinoma [34], tongue squamous carcinoma [35],
breast adenocarcinoma [36] and gastric cancer [37]. The mechanisms
involved in porphyrin's induction of apoptosis are usually related to
increased ROS production and caspase activation [35,36]. Hemato-
porphyrin monomethyl ether, for instance, caused apoptosis by in-
creased production of intracellular reactive oxygen species as well as
caspase 3 activity in human tongue squamous cell carcinoma (Tca8113)
after photodynamic therapy [35].

Gene expression profile observed through qPCR in WM1366 cells
exposed to platinum(II) porphyrin derivatives followed by white-light
activation also indicate induction of programmed cell death by apop-
tosis, corroborating with results obtained by confocal microscopy and
annexin V analysis. Apoptosis intrinsic pathway is related with mi-
tochondrial damage and oxidative stress, both induced by photo-
sensitizer molecules [38]. Initiator and executor caspases involved in
this pathway [39] were upregulated in response to porphyrin treat-
ments when compared with negative control group that received only
medium. For meta isomer 3-PtTPyP treatment, caspase-9 and caspase-3
expression levels showed a 4.89 and 3.23-fold increase, respectively,
while for the para isomer 4-PtTPyP, this change was 3.77 and 12.16-
fold, respectively. We also observed an upregulated expression of p21, a

10

protein well-known by its action in cell cycle arrest in a p53-dependent
manner. Despite no cell cycle arrest has been induced by tetra-plati-
nated(I) porphyrins, several authors have reported a direct involve-
ment of p21 in apoptosis induction in a p53-independent mechanism
[40].

Mitochondrial permeability and cytochrome c liberation, involved
in apoptosis intrinsic pathway, are regulated by proteins from Bcl-2
family [39]. We observed an increased expression of both anti-apop-
totic and pro-apoptotic regulators, BCL-2 and BAX, respectively, in
WM1366 cells treated with porphyrins. However, when we analyzed
the BAX/BCL-2 ratio, an up-regulation was observed, indicating a pro-
apoptotic response induced by photodynamic therapy, also in ac-
cordance with other analyses performed here. Considering that the Bcl-
2 family comprises 25 proteins, and among them, BAX and BCL-2 re-
present its major members, the ratio BAX/BCL-2 has been used as one of
the hallmarks in the apoptotic process as well as a predictive and
prognostic marker for cancer treatments [35].

Upregulation of MnSOD expression profile is in accordance with low
levels of nitrite and nitrate, molecules that act inactivating this enzyme.
High levels of MnSOD are reported as a marker of oxidative stress; di-
rect or indirectly, through ROS detoxification, this enzyme prevents
formation of nitrites and nitrates [41]. Unchanged levels of iNOS may
be related with cytoskeletal reorganization during apoptosis [42] and
also could explain the stable rates observed for NOx. Similarly, oxida-
tive stress is also marked by an increased rate of oxidized glutathione
[43], which may explain high levels of glutathione reductase observed
in our study as a defense mechanism against cell redox imbalance.
Although most of our results are concordant, it is important to highlight
that besides transcriptional regulation, several targets that we have
evaluated in this study are also subject to post-transcriptional and
translational regulations.
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Fig. 10. The platinum(I) porphyrins 3-PtTPyP and 4-PtTPyP did not alter the expression of the iNOS gene (Figs. 10A and B) in the metastatic melanoma line
WM1366 and did not induce production of nitric oxide in the cell medium (Fig. 10C) 24 h after submitted to white-light irradiation. The concentration tested was that
of the ICs of each of the molecules. Data are expressed as mean + SD of three independent times, performed in triplicate. There was no significant difference in the

light and dark groups.
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Fig. 11. The platinum(II) porphyrins 3-PtTPyP and 4-PtTPyP did not alter the
cell cycle. The groups had no significant difference in cell cycle arrest.

5. Conclusion

In this article we investigate possible mechanisms of action involved
in the anti-tumor activity of tetra-cationic porphyrins 3-PtTPyP and 4-
PtTPyP, submitted to white-light irradiation conditions. Our results
suggest that both platinum(Il) porphyrins induced apoptosis via

activation of caspases 3 and 9. This cell death by apoptosis was con-
firmed by the Annexin V assay. In addition, the reorganization of actin
observed in the groups treated with porphyrins corroborates with death
by apoptosis. Moreover, the in silico study indicated that both platinum
(I) porphyrins are promisors as drug-delivery strategy, since they
presented affinity to N-terminal region of ApoB-100. Additional assays
will be performed on different cell lines in order to further extend the
application spectrum of platinum porphyrins. Also, modifications in the
chemical structure of these porphyrins, as different metallic centers and
new platinum derivatives will be studied.
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ARTICLE INFO ABSTRACT

Tetra-cationic porphyrins with peripheral Pt (II) -bipyridyl complexes demonstrated a potential as photo-
sensitizers to be used in photodynamic therapy (PDT). First-line transition metals, such as zinc (II), copper (II)
and nickel (II), can be incorporated into the porphyrin nucleus, making this molecule more selective and more

Keywords:
Endothelin receptor (ERT-B)
Metalloporphyrins

IéDL receptor effective for this therapy in combating to tumor cells, such as metastatic melanoma. We characterized these
ancer . . . . . P . q

derivatives to verify the improvement in selectivity of platinum (II) 4-PtTPyP hyrins. Receptors such as LDL
Photodynamic Therapy fy P! ty ot p! (I TPyP porphy P

and endothelin (ERT-B) were investigated, as well as the binding affinity of two antioxidants: catalase model
enzymes and superoxide dismutase. Human serum albumin (SAH) HSA binding properties have been verified. In
addition, we evaluated the antitumor action of such metalloporphyrins in an in vitro cell viability. Our results
demonstrated that porphyrins have significant antitumor potential when exposed to white light conditions. The
affinity for the LDL receptor was better when compared to platinum porphyrin 4-PtTPyP without addition of
metals and the affinity for the endothelin receptor was higher than the control used in this study. Still, the
interaction with the HSA showed the possibility of this connection taking photosensitizers to places of interest,
such as the delivery of medicines.

1. Introduction photodynamic therapy (PDT) [2].

Photodynamic Therapy (PDT) appears in this context as an alter-

Tetra-cationic porphyrins with peripheral platinum(II)-polypyridyl
complexes have been widely studied in order to be applied to the
treatment of pathologies such as cancer and have had good results in
vitro in the treatment of metastatic melanoma [1-4]. Metastatic mela-
noma that has had an increase in its incidence and worry because it is
the most aggressive type of skin cancer, especially when diagnosed late
[5]. Platinum(II) derivatives is already present in antineoplastic agents,
such as cisplatin, oxaliplatin and carboplatin [6]. Even though be an
alternative as a treatment with a high initial response to various types
of cancer, some patients end up relapsing with cisplatin-resistant dis-
ease and other drugs [7,8]. Associating transition metals with por-
phyrins such as platinum(Il) compounds at the peripheral positions
seems to be a good strategy for using them as photosensitizers in

* Corresponding authors.

native, with less adverse effects, local and more selective action [9]. In
our previous study we demonstrated the interesting action of this
treatment of metastatic melanoma cells (WM1366) with platinum
porphyrins [2]. Using other metals ions coordinated in the porphyrin
core with platinum(II)-polypyridyl complexes such as Zn(II), Cu(Il) or
Ni(II) ions can make these molecules even more effective [10-15].
Studies have shown that zinc(Il) derivatives can be a good anti-
cancer agent [16-19]. Still, zinc complexes play important roles as
radioprotective agents [10,20], photosensitizers for tumors and anti-
microbial agents [21]. In this context, zinc(I) ions is interesting to
associate with photodynamic therapy due to the preference in gen-
erating singlet oxygen - '0, (directly involved to the PDT mechanism of
action), as it is a full-shell d metal (d'° configuration) and with that the
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photodynamic processes are not negatively affected [22]. In addition to
the reasons already mentioned, due to its homeostatic mechanism -
responsible for the entry and exit of zinc(Il) species, its distribution and
excretion of cells, there are no known changes in the body due to ex-
cessive accumulation [23].

On the other hand, nickel(Il) porphyrins are d® configuration
system, so it has a moderate tendency to generate singlet oxygen, but a
greater number of radical species, another mechanism involved in PDT
(Type I - electron transfer) [24,25]. Still, with respect to transition
metals, studies show that copper(Il) ions can serve as a limiting factor
for multiple aspects of tumor progression, including growth, angio-
genesis and metastasis. This factor deserves attention in the current
scenario of developing new compounds for the treatment of cancer
[26].

Another important aspect in the selection of photosensitizer candi-
dates is the binding to overexpressed receptors in tumor cells, as is the
case of the LDL receptor, already described in the previous study of the
group [2] and the endothelin receptor that also appears to be over-
expressed in tumor cells, such as metastatic melanoma and responsible
for cell proliferation, anti-apoptotic action and metastasis [27]. Thus,
the objective of this study was to verify, using tetra-cationic platinum
(1) porphyrins, the formation of '0,, preliminary HSA-binding prop-
erties, selectivity and, consequently, the antitumor action of platinum
(II) porphyrin 4-PtTPyP, coordinated to the transition metals Zn(II)
(Zn-4-PtTPyP), Cu(ll) (Cu-4-PtTPyP) and Ni(Il) (Ni-4-PtTPyP) metal
center ions (Fig. 1).
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2. Materials and methods

2.1. Tetra-cationic porphyrin photosensitizers Zn-4-PtTPyP, Cu-4-PtTPyP
and Ni-4-PtTPyP

Metalloporphyrins were prepared slightly methodology modifica-
tion by Hahn da Silveira and co-workers [28] reacting free-base tetra-
cationic 4-PtTPyP (0.020g, 0.07mmol; 1.0 equiv.) with 5.0 equiva-
lents of metal acetate (zinc, copper and nickel), in DMF reflux system
(10mL), for 24h period time. The solvent was removed in an eva-
porator and the solid washed with cold distilled water and diethyl
ether, recrystallized, filtered and dried in a vacuum desiccators system.
Elemental analysis (CHN%) and spectroscopic data (absorption and
emission spectra) are presented in the supplementary information section
(supplementary information section — Table S1 and Figs. S1 and S2). All
metalloporphyrins tested in this study are soluble in DMSO and stable
in this solution (see supplementary information section - Figs. S3-S5).

2.2. Irradiation experiments

In the irradiation light conditions, the porphyrins were exposed to
white-light lamp source (400-800 nm range, consisting of a 100 W LED
lamp system) with a fluence rate of 50 mW/cm?, for 30 min (total light
dose of 45 J/cm?), according to a method in the literature [2].

2.3. Photostability and 'O, generation

The photostability of metalloporphyrins Zn-4-PtTPyP, Cu-4-
PtTPyP and Ni-4-PtTPyP ([] =2.0uM each) was determined by

M = Zn(ll): Zn-4-PtTPyP
M = Cu(ll): Cu-4-PtTPyP
M = Ni(ll): Ni-4-PtTPyP

Fig. 1. Representative molecular structures of Pt(II) metalloporphyrins used in this study. The counter-ion hexafluorophosphate (PFs ) was omitted for more clarity.
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measuring the absorbance at Soret band in DMSO(2 %)-phosphate--
buffered saline (PBS) mixture solution before and after white-light LED
lamp irradiation (100 W; 400-800nm) at fluence of 50 mW/cm? for
30min.

For the determination of 'O, production, solutions containing
1,3-diphenylisobenzofuran (DPBF) (20puM) with or without metallo-
porphyrins at 2.0 uM were prepared in dimethylformamide (DMF) so-
lution in a 1.0em X 1.0 cm quartz cuvette. The solutions were irra-
diated at room temperature and under gentle magnetic stirring, with a
red-light LED array system (A. =635nm) at fluence of 26 mW/cm? for
600 s (total light dose of 7.8J/cm?), monitoring the decrease in ab-
sorbance at 416 nm (photo-oxidation of DBPF scavenger). All experi-
ments were performed in duplicate and independently.

2.4. Cell culture and reagents

The A375 cell line and a non-tumor cell line derived from the
human skin fibroblast (HFF-1), were obtained from the Rio de Janeiro
Cell Bank (PABCAM, Federal University of Rio de Janeiro, RJ, Brazil).
They were grown in Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10 % fetal bovine serum (FBS) for A375 cell line and
High-glucose Dulbecco's Modified Eagle's Medium (DMEM) supple-
mented with 15 % fetal bovine serum (FBS), respectively, obtained
from Vitrocell Embriolife (Campinas, Brazil) and Gibco (Grand Island,
NY, USA). Cells were grown under controlled atmosphere at 37 °C, 95 %
humidity and 5 % CO..

2.5. Experimental groups and photodynamic assay

The cells were divided into two distinct groups: light and dark
conditions. Each group was treated with six different concentrations
(1.75, 3.5, 7.0, 14.0, 28.0 e 56.0nM) of the three platinum(II) por-
phyrins, Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-PtTPyP. After adherence
of the cells to the wells, they were divided into separate groups and
treated with the different concentrations previously presented of the
proposed compounds. As these compounds are activated by the in-
cidence of light, these were divided into two groups (light and dark),
where the light group was activated by phototherapy according to
protocol established by Couto et al. 2020 [2].

2.6. Cell proliferation assay

A375 cell were seeded in 96-well culture plates at a density of
2.0 x 10*/well (200 uL/well) with different concentrations of the mo-
lecules. The negative control consisted in 200 pL/well of medium, and
the control of the vehicle in 200 uL/well of medium and DMSO (with
concentration less than 0.5 %). Cell proliferation was evaluated 24h
after the activation of the compounds by the light irradiation. After the
incubation period, the MTT salt (tetrazolium salt [3-(4,5-di-
methylthiazol-2-y1)-2,5-diphenyltetrazolium bromide]) was added to
each well (5.0 mg MTT/mL). Then, absorbance was measured using a
spectrophotometer (Thermo Plate TP-Reader) at a wavelength of at
495 nm. Percent of growth inhibition was determined by the Eq. 1:

% inhibition = (Absgo, treated cells / Absso» control cells) x 100
(1)

2.7. HSA-binding properties of metalloporphyrins

The interaction of HSA with the metalloporphyrins Zn-4-PtTPyP,
Cu-4-PtTPyP and Ni-4-PtTPyP was studied by steady-state fluores-
cence emission at room temperature (298 K) in a Tris-HCl buffer solu-
tion (pH 7.4). A stock solution was prepared in DMSO (= 107 ° M
range) and successive aliquots of each porphyrin added into the HSA
solution (10 puM) in order to get concentrations ranging from 0 to
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100 uM. The samples were excited at A =290 nm and the fluorescence
emission evaluated in the range of 300-550 nm. The inner filter effect
of each metalloporphyrin was considered in the HSA-binding assays.
Generally, fluorescence quenching can occur by static or dynamic me-
chanisms, and the fluorescence quenching experiments data analyzed
using the Stern-Volmer Eq. 2:
T =1+ kgulol =1 +Kw(Ql -
where F, and F are the fluorescence intensities in the absence and
presence of the quencher, whereas Kgy, k,, 7o and [Q] denote the
Stern-Volmer constant, the bimolecular quenching rate constant, the
fluorescence lifetime of HSA (1, = 5.67 x 10~ s) [29] and the con-
centration of quencher, respectively. According to Eq. 2, the Stern—
Volmer constant (Ksy) was calculated from the slope and k, is equal to
Kgy/70.

For static fluorescence quenching mechanism, it is expected lower
k4 values with increasing temperatures since the stability of the com-
plex tend to decrease whilst the opposite effect is expected for the dy-
namic fluorescence quenching mechanism Diffusion-controlled
quenching typically results in values of kyg = 7.40 x 107 M~ 's™,
according to Smoluchowski-Stokes-Einstein theory at 298 K, which is
considered to be the largest as possible value in aqueous solution for
macromolecules [30]. Smaller k, values can result from steric shielding
of the Pt(II)-metalloporphyrins, and larger apparent k, values usually
indicate some type of binding interaction.

In order to estimate the association constant value (K,) and the
number of binding sites (n) the double logarithmic approximation was
applied, as represented by Eq. 3:

F-F
log( F 3

where F, and F represent fluorescence intensities in the absence and
presence of the quencher, respectively, and [Q] the concentration of the
porphyrin. According to Eq. 3, the K, value can be calculated from the
intercept (linear coefficient) of the plot, while n value is given by the
slope.

Moreover, the standard Gibbs free-energy (AG?) of metallopor-
phyrin-HSA adducts was calculated from the values of K, using the Eq.
4:

AG® = —RTInK, (4

) = log K, + nlog[Q]

where R and T is the gas constant (1.987kcal/K mol) and the tem-
perature (298K), respectively.

2.8. Molecular docking

The porphyrins 4-PtTPyP, Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-
PtTPyP molecular structure were created in 2D by the ChemDraw
software (PerkinElmer ChemOffice 2018), converted into 3D ligands by
the Molecular Operating Environment software [31] where the Quick-
Prep tool was used to correct the bonds of the molecule atoms and add
hydrogens. Their charges were assimilated in each atom and the
structure had its energy minimized by MMFF94x, gradient: 0.01. Mo-
lecular coupling was performed using GOLD 5.5 software [32]. Where
all the water was removed and hydrogen atoms were added to the re-
ceptors according to the program. The active site of each receptor was
defined based on the position of the Co-crystallized ligands, and was
given a distance of up to 15 A from the initial position of the ligand due
to the size of our molecules. The results of the best connections were
obtained through the values of "fitness" (fitness plp), in which the
higher the value, the better the interaction with the complexes is de-
fined. For this work, the ChemPLP algorithm was used, which has al-
ready proved to be one of the most reliable algorithms in the program
[33]. The images generated from the best poses were created using the
Discovery Studio 2019 software [34] and the Schrondinger Maestro
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software [59].

In this work we evaluate the connection of metalloporphyrins to
Apolipoprotein B-100 (APOB-100), Endothelin receptor (ERT-B),
Superoxide dismutase (SOD), Catalase (CAT) and Human Serum
Albumin (HSA). For APO B-100 we validate the results obtained by
docking, an LDL analogue was used, in which it binds at the APO B-100
site causing it to trigger the binding cycle in the membrane LDL-R. The
analogue chosen was B0582 [35] which was modeled after the previous
work [2].

For ERT analysis, select the use of the endothelin B receptor (ETR-
B), which is already showing the important route of cell proliferation of
metastatic melanoma [36]. To evaluated the receptor ERT-B, the crys-
tallographic structure of the human B endothelin receptor with en-
dothelin-3 in its complex was used. The crystallized structure was re-
moved from the Protein Data Bank (PDB code: 6IGK) [37]. For
validation, we use the fitness value of crystallized Endothelin 3 as a
benchmark of success and compare it with that of our molecules to-
gether with the connection of similar amino acids between them. For
evaluated the HSA protein, we use the HSA crystallographic structure
obtained from the Protein Data Bank website (PDB code: 1N5U) was
used [38]. As a form of control, the redocking technique was used using
the crystallized structure of the protoporphyrin IX in which there was
already in the structure, the fitness result of the redocking was noted
and will be used for comparison with the result of our molecules. Ac-
cording to Chaves and co-authors (2019), one of the best sites of HSA
for platinum(Il) porphyrin 4-PtTPyP would be the subunit IB, so we use
this HSA subunit as an active site for this study [39].

Finally, to analyze the impact of our molecules on oxidative stress,
we chose the proteins Superoxide Dismutase I (hSOD1) and the human
red cell catalase (CAT). The crystallized structures were removed from
the Protein Data Bank in which the code 5YTO [40] was used for
hSOD1 and the code 1DGF for CAT [41].

2.9. Statistical analysis

Data are presented as mean and standard deviation (SD).
Comparative analyzes were performed using one-way analysis of var-
iance (ANOVA). Tukey's post hoc method was employed for multiple
comparisons. All statistical analyzes were performed with GraphPad
Prism and p < 0.05 was considered statistically significant.

3. Results
3.1. Platinum(II) metalloporphyrins

Free-base 4-PtTPyP and metallo-derivatives Zn-4-PtTPyP, Cu-4-
PtTPyP and Ni-4-PtTPyP were prepared by synthetic methodology as
described previously [28,42]. Novel metalloporphyrins contain Zn(II),
Cu(Il) and Ni(Il) metal center ions were characterized by standard
characterization methods (see supplementary information section).

3.2. Photostability and singlet oxygen production assays

It is of interest to know if these molecules are photostable and if
they generate reactive oxygen species (ROS) [43-49]. For this, photo-
stability and 'O, generation experiments were performed for metallo-
porphyrins Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-PtTPyP. The photo-
stability behavior of metalloporphyrins was studied by monitoring the
decrease of absorbance of Soret bands, after different times of white-
light LED lamp irradiation (visible range), delivered by an illumination
system at a fluence rate of 50 mW/cm” In DMSO(2 %)-PBS mixture
solution both metallo-derivatives Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-
PtTPyP at a concentration of 2.0 uM showed high to moderate photo-
stability over the investigated irradiation period (30 min; Fig. 2).

The ability of porphyrins Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-
PtTPyP to generate 'O, in DMF solution was determined using a
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photochemical method with DPBF as the 'O, scavenger. Porphyrin
derivative meso-tetrakis[(4-N-methylpyridyl)porphyrinate]zinc(II)
(ZnTMePyP) was used as reference. Metalloporphyrins at a con-
centration of 2.0 uM were able to photo-oxidize DPBF at a concentra-
tion of 20 uM (Fig. 3). Porphyrin Zn-4-PtTPyP was the best generator of
'0,, following by Ni-4-PtTPyP and Cu-4-PtTPyP, after 30 min of red-
light irradiation (A =635nm). At this concentration, metallopor-
phyrins decompose between 5-35 % range of DPBF, respectively. Zn-4-
PtTPyP derivatives have a similar photo-oxidation effect on DPBF when
compared to the corresponding reference ZnTMeTPyP, but much more
effective than Ni(Il) and Cu(Il) porphyrins. The ability of these com-
pounds to photo-oxidize DPBF decreases in the order ZnTMePyP = Zn-
4-PtTPyP > Ni-4-PtTPyP > Cu-4-PtTPyP. The good photostability
and ability to generate 'O, after being exposed to light irradiation and
oxygen allowed us to envisage them as potential photodynamic sensi-
tizers.

3.3. Zinc and nickel associated with platinum (II) porphyrins decrease cell
viability and proliferation in PDT

After exposure to phototherapy the porphyrins Zn-4-PtTPyP, Cu-4-
PtTPyP and Ni-4-PtTPyP, they inhibited the cell growth of the A375
strain in most of its concentrations, drawing attention to porphyrins
coordinated with zinc(Ill) and nickel(Il) (Fig. 4B and F). It was also
possible to observe (Fig. 4A, C and E) that the same porphyrins in the
dark group had a low inhibition in cell proliferation (all below 50 %). It
is also important to note that the vehicle in which the porphyrins were
solubilized (DMSO) was not toxic to the cells. In addition, we calculated
the ICs; of Zn-4-PtTPyP and Ni-4-PtTPyP porphyrins (Table 1) noting
that the concentrations were on the nanomolar scale. It was not possible
to calculate the ICso of Cu(I)-porphyrin due to its action, in the tested
concentrations, reaching a maximum of around 60 % inhibition.

3.4. Zinc(I), nickel(Il) and copper(II) ions coordinated with tetra-cationic
platinum(1l) porphyrin have affinity for APO B-100 and endothelin
receptors

In a previous study, we demonstrated the affinity, and thus, possible
selectivity of platinum(II) porphyrins for the APO B-100 receptor
overexpressed in tumor cells [2,50]. The porphyrin 4-PtTPyP showed a
lower fitness than the other porphyrin tested. One of the reasons that
made us associate other transition metals to it, in order to better this
interaction with the receiver. When zinc and nickel metals are included,
this value is better, especially with the inclusion of zinc(Il) ions in the
porphyrin core (Table 2), fitness reached 87.6885. The compound Zn-4-
PtTPyP located in a region of the site with its highest value, obtained 4
amino acid bonds in common with BO582 (LDL analog). In addition, we
included in this study an evaluation of the molecular photosensitizer
ALA (aminolevulinic acid) standard in photodynamic therapy and also
used to treat other types of cancer in this same therapy [51]. The results
showed a fitness plp of 40.1348, apparently this molecule does not
demonstrate a good interaction with the protein in question. Several
tests were carried out with no changes significant between them. These
bindings can be seen in Fig. 5.

Another receptor that we addressed in this study was the endothelin
receptor B (ETR-B). The evaluation of this receptor is important, since
the endothelin (ET) and ETR comprise the ET axis, and it has a tumor-
promoting role in a variety of tumors, including metastatic melanoma
[36]. Biological effects mediated by the ET axis: tumor growth induc-
tion, anti-apoptotic effects, increased invasion and metastasis [52]. In
addition, ETR-B appears to be overexpressed in metastatic melanoma
[271.

We therefore chose the ETR-B receptor and endothelin 3 (ET3), as
studies have shown that the induction, development, proliferation and
migration of precursor melanocytic cells depend on the interaction of
ET3 and ETR-B [36]. Our results show that the amino acid most
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Fig. 4. Effect of light action on photosensitizing molecule on cell proliferation. Porphyrin-treated and untreated cells were irradiated for 30 min. Dark group went
totally in the dark for the same time. Comparisons were made within the white-light and dark groups, separately, for each porphyrin. Control group received no
treatment with porphyrins. DMSO was the vehicle used to solubilize porphyrins. Data are expressed as mean + SD of three independent times performed in
triplicate. Fig. 4B, D and F: A375 cell line was treated with Zn-4-PtTPyP (Fig. B), Cu-4-PtTPyP (Fig. D) and Ni-4-PtTPyP (Fig. F) and platinum (II) porphyrins at 6
different concentrations and exposed at photodynamic therapy, for 30 min. Fig. 4A, 4C and 4E: A375 cell line was treated with Zn-4-PtTPyP (Fig. A), Cu-4-PtTPyP
(Fig. C) and Ni-4-PtTPyP (Fig. E) and platinum(II) porphyrins at 6 different concentrations, but the groups were kept in the dark. For this evaluation we used the
MTT technique. For comparison different letters in the chart denote significant difference between the groups. p < 0.05 was considered significant.
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Table 1
ICsp values of porphyrins Zn-4-PtTPyP and Ni-4-
PtTPyP after 24h of white-light exposition against

A375 line.
Porphyrin 1C5p (nM)
Zn-4-PtTPyP 8.89 + 0.87
Ni-4-PtTPyP 11.03 = 2.10

common among all bonds actually is ILE94, which are shown in all
tests. It is also possible to note that the Zn-4-PtTPyP and Cu-4-PtTPyP
porphyrins seem to be attracted by the amino acid proline, interacting
in 3 and 2 cases, respectively, with an aptitude plp of 87.3270 and
85.8910, respectively. The nickel molecule, on the other hand, shares
more common bonds with ET3 with an aptitude plp of 86.2139. Both
values were superior to the connection of the ETR-B receptor with the
ET3, which was 59.1418 and, in this context, it was used as a control
(Table 3). The connections can be seen in Fig. 6.

3.5. Zinc(Il), copper(Il) and nickel(I) ions coordinated with tetra-cationic
platinum(II) porphyrin increase antioxidant power with increased
interaction with enzyme CuZn-SOD (SOD1)

When we investigated the antioxidant action of our tetra-cationic
metalloporphyrins with [Pt(bpy)Cl]™ units, we observed a strong
connection with the active site of the enzyme CuZn-SOD (SOD1) - re-
gion B- fitness plp with nickel(Il) porphyrin Ni-4-PtTPyP reached
94.1585 while that of zinc(Il) derivative Zn-4-PtTPyP 97,0192 ex-
pressive values, about 79 % more than the connection with the control,
which was 54.4633 fitness plp. Although copper(Il) porphyrin Cu-4-
PtTPyP had a lower fitness plp (68.9688), it still had a value 26 %
higher than that of the control (crystallographic molecule) (Table 4).

In parallel to the results of SOD1, we evaluate binding of porphyrins
to catalase (CAT) in its reduced form, that is, we use only one protein A
chain. It results in a relatively lower fitness plp than our control
(87.2729), 70.1889, 65.5986 and 78.5041 for zinc(Il), copper(ll) and
nickel(I) porphyrins, respectively (Table 5).

3.6. HSA-binding assays with metalloporphyrins

Interactions between molecules and macromolecules such as pro-
teins can be investigated by emission fluorescence studies. As a result of
their interaction, fluorescence quenching, molecular reorganizations,
and energy transfer processes can be occurred [53]. The main re-
sponsible for the HSA intrinsic fluorescence is its tryptophan residue
(single unit), located in the subdomain IIA [37].

The fluorescence emission from HSA is usually obtained exciting the
protein at A.,. =290 nm due to the high contribution of tryptophan
residues (Trp®'%). As example, Fig. 7 shows the fluorescence emission
spectra of HSA without and in the presence of successive additions of
metalloporphyrin Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-PtTPyP. The
HSA solution presents a strong fluorescence emission peak around
340nm and the quenching of this fluorescence peak can be used to
investigate the interaction of albumin with the metalloporphyrin

Table 2
Anchor Results of APO B-100 E LDL Receptor Molecules.
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derivatives.

In this assay, the fluorescence emission intensity of HSA decreased
gradually upon increasing the concentrations of derivatives in the al-
bumin solution indicating that the metalloporphyrin derivatives inter-
acts with the protein. The quenching of the HSA fluorescence can be
induced by different mechanisms [54], which are in general classified
in dynamic, static or combined quenching mechanisms. The behavior of
the fluorescence quenching mechanism induced by the metallopor-
phyrin Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-PtTPyP, was examined
using the well-known Stern-Volmer Eq. 2 (see Experimental section).
The results have shown a good linear relationship and the Stern-Volmer
quenching and bimolecular rate constants (Ksy and k,) at room tem-
perature (298 K) were calculated for the HSA-porphyrin complex. The
results shown in Table 6 clearly indicate that the quenching occurs by
static collision quenching mechanism (k, values are higher than ky;¢)
upon association of HSA with a metalloporphyrin in the ground state.

The association constant K, and the number of binding sites (1)
values were calculated using Eq. 3 (see Experimental section). The
number of the binding sites for each metalloporphyrin and HSA was
observed in the range between 1.10-1.60, indicating that in addition to
the tryptophan residue, other residues may have a contribution in this
interaction, probably are interacting with different binding sites of
HSA, or by different modes, where can occupy more than one sub-
domain at the same time, mainly due to the large volume of the tetra-
cationic metalloporphyrin molecules under study. Moreover, the K,
association constants determined by the fluorescence quenching ex-
periments showed a good correlation with the Ky data (both constants
are in the same or close order of magnitude), suggesting that the por-
phyrins can interact with human serum albumin, but probably present
weak binding ability [29]. The thermodynamic analysis via AG® values
(negative values), indicated that all porphyrins tend to form a more or
less stable adduct with HSA, especially the tetra-cationic porphyrins
presenting [Pt(bpy)Cl] " units and different metal center coordinated
into the porphyrin core.

3.7. Zinc(Il),copper(1l) and nickel(Il) ions coordinated with tetra-cationic
platinum(1I) porphyrin increase binding to human serum albumin (HSA)

We evaluated the binding potential of tetra-cationic platinum(Il)
metallo-derivatives coordinated with the transition metals as zinc(II),
copper(Il) and nickel(Il) ions in possible binding processes to human
serum albumin (HSA) due to the possibility of this protein transporting
molecules throughout the body. We can observe that, by adding zinc
(ID, nickel(I) and copper(ll) compounds, we obtained fitness plp of
100.7534, 102.3533 and 100.1382, respectively, and both values were
higher than free-base porphyrin 4-PtTPyP (99.3098). In this molecular
arrangement, we use the IB region in the HSA protein (Table 7).

Theoretical calculations through molecular docking approach are
widely used to model the interaction between a target molecule and
macromolecule. This provides important information that may increase
interest in experimental studies at a molecular level [29]. Thus, in order
to analyze the main intermolecular interactions between each studied
compound and the amino acid residues present in the interaction cavity
located in site IB (the main binding site suggested by drug-binding

Porphyrin/Protein Amino acid residues Fitness plp Common amino acids with B0582
B0582/ Apo B-100 ASP168, PRO172, ARG174, LEU182, LYS184, LYS409, PRO412, LYS462, LYS488,  93.2881 -

LYS492.
4-PtTPyP/ Apo B-100 ASP168, ARG169, LYS171, PRO172, LYS409, PRO412. 68.5542 ASP168, PRO172, LYS409 e PRO412
Zn-4-PtTPyP/ Apo B-100 ARG174, ILE177, LEU179, ALA18, LEU182, PRO412, MET454, LYS488, 87.6885 ARG174, LEU182, PRO412, LYS488
Cu-4-PtTPyP/ Apo B-100 MET186, ARG188, ILE194, LYS409 62.8786 LYS409
Ni-4-PtTPyP/ Apo B-100 ILE177, LEU180, LEU188, LYS492 69.1085 LYS492
Aminolevulinic Acid (ALA) / Apo B-100  LYS171 40.1348 -
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Fig. 5. A-I-Image of the molecular arrangement of Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-PtTPyP porphyrins with the AP-B-100 N-terminal region. In A, D and G we
observe the 3D structure of platinum(1I) porphyrins with zinc(II), copper(Il) and nickel(Il), respectively, and their bindings with amino acids. In B, E and H we
observe the coupling of porphyrin with zinc(1I), copper(II) and nickel(II), respectively and the N-terminal region of Apo B-100. In C, F and I, we can see that the
coupling between B0582 and the Apo B-100 region occurs in a similar way to that of zinc(II), copper(II) and nickel(II), respectively derivative. We can observe that
the coupling between B0O582 and the Apo B-100 region occurs in a similar way to that of zinc(II), copper(II) and nickel(II).

Table 3
Anchor Results of ET3 and ETR-B Receptor Molecules.

Protein/Porphyrin Amino acid residues Fitness plp Common amino acids with ET3
ETR-B + ET3 ILE94, LYS161, TYR247, TYR251, ILE254, LEU256, ARG343, GLN352, LEU361, LEU365 59.1418 -

ETR-B + Zn-4-P{TPyP PRO87, PRO93, ILE94, PRO178, PHE240, CYS255, ARG343, LEU347 87.3270 ILE94

ETR-B + Cu-4-PtTPyP PROS89, ILE94, LEU252, ILE254, LEU257, PRO259, LYS273 85.8910 ILE94, ILE254

ETR-B + Ni-4-PtTPyP ILE94, TYR247, LEU256, VAL260, ALA270 86.2139 ILE94, TYR247, LEU256

displacement described above), molecular docking calculations were
performed.

The superposition of the best docking pose for each metallopor-
phyrin in site IB (Fig. 8) suggests that although both porphyrins present
high volumes, they can be accommodated in this protein pocket. Mo-
lecular docking results suggested H-bonding and hydrophobic interac-
tions as the main binding forces involved in the interaction between
HSA and each metalloporphyrin (Table 8). Regarding specifically the
type of bond of each of the porphyrins, we have that Zn-4-PtTPyP, had
a large part of its intermolecular interactions based on hydrophobic
interactions, having a hydrogen bond made by the SER517 residue at a
distance of 2.94A. As for Cu-4-PtTPyP, most of its intermolecular in-
teractions were based on hydrophobic interactions and on the donation
of hydrogen molecules to the oxygen atoms of the amino acid residues.

The amino acids received hydrogens from a heterocyclic region. Re-
sidues TYR138 and ASN429 formed bonds with a distance of 3.17 and
1.86 A, residue ASP187 received two hydrogens thus forming two
bonds with distances of 2.56 and 2.61 A. As well as Ni-4-PtTPyP, which
also had a large part of its intermolecular interactions, hydrophobic
interactions and the donation of hydrogen molecules to oxygen atoms
of amino acid residues. Amino acids receive hydrogens from a hetero-
cyclic region. Residues LEU115, ARG117 and GLU425 form connections
with distances of 2.05, 2.33 and 2.96 respectively. The common posi-
tion of coupling for HSA with metalloporphyrins is shown in Fig. 9. For
instance, for the zinc(Il) derivative Zn-4-PtTPyP, the guanidinium
group in the amino acid residues Arg-113, Arg-116, and Arg-196 in-
teracts via electrostatic forces with the porphyrin structure within dis-
tance of 3.40, 3.70 and 2.30 A, respectively. On the other hand, one of
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Fig. 6. A-I - Image of the molecular arrangement of Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-PtTPyP porphyrins with the endothelin B receptor (ERT-B). In A, D and G
we observe the 3D structure of platinum(1l) porphyrins with zinc(II), copper(Il) and nickel(II), respectively, and their bindings with amino acids. In B, E and H we
observe the coupling of porphyrin with zinc(II), copper(Il) and nickel(II) respectively, and the endothelin B receptor. In C, F and I we can see that the coupling
between ET3 and the ERT-B region occurs in a similar way to that of zinc(II), copper(I) and nickel(II) derivative, respectively. we can observe that the coupling
between ET3 and the ERT-B region occurs in a similar way for zinc(II), copper(Il) and nickel(1I).

Table 4

Molecular anchoring results of the CuZn-SOD (SOD1) enzyme with metalloporphyrins.

Protein/Porphyrin Amino acid residues Fitness plp Common amino acids with SOD1
SOD1 + crystallographic molecule REGION B: PRO28, LYS30, TRP32 54.4633 -
SOD1 + Zn-4-PtTPyP REGION B: ILE17, LYS23, LYS30, TRP32, SER34 97.0192 REGION B: LYS30, TRP32
REGION H: TRP32
SOD1 + Cu-4-PtTPyP REGION B: ILE17, LYS30, TRP32. 68.9688 REGION B: LYS30, TRP32
REGION C: HIS80, LYS136
REGION H: TRP32
SOD1 + Ni-4-PtTPyP REGION B: THR2, LYS3, PRO28, LYS30, TRP32 94.1588 REGION B: PRO28, LYS30, TRP32
REGION H: LYS30, TRP32
Table 5
Molecular anchoring results of the catalase (CAT) enzyme with metalloporphyrins.
Protein/Porphyrin Amino acid residues Fitness plp Common amino acids with CAT
CAT + crystallographic molecule PHE198, ARG203, LYS243, ASN244 87.2729 -
CAT + Zn-4-PtTPyP LYS237, ILE242, ALA445 65.5986
CAT + Cu-4-PtTPyP LYS237, LYS243, VAL450 78.5041 LYS243
CAT + Ni-4-PtTPyP ILE242, LYS243, ASN244 70.1889 LYS243

the aromatic rings in the 2,2"-bipyridine group complexed with ruthe-
nium in the porphyrin structure can interact with the amino acid re-
sidue His-145 via m- stacking within a distance of 3.20 A. Finally,
hydrophobic interactions were also detected between copper(Il) deri-
vative Cu-4-PtTPyP and Ni-4-PtTPyP structures with Leu-114, Pro-
117, Ile-141, Leu-153, Phe- 164, Leu-178, and Leu-181 residues.
Overall, molecular docking results are in accordance with the experi-
mental data previously described above.

4. Discussion

In this study, we chose the A375 metastatic melanoma amelanotic
cell line because of a previous study published by our the group, which
demonstrated after 7 decades of analysis (1960-2019) that amelanotic
cell lines, especially A375 and SKMEL-28, have been used with the
objective of identifying drugs capable of improving therapeutic efficacy
and avoiding resistance related to the melanin elimination capacity
[55].
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Fig. 7. The HSA steady-state fluorescence emission spectra without and as a
function of metalloporphyrin (a) Zn-4-PtTPyP, (b) Cu-4-PtTPyP and (c) Ni-4-
PtTPyP, in a Tris-HCI buffer (pH = 7.4). The concentration of HSA is 10 pM and
porphyrin concentrations ranged from 0 to 100 pM. Inset: plot of Fo/F versus
[porphyrin].

Our results obtained in the A375 metastatic melanoma strain de-
monstrated a good anti-proliferative effect of the compounds Zn-4-
PtTPyP and Ni-4-PtTPyP. Both significantly reduce cell viability only

Photodiagnosis and Photodynamic Therapy 31 (2020) 101942

when exposed to the photodynamic system. These in vitro results cor-
roborate the results of the previous study, when we evaluated the 4-
PtTPyP platinum without the presence of other transition metals [2].
Thus, the presence of zinc(Il) and nickel(I) ions does not alter the
antitumor potential of the porphyrin under study, what is positive.

It is important to note that in silico methodologies, such as molecular
docking, were used here, as the inclusion of such tests represents a more
rational approach to screening which has the precision of predicting
interactions between molecules and their receptors saving time and
money during the expensive process discovery and development of new
compounds [55]. These tools are of great value for the initial stages of
screening compounds.

The insertion of these metals was used in the idea of improving
selectivity via affinity for receptors, which were found with increased
expression in tumor cells. We to evaluate the LDL receptor, since 4-
PtTPyP porphyrin without the presence of metals demonstrated a lower
affinity for this receptor. This receptor is an important ally for both
drug delivery and guided diagnosis [56], moreover, this increased ex-
pression has been associated with a shorter relapse-free survival [57].
Therefore, using the LDL receptor as an ally to anti-tumor therapies
becomes an interesting alternative.

This binding affinity is evident in our study when we added zinc and
nickel to porphyrin, significantly improving the interaction with the
LDL receptor, especially with that of zinc, which presented a fitness plp
of 87.6885, an increase of approximately 30 % when compared to free-
base Pt(Il)-porphyrin. Another advantage of zinc(II) compounds is the
fact that this metal does not accumulate significantly in vivo [23], im-
portant data when we think about this porphyrin for further studies
with greater complexity.

In addition, we evaluated the endothelin B receptor, due to the
overexpression of ETR-B associated with the development of various
diseases, such as cardiovascular disorders and cancers [58]. Thus, ETR-
B seems to be relevant for the treatment or diagnosis of high-prevalence
human diseases. Our data demonstrated that both porphyrins overcome
the control group's affinity for the receptor (endothelin B receptor with
endothelin 3) with a 50 % greater response in fitness plp. As we know
that the activation of the ERT-B receptor occurs with the ET3 binding
[36], to have porphyrins that bind with a greater affinity for this re-
ceptor than ET3, they end up competing with an ET3 for receptor and
we can infer that proliferative activity, anti-apoptotic, metastatic of
ERT-B is compromised, which is favorable in therapy for metastatic
melanoma. Still, we can see that the shared binding amino acids are not
exactly the same, indicating a different action than ET3.

The insertion of zinc(Il) or nickel(I) ions in the tetra-cationic por-
phyrin core favors the mechanism of action - type II - of photodynamic
therapy due to the preference by the formation of '0, (Fig. 4 - ROS
generation), because zinc(Il) ions is a full d-shell (all orbitals with
electrically filled) and nickel is d®-low spin specie and thus the photo-
dynamic processes are not negatively affected. Because of the stimulus
triggered of the type Il mechanism, the excited photosensitizers do not
damage cell structures, they react only with oxygen molecules that
separate dissolved in the cytoplasm [59]. In view of this panorama, it is
understood that the type II mechanism is the most important process
conditioning the efficiency of the PDT [60].

We evaluated the enzymes superoxide dismutase and catalase be-
cause oxidative stress is present in cancer cells and modulating this
process can be a key part in this context [61]. Our results also de-
monstrated that, mainly, porphyrins with zinc and nickel metals have a
strong connection with the active site of the enzyme CuZn-SOD (SOD-
1), an enzyme important in the antioxidant process. Antioxidants such
as superoxide dismutase (SOD) are known to be important for the
treatment of pathologies such as cancer [62]. Other studies show that
increased SOD2 activity has been found to suppress the malignant
phenotype of human melanoma cells [62,63]. Increasing antioxidant
defenses can be an ally in anticancer therapy [62]. Although the results
of catalase are lower than the control, the nickel shows a fitness plp of
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Table 6

The HSA-binding parameters with metalloporphyrins Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-PtTPyP.
Porphyrin Q (%)" Ksy M~H" kg M7t K, M~ 1 n* AG? (keal mol ™)'
Zn-4-PtTPyP 66.70 2.04 x 10* 3.60 x 10 4.87 x 10* 1.14 -6.39
Cu-4-PtTPyP 50.05 9.65 x 10° 1.70 x 10" 6.00 x 10° 1.50 ~5.15
Ni-4-PtTPyP 60.00 1.54 x 10* 271 x 10'2 6.46 x 10° 1.57 ~5.20

* Q%) = (Emissioninyia — Emissiongne)/(Emissioniiga) X 100.

b Stem-Volmer quenching constants.

¢ Bimolecular quenching rate constant determined by steady-state fluorescence emission spectra (t, HSA =5.67 ns).
4 Association equilibrium constant of porphyrin with HSA determined by steady-state emission spectra.

¢ Number of binding sites.

f Free-energy value obtained using T =298K and R =1.987 kcal /K mol.

Table 7

Molecular anchoring results of the human serum albumin (HSA) with metalloporphyrins.

Protein/Porphyrin Amino acid residues Fitness plp Common amino acids with porphyrin

HSA + crystallographic porphyrin ~ ARG117, PRO118, MET123, PHE134, LEU135, TYR138, LEU139, ILE142, PHE149, 133.1563 -
LEU154, ALA158, TYR161, PHE165, ARG186

HSA + 4-PtTPyP LEU115, VAL116, ARG117, PRO118, MET123, ILE142, TYR161, LEU182, ARG186, 99.3098 ARG117, PRO118, MET123, ILE142,
LYS190, PRO421, GLN459 TYR161, ARG186

HSA + Zn-4-PtTPyP ARG117, PRO118, VAL120, MET123, TYR138, ALA175, LEU179, LYS190, ALA194, 100.7534 ARG117, PRO118, MET123, TYR138
PRO421, SER517

HSA + Cu-4-PtTPyP ARG114, VAL116, ARG117, PRO118, MET123, TYR138, ARG186, ASP187, 100.1382 ARG117, PRO118, MET123, TYR138,
PRO421, ASN429, LYS432 ARG186

HSA + Ni-4-PtTPyP ARG114, LEU115, VAL116, ARG117, TYR138, ILE142, ALA158, TYR161, LEU179, 102.3533 ARG117, TYR138, ILE142, ALA158,

ARG186, VAL424, GLU425, ILE523

TYR161, ARG186

Zn-4-PtTPyP

%4 | Ni-a-ptTPYP

Fig. 8. A-I -Image of the molecular arrangement of Zn-4-PtTPyP, Cu-4-PtTPyP and Ni-4-PtTPyP porphyrins with the protein Human serum albumin (HSA). In A, D
and G we observe the 3D structure of platinum (II) porphyrins with zinc, copper and nickel, respectively, and their bindings with amino acids. In B, E and H we
observe the coupling of porphyrin with zinc, copper and nickel, respectively and HSA protein. In C, F and I we can see that the coupling between crystallographic
ligand and the HSA protein region occurs in a similar way to that of zinc, copper and nickel, respectively. We can observe that the coupling between the crystal-

lographic ligand and the HSA protein region occurs in a similar way for zinc, copper and nickel.
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Table 8
Amino acid residues participating in the interaction HSA:metalloporphyrin
derivatives in the site IB.

Porphyrin Amino acid Interaction Distance (A)
residues
Zn-4-PtTPyP  ARG117 Hydrophobic Alkyl 5.18
PRO118 Hydrophobic Alkyl 5.38
VAL120 Hydrophobic Alkyl 5.43
MET123 Hydrophobic Alkyl 521
TYR138 Hydrophobic Pi-Alkyl 421
ALA175 Hydrophobic Alkyl 5.43
LEU179 Hydrophobic Alkyl 4.16
LYS190 Hydrophobic Alkyl 4.68
ALA194 Hydrophobic Alkyl 4.92
PRO421 Hydrophobic Alkyl 4.34
SER517 Carbon Hydrogen-Bond 294
Cu-4-PtTPyP  ARG114 Unfavorable Donor-Donor 274
VAL116 Hydrophobic Pi-Alkyl 5.26
ARG117 2x Hydrophobic Alkyl, Hydrophobic ~ 5.35, 5.15
Alkyl
PRO118 Hydrophobic Alkyl 533
MET123 Hydrophobic Alkyl 5.05
TYR138 2x Hydrophobic Pi-Alkyl, Pi-Donor 4.30, 3.17
Hydrogen-Bond
ARG186 Hydrophobic Alkyl 5.25
ASP187 2x Conventional Hydrogen-Bond, 2.56, 2.61
Carbon Hydrogen-Bond
PRO421 2x Hydrophobic Alkyl, Hydrophobic  4.25, 3.74
Alkyl
ASN429 Conventional Hydrogen-Bond 1.86
LYS432 Unfavorable Donor-Donor 2.44
Ni-4-PtTPyP  ARG114 Hydrophobic Alkyl 5.0
LEU115 2x Conventional Hydrogen-Bond, 2.05, 5.46
Hydrophobic Pi-Alkyl
VAL116 Hydrophobic Pi-Alkyl 5.43
ARGI117 3x Carbon Hydrogen-Bond, 2.33, 4.14,
Hydrophobic Pi-Alkyl, 4,61
Hydrophobic Pi-Alkyl
TYR138 Hydrophobic Pi-Alkyl 4.36
ILE142 Hydrophobic Alkyl 4.54
ALA158 Hydrophobic Alkyl 5.15
TYR161 3x Unfavorable Donor-Donor, 1,64, 3.65,
Hydrophobic Pi-Alkyl, 4.64
Hydrophobic Pi-Alkyl
LEU179 Hydrophobic Pi-Alkyl 5.16
ARG186 2x Hydrophobic Pi-Alkyl, 4.41,5.41
Hydrophobic Pi-Alkyl
VAL424 Hydrophobic Alkyl 451
GLU425 Carbon Hydrogen-Bond 296
ILE523 Hydrophobic Alkyl 4.36

around 70 and that is significant. Cancer cells to some extent depend on
the highly unstable and mutagenic environment of oxidative stress
[61], that's why the management of antioxidant species is interesting.

In this work, we evaluated the possible interaction of zinc(1I), nickel
(I) and copper(Il) metallo-derivatives with human serum albumin
(HSA), considering that it is the protein in greater abundance in blood
plasma and also a negatively charged and highly soluble protein, it
helps in maintaining the oncotic pressure in the human circulatory
system, in addition to being responsible for the distribution of organic
and inorganic components through their endogenous (fatty acids) and
exogenous (drugs) interactions [64].

Thus, HSA-binding properties plays a crucial role in the pharma-
cokinetic process of commercial drugs and potential drugs in develop-
ment, since these proteins linked to compounds of interest could be
transported in the bloodstream [65]. In this context, our in silico studies
have shown a small improvement when we add transition center metals
to porphyrins when compared to free-base platinum(Il) porphyrin 4-
PtTPyP. In general, when analyzing their amino acid residues interac-
tions, we can see that they were composed mainly of hydrophobic
forces accompanied by hydrogen bonds. In this sense, hydrophobic
forces are important for the recognition of the molecule by the receptor,
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Zn-4-PtTPyP
B

Cu-4-PtTPyP
C

Ni-4-PtTPyP

Fig. 9. In this image, we can see the main common interactions of amino acids
and porphyrins. In image A, B and C we see that the most important connec-
tions are the same in both porphyrins TYR138 and ARG117, for Zn-4-PtTPyP,
Cu-4-PtTPyP and Ni-4-PtTPyP.

while hydrogen bonds are important for maintaining the stability of the
molecule. We also observed that all porphyrins have the ability to ac-
commodate themselves within the protein, so we understand that HSA
has the ability to transport them through the bloodstream.

Thus, as a common point among all the results, the ARG117 and
TYR138 residues stand out, which make hydrophobic forces in the three
molecules, thus being able to serve as a fitting flag in the protein site
(Fig. 9).

5. Conclusion

In this article, we investigate the consequences of the inclusion of
transition metals (II) - zinc, copper and nickel on the antitumor activity
of metastatic melanoma cells (A375) and their action on the connection
between APO B-100 and ERT-B, HSA receptors and antioxidants like
SOD and CAT. Our results suggest that, mainly, porphyrins Zn-4-
PtTPyP and Ni-4-PtTPyP of platinum (II) inhibit cell proliferation of
metastatic melanoma when exposed to the photodynamic system. In
addition, the in silico study indicated that tetra-cationic platinum(II)
porphyrins are promising as a drug administration strategy, as they
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showed an improvement in affinity with the N-terminal region of ApoB-
100 when adding metals. Still, the affinity for the endothelin receptor
was higher than the control used in this study. Thus, our metallopor-
phyrins show promise as an antitumor and in the strategy of selectivity,
delivery and inhibition of tumor metastasis.
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5. DISCUSSAO

A TFD é uma é&rea de interesse ndo s6 biomédica - aplicada a saude
humana - como também, da saude animal, da industria e da agricultura. Esta
terapia correlaciona-se de forma integrada com a biotecnologia e as ciéncias
biolégicas. Foram essas as perspectivas que obtivemos em nosso artigo de
revisdo que buscou entender o estado da arte desta terapia (COUTO et al.,
2020a).

Nossa “invited review” observou que a TFD pode ser utilizada com
sucesso ndo sé para o tratamento de cancer que possuem resisténcia aos
quimioterapicos convencionais (KHDAIR et al., 2010; ZHEN et al., 2019), ,
como também, para diagndstico desta patologia, além de proporcionar a
diminuicdo dos efeitos adversos que, muitas vezes, comprometem o
tratamento, como — por exemplo - a aderéncia a ele (MICHY et al., 2019;
MOKOENA; GEORGE; ABRAHAMSE, 2019; WANG et al., 2020).

Abordamos ainda novas tecnologias relacionadas a TFD: (i)
correlacionamos terapias imunolégicas com a TFD (RAMIREZ-GARCIA et
al., 2019); (ii) o uso de nanoparticulas (NPs) para atingir alvos de interesse
especificos, aumentando a seletividade da terapia (SHI et al., 2017); (iii)
descrevemos a utilizacdo de além das NPs, como os polissomos, NPs
biodegradaveis, micelas, entre outros (MESQUITA et al., 2018).

Além da utilizagdo da TFD em céancer, citamos ainda o uso na saude
animal como no tratamento de mastites bovinas (MOREIRA et al., 2018) e
otite canina (SEEGER MG, RIES AS, GRESSLER LT, BOTTON SA; JF,
2020), sem esquecer da utilizacdo desta terapia na industria e agricultura. A
aplicacdo da TFD no aumento do tempo de prateleira de determinados
produtos, merece destaque aqui (KIM et al., 2017).

Existem desafios em torno da TFD no campo da biotecnologia como o
desenvolvimento de fotossensibilizadores eficazes e néo toxicos ou menos
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téxicos para humanos, animais e plantas. Nossos resultados demonstraram
que o foco deve ser na terceira geracdo moléculas, que incluem as
caracteristicas necessarias ao funcionamento da TFD, como o aumento e
seletividade na geracdo de espécies reativas de oxigénio e eficiéncia.
Acreditamos que existe potencial atual e futuro para a terapia fotodinamica
em diferentes campos da biotecnologia, devido a j& demanda existente. A
necessidade de tratamentos mais eficazes, com menos efeitos adversos
efeitos, direcionados, com menor incidéncia de resisténcia (a drogas e
microrganismos) tanto na area da salude humana e animal, bem como na
area agricola.

Conhecer melhor a TFD nos fez entender que seria uma terapia
interessante para aplicarmos as linhagens de melanoma metastatico, foco
desta tese. Dessa forma, revisamos na literatura a forma como novos
compostos candidatos ao tratamento futuro do melanoma vinham sendo
triados ao longo das ultimas seis décadas (1960 — dias atuais) (COUTO et
al., 2019). Demonstramos neste artigo de revisdo as plataformas que tém
sido utilizadas para desenvolver da melhor forma a triagem de tais
compostos. Modelos in silico, in vitro e in vivo foram bastante discutidos.

Ao longo da revisdo discutimos modelos convencionais, modelos 3D,
abordagens moleculares, com o intuito de determinar os mecanismos de
citotoxicidade, como danos a membrana, bloqueio da sintese de DNA,
producdo de espécies reativas de oxigénio (ROS e absorcdo de drogas)
(ABILDGAARD; GULDBERG, 2015; CASTRO; WARD, 1988; EDIRIWEERA;
TENNEKOON; SAMARAKOON, 2018); além das abordagens in vivo e ex
vivo, como os modelos de xenoenxerto de linhagens celular (ROFSTAD;
LYNG, 1996).

Estudos in silico, como ancoragem molecular, foram discutidos ao longo
de uma sesséao por entendermos a importancia da insercdo de tais ensaios.

A inclusdo destes testes representa uma abordagem mais racional para a
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triagem podendo auxiliar na redu¢do do niumero de animais necessarios, do
tempo e dinheiro investidos em cada molécula (FU; CHEN; SUN, 2018).
Atualmente existem bons softwares que auxiliam pesquisadores de todo o
mundo na busca da previsao de ligacdo de moléculas a receptores, analise
de farmacocinética, bem como triagem de inGmeros compostos com o intuito
de predizer aquele no qual deve-se investir foco total. Auto-Dock Vina, MOE,
GLIDE, GOLD, foram os softwares mais citados em nossa busca (COUTO et
al., 2019).

Assim, entendemos que ferramentas in silico sédo, sem duvida, de grande
valor para as etapas iniciais de rastreamento de drogas. Com a ajuda desses
dispositivos, milhares de compostos podem ser testados para identificar com
eficacia os candidatos para os ensaios in vitroein vivo enguanto
consideramos varios endpoints durante uma Unica avaliacdo. Somado a isso,
tais técnicas também podem ser aliadas na busca por respostas relacionadas
a seletividades e mecanismo de acédo de determinados compostos.

Nesta linha, juntando a TFD e o conhecimento que obtivemos da triagem
de novos compostos, obtivemos excelentes resultados que serdo discutidos
na sequéncia (COUTO et al., 2020b). O paper "Tetra-cationic platinum(ll)
porphyrins like a candidate photosensitizers to bind, selective and drug
delivery for metastatic melanoma’, buscou bioprospectar
fotossensibilizadores (3-PtTPyP e 4-PtTPyP) para serem utilizados na TFD
e utilizar testes in silico para justificar a possivel seletividade dos compostos
pelas células de melanoma metastatico.

Os resultados obtidos na linhagem de melanoma metastatico WM1366
apos tratamento com 3-PtTPyP e 4-PtTPyP mostraram que ambas as
porfirinas de platina(ll) ndo foram toxicas para células ndo tumorais (linhagem
CHO), pois apresentaram baixos niveis de inibicdo no teste de citotoxicidade.
Esses achados sugerem uma possivel seletividade dos compostos

porfirinicos em relacdo as células tumorais, o0 que poderia ser explicado pela
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tendéncia de ligacdo dos fotossensibilizadores, preferencialmente, as
lipoproteinas de baixa densidade (LDL) (CRUZ et al.,, 2013; HAMBLIN;
NEWMAN, 1994). Firestone et al. demonstraram que as células neoplasicas
apresentam maior captacdo de LDL e com isso maior expressdo desses
receptores (FIRESTONE, 1994).

Nossos estudos de docking molecular, demonstraram uma forte ligagao
dos nossos composto de platina(ll), principalmente pela porfirina 3-PtTPyP a
APOB-100, molécula responsavel por carrear grande parte do colesterol LDL
ao receptor (LDLR). Esses estudos de ancoragem molecular também foram
descritos na mesma linha para prever afinidades de receptores especificos,
a fim de melhorar a distribuicdo de drogas ou induzir uma possivel
seletividade. Bazcaran e colaboradores conduziram estudos com o gene ALK
para cancer de pulmao de células ndo pequenas para tentar melhorar a acao
de drogas para esse tipo de cancer (BASKARAN; RAMACHANDRAN, 2012).
Da mesma forma, Xu et al. avaliaram por meio da ancoragem molecular o
receptor RXR como uma via farmacolbgica para leucemia promielocitica
aguda (XU et al., 2019).

Além da importancia de demonstrarmos efetividade dos compostos contra
as células tumorais, é interessante entendermos a via pela qual a morte
celular estd sendo desencadeada. Nossos resultados demonstraram uma
morte induzida por apoptose via caspase 9 e 3, desencadeada por Bax/BCL2,
genes avaliados por PCR em tempo real, sendo a morte por apoptose
confirmada por ensaios de citometria de fluxo e microscopia confocal (Figura
9). Somado a isso, eles corroboram com achados na literatura, onde a
atividade apoptética de diferentes porfirinas como fotossensibilizadores na
terapia fotodinamica foi demonstrada em vérias linhas de células humanas,
incluindo carcinoma de pulmé&o (SENGUPTA et al., 2018), carcinoma
escamoso de lingua (LAl et al, 2015), adenocarcinoma de mama

(RANGASAMY et al., 2015) e cancer gastrico (CHEN; GAO; LIU, 2016). Os
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mecanismos envolvidos na indugédo da apoptose porfirina estdo geralmente
relacionados ao aumento da producéo de ROS e ativagao da caspase (LAl
et al., 2015; RANGASAMY et al., 2015).
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Figura 9: Representacéo esquematica do mecanismo de morte induzido por apoptose.

Convencidos do potencial antitumoral das porfirinas de platina que foram
bioprospectadas nesta tese, buscamos melhorar a afinidade da porfirina 4-
PtTPyP, pois esta apresentou afinidade menos intensa pela APOB-100. Para
isso, ions de metais de transicao (zinco, cobre e niquel) foram adicionados a
esta porfirina. Assim, além da ligacdo a APOB-100, foram avaliados receptor
ERT-B (um dos responsaveis pelas metastases, acdo anti-apoptética e

atividade proliferativa), receptores antioxidantes como SOD e CAT e a
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ligacdo a proteina Albumina Soro Humano (HSA), responsavel por carrear
grande parte dos farmacos pela corrente sanguinea.

Faveiro e colaboradores ao avaliarem LDLR demonstraram por meio de
seus achados que essa expressao aumentada, deste receptor, foi associada
a uma maior sobrevida livre de recidiva (FAVERO et al., 2018). Portanto, usar
o receptor de LDL como um aliado para terapias antitumorais torna-se uma
alternativa interessante. Esta afinidade de ligacdo € evidente em nosso
estudo quando adicionamos zinco e niquel para porfirina, melhorando
significativamente a interacdo com o receptor de LDL, principalmente com o
de zinco, que apresentou um aumento de aproximadamente 30% quando
comparado com a base livre Pt(Il). Somado a isso, cabe ressaltar que Hoang
e colaboradores ja haviam demonstrado em seus estudos que o zinco nao se
acumula significativamente in vivo (HOANG et al., 2016).

Nossos resultados ainda constataram que o0s metais de transicao
permitem uma ligacdo forte ao receptor ERT-B, 0 qual esta super expresso
em patologias como o cancer e disturbios cardiovasculares (ALLARD et al.,
2013), dessa maneira 0 manejo deste receptor torna-se relevante para o
tratamento ou diagndstico de alta prevaléncia doencas humanas. Como
sabemos que a ativagao do receptor ERT-B ocorre com a ligagdo ET3 (LIN
et al., 2007), por terem porfirinas que se ligam com maior afinidade por esse
receptor do que ET3, elas acabam competindo com o ET3 pelo receptor e,
desta forma, podemos inferir que a atividade proliferativa, antiapoptotica,
metastatica de ERT-B esta comprometido, o que é favoravel na terapia para
melanoma metastatico.

Entendemos que a avaliacdo das enzimas SOD e CAT seria relevante,
pois 0 estresse oxidativo esta presente nas células cancerosas e modular
este processo pode ser uma parte fundamental no tratamento (ANDRISIC et
al., 2018). Nossos resultados demonstraram que, principalmente, porfirinas

com zinco e niquel apresentaram uma forte ligacdo com o sitio ativo da
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enzima CuzZn-SOD (SOD1), importante no processo antioxidante. Outros
estudos como o de Church e colaboradores e o de Sosa e colaboradores,
mostram que aumento da atividade de SOD?2 foi encontrado para suprimir a
malignidade fendétipo de células de melanoma humano. Dessa forma, o
aumento das defesas antioxidantes pode ser um aliado na terapia anticancer
(CHURCH et al., 1993; SOSA et al., 2013).

Por fim, escolhemos testar nossas porfirinas com ions metéalicos na
ligacdo com a HSA, por ser a proteina em maior abundancia no plasma, ser
carregada negativamente e altamente soluvel, que ajuda a manter a pressao
oncotica no sistema circulatério humano, além de ser responsavel pela
distribuicAo de componentes organicos e inorganicos através de suas
interacBes endogenas (acidos graxos) e exogenas (drogas) (POOR et al.,
2017). Assim, as propriedades de ligacdo de HSA desempenham um papel
crucial no processo farmacocinético de drogas comerciais e drogas
potenciais em desenvolvimento, uma vez que essas proteinas ligadas a
compostos de interesse podem ser transportadas pela corrente sanguinea
[65].

Nossos estudos in silico sinalizam que na presenca de metais adicionados
ao centro de transi¢do da porfirina quando comparadas a porfirina de platina
(1) de base livre 4-PtTPyP houve um aumento da forca de ligacdo. Somado
a isso, ao analisar suas interacfes de residuos de aminoacidos, observamos
que eles foram compostos, principalmente, por forcas hidrofébicas
acompanhadas por ligagcdes de hidrogénio. Dentro deste contexto, forcas
hidrofébicas sdo importantes para o reconhecimento da molécula pelo
receptor, enquanto as ligacées de hidrogénio sdo importantes para manter a
estabilidade da molécula. Também observamos que todas as porfirinas tém
a capacidade de se acomodar dentro da proteina, desta forma, entendemos

gue HSA tem a capacidade de transporta-los através da corrente sanguinea.

108



6. CONSIDERACOES FINAIS

Ao longo desta Tese buscamos apontar o potencial da terapia
fotodindmica (TFD) aplicada ao melanoma metastatico por meio de testes in vitro
e in silico em linhagens celular de melanoma metastético (WM1366 e A375).
Propusemos que a insercao de testes in silico pode ser uma abordagem racional
para a triagem de novos compostos, levando a uma escolha mais assertiva de
moléculas candidatas aos testes subsequentes. Gerando, dessa forma, uma
economia de tempo e dinheiro.

Demonstramos, ainda que as porfirinas tetracatiénicas de platina(ll) sdo
boas candidatas a fotossensibilizadores e que metais de transicdo como zinco,
cobre e niquel melhoram a seletividade das porfirinas as células tumorais, sem
mexer em sua atividade antiproliferativa.
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7. PERSPECTIVAS

Abordamos, ao longo deste estudo, testes in silico e in vitro para
comprovarmos uma hipotese que haviamos criado. Com eles conseguimos
justificar o mecanismo de agdo provavel que estd por tras da morte celular.
Obtivemos como resultados que o possivel mecanismo de morte se da por
apoptose via caspases 9 e 3 induzidas por Bax/BCL2 e ainda conseguimos
explicar a possivel seletividade dos fotossensibilizadores que foram utilizados
pelas células tumorais.

Futuramente, serdo necessarios testes in vivo e — posteriormente — ex
Vivo para que se aumente a complexidade dos organismos em estudo para mais
adiante ter a possibilidade de ser extrapolado para seres humanos. Ainda,
sugerimos que tecnologias como a nanotecnologia sejam somadas a TFD para
melhorar ainda mais a entrega dos fotossensibilizadores, bem como termos a
possibilidade de incluirmos a TFD como diagnoéstico do céancer, além de
tratamento.
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