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Abstract

Despite the progresses in therapeutics, type 2 diabetes is still an epidemic with alarming numbers worldwide. New strategies for prevention and
treatments are imperative. A venue of research with potential is the aggregation of Islet Amyloid PolyPeptide (IAPP), a contributor to pancreatic
B-cell dysfunction. To address the impact of IAPP on calcium (Ca®") signalling, we developed a dual reporter yeast model independently
expressing preprolAPP-GFP (ppIAPP) and encoding the /acZ gene under the control of Crzl-recognition elements. In this reporter system,
ppIAPP induced Crzl hyperactivation, a yeast transcription factor activated by the Ca?*/calmodulin/calcineurin pathway, which was followed
by the increase in -galactosidase activity. Encouraged by the reported healthy effects of Urticaceae plants against metabolic disturbances, we
tested the protective potential of Cecropia pachystachya against IAPP-induced cytotoxicity using the newly designed yeast model. Although
C. pachystachya extract exerted no beneficial effects towards the prevention of pplAPP cytotoxicity, treatment with C. pachystachya enriched
C-glycosyl flavonoid fraction (EFF-Cp) significantly improved viability of pplAPP-expressing cells. Potential bioactivities of C. pachystachya
extract and EFF-Cp towards the restoration of Ca*" homeostasis disrupted by ppIAPP expression were also assessed. Neither prevented Crzl
hyperactivation, suggesting that the EFF-Cp-induced protection against ppIAPP toxicity was mediated by Ca**-independent mechanisms.
Keywords: Amylin, Calcium signaling; Cecropia pachystachya; Diabetes; Islet Amyloid Polypeptide (IAPP)

Resumo

Apesar dos avangos na terapéutica, a diabetes tipo 2 ¢ uma epidemia com niimeros alarmantes a nivel mundial. Novas estratégias
de prevencgdo e tratamentos sdo imperativas. Um potencial alvo de investigagdo ¢ a agregagdo do Polipéptido Amiloide dos Ilhéus
(IAPP), um dos responsaveis pela disfungdo das células-B pancredticas. Para estudar o impacto do IAPP na sinalizagdo do calcio
(Ca*), desenvolvemos um modelo de levedura com um duplo sistema de reporte que, de forma independente, expressa preprol APP
(ppIAPP) e possui o gene lacZ sob o controlo da regido promotora do Crzl. Neste sistema, o pplAPP induziu uma ativag@o exacerbada
do Crz1, um fator de transcrigéo ativado pela via Ca?/calmodulina/calcineurina. Com base nos efeitos medicinais descritos para plantas
Urticaceae, testamos o potencial protetor de Cecropia pachystachya contra a citotoxicidade induzida pelo IAPP no modelo de levedura
desenvolvido. Embora o extrato de C. pachystachya ndo tenha atenuado a toxicidade do ppIAPP, o tratamento com a fragdo enriquecida
de C. pachystachya (EFF-Cp) melhorou significativamente a viabilidade celular. A bioatividade do extrato e fragdo de C. pachystachya na
regulacdo da homeostasia do Ca?* foi também avaliada. Nenhum dos tratamentos impediu a ativagdo do Crz1, sugerindo que a protegdo
conferida pela EFF-Cp contra a toxicidade do ppIAPP ¢ mediada por mecanismos independentes do Ca?*.
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Introduction

Diabetes is the most prevalent metabolic disorder
representing a major social and economic burden
worldwide. Multiple factors contribute to the onset and
progression of diabetes. The main pathological features
of the disease include high blood glucose levels due
to defective insulin sensitivity or insufficient insulin
production/secretion by dysfunctional pancreatic
B-cells (1). One undeniable contributor to p-cell
damage in diabetes is the aggregation of Islet Amyloid
Polypeptide (IAPP), also called amylin, a hormone co-
produced with insulin by B-cells in response to blood
glucose levels (2). During its synthesis, immature
IAPP forms are sequentially processed by hormone
convertases to yield the mature and functional 37-amino
acid IAPP molecule which acts synergistically with
insulin to stabilize glucose homeostasis. In pre-
diabetes/diabetes conditions, the boost in insulin
production induced by hyperglycaemia is accompanied
by an exacerbated production of IAPP. This leads to
the overload of B-cell processing machinery and the
intracellular accumulation of highly amyloidogenic
immature [APP species (3). Intracellular toxic oligomers
of IAPP have been described to impair virtually
all B-cell functions. They affect cell proliferation,
increase Endoplasmic Reticulum (ER) stress, impair
autophagy and mitochondrial function, dysregulate the
Unfolded Protein Response (UPR), exacerbate local
inflammation, among other effects (4—7). Together,
these events culminate in B-cell injury and ultimately
contribute to the disease development.

Amyloid peptides have been reported to induce p-cell
death through apoptosis, which may be a consequence
of disruption of calcium (Ca?") homeostasis (8-9).
IAPP oligomers interfere with cellular membrane
structure and dynamics, serving as the origin of ionic
pores that allow the uncontrolled entry of Ca’ ions
into the intracellular environment, thus leading to the
activation of an apoptosis cascade (10-11). Importantly,
dysregulation of B-cell Ca’" levels is associated with
insulin resistance, a key feature of diabetes (12).
Alterations in cytosolic free Ca’" levels play a crucial
role in the control of physiological insulin release
from pancreatic B-cells. Upon glucose metabolism,
ATP levels increase, inducing the inhibition of ATP-
regulated potassium channels. Consequently, the
plasma membrane depolarizes, producing an electrical
change that opens voltage-gated Ca®" channels. The
influx of Ca*" ions triggers the release of secretory
granules containing insulin which are externalized by
exocytosis. Altered steady-state Ca®* levels have been
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Introducao

A diabetes ¢ a doenga metabdlica mais prevalente,
apresentando um grande impacto social e econémico
em todo o mundo. Tendo uma origem multifatorial,
varios fatores contribuem para o desenvolvimento e
progressdo desta doenca. A principal caracteristica
patologica da diabetes ¢ o elevado nivel de glucose no
sangue como resultado da resisténcia a insulina e/ou
produgdo e secregdo insuficiente de insulina por parte
das células-f pancreaticas disfuncionais (1). Um dos
principais contribuintes para o dano das células-f na
diabetes ¢ a agregacdo do Polipéptido Amildide dos
Ilhéus (IAPP), igualmente conhecido por amilina, uma
hormona co-produzida com a insulina nas células-§
em resposta aos niveis de glucose no sangue (2).
Durante a sua sintese, as formas imaturas de IAPP sdo
sequencialmente processadas por enzimas convertases
até originarem uma molécula de IAPP madura e
funcional, de 37 aminoacidos, que atua em sinergia com
a insulina para a homeostasia da glucose. Em condigoes
de pré-diabetes/diabetes, o aumento na producdo de
insulina induzido pela hiperglicemia ¢ acompanhado
por uma producdo exacerbada de IAPP. Tal leva a
sobrecarga da maquinaria de processamento das
células-p e a consequente acumulagdo intracelular de
espécies imaturas de IAPP altamente amiloidogénicas
(3). Varias evidéncias descrevem que os oligdmeros
intracelulares de IAPP que se formam durante este
processo sdo as entidades toxicas, prejudicando a
maioria das fungdes vitais das células-p. Entre outros
fatores, afetam a proliferacdo celular, aumentam o
stress do Reticulo Endoplasmatico (ER), prejudicam
a autofagia ¢ a fungdo mitocondrial e exacerbam a
inflamagdo local (4-7). Em conjunto, todos estes eventos
culminam na lesdo das células-f e, em Gltima instancia,
contribuem para o desenvolvimento da doenga.

Segundo algumas evidéncias, os oligdbmeros de IAPP
interferem com a estrutura e dindmica da membrana
celular, originando poros id6nicos que permitem a
entrada descontrolada de ides de Ca*" para o interior da
célula, levando a ativagdo da cascata de apoptose (10-
11). Por outro lado, a desregula¢do dos niveis de Ca**
nas células-p tem vindo a ser associada a caracteristicas
importantes da diabetes, nomeadamente, a resisténcia
a insulina (12). Alteragdes nos niveis citosolicos de
Ca?* desempenham um papel crucial no controlo da
secrecdo fisiologica de insulina pelas células-f do
pancreas. Como resultado do metabolismo da glucose,
os niveis de ATP intracelular aumentam, induzindo a
inibicdo dos canais de potassio situados na membrana
e regulados pelo ATP. Consequentemente, a membrana
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observed in a wide range of cell types and tissues (e.g.,
platelets, cardiomyocytes, f-cells, muscle, kidney, liver,
adipocytes, osteoblasts, among others) from Type 2
Diabetes Mellitus (T2DM) patients and animal models,
indicating that this serves as a fundamental factor in
diabetic state (12-13).

In the last decades, several studies have reported the
potential of phytochemicals from natural sources to
prevent or control metabolic alterations associated
with chronic diseases. Some plants of the genus
Cecropia (Urticaceae), native to Central and South
America and known as “embatiba” in popular culture
(14), are an example of this case. In particular,
Cecropia pachystachya leaves have been widely used
as hypoglycaemic, diuretic, anti-inflammatory, and
antioxidant (14-19). In addition to their properties
against metabolic dysfunctions, in vivo studies using
enriched C-glycosyl flavonoid fractions and/or aqueous
extracts from C. pachystachya leaves have shown
effects within the central nervous system (20-22),
whereas in vitro, C. pachystachya extracts were shown
to be cytotoxic for several types of cancer cells (15-19).
The pharmacological properties of C. pachystachya
have been correlated to their content of phenolic
compounds, majorly chlorogenic acid, isoorientin,
orientin, isovitexin, and isoquercitrin (21-22).

In this study, we further addressed the protective
action of C. pachystachya extracts and fractions
using Saccharomyces cerevisiae models of IAPP-
induced toxicity (23) as a potential approach to target
pathological processes of diabetes.

Materials and Methods

Plant material

Aerial parts of C. pachystachya Trécul leaves were
collected in Torres, RS, Brazil. A voucher specimen
(ICN 150025) was deposited in the Herbarium of the
Universidade Federal do Rio Grande do Sul (UFRGS),
Porto Alegre, Brazil. The access to the Brazilian
biodiversity was registered in the National System
for Genetic Heritage Management and Associated
Traditional Knowledge (SISGEN) under protocol
AC5A37.

276

plasmatica sofre uma despolarizacdo, alterando o
potencial elétrico que induz a abertura dos canais de
Ca?" dependentes de voltagem. O influxo de ides
Ca?" desencadeia a libertagdo de granulos secretores,
que transportam insulina, por exocitose. Alteragdes
descontroladas nos niveis de Ca?* tém sido observadas
numa vasta gama de células e tecidos (por exemplo,
plaquetas, cardiomiocitos, células-B, musculo, rim,
figado, adipocitos, osteoblastos, entre outros) tanto em
doentes com diabetes tipo 2, como em modelos animais
(12-13).

Nas ultimas décadas, diversos estudos descreveram
o potencial dos fitoquimicos de origem natural na
prevencdo e controlo de alteragdes metabdlicas
associadas as doengas cronicas. Algumas plantas do
género Cecropia (Urticaceae), nativas da América
Central e do Sul e conhecidas como “embatba” na giria
popular (14), sdo um exemplo desse caso. Em particular,
asfolhasde Cecropiapachystachyatémsidoamplamente
reportadas como tendo propriedades hipoglicémicas,
diuréticas, anti-inflamatorias e antioxidantes (14—
19). Além das suas propriedades contra distarbios
metabolicos, estudos in vivo descreveram o efeito de
fragdes enriquecidas de C-glicosil flavonoides e/ou
extratos aquosos de folhas de C. pachystachya também
ao nivel do sistema nervoso central (20-22). Por outro
lado, estudos in vitro demonstraram que extratos de C.
pachystachya sdo toxicos para varios tipos de células
cancerigenas (15-19). As propriedades farmacologicas
de C. pachystachya foram correlacionadas com o seu
conteudo rico em compostos fendlicos, principalmente
acido clorogénico, isoorientina, orientina, isovitexina e
isoquercitrina (21-22).

Neste estudo, investigamos a potencial agdo protetora
de extratos e fracdes de C. pachystachya em modelos de
Saccharomyces cerevisiae que recapitulam a toxicidade
induzida pelo IAPP (23).

Material e Métodos

Material vegetal

Partes aéreas de folhas de C. pachystachya Trécul foram
recolhidas em Torres, RS, Brasil. A espécie ICN 150025
foi depositada no Herbario da Universidade Federal do
Rio Grande do Sul (UFRGS), Porto Alegre, Brasil. O
acesso a biodiversidade brasileira esta registado no
Sistema Nacional de Gestao para o Patriménio Genético
¢ Conhecimentos Tradicionais Associados (SISGEN)
sob o protocolo AC5A37.



Aqueous extract preparation

The leaves of C. pachystachya were air-dried (35-40°C)
for three days and then extracted by infusion (1:10,
plant/distilled water) for 30 min, filtered, freeze-dried,
and stored at —20°C until use (22).

Enriched fractions preparation

The enriched C-glycosyl flavonoid fraction (EFF-Cp)
was obtained as previously described by Ortmann et al.
(2016) (21). The dried plant material was submitted to
extraction with ethanol 20% (5% plant:solvent ratio,
w/v; 9500 rpm; 5 min) and the extract was partitioned
with n-butanol, yielding the n-butanolic fraction. The
butanolic fraction was dried under reduced pressure and
stirred with Amberlite® XAD-16 resin (Sigma-Aldrich;
St Louis, MO, USA). The resin was then stirred again
in the presence of methanol for 30 min, yielding the
EFF-Cp.

Chemical characterization of extracts and fractions

The extract was chemically analyzed by HPLC/DAD
as previously described by Costa et al. (2011) (24) and
Ortmann et al (2016) (21), using a Perkin Elmer Series
200 HPLC with a Photo Diode Array Detector (PDA)
(PerkinElmer, Shelton, CT, USA).

Yeast strains and plasmids

S. cerevisiae strains used in this study are listed in
Table 1. The strain YAAS, which encodes the CDRE-
lacZ reporter gene, was used for cell viability and
B-galactosidase activity assays. The parental strain
BY4742 and the strains YAA6 and YAA7 were used
as negative controls for the [B-galactosidase activity
assays. The plasmids used are listed in Table 2. Yeast
transformation procedures were carried out as indicated
using the lithium acetate standard method (25).

Growth conditions

Synthetic dropout (SD)-2% glucose medium was used
for the growth of cells transformed with the plasmids of
interest. A pre-inoculum was prepared in SD-raffinose
medium, and cultures were incubated overnight at 30°C
under orbital shaking. Cultures were diluted in fresh
medium and incubated under the same conditions until
the optical density at 600 nm (OD, ) reached log growth
phase. The following equation was used to synchronize
the cultures: ODi x Vi = ODf / [2(t/gt)] x Vf, where
ODi is the initial optical density of the culture, Vi is the
initial volume of culture, ODf is the final optical density

Bioactivity of Cecropia pachystachya towards IAPP
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Preparagdo do extrato aquoso

As folhas de C. pachystachya foram secas ao ar
(35-40°C) durante trés dias e depois extraidas por
infusdo (1:10, planta/dgua destilada) durante 30
min. Seguidamente, foram filtradas, liofilizadas e
armazenadas a -20°C até posterior uso (22).

Preparacgdo das fragoes enriquecidas

A fragdo enriquecida de C-glicosil flavondide (EFF-
Cp) foi obtida conforme descrito anteriormente por
Ortmann et al. (2016) (21). O material vegetal seco
foi submetido ao procedimento de extracdo com
etanol 20% e o extrato foi fracionado com n-butanol,
originando a fracao n-butandlica. A fragdo butanodlica
foi seca sob pressdo reduzida e agitada com a resina
Amberlite® XAD-16 (Sigma-Aldrich®, St Louis, MO,
EUA). Em seguida, a resina foi agitada novamente na
presenca de metanol por 30 min produzindo a EFF-Cp.

Caracterizagdo quimica do extrato e fragoes

O extrato foi analisado quimicamente por HPLC/DAD
conforme descrito anteriormente por Costa et al. (2011)
(24) e Ortmann et al (2016) (21) usando um sistema de
HPLC Perkin Elmer Série 200 com um Detetor “Photo
Diode Array (PDA) (PerkinElmer, Shelton, CT, EUA).

Estirpes de levedura e plasmideos

As estirpes de S. cerevisiae usadas neste estudo estdo
listadas na Tabela 1. A estirpe YAAS, que codifica
o gene de fusdo CDRE-lacZ, foi usada para ensaios
de viabilidade celular e avaliagdo da atividade da
B-galactosidase. A estirpe parental BY4742 e as estirpes
YAAG6 e YAAT foram usadas como controlos negativos
apenas para os ensaios de atividade da -galactosidase.
Os plasmideos usados estdo listados na Tabela 2. O
protocolo de transformagao das leveduras foi realizado
segundo o método de acetato de litio (25).

Condicoes de crescimento

Meio sintético com 2% de glucose foi usado para o
crescimento de células transformadas com os plasmideos
de interesse. Um pré-inoculo foi preparado em meio
sintético com rafinose e as culturas foram incubadas
durante a noite a 30°C sob agitagdo orbital. As culturas
foram diluidas em meio fresco e incubadas nas mesmas
condigdes até que a densidade 6tica a 600 nm (OD, )
atingisse a fase de crescimento logaritmico. A seguinte
equacdo foi usada para sincronizar as culturas: ODi X
Vi=0Df/[2 (t/ gt)] x VI, onde ODi ¢ a densidade
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of the culture, t is the time, gt is the generation time of
the strain, and Vf is the final volume of culture. Cell
cultures were diluted as indicated for each assay. In all
experiments, induction of IAPP expression was carried
out in SD-galactose medium. Media composition is
detailed in Raimundo et al. (2020) (23).

Flow cytometry
Cell cultures were diluted to OD__ 0.1 £ 0.01 in SD-

galactose and incubated with 0, 5680 and 100 pg/mL of
EFF-Cp or C. pachystachya aqueous extract, at 30°C
for 20 h under orbital agitation. Cells were incubated
with propidium iodide (PI) (Merck, Darmstadt, DE) at
a final concentration of 2.5 pug/ml for 30 min at 30°C
under orbital agitation and protected from light. Flow
cytometry was performed using a BD FACS Calibur
Flow Cytometer (BD Biosciences, San Jose, CA, USA).
Data acquisition and analysis were performed using
CellQuest® (BD Biosciences, San Jose, CA, USA)
and FlowJo® software (Tree Star Inc., San Carlos, CA,
USA), respectively. A minimum of 50000 events were
collected for each experiment. Cell doublets exclusion
was performed based on Forward-A and -W scatter
parameters.

[-galactosidase activity

The B-galactosidase assays to infer Ca’>" homeostasis
were carried out as described by Garcia et al. (2016)
(26). Briefly, cultures at OD,,=0.5+0.05 were diluted in
SD-galactose medium to OD,,=0.1+0.01, transferred
to a 96-well microplate and incubated with 0 and 50 pg/
mL of EFF-Cp or C. pachystachya aqueous extract for
20 h at 30°C under orbital agitation. After this period,
OD,,, of cultures were measured by the transfer of 10
pL of cell suspensions to a new 96-well plate followed
by addition of 20 pL Y-PER cell lysis reagent (Thermo
Fisher Scientific Inc.—Life Technologies, USA). The
plate was incubated for 20 min at 37°C without agitation.
240 uL of lacZ buffer [8.5 g/L Na,HPO, (Carl Roth
GmbH & Co. KG, Karlsruhe, DE), 5.5 g/L NaH,PO,.
H,O (Merck, Darmstadt, DE), 0.75 g/L KCl (Panreac,
Bracelona, ES), 0.246 g/L MgSO,.7TH,0 (Merck,
Darmstadt, DE) containing 4 mg/L o-nitrophenyl
B-D-galactopyranoside (ONPG) (Sigma-Aldrich®, St
Louis, MO, EUA)] was added to each well, and the
plate was incubated at 30°C for 2 h. The results were
expressed as Miller units (26), applying the following
equation, where V=volume of culture assayed in mL
and t=reaction time in minutes:
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otica inicial da cultura, Vi é o volume inicial da cultura,
ODf ¢ a densidade otica final da cultura, t ¢ o tempo, gt
¢ o tempo de geracao da estirpe e Vf ¢ o volume final da
cultura. As culturas de células foram diluidas conforme
indicado para cada ensaio. Em todas as experiéncias, a
inducdo da expressdo do IAPP foi realizada em meio
sintético com galactose. A composicao de todos os meios
encontra-se detalhada em Raimundo et al. (2020) (23).

Citometria de fluxo

As culturas de células foram diluidas para uma
OD,,, de 0,1£0,01 em meio sintético com galactose
e incubadas com 0, 50 e 100 pg/mL de EFF-Cp ou
extrato aquoso de C. pachystachya, a 30°C durante 20
h sob agitacao orbital. As células foram incubadas com
iodeto de propidio (PI) (Merck, Darmstadt, DE) numa
concentracao final de 2,5 pg/ml durante 30 min, a 30°C
sob agitacdo orbital e protegidas da luz. A citometria de
fluxo foi realizada usando um citometro de fluxo BD
FACS Calibur (BD Biosciences, San Jose, CA, EUA).
A aquisicdo e analise de dados foram realizadas com
os programas CellQuest® ((BD Biosciences, San Jose,
CA, EUA) e FlowJo® (Tree Star Inc., San Carlos, CA,
EUA), respetivamente. Um minimo de 50000 eventos
foi analisado por cada experiéncia. A exclusdo de
dupletos celulares foi realizada com base na dispersao
dos parametros “Forward”-A e -W.

Atividade da p-galactosidase

Os ensaios da -galactosidase para inferir a homeostasia
do Ca?* foram realizados conforme descrito por
Garcia et al. (2106) (26). Resumidamente, as culturas
com uma OD,, = 0,5 + 0,05 foram diluidas em meio
sintético com galactose para uma OD,, = 0,1 + 0,01.
De seguida, foram transferidas para uma microplaca de
96 pocos e incubadas com 0 ou 50 pg/mL de EFF-Cp
ou extrato aquoso de C. pachystachya, durante 20 h a
30°C sob agitagdo orbital. Apos este periodo, a OD
das culturas foi medida, 10 pL de cada suspensao de
células foram transferidos para uma nova placa de 96
pocos seguido pela adicdo de 20 pL de reagente de
lise celular Y-PER (Thermo Fisher Scientific Inc.—Life
Technologies, EUA). A placa foi incubada durante 20
min a 37°C sem agitacdo. 240 pL de tampao lacZ [8,5
g/L Na HPO, (Carl Roth GmbH & Co. KG, Karlsruhe,
DE), 5,5 g/L NaH,PO,.H,O (Merck, Darmstadt, DE),
0,75 g/L KCIl (Panreac, Bracelona, ES), 0,246 g/L
MgSO,.7H,0 (Merck, Darmstadt, DE) contendo 4
mg/L  o-nitrofenil B-D-galactopiranosideo (ONPG)
(Sigma-Aldrich®)] foram adicionados a cada pogo, ¢ a
placa foi incubada a 30°C por 2 h. Os resultados foram



Miller units = 1000x(OD,, ~1.75x0D, )/(txVxOD

550 600)

Statistical Analysis

Statistical analysis was expressed using Graphpad
Prism 8 software. Data are mean + SD of at least
three independent biological replicates. One-way
ANOVA with Dunnet’s multiple comparison test was
performed to assess differences between the conditions.
The t-test was used to access differences between the
untreated p426 and ppIlAPP-GFP conditions in the flow
cytometry analysis. Two-way ANOVA with the Tukey’s
or Sidak’s multiple comparison test was performed to
access differences between the B-galactosidase assay
conditions.

Results and Discussion

Development of a yeast model to address the effects of
ppIAPP on Ca’* signaling

Insulin secretion, B-cell survival, proliferation, and
function are tightly controlled by Ca?" dynamics.
To determine the deleterious effect of IAPP on Ca*
signaling, we took advantage of a previously described
strategy we designed to recapitulate the molecular
pathways of IAPP aggregation in the model organism
Saccharomyces cerevisiae (23).

For this, we used the reporter strain YAAS encoding
the lacZ gene under the control of Crzl-recognition
elements (Table 1), which is sensitive to Ca*
intracellular levels, as the yeast transcription factor
Crzl is regulated by the calmodulin CaM/calcineurin
(CaN) pathway (27). In a similar mechanism to the
human orthologue NFAT, Crzl activation is regulated
by Ca?* cytosolic concentrations. Slight oscillations
in Ca?" levels trigger CaM/CaN activation leading
to Crzl dephosphorylation, nuclear translocation,
and stimulation of calcineurin-dependent response
element (CDRE)-driven gene expression. Thus, the
degree of Crz1 activation can be monitored through the
measurement of [-galactosidase activity. The strains
YAAG6 and YAA7, devoid of CRZI and CNBI (encoding
the regulatory subunit of CaN complex), respectively,
are used as control strains (Table 1).

Bioactivity of Cecropia pachystachya towards IAPP
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expressos como unidades de Miller (26), aplicando-se
a seguinte equagao, onde V = volume da cultura testada
em mL e t = tempo de reacdo em minutos:

Unidades de Miller =

1000 x (OD,, ~1,75 x OD_)) / (t x V x OD

550 600)

Analise estatistica

A anélise estatistica foi realizada usando o programa
Graphpad Prism 8. Os dados representam a média +
desvio padrao de pelo menos trés réplicas biologicas
independentes. A andlise ANOVA unilateral com o teste
de comparag¢ao multipla de Dunnet foi realizada para
avaliar as diferencas entre as condigoes. O teste t foi
usado para aferir as diferencas entre as condigdes p426
e ppIAPP-GFP nio tratadas na analise de citometria
de fluxo. A analise ANOVA bilateral com o teste de
comparacdo multipla de Tukey ou Sidak foi realizada
para avaliar as diferencas entre as condi¢des nos ensaios
da pB-galactosidase.

Resultados e Discussao

Desenvolvimento de um modelo de levedura para
avaliar os efeitos do ppIAPP na sinalizagao do Ca®*

A secrecdo de insulina, sobrevivéncia, proliferagdo e
funcdo das células-p sdo controladas pela dindmica do
Ca?". Para determinar o efeito do IAPP na sinalizagdo do
Ca*, recorremos a uma estratégia previamente descrita
para recapitular as vias moleculares de agregacdo do IAPP
no organismo modelo Saccharomyces cerevisiae (23).

Para tal, utilizdmos a estirpe YAAS que codifica o gene
lacZ sob o controlo de elementos de reconhecimento do
Crzl (Tabela 1), o fator de transcricdo de levedura que
¢ regulado pela via calmodulina (CaM)/calcineurina
(CaN) (27) e que, portanto, ¢ sensivel aos niveis
intracelulares de Ca?. Através de um mecanismo
semelhante ao seu ortdlogo humano NFAT, a ativacao
do Crzl ¢ regulada pelas concentragdes citosolicas
de Ca?". Ligeiras oscilagdes nos niveis deste ido
desencadeiam a ativacdo da CaM/CaN levando a
desfosforilagdo do Crzl, translocacdo nuclear e
estimulagdo da expressdo de genes que se encontrem
a jusante da regido promotora do Crzl. Com base
nesta via, o grau de ativacdo do Crzl pode assim ser
monitorizado através da atividade da B-galactosidase.
As estirpes YAA6 e YAAT7, cujos genes CRZI e CNBI
(que codificam a subunidade reguladora do complexo
CaN) foram deletados, respetivamente, foram usadas
como estirpes de controlo (Tabela 1).
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Table 1 - Saccharomyces cerevisiae strains used in this study
Tabela 1 - Estirpes de Saccharomyces cerevisiae usadas neste estudo.

Strain / Estirpe

Genotyping Information / Informac¢io Genotipica

Reference / Referéncia

MATa his3 leu2 lys2 ura3

MATa his3 leu2 lys2 ura3 aurl::AURI1-C-4xCDRE-lacZ

EUROSCARF*

(Araki et al., 2009)

MATo his3 leu2 lys2 ura3 YNLO27W::HIS3MX4 aurl:: AURI-C-4xCDRE-

(Araki et al., 2009)

MATo his3 leu2 lys2 ura3 YKL190W: :kanMX4 aurl::AURI1-C-4xCDRE-

BY4742
YAAS
YAA6 lacZ
YAAT7 lacZ

(Araki et al., 2009)

MATo his3 leu2 lys2 ura3 aurl::AURI-C-4xCDRE-lacZ < p426-

YAAS_ppIAPP-GFP

ppIAPP_GFP >

This study / Este estudo

MATo his3 leu2 lys2 ura3 YNLO27W::HIS3MX4 aurl:: AURI-C-4xCDRE-

YAAG6_ppIAPP-GFP

lacZ < p426-ppIlAPP_GFP >

This study / Este estudo

MATo his3 leu2 lys2 ura3 YKL19OW: :kanMX4 aurl::AUR1-C-4xCDRE-

YAA7_ppIAPP-GFP

*EUROpean Archive for Functional analysis

Table 2 - Plasmids used in this study
Tabela 2 -Plasmideos usados neste estudo.

Plasmid / Plasmideo

lacZ < p426-ppIAPP_GFP >

Description / Descrigcao

This study / Este estudo

Reference / Referéncia

p426*

p426-ppIAPP_GFP

GALI promoters 2:“: URA

GALIyopmorerr pPIAPP_GFP, 21, URA

ATCC 87341 ™**

Raimundo et al, 2020

*Empty plasmid used as control / Plasmideo vazio usado como controlo

**American Type Culture Collection

The novel yeast models YAAS pplAPP-GFP, YAAG6
pplAPP-GFP and YAA7 pplAPP-GFP consisted
of YAAS, YAA6 and YAAT7 strains, respectively,
engineered to encode the most immature and toxic
form of human IAPP (preprolAPP, pplAPP) fused
to the green fluorescent protein (GFP) and under the
transcriptional control of a GALI-inducible promoter
(Figure 1A). As previously described by Raimundo et
al. (2020) (23), the expression of such construct induces
stronger toxic effects on yeast growth and cell viability
than fusions of partially and fully processed forms of
IAPP. For this reason, prolAPP-GFP and mature IAPP-
GFP constructs were not included in the present study.

The expression of pplAPP-GFP induced a strong
activation of the CaM/CaN pathway in the YAAS
strain as indicated by the increase of Crzl-dependent
B-galactosidase activity (Figure 1B). This is consistent
with the reported effects of amyloid peptide on the
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Os novos modelos de levedura YAAS pplAPP-
GFP, YAAG6 ppIAPP-GFP e YAA7 pplAPP-GFP
representam as estirpes YAAS, YAA6 ¢ YAAT,
respetivamente, geneticamente modificadas para
codificar a forma mais imatura e toxica do IAPP (pré-
pro-IAPP, ppIAPP) fundida com a proteina verde
fluorescente (GFP) sob o controlo transcricional do
promotor indutivel GALI (Figura 1A). Conforme
descrito anteriormente por Raimundo et al. (2020)
(23), no modelo de levedura desenvolvido, a expressao
desta constru¢do induz uma maior toxicidade ao nivel
do crescimento e viabilidade celular comparativamente
as fusdes que possuem as formas parcial ou totalmente
processadas de IAPP. Por esse motivo, no presente
estudo, decidimos nao incluir fusdes de prolAPP-GFP
e [APP-GFP.

A expressao do ppIAPP-GFP induziu uma forte ativagao
da via CaM/CaN na estirpe YAAS, conforme indicado



Bioactivity of Cecropia pachystachya towards IAPP
Bioatividade de Cecropia na toxicidade do IAPP
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Figure 1 - Novel yeast model to address the effects of ppIAPP on Ca?* signaling. (A) Schematic representation
of the model. (B) Expression of pplAPP-GFP fusion in YAAS yeast model induces Crz1 hyperactivation. Cells
expressing pplAPP-GFP and the respective control were induced for 20 h with galactose. Crz1 activation was
assessed by monitoring -galactosidase activity. The values represent mean = SD from at least three independent
experiments. The YAAS strain encodes the construct aurl::AURI1-C-4xCDRE-lacZ. YAA6, YAAT are isogenic
to YAAS devoid of CRZI and CNBI genes, respectively. Statistical differences are denoted as ***p < 0.001.
Figura 1 - Novo modelo de levedura para avaliar os efeitos do pplAPP na sinalizacdo de Ca*". (A) Representacdo
esquematica do modelo. (B) A expressdo da fusdo ppIlAPP-GFP no modelo de levedura YAAS induz a
hiperativagdo do Crzl. Células que expressam pplAPP-GFP e o respetivo controlo foram induzidos durante
20 h com galactose. A ativagdo do Crz1 foi avaliada monitorizando a atividade da -galactosidase. Os valores
representam a média + desvio padrao de pelo menos trés experiéncias independentes. A estirpe YAAS codifica
a construgdo aurl::AURI-C-4xCDRE-lacZ. As estirpes YAA6 e YAAT7 sdo isogénicas @ YAAS, com a delecao
dos genes CRZI e CNBI, respectivamente. As diferencas estatisticas sdao identificadas como *** p <0,001.
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disruption of Ca?" homeostasis and dysregulated
increase in cytosolic Ca** levels. By comparison, only a
residual activity was observed in YAA6 and YAAT7 cells.
Likewise, in the parental strain BY4742 devoid of the
CDRE-lacZ reporter construct, B-galactosidase activity
was nearly undetectable (Figure 1B). These findings
postulate our yeast model as a powerful platform for the
bioprospection of compounds with potential to inhibit
pplAPP-induced Crzl hyperactivation.

Chemical characterization of Cecropia pachystachya
extract and fraction

The chromatographic profiles of C. pachystachya
extract and fraction were similar to those described
by Gazal et al. (2014) (22) as confirmed by quality
control analysis indicating the presence of similar
concentrations of major compounds present in
the extract and fraction, namely chlorogenic acid,
isoorientin, orientin, isovitexin and isoquercitrin (data
not shown).

Cecropia pachystachya EFF-Cp fraction protects YAAS
yeast cells against ppIAPP-induced toxicity

The protective potential of phytochemicals from
natural sources has been widely explored as alternative
approaches against the metabolic alterations observed
in many chronic diseases. More specifically, C.
pachystachya bioactivity has been associated with the
promotion of metabolic health by mechanisms including
the regulation of glycaemic control, inflammation, and
oxidative stress (14—17, 19).

S. cerevisiae is considered a robust primary drug-
screening tool to filter for compounds with cytoprotective
activity for further validation in more complex models
(28-30). Among other features, this is possible because
S. cerevisiae shares highly conserved molecular and
cellular mechanisms with human counterparts.

The reporter strain YAAS pplAPP-GFP was used to
investigate further the potential protective action of
C. pachystachya towards IAPP-induced cytotoxicity.
ppIAPP-GFP expression was confirmed by flow
cytometry, showing that nearly 30% of the total
cell population displayed GFP signals in the control
condition (Figure 2A, 2B). Interestingly, incubation
with EFF-Cp induced a dose-dependent reduction in the
percentage of GFP positive cell population in pplAPP-
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pelo aumento da atividade da B-galactosidase (Figura
1B). Tal resultado ¢ consistente com os estudos que
reportam os efeitos dos péptidos amiloides na disrupgao
da homeostasia do Ca** e aumento desregulado nos
niveis de Ca** citosolico. Por comparagdo, em células
YAAG e YAAT apenas uma atividade residual do Crz1
foi observada. Da mesma forma, na estirpe parental
BY4742 desprovida da construcdo CDRE-lacZ, a
atividade da [-galactosidase foi quase indetetavel
(Figura 1B). Estes dados confirmam o nosso modelo
de levedura como uma plataforma robusta para a
bioprospecc¢ao de compostos com potencial para inibir
a ativagdo exacerbada do Crzl induzida pelo pplAPP.

Caracterizagdo quimica do extrato e frag¢do de Cecropia
pachystachya

Os perfis cromatograficos do extrato e fracdo de C.
pachystachya foram semelhantes aos descritos por
Gazal et al. (2014) (22), indicando a presenca de
concentragoes semelhantes dos compostos principais,
nomeadamente, d4cido clorogénico, isoorientina,
orientina, isovitexina e isoquercitrina (dados nao
mostrados).

A fragdo de Cecropia pachystachya (EFF-Cp) protege as
células YAAS contra a toxicidade induzida pelo pplAPP

O potencial protetor dos fitoquimicos provenientes
de fontes naturais tem sido amplamente explorado
como uma abordagem alternativa no combate a
alteragdes metabolicas observadas em diversas doengas
cronicas. Mais especificamente, a bioatividade de
C. pachystachya foi associada a promocdo da saude
metabolica por mecanismos que incluem a regulacao
do controlo glicémico, inflamacdo e stress oxidativo
(14-17, 19).

A levedura S. cerevisiae tem sido considerada uma
plataforma robusta para o rastreio inicial de compostos
com atividade citoprotetora que, posteriormente,
sdo validados em modelos mais complexos (28-30).
Entre outras caracteristicas, tal é possivel porque a
S. cerevisiae compartilha mecanismos moleculares
e celulares altamente conservados com o0s seus
homologos humanos.

Neste estudo, a estirpe YAAS pplAPP-GFP foi
usada para investigar a potencial acao protetora de C.
pachystachya em relagdo a citotoxicidade induzida
pelo TAPP. Primeiramente, a expressdao de pplAPP-
GFP foi confirmada por citometria de fluxo, mostrando
que quase 30% da populagdo total de células possui
sinal de GFP na condi¢do controlo (Figura 2A, 2B).



Figure 2 - Treatment with Cecropia
pachystachya EFF-Cp fraction reduces
the expression of ppIAPP-GFP. YAAS
cells expressing pplAPP-GFP and the
respective control were induced for 20
h with galactose and co-treated with
C. pachystachya extract or the EFF-Cp
fraction at a concentration of 0, 50 and
100 pg/mL. GFP cells was assessed by
flow cytometry. (A) Representative clouds
of GFP positive cell population are shown
for each condition. (B) Frequency of GFP
positive cells in treated P426 and ppIAPP-
GFP expressing yeast. The values represent
mean £+ SD from at least three independent
experiments. Statistical differences are
denoted as *p < 0.05, **p < 0.01, and ***p
<0.001.

Figura 2 - O tratamento com a fracdo de
Cecropia pachystachya (EFF-Cp) reduz a
expressdo de ppIlAPP-GFP. Células YAAS
pplAPP-GFP e o respetivo controlo foram
induzidos durante 20 h com galactose e co-
tratadas com o extrato de C. pachystachya
ou a fracdo nas concentracdes de 0, 50 e
100 ug/mL. As células positivas para GFP
foram avaliadas por citometria de fluxo.
(A) Nuvens representativas da populagado
de células positivas para GFP em cada
condig¢do.

(B) Frequéncia de células positivas para
GFP em leveduras tratadas que expressam
as construgdes P426 e pplAPP-GFP. Os
valores representam a média + desvio
padrdo de pelo menos trés experiéncias
independentes. As diferengas estatisticas
sdo identificadas como * p <0,05, ** p
<0,01 e *** p <0,001.
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GFP expressing yeast. However, further studies are
needed to fully address the impact of EFF-Cp treatment
on the expression pplAPP-GFP fusion peptide.

Next, membrane integrity was determined using PI
staining as a measure of cell viability. The pplAPP-
GFP construct induced toxicity after 20 h incubation in
the presence of galactose (Figure 3A). C. pachystachya
extract and EFF-Cp did not affect cell viability in control

Curiosamente, a incubagdo com a EFF-Cp induziu
uma redugdo dependente da dose na percentagem da
populagdo de células positivas para GFP nas leveduras
que expressam o pplAPP-GFP. No entanto, mais
estudos serdo necessarios para desvendar o real impacto
do tratamento com a EFF-Cp na expressdo do péptido
de fusdo pplAPP-GFP.

De seguida, a integridade da membrana foi determinada
usando a marcacdo de PI como medida para inferir a
viabilidade celular. A constru¢ao ppIAPP-GFP induziu
toxicidade apds 20 h de incubagdo na presenca de
galactose (Figura 3A). Relativamente ao tratamento,
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Figure 3 - EFF-Cp treatment ameliorates cytotoxicity induced by pplAPP-GFP expression in YAAS yeast cells.
YAAS cells expressing pplAPP-GFP fusion and the respective control were induced for 20h with galactose
and co-treated with EFF-Cp or C. pachystachya extract at a concentration of 0, 50 and 100 pg/mL. (A) The
frequency of propidium iodide (PI) positive cells assessed by flow cytometry in untreated yeast. (B) Frequency
of PI positive cells in treated p426 and (C) pplAPP-GFP expressing yeast. Representative Pl negative and
positive cells histograms are shown for each condition. The values represent mean = SD from at least three
independent experiments. Statistical differences are denoted as *p < 0.05, **p < 0.01, and ***p < 0.001.
Figura 3 - O tratamento com a fragdo (EFF-Cp) melhora a citotoxicidade induzida pela expressao de pplAPP-
GFP nas células YAAS. Células YAAS que expressam o pplAPP-GFP e o respetivo controlo foram induzidos
durante 20h com galactose e co-tratadas com EFF-Cp ou extrato de C. pachystachya a uma concentracao de 0, 50
e 100 pg / mL. (A) Frequéncia de células positivas para iodeto de propidio (PI) avaliada por citometria de fluxo
em leveduras ndo tratadas. (B) Frequéncia de células positivas para Pl em leveduras tratadas que expressam a
construcdo p426 e (C) pplAPP-GFP. Os histogramas representativos de células positivas e negativas para PI sdo
mostrados para cada condicao. Os valores representam a média = desvio padrao de pelo menos trés experiéncias
independentes. As diferencas estatisticas sdo identificadas como * p < 0,05, **p < 0,01 e ***p <0,001.
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cells (Figure 3B). Remarkably, EFF-Cp treatment
significantly reduced the toxic effects mediated by
ppIAPP-GFP with concentrations of 50 and 100 pg/
mL, which can be deduced from the decrease of PI
positive cells to values similar to the control condition
(Figure 3C).

The protective action exerted by EFF-Cp may be
attributed, at least in part, to chlorogenic acid and
isoorientin, the major compounds identified in EFF-
Cp. Both compounds have been previously associated
with protective actions against diabetes. Concerning
IAPP pathology, chlorogenic acid was shown to
exert an inhibitory effect on human [APP (hIAPP)
oligomerization/fibril formation and to improve cell
viability in pancreatic INS-1 cells exposed to hIAPP
aggregates. By delaying the onset of secondary
structure conversion of h[APP from random coil to
B-structure, it redirects the amyloidogenic molecules
into off-pathway intermediates that are less toxic to the
cells (31). Chlorogenic acid was also shown to decrease
fasting blood glucose, lipid peroxidation (LPO)
products, and glycosylated hemoglobin (HbAI ),
and to increase plasma insulin, total hemoglobin,
C-peptide, and glycogen in streptozotocin/nicotinamide
(STZ/NA)-induced type 2 diabetic rats (32-33). It is
currently argued that the hypoglycemic mechanisms
of chlorogenic acid may be related to the inhibition of
the glucose-6-phosphate-shifting enzyme, regulating
the blood glucose balance in vivo. In addition, studies
have shown that chlorogenic acid can activate AMP-
activated protein kinase (AMPK), upregulate the
gene expression of glucose transporter 4 (GLUT4) to
stimulate the absorption of glucose in skeletal muscle,
downregulate expression of glucose-6-phosphate-
shifting enzyme, inhibit gluconeogenesis, and reduce
fatty acids synthesis (34). In the liver, chlorogenic acid
activity was also associated with reduced oxidative
and ER stress, increased autophagy and improved
mitochondrial activity (35). In a similar way, the major
flavonoid compounds in EFF-Cp, orientin and its
isomer isoorientin, have also been reported as potent
regulators of oxidative stress. In addition, isoorientin
may act to improve insulin sensitivity and limit
lipid accumulation in diabetic animals and cultured
adipocytes (36). Therefore, it is plausible to consider
that protection conferred by EFF-Cp in our model
system may be attributed to the concerted action of two
main molecular events: (a) modulation of toxic IAPP
aggregation and (b) mitigation of [APP-induced redox
imbalance.

Bioactivity of Cecropia pachystachya towards IAPP
Bioatividade de Cecropia na toxicidade do IAPP

o extrato de C. pachystachya e EFF-Cp nao afetaram
a viabilidade celular nas leveduras controlo (Figura
3B). Porém, o tratamento com EFF-Cp reduziu
significativamente os efeitos toxicos mediados pelo
ppIAPP-GFP nas concentragdes de 50 e 100 pg/mL, o
que foi deduzido pela diminuicdo da percentagem de
células positivas para PI para valores semelhantes a
condigao controlo (Figura 3C).

A acdo protetora exercida pela EFF-Cp pode estar
associada, pelo menos em parte, ao acido clorogénico e a
isoorientina, dois dos principais compostos identificados
nesta fracdo e que ja foram anteriormente associados
a agOes protetoras contra a diabetes. Relativamente a
patologia do IAPP, o acido clorogénico demonstrou inibir
a oligomerizagao/formagao de fibrilas de IAPP humano
(hIAPP) e melhorar a viabilidade celular em células
pancreaticas expostas a agregados de hIAPP. Ao atrasar
a conversdo da estrutura secundaria do hIAPP para a
estrutura B, o acido clorogénico redireciona as moléculas
amiloidogénicas para intermediarios que sdo menos
toxicos para as células (31). Além disso, num modelo
de ratos com diabetes tipo 2, este composto também
demonstrou diminuir a glucose no sangue em situagoes
de jejum, reduzir os niveis de produtos de peroxidagao
lipidica (LPO) e hemoglobina glicada (HbA1C),
bem como aumentar os niveis de insulina plasmatica,
hemoglobina total, péptido-C e glicogénio (32-33).
Atualmente, argumenta-se que os efeitos hipoglicémicos
do acido clorogénico podem estar relacionados com a
inibi¢ao da glucose-6-fosfato desidrogenase, regulando
o0 equilibrio da glucose no sangue in vivo. Além disso,
estudos tém demonstrado que o acido clorogénico
pode ainda ativar a proteina quinase ativada pelo AMP
(AMPK), estimular a absor¢do de glucose no musculo
esquelético, inibir a gluconeogénese e reduzir a sintese
de acidos gordos (34). No figado, a atividade do acido
clorogénico também tem sido associada a redugdo do
stress oxidativo, stress do reticulo endoplasmatico,
aumento daautofagiaemelhoriadaatividade mitocondrial
(35). De modo semelhante, os principais compostos
flavonoides da EFF-Cp, nomeadamente a orientina e
seu isomero isoorientina, também foram descritos como
potentes reguladores do stress oxidativo. Além disso, a
isoorientina atua melhorando a sensibilidade a insulina
e limitando a acumulacdo de lipidos tanto em animais
diabéticos como em adipdcitos presentes em cultura (36).
Posto isto, € plausivel considerar que a protegado conferida
pela EFF-Cp no modelo de levedura aqui apresentado
pode ser atribuida a agdo combinada de dois grandes
eventos moleculares: (a) modulacdo da agregacao toxica
do IAPP e (b) mitigac@o do desequilibrio redox induzido
pelo IAPP.
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Cecropia pachystachya bioactivity is unrelated to Ca**
signalling

The cytosolic Ca*" levels regulate a broad number of
cellular processes, including metabolism, proliferation,
transcription, and secretion. In B-cells, insulin granule
exocytosis is tightly controlled by a finely tuned
balance between Ca’ influx and efflux pathways.
Alterations in Ca*" dynamics have been associated with
impaired insulin secretion and B-cell dysfunction (37),
thus representing an interesting target for a therapeutic
approach.

Although there is no reported correlation between
Cecropia pachystachya bioactivity and Ca** signalling,
chlorogenic acid (one of the major components of
EFF-Cp) was shown to suppress the dysregulated Ca?*
influx from endoplasmic reticulum and extracellular
environment in endothelial cells exposed to a toxic
phospholipid (38).

800 -

Bioatividade de Cecropia pachystachya ndo esta
relacionada com a via de sinaliza¢do do Ca’**

Os niveis citosolicos de Ca?* regulam um amplo numero
de processos celulares, incluindo o metabolismo,
proliferacdo, transcricdo e secrecdo. Nas células-3,
a exocitose dos granulos de insulina ¢ rigidamente
controlada por um equilibrio bem ajustado entre as vias
de influxo e efluxo de Ca*". Alteracdes na dindmica do
Ca?"tém sido associadas a secre¢do deficiente de insulina
e disfuncao das células-f (37), representando assim um
alvo interessante para uma abordagem terapéutica.

Embora ndo haja nenhuma correlagdo evidente entre
a bioatividade de Cecropia pachystachya e a via de
sinalizagdo do Ca*, o acido clorogénico (um dos
principais componentes da EFF-Cp) foi descrito como
sendo capaz de suprimir o influxo desregulado de Ca*
proveniente do reticulo endoplasmatico e do ambiente
extracelular em células endoteliais expostas a um
fosfolipido toxico (38).

% Crz1 activation (% de ativagéo de Crz1)

50 pg/mL

Control (Controlo)

pplAPP-GFP

Figure 4 - Treatment with Cecropia pachystachya extract and EFF-Cp fraction does not attenuate pplAPP-
GFP-induced Ca* homeostasis impairment. YAAS5 cells expressing ppIAPP-GFP and the respective control
were induced for 20 h with galactose and co-treated with C. pachystachya extract or EFF-Cp at a concentration
of 50 pg/mL. Crzl activation was assessed by monitoring p-galactosidase activity. The values represent mean
+ SD from at least three independent experiments. No statistical significances were found.

Figura 4 - O tratamento com o extrato de Cecropia pachystachya e fragdo EFF-Cp ndo atenua o comprometimento
da homeostasia do Ca** induzido pelo ppIAPP-GFP. Células ppIAPP-GFP e o respetivo controlo foram induzidas
durante 20 h com galactose e co-tratadas com extrato de C. pachystachya ou EFF-Cp a uma concentragdo de 50 pug/
mL. A ativacao do Crz1 foi avaliada monitorizando a atividade da -galactosidase. Os valores representam a média
+ desvio padrdo de pelo menos trés experiéncias independentes. Nao foram encontradas significancias estatisticas.
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Taking advantage of the developed yeast-based
reporter assay, we used YAAS cells expressing control
and pplAPP-GFP constructs as “in vivo test-tubes” to
screen the bioactivity of C. pachystachya extract and
EFF-Cp towards the modulation of Ca?" signalling
and consequent Crzl activation. Since treatment
with the lower concentration (50 pg/mL) of EFF-
Cp significantly protected cells against pplAPP-GFP
toxicity, we selected this concentration for further tests.
The incubation of YAAS pplAPP-GFP cells with C.
pachystachya extract did not affect P-galactosidase
activity (Figure 4), which is in accordance with its
ineffectiveness to protect cells against pplAPP-GFP-
induced toxicity in the viability assay. Similarly, in
ppIAPP-GFP expressing cells, no alterations on Crzl
activation were observed after treatment with EFF-Cp.
Since EFF-Cp is not able to inhibit Crz1 hyperactivation,
we hypothesize that it might be conferring protection
against deleterious effects of pplAPP by modulating
alternative molecular mechanisms that do not include
CaM/CaN pathway. Additional studies are needed to
fully comprehend the molecular and cellular mode of
action underlying EFF-Cp protective effect.

Conclusions

With the development of a pplAPP-expressing yeast
model that acts as a sensor of intracellular Ca?* levels,
our study provided new insights about the interference
of pplAPP on Ca** signaling. Overexpression of pplAPP
induced the hyperactivation of Crzl activity, which
allowed us to identify Ca*" signaling dysregulation as
one of the pathological mechanisms underlying pplAPP
cytotoxicity. Importantly, such findings also offered a
valuable high-throughput yeast-based reporter assay to
screen for compounds preventing the deleterious effects
of ppIAPP on Ca*" dysregulation. Our study shows that
the effectiveness of EFF-Cp to improve cell viability was
not mediated by changes in Ca*" signaling, suggesting
that other mechanisms might be associated with this
protective response. Noteworthy, EFF-Cp chemical
composition is enriched in chlorogenic acid and
isoorientin, two secondary metabolites exerting known
protective properties towards diabetic complications
and IAPP pathological effects. Based on the reported
evidence, it seems plausible to hypothesize that cellular
protection mediated by EFF-Cp may include the
mitigation of oxidative stress, ER stress, mitochondrial
damage, and autophagy. Further studies are needed to
unravel the molecular mechanisms underlying EFF-Cp
bioactivity.

Bioactivity of Cecropia pachystachya towards IAPP
Bioatividade de Cecropia na toxicidade do IAPP

Tirando partido do modelo de levedura desenvolvido
neste estudo, recorremos a células YAAS pplAPP-GFP
para rastrear a bioatividade do extrato e EFF-Cp de C.
pachystachya na modulagdo da via de sinalizagdo do
Ca?" e consequente ativagdo do Crzl. Uma vez que
o tratamento com a concentragdo mais baixa (50 pg/
mL) de EFF-Cp protegeu significativamente as células
contra a toxicidade do pplAPP-GFP, selecionamos
esta concentragdo para realizar os testes adicionais.
A incubagdo das células YAAS pplAPP-GFP com
extrato de C. pachystachya ndo afetou a atividade da
B-galactosidase (Figura 4), o que esta de acordo com sua
ineficacia na protecao das células contra a toxicidade
induzida pelo ppIlAPP-GFP no ensaio de viabilidade.
Da mesma forma, em células que expressam pplAPP-
GFP, nenhuma alteracdo na ativacdo do Crzl foi
observada apos o tratamento com EFF-Cp. Uma vez
que a EFF-Cp ndo ¢ capaz de inibir a hiperativagao
do Crzl, colocamos entdo a hipotese de que o seu
mecanismo de prote¢do contra os efeitos toxicos do
ppIAPP esteja a ocorrer de forma independente da via
CaM/CaN. Estudos adicionais serdo necessarios para
compreender totalmente o0 modo de agdo molecular e
celular subjacente ao efeito protetor da EFF-Cp.

Conclusoes

Através do desenvolvimento de um modelo de levedura
que simultaneamente expressa pplAPP e que atua como
um sensor dos niveis intracelulares de Ca?*, o nosso
estudo forneceu novos dados sobre a interferéncia do
ppIAPP na sinalizagdo deste i30. A expressao do pplAPP
induziu a hiperativagao da atividade do Crzl, o que nos
permitiu identificar a desregulagdo da sinaliza¢do do
Ca?" como um dos mecanismos patologicos subjacentes
a citotoxicidade do pplAPP. A par disto, demonstramos
também que a eficicia da EFF-Cp na melhoria da
viabilidade celular ndo é mediada por alteragdes na
sinalizacdo do Ca?', sugerindo que outros mecanismos
podem estar associados a essa resposta protetora. Digno
de nota, a composicdo quimica da EFF-Cp ¢é enriquecida
em acido clorogénico e isoorientina, dois metabolitos
secundarios que exercem propriedades protetoras
contra complicagdes diabéticas e efeitos patologicos
do TAPP. Com base nas evidéncias relatadas, parece
plausivel levantar a hipotese de que a protegdo celular
mediada pela EFF-Cp pode incluir a mitigacao do stress
oxidativo, stress do reticulo endoplasmatico, dano
mitocondrial e autofagia. No entanto, mais estudos
serdo necessarios para desvendar os mecanismos
moleculares subjacentes a bioatividade da EFF-Cp.
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