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RESUMO

Cogumelos s3o importantes recursos alimentares com beneficios para a satde, fontes de
nutrientes essenciais e compostos de interesse medicinal, dentre os quais, destacam-se os
polissacarideos por suas diversas atividades bioldgicas, incluindo propriedades imunomodulatoérias,
antiinflamatorias e antitumorais — particularmente relevantes diante do desafio global do cancer. Com
o cancer de mama entre os mais incidentes, o subtipo triplo-negativo destaca-se pela agressividade e
mortalidade. Neste trabalho, exploramos a purificagao, caracterizagdo estrutural e avaliacao bioldgica
de polissacarideos do cogumelo Lactarius quieticolor, a partir do extrato alcalino. Apos tratamento
com solucao de Fehling, um heteropolissacarideo (HTP — ramnogalactana) foi isolado do precipitado
enquanto duas fragdes de glucanas com diferentes solubilidades foram obtidas do sobrenadante por
subsequente precipitagdo etanolica fracionada. As andlises estruturais, conduzidas por espectroscopia
de ressonancia magnética nuclear, RMN, (técnicas 1 e 2D: 'H, HSQC-DEPT, COSY, TOCSY e
HMBC), cromatografia gasosa acoplada a espectrometria de massas (GC-MS) e cromatografia por
exclusdo de tamanho de alta performance (HPSEC) revelaram que a fragdao HTP consiste em uma
cadeia principal de (1—6)-a-D-galactopiranose com substituigdes em O-2 por ramnose, com massa
molecular absoluta de 1.53 x 10* g/mol. Ensaios in vitro com células de cancer de mama da linhagem
MDA-MB-231 demonstraram significativos efeitos antitumorais, com a ramnogalactana reduzindo a
viabilidade celular em 50% a 1.200 pg/mL e aumentando a eficicia de paclitaxel, reduzindo a
viabilidade em 42% quando coadministrados. Adicionalmente, as fragdes de glucanas GIcEt-Pp e
GlcEtSn-300 apresentaram uma cadeia principal (1—3) com substituicdes em O-6, diferindo no grau
de substituicao, com valores de 21,4% e 70,6%, respectivamente. A GlcEtSn-300, sendo mais solavel,
demonstrou potencial antimetastatico ao inibir a migracdo das células cancerigenas, efeito nao
observado na fracdo menos soltvel GIcEt-Pp, embora ambas tenham apresentado citotoxicidade
seletiva, inibindo a viabilidade de células cancerigenas e poupando as células normais. Tais resultados
ressaltam o potencial terapéutico dos polissacarideos de Lactarius quieticolor, HTP e glucanas,
possivelmente para o tratamento de cancer de mama, devido a sua citotoxicidade seletiva, sua sinergia
na obtencao de resposta a um quimioterapico e potencialmente impedindo a migragcdo das células

tumorais.

Palavras- chave: Lactarius quieticolor; polissacarideos; purificagdo; caracterizagdao; ramnogalactana;

[-D-glucanas



ABSTRACT

Mushrooms are important food resources with health benefits, providing essential nutrients
and medicinal compounds, among which polysaccharides stand out for their diverse biological
activities, including immunomodulatory, anti-inflammatory, and antitumor properties — particularly
relevant given the global challenge of cancer. With breast cancer among the most common types, the
triple-negative subtype stands out for its aggressiveness and mortality. In this study, we explored the
purification, structural characterization, and biological evaluation of polysaccharides from the
mushroom Lactarius quieticolor, starting from the alkaline extract. Following Fehling's treatment, a
novel rhamnogalactan heteropolysaccharide (HTP) was isolated from the precipitate, while two
glucan fractions with varying solubility were subsequently obtained from the supernatant through
graded ethanol precipitation. Structural analysis, conducted with nuclear magnetic resonance (NMR)
spectroscopy (1D and 2D techniques including 'H, HSQC-DEPT, COSY, TOCSY, and HMBC), gas
chromatography-mass spectrometry (GC-MS), and high-performance size exclusion chromatography
(HPSEC), revealed that HTP consists of a (1 —=6)-linked a-D-galactopyranose main chain, substituted
at O-2 by rhamnose, with an absolute molar mass of 1.53 x 10* g/mol. In vitro assays using MDA-
MB-231 breast cancer cells demonstrated significant anticancer effects, with the rhamnogalactan
reducing cell viability by 50% at 1.200 ug/mL and enhancing the efficacy of paclitaxel, reducing cell
viability to 42% when co-administered. Additionally, the glucan fractions, GlcEt-Pp and GIcEtSn-
300, possess a (1—3)-linked main chain with O-6 substitutions, differing in their degree of
substitution at 21.4% and 70.6%, respectively. GlcEtSn-300, being more soluble, demonstrated
antimetastatic potential by inhibiting cancer cell migration, an effect not observed with the less soluble
GIcEt-Pp although both presented a selective cytotoxicity, inhibiting the viability of cancer cells while
sparing normal ones. These results underscore the therapeutic promise of Lactarius quieticolor
polysaccharides, HTP and glucans, for breast cancer treatment by promoting selective cytotoxicity,

enhancing chemotherapeutic response, and potentially impeding cancer migration.

Keywords: Lactarius quieticolor; polysaccharides; purification; characterization; rhamnogalactan; 3-

D-glucans



LISTA DE FIGURAS

Revisao da literatura

Figura 1. Representacdo da estrutura de um basidiocarpo € seus principais COMpPONENtes. ...........eveeeverreennenns 16
Figura 2. Cogumelo Lactarius quieticolor obtido numa plantagdo de Pinus SPp. .......ccceceeveeeeeeeeceesceenreninans 18
Figura 3. Representacao da estrutura geral da parede celular flIngica ...........ccceeevveieiienienieciiee e 19
Artigo 1

Structural Characterization and Anticancer Properties of a Novel Mushroom-Derived

Rhamnogalactan in Triple-Negative Breast Cancer in vitro model

Graphical ADSTIACE...........cciiiiiiiiiie ettt e et e et e e teeebeessbeesabeessbeessaeeseeensaesnseesnseeennes 31
Figure 1. Extraction and purification scheme of the Lactarius quieticolor’s heteropolysaccharide
rhamnogalactan (HTP) and its elution profile in HPSEC coupled to a Refractive Index (RI) detector............ 37
Figure 2. Monosaccharide composition determination of the HTP fraction obtained from the Lactarius
QUICTICOLOT TIUSHIOOIN. ...ttt ettt et ettt e et e st e s et e bt enbeeaeeeseesse et e enseenseensesnnesneaseenseans 39
Figure 3. GC-MS chromatogram and fragmentation profiles of the HTP fraction and rhamnose standard after
permethylation, acid hydrolysis and acetylation. ...........ccccvereeierieiierieeee et 41
Figure 4. 2D-NMR studies of the heteropolysaccharide rhamnogalactan (HTP) obtained from the Lactarius
QUICTICOLOT TNUSIIOOM .. ... ittt ettt et e et e et e et e e bt eebeeeabeeenbeesnseessseessaeenseesnseesnseesnseennses 45
Figure 5. 1H-NMR of the heteropolysaccharide rhamnogalactan (HTP) obtained from the Lactarius quieticolor
TTMUSHITOOIIL. . .ttt ettt ettt h et e e s et b et e bt b e eb e e st et e b e bt eheeh e eseem s et e ebeeb e eb e eneense b e bt sbeeneeneeneeneenne 46
Figure 6. Cytotoxic effects 0f the HTP fraction. ........c.cccevcierierieiieie ettt 47
Figure 7. Synergistic cytotoxic effect of HTP (1.200 mg. mL-1) in combination with paclitaxel (PCT) (0.1
UM) I MDA -MB-23T COIIS ..eviieiiieeiieeeiie ettt ettt e et e et e s e e s sbeessbeessbeessseessbeesseessaeenseesnseeenses 48
Supplementary Figure 1. HSQC-NMR studies of the fractions obtained from L. quieticolor during the
PULTTICATION PIOCESS. +eenvevterietieteeteente et euteeteesteenteenteesteeaeesseesseeseenteenseeseesseesseenstenseenteeseesseenseenseenseensesnaesneensean 56
Supplementary Figure 2. EAS and EAS-a elution profile in HPSEC coupled to a Refractive Index (RI)
AEEECLOT. ...ttt ettt ettt e h e s bt s b et e ea bt e bt e sh e e bt e bt e bt en bt eabesb b e e bt e bt e bt en bt enbeeabesbeebeenteent 57

Supplementary Figure 3. Coupled-HSQC NMR experiments were performed on the HTP fraction. ........... 57



Artigo 11
Selective Cytotoxicity and Antimetastatic Effect on Breast Cancer Cell Model of a f-D-Glucan

from Lactarius quieticolor mushroom

GraphiCal ADSEIACE. .........ooooiiiii ettt ettt et e st e bt et e e st e st e e bt enteeneesaeenbeeneesnneesaeens 65
Figure 1. Flowchart summarizing the purification procedures applied in the Lactarius quieticolor mushroom

crude alkaline extract in order to obtain the insoluble and low substituted (1—3), (1—6)-B-D-glucan Glc-EtPp

and the soluble and heavily substituted (1—3), (1—6)-B-D-glucan GICEtSn-300. ........c.cccoevreviercienieieeeen. 65
Figure 2. HSQC-NMR studies of the Glc-Feh, GlcEt-Pp and the GIcEtSn-300 fractions. ...........ccccveevereennen. 69
Figure 3. 2D-NMR studies of the GIcEt-Pp and GICEtSn-300 fractions........c..ccccevevereriineririenicnicnieneneenn 70
Figure 4. HSQC-NMR of the GIcEt-Pp and the GICEtSn-300 fractions. ...........ccceeevieeciieniienieecieeeieecie e 71
Figure 5. Viability assay of breast cell lines after treatment with the GlcEtSn-300 and GlcEt-Pp glucans.....75
Figure 6. GIcEtSn-300 inhibits migration ability of MDA-MB-231 breast cancer cell line...........cccccoceeueneee. 76
Supplementary Figure 1. Crude alkaline extract obtained from the Lactarius quieticolor mushroom........... 83
Supplementary Figure 2. Chromatograms obtained from the monosaccharide standards.............ccccccevueennenne 84

Supplementary Figure 3. Glc-Feh elution profile in HPSEC coupled to a Refractive Index (RI) detector....84
Supplementary Figure 4. 1H-NMR of the GIcEt-Pp fraction obtained from the Lactarius quieticolor
TIMUSHITOOIIL. 1.ttt ettt h bt et ettt et et et bt b e eh e eb e bt es e es e em e et e et e bt ke e bt eb e e bt eneentem et en s et entenbesbeabesnene 85
Supplementary Figure 5. HSQC-NMR of the GIcEt-Pp and the GlcEtSn-300 fractions obtained from the

Lactarius quietiCOlor MUSHIOOML. .....eeiuiiiiiiieiieieeee ettt ettt st e st e enteeeeesseesseenseeneesneeseenseens 85



LISTA DE TABELAS
Revisao da literatura

Tabela 1. Propriedades e métodos de extracdo de polissacarideos de cogumelos...........ccoeevvevieiieiinieniiennan, 27

Artigo I
Structural Characterization and Anticancer Properties of a Novel Mushroom-Derived

Rhamnogalactan in Triple-Negative Breast Cancer in vitro model

Table 1. Monosaccharide composition of fractions obtained from L. quieticolor...............ccccccovccrivincucncnnnn. 38
Table 2. Partially O-methylated alditol acetates derivatives (PMAAs)* obtained upon the methylation of the
HTP fraction® and the Rhamnose Standard®.................cevevevevevieieieieieieeeceeieseseeesese e 40
Table 3. Chemical shifts® and the correlations observed ("H/'H and '*C/'H) through NMR experiments for each

UNIE ODSETVEA 1N HTP FTACLION. 1ottt et e e e e e et e e e e e e e e e e e e eeeeaaaeeeeessesanseeeesseannes 46

Artigo 11
Selective Cytotoxicity and Antimetastatic Effect on Breast Cancer Cell Model of a B-D-Glucan

from Lactarius quieticolor mushroom

Table 1. Integrated values® obtained through HSQC-spectra from GlcEt-Pp and GIcEtSn-300 fractions. ......72



LISTA DE ABREVIATURAS, SIGLAS E SIMBOLOS

Fracoes obtidas

EAS - Sobrenadante do Extrato alcalino apds congelamento e descongelamento (Extrato alcalino
bruto)

EAS-a / EAS-a - Extrato alcalino bruto apos tratamento com a-amilase

EAS P/ HTP - Fragdo obtida no precipitado de Fehling, heteropolissacarideo (ramnogalactana)
Glc-Feh - Fracdo obtida no sobrenadante de Fehling

GIcEtSn-300 - Sobrenadante da precipitacdo etandlica fracionada realizada na fracdo EAS-Sn apds
elui¢do em membrana de 300 kDa.

GIcEt-Pp — Precipitado resultante da precipitagdo etandlica fracionada realizada na fragdo EAS-Sn

Analises instrumentais e termos associados

COSY - Homonuclear correlation spectroscopy / Espectroscopia de correlagdo homonuclear

DEPT - Distortionless Enhancement by Polarization Transfer / Intensificacdo sem distor¢do por
transferéncia de polarizagdo

GC - Cromatografia gasosa

GC-MS - Gas chromatography—mass spectrometry / Cromatografia gasosa-espectrometria de massas
HMBC -  Heteronuclear — multiple  bond  coherence  spectroscopy /  Correlagao
quantica multipla heteronuclear

HPSEC-RI — High-performance size exclusion chromatography — Refractive index/ Cromatografia
por exclusao de tamanho de alta performance por indice de refragao

HSQC - Heteronuclear single quantum coherence spectroscopy / Correlacdo quantica unica
heteronuclear

Mw — Molecular weight / Massa molecular ponderal média

RMN/NMR - Ressonancia Magnética Nuclear / Nuclear Magnetic Resonance

Rt — Retention time / Tempo de retengado

SEC - Size exclusion chromatography / Cromatografia por exclusao de tamanho

TOCSY - Total Correlation Spectroscopy / Espectroscopia de correlagao total

Reagentes gerais e termos associados
ATCC — American type culture collection
CH3COOH - Acido acético



CO:— Diodxido de carbono/gas carbdnico

DMSO - Dimetilsulfoxido

KOH — Hidroxido de potassio

Me2SO-ds — Dimetilsulfoxido deuterado

MTT - 3-(4,5-dimetiltiazol-2yl)-2,5-difenil brometo de tetrazolina
NaBD4— Borohidreto de sodio deuterado

NaBH4 - Borohidreto de sodio

NaNs — Azida sédica

NaNOs — Nitrato de sodio

NaOH - Hidréxido de sodio

PMAASs — Partially (per)O-methylated alditol acetates / Acetatos de alditol parcialmente metilados
RPMI - Meio Gibco Roswell Park Memorial Institute

TFA — Acido trifluoroacético

Artigo 1

AgCOs3— Carbonato de prata

Ag20 —Oxido de prata

BaCOs— Carbonato de bario

H2804— Acido sulfirico

MeOH-HCI — Metanol:Acido cloridrico

PCT - Paclitaxel (20,40,58,7B,108,13a)-4,10-bis(acetyloxy)-13-{[(2R,3S5)-3-(benzoylamino)-2-
hydroxy-3-phenylpropanoyl]oxy}-1,7-dihydroxy-9-oxo0-5,20-epoxytax-11-en-2-yl benzoate

Outros

ANOVA — Analysis of variance / Analise de variancia

BRM - Biological response modifier / Modificador de resposta bioldgica
SEM — Standard error of the mean / Erro padrao da média

Spp. — Espécies (todas espécies de um mesmo género)

TLR — Toll-like Receptor (Receptores tipo toll)



SUMARIO

1. INTRODUGAOQ ....ooeceeeerererererssnesesesesessssssssssesesessssssssssasssesssessssssssssssssssssssssssssssesesssssssesssses 15
2. REVISAO DA LITERATURA .....coeeeerrestesnsressssssssessssnsssssssssssssssssssssssssssessssssssssssssassssses 16
2.1 Fungos basidiOmiCeoS.....ccuvurerrerissnissnrcssnncsssncsssncsssncssssssssnsssssssssssssssssssssesssssssssssssnssssssssnsssss 16
2.2 LACLAYIUS QUICTICOLOF «.cuuuveeennevercsssrercssererissesarissorasisssssssossssssossssssosssssssssssssesssssssssssssssssnsssssonassss 17
2.3 Polissacarideos flINGICOS ....cccceevuriererissnrcssencsssncsssncsssncsssnsssssssssssssssessssssssssssssssssssssssnsssssssssseses 18
2.4 Extracao, purificacio e caracterizacio de polissacarideos fllngicos........cceceervercccercrcnneens 21
2.4.1 EXTRACAO DE POLISSACARIDEOS ...t 21
2.4.2 PURIFICACAO DE POLISSACARIDEOS ........ooiuiiieeeeieeeeeee e 22
2.4.3 CARACTERIZACAO ESTRUTURAL DE POLISSACARIDEOS .........cccocovovvereerrnn. 23
2.5 Atividade bioldgica de polissacarideos flngiCos ........ccceeeveeerurcsercsurcsuecsercsancssecsnecssecssessanens 25
3. JUSTIFICATIVA .uoiiiiiinininnnsnisisssississssssssssssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssss 28
4. OBIETIVOS..uiiiiiinninniisinssinsesssssssessssssssssssssssssssissssssssssssssssssssssssssssssssssssssssssssssssssssssassss 28
4.1 ODJEtiVo GeIal c.cuueieieiiisuriisneiiinrissnicsencsssecsssncsssnssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 28
4.2 Objetivos ESPECIfiCOS . .cccviirniiirriissrinssrinssrncsssncsssncsssnssssnssssnssssssssssssssssssssssssssssssssssssssssssssnseses 28
ARTIGO 1

Structural Characterization and Anticancer Properties of a Novel Mushroom-Derived

Rhamnogalactan in Triple-Negative Breast Cancer in vitro model

ADSEEACE.......ooiiiiiiiii e s a e sene s 31
1. INErOdUCHION..ccueiiieiieiteiientecnentecsnesssecsseessnsssesssesssnessesssnessasssssssasssssssaesssesssessassssessasssssssaasns 32
2. Material and Methods.......cueiineenneinneeniuinnnennnecnenisnessinnnessecssnssssessassssesssesssesssesssssssessassssessane 33
3. Results and diSCUSSIONS.........cocueiiiiiiiiiiiiiiieeeee ettt e e s eane s snnes 36
4. CONCIUSIONS.....c..ueiiiiiiiiiiiiiiict ettt be e st s b e s eabe s sebsbeeenaeeas 49
ACKNOWIEAGEIMENLS......cc.eeiiiiiiiiiiieete ettt e et e e e et e e e st e e e sabee e s abesaeeesanaeens 50
RETEIEICES. ...ttt s s ere e 50

Supplementary Material.............coooiiiiiiiiiiiiieiieeeeeee et sneene 56



ARTIGO 11
Selective Cytotoxicity and Antimetastatic Effect on Breast Cancer Cell Model of a B-D-

Glucan from Lactarius quieticolor mushroom

ADSIFACK...c...oiiiiiiiiieiiect ettt sttt st st s b e e bt e e be e sbe e s st e s sat st 60
1. INErOdUCHION..cuuieuieiienteiientintenteessensaeessesssnsssnsssnsssnessnsssnessasssnsssaesssssssessassssessassssessasssssssaassns 61
2. Material and MethodsS.......ecuieineeineiiininnsecnsnnnsnicssnecsesesssecssseesssessssessssssssssssssassssassssssssssane 62
3. Results and diSCUSSIONS.........coccueiiiiiiiiiiiiiiiiittcte et 64
4. CONCIUSIONS.......ooiiiiiiiiiiitete ettt ettt sena e e b s e 77
ACKNOWIEAGEIMENLS. ...ttt ettt e et e et e e et eseneee s e ntnseesenneeens 77
RETEIENCES. .......oouiiiiiiiiiiiiii e s 78
Supplementary Material.............ccccooiiiiiiiiiiiieeteeee ettt ee e ne e 83
5. CONCLUSOES ... imirmiannsissncsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssess 86

6. REFERENCIAS ......ouovvneuerrssiessesssssassssssssssssssssssssssssssessssssassssssassssssssssessssssasssessasssssssssasses 87



O© 0 N O w»n kWD =

[ S N S S S S S S S S o e e e e e e e
= =R~ BN Ee U, B N VS L S =N~ Re BN B e NV B VS S =)

15

1. INTRODUCAO

No reino fungi hé a predominancia dos filos Ascomycota e Basidiomycota (Ruthes et al.,
2016) nos quais encontram-se os cogumelos: macro fungos heterotréficos e multicelulares, com
corpos de frutificacdo e micélio caracteristicos (Kour et al., 2022; Zhong et al., 2021). Atualmente
estima-se a existéncia de mais de 40.000 espécies de macro fungos, com mais de 14.000 espécies
de cogumelos catalogadas (Lu et al., 2020; Mueller et al., 2007), dentre as quais mais de 2.000 sdo
comestiveis (Kour et al., 2022; Lu et al., 2020), incluindo cerca de 200 espécies silvestres (Shen et
al., 2023). O interesse alimenticio nos cogumelos se deve ao seu valor nutricional, apresentando
alto teor de fibras alimentares, carboidratos, proteinas, minerais e vitaminas, bem como baixo teor
de calorias e gorduras (Kour et al., 2022; Liet al., 2022; Lu et al., 2020; Pires et al., 2013; Sulieman
etal.,2019).

Além dos valores nutricionais, os cogumelos também despertam interesse medicinal,
devido ao fato de seus extratos apresentarem atividades biologicas anti-inflamatorias, antitumorais,
neuroprotetoras, citoprotetoras, entre outras (Kono et al., 2020; Kour et al., 2022; Lu et al., 2020;
Mandal et al., 2010; Pires et al., 2013; Reddy Shetty et al., 2021). Estes efeitos se devem a presenca
de compostos bioativos, tais como: lectina, ergotioneina, terpenos, esterois, polifenois e
polissacarideos (Kour et al., 2022; Lu et al., 2020; Reddy Shetty et al., 2021).

Os polissacarideos, macromoléculas de carboidratos compostas por monossacarideos
unidos por ligacdes glicosidicas (Sinnott, 2007; Zhong et al., 2021), sdo encontrados
majoritariamente na parede celular de fungos e desempenham fun¢des como a manutencdo da
estrutura celular, reserva de energia e promogao de interagdes intercelulares (Reddy Shetty et al.,
2021; Ruthes et al., 2016).

Além das atividades bioldgicas citadas anteriormente, os polissacarideos de fungos também
sdo considerados modificadores de resposta bioldgica (BRMs) de modo que otimizam a agdo do
sistema imune contra possiveis antigenos (Maity et al., 2021; Ruthes et al., 2013; Zhang, H. et al.,
2022). Outros fatores que destacam a aplicabilidade dos polissacarideos sdo sua nao toxicidade,
biocompatibilidade e disponibilidade para extracao (Maity et al., 2021; Zhang, S. et al., 2022).

O presente trabalho utilizou o cogumelo Lactarius quieticolor (Romagnesi, 1958) como
fonte biologica de polissacarideos, partindo-se do extrato alcalino, considerando-se a escassez de
trabalhos cientificos caracterizando estruturalmente os polissacarideos obtidos desta espécie, de

modo a identificar as moléculas obtidas.
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2. REVISAO DA LITERATURA
2.1 Fungos basidiomicetos

O reino fungi ¢ composto por organismos eucariontes ndo fotossintetizantes, podendo ser uni
ou multicelulares e de nutricdo absortiva, podendo variar de células micrométricas a corpos de
frutificagdo de até 1 m de didmetro (Bridge ef al., 2005). Estima-se que globalmente existam mais de
1,5 milhdes de espécies de fungos, com aproximadamente 150 mil capazes de produzir corpos de
frutificagdo visiveis, denominados macrofungos. Dentre esses, em torno de 40 mil espécies pertencem
aos filos Ascomycota e Basidiomycota, das quais apenas 14 mil sdo reconhecidas como cogumelos
(Lu et al., 2020; Webster; Weber, 2007).

Os cogumelos sdo organismos amplamente difundidos em diversos habitats e possuem papeis
ecologicos vitais como saprotrofos, realizando a decomposicdo de matéria organica, € como
simbiontes, formando relagdes mutualisticas com plantas e outros organismos (Hyde et al., 2019;
Webster; Weber, 2007).

Os basidiomicetos sdo notaveis por seus corpos de frutificagdo, que sdo formados por
filamentos denominados hifas, os quais, ao se entrelagarem, formam uma malha filamentosa chamado
micélio, sendo a parte vegetativa do fungo. Sob condi¢gdes ambientais adequadas o micélio desenvolve
uma estrutura reprodutora conhecida como basidiocarpo, corpo de frutificacdo ou cogumelo, como

mostrado na figura 1 (Webster; Weber, 2007).

Figura 1. Representacdo da estrutura de um basidiocarpo e seus principais componentes.

Micélio

Fonte: Adaptado de Karakaya et al. (2023)
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Os basidiomicetos possuem um importante subfilo, o Agaromycotina, que contém
aproximadamente um terco de todas as espécies de fungos ja identificadas, incluindo leveduras,
fungos gelatinosos e cogumelos (Hibbett, 2006). Neste subfilo encontramos a classe Agaricomycetes,
a qual possui alguns cogumelos lamelados, com uma de suas principais ordens sendo a Russulales,
que inclui a familia Russulaceae, cujos cogumelos apresentam pileo e himénio frageis e quebradigos
e frequentemente formam relagdes simbioticas ectomicrorrizicas com arvores coniferas, colonizando
a superficie externa de suas raizes (Webster; Weber, 2007).

Um dos principais géneros encontrados na familia Russulaceae ¢ o género Lactarius,
recebendo esse nome devido ao exsudato de aspecto leitoso liberado quando o pileo ou lamelas sdo
danificados (Buczacki et al., 2012; Hall et al., 1998; Webster; Weber, 2007). Dentre as varias espécies

deste género, destaca-se o Lactarius quieticolor.

2.2 Lactarius quieticolor

O cogumelo Lactarius quieticolor foi inicialmente descrito pelo micologista francés Henri
Romagnesi em 1958. A espécie possui o pileo medindo entre 2,5 e 11 cm de didmetro, convexo e
com o centro indentado, enquanto suas bordas sdo irregulares e enroladas, de coloragdo palida e
alaranjada, eventualmente marrom. Seu estipe possui aparéncia lisa e de coloragdo alaranjada podendo
conter manchas verdes e marrons. As lamelas se apresentam com uma intensa coloragdo alaranjada
ou amarelada, geralmente aglomeradas e se estendendo ao longo do estipe (decorrentes) (Romagnesi,
1958). Ao ser seccionado, apresenta um centro cavernoso € seu exsudato tem coloragdo palida e
amarelada, assim como sua superficie interna, a qual se torna azul-esverdeada apos algum tempo
(Buczacki et al., 2012).

Geralmente o cogumelo ¢ encontrado em pequenos grupos, formando ectomicorrizas com
coniferas, sendo comumente distribuido pelo hemisfério norte. Entretanto, recentemente foi reportado
a presenca desta espécie no Brasil, possivelmente pela introdu¢do de espécies de pinheiros norte
americanos e europeus (Pinus spp.) na américa do sul (Silva-Filho et al., 2020). As principais

caracteristicas do cogumelo em questdo podem ser observadas na figura 2.
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Figura 2. Cogumelo Lactarius quieticolor obtido numa plantagdo de Pinus spp.

= s

Fonte: Adaptado de Silva-Filho et al. (2020)

Assim como a maioria dos cogumelos comestiveis, o Lactarius quieticolor tem sido
consumido com mais frequéncia devido a sua palatabilidade e a sua composi¢@o rica em nutrientes
(Lietal., 2021) sendo os carboidratos presentes em maior quantidade, podendo chegar a 65% (Lu et
al.,2020). Além disso, os polissacarideos de cogumelos sdo conhecidos por seus efeitos positivos para
a saude (Maity et al., 2021), o que torna interessante a investigacdo desta espécie, especialmente
considerando que até o momento encontram-se poucos relatos sobre os polissacarideos de Lactarius
quieticolor, com descricdes de extratos polissacaridicos brutos e uma glucana (Zavadinack et al.,

2024), (Bonaldi, 2021).

2.3 Polissacarideos fungicos

Como os cogumelos apresentam um alto teor de polissacarideos, esses compostos exercem
diversas fungdes essenciais para o organismo fingico, dentre as principais fungdes, entre outras,
destacam-se a reserva energética e manutencdo da estrutura do cogumelo (Reddy Shetty et al., 2021;
Ruthes et al., 2016). Entre as moléculas importantes presentes nos cogumelos estdo as glucanas, que
sdo polissacarideos compostos exclusivamente por unidades de glucose (Ruthes ef al., 2016).

O armazenamento de energia em fungos, assim como em animais e bactérias, ¢ realizado por
meio do glicogénio, sendo este formado por a-D-glucanas (1—4), formando uma estrutura altamente
ramificada (Reddy Shetty et al., 2021).

Quanto a fungdo estrutural, os polissacarideos desempenham um papel essencial na

composicao e integridade da parede celular dos cogumelos. Embora nem todos os fungos possuam
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parede celular, a maioria apresenta essa estrutura. No entanto, a composicao ¢ a estrutura da parede
celular ndo sdo fixas, pois hd uma grande variabilidade entre as espécies (Bueno; Silva, 2014). Tal
diversidade estrutural reflete uma estrutura dindmica que permite aos cogumelos ajustar a propor¢ao
e os tipos de polissacarideos estruturais de acordo com suas necessidades especificas.

Mais de 90% da parede celular dos fungos ¢ composta por polissacarideos (Latgé, 2007), dos
quais até 60% sao glucanas (Bowman; Free, 2006). Embora a composicao ¢ a estrutura possam variar
entre as espécies, ha certas semelhangas estruturais comuns entre os fungos. A estrutura geral ¢
organizada em camadas, com a quitina (formada por N-acetil-D-glucosamina) localizada na parte
inferior, proxima a membrana celular do fungo. Em seguida, hda uma matriz composta
majoritariamente por B-D-glucanas (1—3), (1—6) — geralmente denominadas apenas de 3-D-glucanas
(1—3) (Ruthes et al., 2015) — entrelagadas com moléculas de -D-glucanas (1—6) (Gow; Lenardon,
2023; Latgé, 2007), Nesta matriz, encontram-se proteinas que podem ou ndo estar ancoradas a
membrana celular, além de outros polissacarideos em menor quantidade, sendo comuns
polissacarideos que contém manose e galactose, entre outros agucares (Bowman; Free, 2006;

Yugueros et al., 2024). A figura 3 ilustra a composi¢ao e estrutura¢do da parede celular fungica.

Figura 3. Representagdo da estrutura geral da parede celular fungica

e ettt AL AR AR T o
S b
Iy

AT nanre
SbE i

@ (-D-Glucanas (1—+3), (1-+6) e Quitina === Proteinas
@ [3-D-Glucanas (1—6) e Polissacarideos diversos == Membrana celular
Fonte: Adaptado de Bowman ¢ Free (2006)
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Além das glucanas, a parede celular dos cogumelos e outras estruturas do organismo fingico
contém diversos polissacarideos que desempenham fung¢des complementares, com destaque para os
heteropolissacarideos. Estes compostos sdo formados por uma combinacdo de diferentes
monossacarideos como galactose, manose, glucose, fucose, rhamnose, entre outros (Yu et al., 2023),
dando origem a heteropolissacarideos com grande variedade em suas estruturas tais como:

e Fucoxilomananas com cadeia principal composta por a-D-Manose com ligagdes (1—4) e
ramificadas em O-6 por um dissacarideo composto por a-L-Fucose-(1—2)-B-D-Xilose (1—
extraidas do cogumelo Ganoderma lucidum (da Silva Milhorini et al., 2022a). Também foram
encontradas estruturas com cadeia principal composta por a-D-Manp (1—3) ramificadas em
0O-4 por um dissacarideo similar ao anterior no cogumelo Laricifomes officinales
(Golovchenko et al., 2020);

e Manogalactanas do cogumelo Sanghuangporus sanghuang apresentando uma cadeia
composta por a-D-Manose e a-D-Galactose, ambas com ligagoes (1—6), onde também foram
observados residuos de galactose naturalmente metilados em O-3 (Cheng et al., 2022).
Estruturas também naturalmente metiladas foram isoladas dos cogumelos Pholiota nameko ¢
Pleurotus eryngii, ambas apresentando cadeia principal composta por a-D-galactose (1—06),
com residuos metilados em O-3 e ramificacdes de -D-Manose em O-2 (Abreu et al., 2021);

e Fucogalactanas do cogumelo Macrolepiota dolichaula, cuja cadeia principal era composta por
a-D-Galactose (1—6) e 3-O-Metil-Galactose (1—6) com substituigdes em (O-2 por um
dissacarideo de a-D-Galactose (1—2) e a-L-Fucose (1— (Samanta et al., 2015). Outro
polissacarideo também composto por uma cadeia de a-D-Galactose (1—6) com substitui¢ao
em O-2 por o-L-Fucose (1— foi isolado do cogumelo Macrocybe titans (Milhorini et al.,
2018).

Esses sdo apenas alguns exemplos dos muitos heteropolissacarideos que podem ser
encontrados em cogumelos, ressaltando a diversidade e complexidade estrutural desses compostos.
Polissacarideos fungicos apresentam diferentes tipos de ligagdes, graus de ramificagdo, peso
molecular e solubilidade, bem como na localizacdo destes compostos no corpo de frutificacdo. Essas
diferencas tornam necessario o uso de abordagens distintas para a extracdo e purificacao desses

compostos de maneira eficiente.
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2.4 Extracio, purificacio e caracterizacio de polissacarideos fiingicos
24.1 EXTRACAO DE POLISSACARIDEOS

A extracdo de polissacarideos de cogumelos geralmente comeca com a secagem dos
espécimes, processo que pode ser realizado por liofilizagdo, seguida de trituragdo ou pulverizagao.
Quanto menor o tamanho das particulas, maior serd a superficie de contato com o solvente,
favorecendo a eficiéncia da extragdo. Antes da extragdo propriamente dita, ¢ comum realizar um
tratamento preliminar com solventes organicos como etanol, metanol e cloroféormio para remover
compostos apolares, como lipidios e fenois de modo a evitar interferéncias no processo de extracao
dos polissacarideos (Garcia et al., 2022; Leong et al., 2021).

Considerando a diversidade de solubilidades e a disposi¢cao em diferentes camadas estruturais
dos polissacarideos, frequentemente emprega-se uma sequéncia de extragdes para maximizar o
rendimento. Inicia-se com condi¢gdes mais brandas, extraindo os polissacarideos de solubilidade mais
facil, e, posteriormente, aplicam-se condigdes mais rigorosas de temperatura, pressao e pH para
acessar polissacarideos mais resistentes. Em alguns casos, enzimas especificas também sao utilizadas
para facilitar a degradacao da matriz celular e liberar polissacarideos de interesse (Leong ef al., 2021;
Ruthes et al., 2015). Dentre os principais métodos de extragdo utilizados, destacam-se as extracdes
aquosas em diferentes temperaturas e pressao, extra¢ao alcalina e a extracdo enzimatica.

As extracdes aquosas sdo amplamente utilizadas devido a elevada solubilidade dos
polissacarideos na mesma, tornando o processo mais seguro e facilitando os processos de purificacao
subsequentes. Geralmente, a primeira extragdo ¢ realizada em temperatura ambiente, comumente
referida como extragdo a frio (CW — cold water), com duragao de 1 a 6 horas sob agitacdo constante
(Leong et al., 2021; Ruthes et al., 2015). Apods esse periodo, o residuo de cogumelo € separado por
centrifugacdo e o processo pode ser repetido para aumentar o rendimento. Em seguida, realiza-se a
extracdo com agua quente (HW — hot water), empregando temperaturas entre 90 e 100 °C, visando
solubilizar polissacarideos de menor solubilidade. Esse segundo processo segue os mesmos
pardmetros de tempo, agita¢do, centrifugacdo e repeti¢ao (Garcia et al., 2022; Ruthes et al., 2015;
Wang et al., 2022).

Ap6s as extracdes aquosas, € comum aplicar extragdes alcalinas com diferentes concentracdes
de hidroxidos de sodio ou potassio (NaOH ou KOH, respectivamente), geralmente de 2 a 10%, a
temperaturas em torno de 100 °C ou inferiores. Esse procedimento € necessario para solubilizar certos

polissacarideos que ndo sdo extraidos em condi¢cdes aquosas. Antes desse tipo de extracdo, ¢
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fundamental proteger os polissacarideos da oxidagao, utilizando NaBHa como agente redutor (Leong
et al., 2021; Ruthes et al., 2015; Wang et al., 2015).

Apo6s as extragdoes com diferentes temperaturas e pH, esses processos podem ser repetidos
(com a4gua quente e solucdo alcalina), mas sob pressoes elevadas, variando de 1 a 22 MPa e
temperaturas de 100 até mais de 300 °C. Esse método visa solubilizar uma quantidade maior de
componentes e, possivelmente, hidrolisar o substrato do cogumelo (Leong et al., 2021; Sakdasri et
al., 2022). Embora essas condi¢des intensas geralmente resultem em maior rendimento em
comparagdo as extracdes aquosas ¢ alcalinas convencionais, elas podem alterar a conformagao ¢ a
estrutura das moléculas, impactando as propriedades dos polissacarideos extraidos (Leong et al.,

2021).

242 PURIFICACAO DE POLISSACARIDEOS

Apos a etapa de extragdo, a purificacdo dos polissacarideos obtidos se torna essencial para
remover impurezas e isolar fracdes especificas de interesse. As técnicas de purificagdo sao escolhidas
com base nas caracteristicas esperadas dos polissacarideos extraidos, como peso molecular,
solubilidade, grau de ramificacdo e composi¢ao. Com isso, sdo aplicadas diferentes abordagens que
variam conforme a natureza dos compostos presentes (Wang et al., 2022).

Inicialmente, aplicam-se métodos mais gerais de purificagao, como para remogao de proteinas.
Entre as técnicas mais comuns estdo o tratamento com hidréxido de sodio a 10-30% (p/v)
(Tjahjaningsih et al., 2023), precipitagdo com acido tricloroacético a 20% (p/v) e o uso de solventes
organicos, como cloroférmio e butanol, no método de Sevag, além de tratamentos enzimaticos com
proteases (Leong et al., 2021; Ruthes et al., 2015).

Outro procedimento geralmente aplicado € o tratamento enzimatico com a-amilase, visando
remover glicogénio da amostra. Embora a a-amilase seja direcionada principalmente ao amido, ela
também degrada o glicogénio, pois ambas as moléculas compartilham uma estrutura semelhante, com
ligagdes glicosidicas a(1—4) entre unidades de glucose. Esse tratamento é geralmente repetido para
garantir a completa remocgao do glicogénio (da Silva Milhorini et al., 2022b; Li et al., 2024).

Em seguida, ¢ comum realizar a precipitacdo com etanol, geralmente em uma proporgao de
3:1 (v/v), onde ocorre a precipitacdo dos polissacarideos de maior peso molecular, devido a sua
insolubilidade em solventes organicos (Ruthes et al., 2015). Essa precipitacdo também pode ser feita

de maneira gradual, aumentando progressivamente a concentragao de etanol para fracionar diferentes
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tipos de polissacarideos. Posteriormente, as fragdes precipitadas sdo recuperadas por centrifugagao
(Hu; Goft, 2018; Peng et al., 2009).

Outro método empregado ¢ o de congelamento e descongelamento, no qual o extrato ¢
totalmente solubilizado em agua destilada, congelado e, em seguida, descongelado lentamente em
temperatura ambiente. ApOs esse processo, precipitado e sobrenadante sdo separados por
centrifuga¢do, repetindo-se o procedimento até que nao haja mais formagao de precipitado (Gorin;
lacomini, 1984; Ruthes et al., 2015). Geralmente, as moléculas mais lineares precipitam, enquanto
moléculas com maior grau de ramificagdo permanecem soltiiveis no sobrenadante (Ruthes ez al., 2015).

A separagdo de polissacarideos com base em sua composi¢do pode ser realizada por meio do
tratamento com solucdo de Fehling (Jones; Stoodley, 1965). Inicialmente, o polissacarideo ¢
solubilizado em uma solugao alcalina contendo hidroxido de potassio a 25% (p/v) e tartarato de sodio
e potassio a aproximadamente 35% (p/v). Em seguida, adiciona-se uma solucdo de sulfato de cobre II
penta hidratado a cerca de 11% (p/v). Esse processo permite que monossacarideos com grupos reativos
(COOH, OH) em posigdes mais favoraveis complexem-se mais eficientemente com os ions Cu?",
formando um precipitado (Ruthes er al, 2015). Assim, polissacarideos compostos por outros
monossacarideos permanecem no sobrenadante. Normalmente, as glucanas, devido a sua estrutura,
permanecem no sobrenadante apos tal tratamento (Kruppa et al., 2009; Milhorini et al., 2024).

Apds o tratamento com a solugdo de Fehling, o polissacarideo geralmente passa por didlise,
um processo que utiliza uma membrana semipermeavel permitindo a passagem de impurezas e
retendo o polissacarideo, no caso do tratamento de Fehling a didlise ¢ utilizada para retirar ions de
cobre e sais de potdssio em excesso. A didlise também permite a remocao de outras impurezas,
solventes e at¢ mesmo o fracionamento de polissacarideos. No entanto, o corte de peso molecular
pode ndo ser exato em todas as circunstancias, uma vez que a conformag¢do da molécula do
polissacarideo, como se ¢ ramificada ou linear, ou forma aglomerados, pode fazer com que moléculas
de maior peso molecular passem pela membrana ou que moléculas menores fiquem retidas (Ruthes et

al., 2015; Shi, 2016).

243 CARACTERIZACAO ESTRUTURAL DE POLISSACARIDEOS
Ap0s as etapas de extracdo e purificagdo, ¢ fundamental realizar a caracterizagdo estrutural dos
polissacarideos isolados. Essa etapa permite uma compreensao detalhada de suas estruturas, por meio
da identificacao de ligacdes especificas, composi¢cao de monossacarideos, anomericidade, entre outras

caracteristicas estruturais que podem influenciar diretamente suas propriedades.
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A composi¢do monossacaridica ¢ frequentemente determinada apds a hidrdlise acida das
ligagdes glicosidicas (Adams, 1965; Wang et al, 2022). Para essa andlise, técnicas como
cromatografia em camada delgada (TLC) e cromatografia liquida de alta eficiéncia (HPLC) podem
ser utilizadas. No entanto, o método geralmente empregado ¢ a cromatografia gasosa, isolada (GC)
ou acoplada a espectrometria de massas (GC-MS), que requerem uma etapa adicional de
derivatizag@o. Essa derivatizacdo ¢ feita normalmente pela acetilagdo dos grupos OH livres nos
monossacarideos, facilitando sua vaporizagdo para analise (Albersheim et al., 1967; Ruthes et al.,
2015).

A analise das ligagdes entre os monossacarideos pode ser realizada por meio de metilagao, que
¢ aplicada antes da hidrdlise acida. Nesse processo, adicionam-se grupos metila a todas as hidroxilas
livres, permitindo a identificagdo dos pontos de ligacao entre as unidades monossacaridicas. O método
utilizado normalmente baseia-se na técnica descrita por (Ciucanu; Kerek, 1984), com algumas
modificagdes. Apods a hidrdlise acida, realiza-se uma nova etapa de derivatizagdo para viabilizar a
analise por GC-MS, onde o tempo de retencao e o perfil de fragmentacgao fornecem informagodes sobre
as posicoes das ligacdes glicosidicas (Han et al., 2024; Ruthes et al., 2015).

A determinacao do peso molecular ¢ um parametro importante, pois este ¢ diretamente ligado
a atividade bioldgica dos polissacarideos, que podem apresentar uma ampla faixa de tamanhos
moleculares (Wang et al., 2023). Dessa forma, um dos métodos mais comuns para essa andlise ¢ a
cromatografia por exclusao de tamanho de alta pressdo (HPSEC) ou, em alguns casos, a cromatografia
por exclusdo de tamanho convencional (SEC), que separa os solutos em ordem decrescente de
tamanho molecular (Han et al., 2024; Wang et al., 2023).

A ressonancia magnética nuclear (RMN) mono e bidimensional ¢ utilizada para obter
informacdes como as configuragdes anoméricas o/f, analise de alguns padrdes de ligagdo e a
identificagdo de extremidades ndo redutoras, além da conformacdo do anel dos monossacarideos,
permitindo a confirmagdo de outras analises, como a metilagdo (Ruthes ef al., 2015). Como alguns
polissacarideos possuem estruturas extensas e complexas, pode haver sobreposi¢ao de sinais, tornando
interessante o uso combinado de técnicas 1D e 2D para uma caracteriza¢do mais completa (Han ez al.,
2024).

As analises mais comuns em RMN para polissacarideos incluem as técnicas unidimensionais
de 'H e '3C, identificando os tipos de protons e carbonos presentes na estrutura, fornecendo
informagdes iniciais sobre o ambiente quimico das ligagdes e algumas proporcdes (Yao et al., 2021).

Ja nas técnicas bidimensionais, destacam-se:
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e HSQC (Heteronuclear Single Quantum Coherence), que mostra correlagcdes entre protons e
outros heteroatomos, principalmente carbono, ajudando a estabelecer a ligagao entre hidrogénios
e carbonos adjacentes (Han et al., 2024).

e COSY (Correlation Spectroscopy), que indica interagdes entre protons vizinhos, facilitando a
identificacdo de cadeias laterais e sequéncias de ligacao proximas (Kim; Prestegard, 1989; Yao
etal.,2021).

e TOCSY (Total Correlation Spectroscopy), que revela acoplamentos entre hidrogénios dentro de
um mesmo sistema de spin, abrangendo interagdes além das trés ligagdes tipicas do COSY,
permitindo a andlise de agrupamentos mais distantes no polissacarideo (Han et al., 2024; Yao et
al.,2021).

Essas técnicas, entre outras, fornecem uma visdo detalhada das interacdes e conexdes
moleculares, sendo essenciais para a elucidagdo estrutural dos polissacarideos. A caracterizagao
estrutural € necessaria, pois a estrutura do polissacarideo ¢ determinante para definir suas possiveis

atividades bioldgicas e, consequentemente, suas potenciais aplicacdes.

2.5 Atividade biolégica de polissacarideos flingicos

Os cogumelos t€m sido amplamente consumidos e utilizados na medicina popular em diversas
culturas, baseando-se principalmente em conhecimento empirico (Aratjo-Rodrigues ef al., 2024; Yin
et al., 2020; Zhang, S. et al., 2022). Tais efeitos benéficos para a saude sdo atribuidos a uma rica
variedade de compostos bioativos presentes nos cogumelos, como proteinas, terpenoides, esterois,
polifenois e, sobretudo, polissacarideos (Aratjo-Rodrigues et al., 2024; Kour et al., 2022; Navarro-
Simarro et al., 2024).

Como mencionado, a estrutura especifica dos polissacarideos — incluindo ramificagdes, tipos
de ligacdes glicosidicas, peso molecular e composicdo monossacaridica — desempenha um papel
critico em determinar suas atividades biologicas (Maity et al., 2021). Estudos t€ém demonstrado esses
efeitos em pesquisas in vivo e in vitro, mostrando que os polissacarideos sdo agentes ativos com uma
ampla gama de bioatividades (Lu et al., 2020).

Os polissacarideos de cogumelos tém se mostrado promissores em varias aplicacdes
terapéuticas. Eles podem ter efeitos antidiabéticos, reduzindo a resisténcia a insulina e os niveis de
glicose no sangue e também efeitos anti-inflamatorios, inibindo enzimas como a ciclooxigenase
(COX-2) e a oxido nitrico sintase (NOS) (Araujo-Rodrigues et al., 2024). Adicionalmente,

polissacarideos influenciam positivamente a satde intestinal, pois promovem o crescimento de
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bactérias benéficas, o que leva a producao de acidos graxos de cadeia curta (SCFAs) como subproduto
metabolico (Aratjo-Rodrigues et al., 2024; Yu et al., 2023). Além disso, os polissacarideos de
cogumelos sdo reconhecidos por suas atividades neuroprotetoras e antioxidantes. Contudo, entre suas
varias bioatividades, os efeitos imunomoduladores se destacam de forma notavel (Garcia et al., 2022;
Zhang, S. et al., 2022).

Os polissacarideos, especialmente as glucanas, sdo excelentes estimuladores do sistema
imunolégico, sendo comumente referidos como modificadores de resposta bioldgica (BRMs -
biological response modifiers), possuindo varios métodos de agdo. Por exemplo, as glucanas podem
interagir com receptores do tipo toll (TLRs — toll-like receptors) em células, promovendo a liberacao
de citocinas e também na ativac¢ao de células dendriticas (Garcia et al., 2022; Yu et al., 2023). Tais
efeitos justificam a aplicacdo de algumas glucanas, principalmente a lentinana, como adjuvantes em
terapias contra o cancer (Aratjo-Rodrigues et al., 2024; Cognigni et al., 2021; Lin et al., 2020; Park
et al., 2024; Steimbach et al., 2021).

Além dos efeitos imunomoduladores, os polissacarideos de cogumelos apresentam atividades
antitumorais diretas. Podendo induzir a apoptose em células cancerosas ou inibir o crescimento
tumoral (Garcia et al., 2022; Zhang, S. et al., 2022). Alguns polissacarideos também demonstram
potencial em prevenir metastases, interferindo na adesdo de células cancerosas (Milhorini ez al., 2018;
Zhang, S. et al., 2022). Esses efeitos, combinados com as agdes imunomoduladoras mencionadas
acima, indicam o potencial apresentado pelos polissacarideos fiingicos.

O cancer ¢ uma doenca complexa, que demanda abordagens terapéuticas variadas e esta entre
as principais causas de morte em todo o mundo, responsavel por quase 10 milhdes de mortes em 2020
(World Health Organization , 2022). Entre os tipos mais comuns estdo os canceres de mama, pulmao,
colon e reto, e prostata. O cancer de mama, especificamente foi o tipo de cancer mais comum entre
mulheres em 84,5% dos 185 paises avaliados em 2022 (World Health Organization , 2024). Trata-se,
portanto, de uma preocupagdo de saude mundial significativa, que demanda a busca por opgdes de
tratamento complementares eficazes. Os polissacarideos de cogumelos, com seus diversos
mecanismos de acdo, incluindo o fortalecimento do sistema imunologico e efeitos antitumorais
diretos, oferecem alternativas para o desenvolvimento de terapias adjuvantes ao tratamento do cancer.
Esse potencial destaca a importancia da investigagcdo continua sobre como os polissacarideos podem
complementar ou potencializar as estratégias terapéuticas atuais.

Considerando-se a grande diversidade de espécies e polissacarideos que podem ser obtidos de

cogumelos a partir de diferentes metodologias de extragdo e estes apresentarem propriedades
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bioldgicas diversas, a Tabela 1 contém alguns dos polissacarideos ja isolados a partir de corpos de

frutificagdo, bem como o tipo de extracdo empregado e suas propriedades observadas.

Tabela 1. Propriedades e métodos de extracao de polissacarideos de cogumelos.

Espécie Polissacarideo | Extracio Propriedades Autor
Ganoderma | Fucoxilomanana HW; Alk. | Antimelanoma; (da Silva
lucidum antiproliferativa Milhorini et al.,
2022a)
Amanita o-D-galactana CW Antimelanoma; (Zavadinack et
muscaria B-D-glucana antitumoral al.,2021)
CW; HW | Antinociceptiva; (Ruthes et al,
Lactarius B -D-glucana Antiinflamatéria 2013)
rufus Antitumoral (Pires et al.,
2013)
Lactarius Glucogalactomanana HW Citoprotetora (Lietal.,2022)
deliciosus
Antitumoral; (Rutckeviski et
B -D-glucana HW imunomodulatoria al.,2022)
Agaricus
bisporus Imunomodulatéria (Smiderle et al.,
2013)
CW; HW | Antitumoral (Pires et al.,
2013)
CwW Antiproliferativa (Milhorini et al.,
Macrocybe Fucogalactana 2018)
titans B -D-glucana CW; HW; | Espessante (da Silva
Alk Milhorini et al.,
2022b)
Tremella Glucuronoxilomanana HW; EAE | Espessante; (Tuetal.,2023)
Sfuciformis B -glucana Hipoglicémica
Lactarius Manogalactoglucana HW Imunomodulatéria; (Zhong et al.,
volemus antiproliferativa 2021)
Lactarius 3 -D-glucana HW Antitumoral; (Yang et al,
hatsudake antioxidante 2024)

HW: extragdo aquosa quente; CW: extracdo aquosa fria; Alk: extracdo aquosa alcalina; EAE: extracdo aquosa
assistida por enzimas.

Fonte: A autora (2024)

Considerando a ampla variedade de metodologias e moléculas extraidas, observa-se na Tabela 1

uma predominancia de B-glucanas, mas também a presenga de diversos polissacarideos isolados do

género Lactarius, ao qual pertence o Lactarius quieticolor, foco deste trabalho. Esses achados

ressaltam o potencial promissor do género Lactarius para a obtencdo de moléculas bioativas,

sugerindo que ele pode conter outros polissacarideos com importantes propriedades biologicas.
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3. JUSTIFICATIVA

Os polissacarideos de cogumelos possuem ampla utilizacdo e aplicabilidade, abrangendo
propriedades medicinais e atividades bioldgicas frequentemente relatadas na literatura. Tais
propriedades sdo intimamente relacionadas a estrutura quimica destes polissacarideos, sendo
importantes os estudos referentes a identificagdo e caracterizagdo de possiveis novas moléculas, bem
como a avaliagdo de suas propriedades fisico-quimicas e bioldgicas. Atualmente, existem poucos
relatos cientificos identificando e caracterizando polissacarideos provenientes do cogumelo Lactarius
quieticolor, sendo este a fonte biologica de polissacarideos escolhida para o presente estudo de modo

a buscar estruturas de polissacarideos ainda ndo reportadas.

4. OBJETIVOS

4.1 Objetivo Geral

e Purificar e caracterizar quimica e estruturalmente os polissacarideos provenientes do extrato
alcalino dos corpos de frutificagdo desidratados do basidiomiceto Lactarius quieticolor ¢

avaliar suas possiveis atividades biologicas e aplicabilidade.

4.2 Objetivos Especificos
e Purificar polissacarideos provenientes do extrato alcalino do cogumelo Lactarius quieticolor;
e Caracterizar estruturalmente os polissacarideos das fracdes obtidas, utilizando técnicas
analiticas de RMN, GC-MS e HPSEC.
e Avaliar a bioatividade dos polissacarideos isolados
o Verificar se fragdes obtidas possuem efeito citotoxico em células normais e células
cancerosas

o Verificar se as fragdes obtidas interferem na migragao de células cancerosas
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Abstract

Mushroom-derived polysaccharides are well-known for their diverse biological activities,
including immunomodulatory and anticancer properties. Breast cancer, the leading cause of cancer-
related deaths among women globally, is considered one of the most aggressive forms, largely due to
the lack of targeted molecular therapies. In this study, we report the extraction, purification, and
chemical characterization of a novel heteropolysaccharide, a rhamnogalactan, composed of galactose
(72.6%) and rhamnose (27.4%), isolated from the edible mushroom Lactarius quieticolor. This
molecule (HTP) was extracted using an alkaline extraction method followed by treatment with
Fehling's solution. Comprehensive structural analysis was conducted using nuclear magnetic
resonance (NMR) spectroscopy, including both one-dimensional and two-dimensional techniques
(1H, HSQC-DEPT, COSY, TOCSY and HMBC), gas chromatography-mass spectrometry (GC-MS),
and high-pressure size exclusion chromatography (HPSEC). The analyses revealed that HTP consists
of a (1 — 6)-linked a-D-galactopyranose main chain, heavily substituted at O-2 by non-reducing end
units of rhamnose, with a relative molar mass of 1.53 x10*g.mol".In vitro studies using a triple-
negative breast cancer cell model showed a significantly reduction in cell viability (50%, at 1.200 pg.
mL™!). Furthermore, a synergistic effect was observed when co-administrated with the chemotherapy
drug paclitaxel, reducing the cell viability to 42 %. These findings suggest potential therapeutic
applications of the purified mushroom heteropolysaccharide reported in this study.

Keywords: Lactarius quieticolor; Polysaccharides; Heteropolysaccharides; Breast cancer
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1. Introduction

Lactarius, a genus of ectomycorrhizal fungi, includes several edible species known as milk-caps.
Among these, Lactarius quieticolor is primarily found in the Northern Hemisphere but has recently
been reported in South America as well (Niedzielski et al., 2023; Silva-Filho et al., 2020). Lactarius
mushrooms are nutritionally rich in fiber, carbohydrates, proteins, minerals, and vitamins, while being
low in calories and fat (Dawadi et al., 2022; Li et al., 2022). Mushrooms have long been valued
medically for their anti-inflammatory, antitumor, neuroprotective, and cytoprotective properties
(Navarro-Simarro et al., 2024). Growing interest in their consumption and medicinal potential has
spurred extensive research into identifying the compounds responsible for their bioactivity. Among
the various compounds studied, such as phenols, fatty acids, and others, polysaccharides have been
highlighted for their significant role (Aratjo-Rodrigues et al., 2024).

Mushroom polysaccharides display an array of functions, primarily serving as an energy storage
and maintaining structural integrity, being predominantly found in the cell walls of mushrooms
(Dedousi et al., 2024; Panda et al., 2024) and are composed by several monossacharides including
glucose in high concentrations, mannose, galactose, fucose, uronic acids in lower concentrations as
well as rhamnose and xylose rarely (Elnahas et al., 2024; Yang et al., 2024). These monosaccharides
form complex molecules such as glucans, galactans and other homo- or heteropolysaccharides
(Aratijo-Rodrigues et al., 2024; Yu et al., 2023).

Mushroom polysaccharides have gained attention for their wide range of biological activities,
including immunomodulatory, anti-tumor, and anti-inflammatory effects. These compounds are not
only biodegradable but also biocompatible and highly available (Araujo-Rodrigues et al., 2024;
Navarro-Simarro et al., 2024). Their health benefits include stimulating the immune system by
activating toll-like receptors (TLRs), dendritic cells, and macrophages (Yu et al., 2023). This immune
activation helps clear pathogens, regulate inflammation, and modulate immune responses,
contributing to their prebiotic, anticancer, and antimicrobial properties.

Mushrooms from the Lactarius genus have already been the subject of research, demonstrating
promising results. Among the polysaccharides identified are B-glucans from Lactarius rufus and
Lactarius hatsudake (Ruthes et al., 2013; Yang et al., 2024); glucomannans from Lactarius deliciosus
(Lietal., 2022) and glucogalactomannans from Lactarius volemus (Zhong et al., 2021), among others.
Currently, there are no reports specifically identifying the polysaccharides from the Lactarius
quieticolor species, with further research being needed to determine the presence and potential

bioactivity of these compounds.
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Polysaccharides derived from mushrooms have demonstrated various effects on cancer cells. A
galactan from Amanita muscaria and a fucogalactan from Macrocybe titans have been shown to
inhibit the migration and reduce the clonogenic capabilities of melanoma cells (B16-F10 line)
(Milhorini et al., 2018; Zavadinack et al., 2021). Additionally, polysaccharides from the Lactarius
genus such as glucans from Lactarius rufus, have induced apoptosis in hepatocellular carcinoma
HepG?2 cells (Pires et al., 2013). Based on these results, the polysaccharide demonstrated low or no
toxicity and showed excellent biocompatibility, making it a promising candidate for therapeutic
applications. (Elnahas et al., 2024; Kour et al., 2022).

With such effects, seeking mushroom polysaccharides for said therapies is accounted for,
considering that cancer is a prominent cause of death worldwide, with the most common types of
cancer being lung, colorectal, prostate, and breast cancer (World Health Organization 2022b). Breast
cancer, in particular, is the most frequently diagnosed cancer among women globally, with treatment
options including surgery and radiation followed by hormone or targeted therapy for luminal A/B and
HER?2 subtype respectively, and only chemotherapy to the most aggressive, the triple negative subtype
(Patel & Adrada, 2024; Regua et al., 2024; World Health Organization 2022a).

On that account, the present work aimed to obtain and purify polysaccharides from Lactarius
quieticolor whose polysaccharides have not been previously reported and test their potential adjuvant
capability against the triple negative human breast cancer MDA-MB-231 cell line. Our study
identified a polysaccharide predominantly composed of galactose and rhamnose, which demonstrated
significant inhibition of cancer cell viability, contributing valuable insights into the bioactivity and

therapeutic potential of these unreported mushroom-derived compounds.

2. Material and methods

2.1. Biological material

The fruiting bodies of L. quieticolor were collected at the Federal University of Parana’s Botanic
Garden Campus (25°26°49.1” S; 49°.14°16.4” W) in Curitiba, Parand — Brazil. After cleaning and

freeze-drying, the mushrooms were ground until powdered.

2.2. Extraction procedures
The powdered mushrooms were defatted with chloroform-methanol (2:1, v/v) in a Soxhlet
extractor at 60 °C for 3h. The resulting material was submitted to aqueous extractions followed by

reduction with NaBH4 before undergoing alkaline extractions with 5% NaOH (m/v) for 6 h (96 °C).
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The insoluble residue was filtered, and the liquid extract was neutralized (CH3COOH) and dialyzed
for 2 days against tap water. The flowchart in Figure 1 depicts the overall extraction and purification

procedures.

2.3. Purification procedures

The initial purification of the alkaline extract employed freeze-thawing cycles (Gorin & ITacomini,
1984) with removal of the precipitate through centrifugation (10 min, 8.000 rpm). Further purification
of the cold-water soluble fraction was achieved by removing glycogen through enzymatic treatment
with a-amylase for 48 h followed by ethanol precipitation (3:1 v/v), dialysis (48 h, 6-8 kDa membrane)
and freeze-drying. Subsequently, the sample was treated with the Fehling solution (Jones & Stoodley,
1965) yielding a soluble, Cu**-uncomplexed fraction and an insoluble precipitate of Cu**-complexed
polysaccharides recovered through centrifugation (15 min, 8.000 rpm). After neutralization with
CH3COOH and deionization with ion exchange resin the precipitate was dialyzed (48 h, 6-8 kDa
membrane) and lyophilized ensuing a second Fehling treatment. During the dialysis (48h, 6-8 kDa
membrane) of the Cu?*-complexed phase originated from the second Fehling treatment the formation
of a precipitate was observed. This precipitate was removed through centrifugation (15 min, 8.000

rpm) leaving only the soluble heteropolysaccharide, which was then freeze-dried.

2.4. Monosaccharide composition of L. quieticolor’s fractions

The procedure for hydrolyzing the samples (2 mg) involved incubation with 2 M
trifluoroacetic acid (TFA, 100 °C, 8 h.). After evaporation of the acid, the resulting material was
dissolved in water and subjected to reduction with NaBH4 treatment. Subsequently, the reduced
material underwent acetylation using a mixture of pyridine-acetic anhydride (1:1 v/v) at 100 °C (30
min.). The alditol acetate derivatives obtained were subjected to analysis using a Varian® CP3800 gas
chromatograph with a VF-5ms capillary column. Helium was used as the carrier gas at a flow rate of
1 mL/min. Identification of monosaccharides was based on their retention times compared to

standards (Fig. 2A and D).

2.5. Nuclear Magnetic Resonance Spectroscopy (NMR)
Nuclear magnetic resonance (NMR) analyses were performed using Bruker™ Avance 111 HD
400 MHz and Bruker™ Avance III 600 MHz spectrometers. For each analysis, samples weighing
between 15 to 30 mg were dissolved in 500 pL of deuterated dimethyl sulfoxide (Me2SO-ds) and

transferred to 5 mm NMR tubes. The analyses were conducted at a temperature of 70 °C. Chemical
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shifts were recorded and expressed in & (ppm) relative to signals from Me>SO-ds, which were set

at 8 39.7 ppm and & 2.5 ppm for '*C and 'H, respectively.

2.6. Analysis of methylated derivatives by GC-MS

The polysaccharides were submitted to methylation analysis using an adapted method from
Ciucanu and Kerek (1984) and Zavadinack et al. (2024). An aliquot of each fraction (10 mg) was
dissolved, separately, in DMSO, followed by the addition of powdered NaOH and methyl iodide (1
mL). The mixture was stirred for 30 minutes at room temperature, then left overnight. Subsequently,
the reaction was neutralized with acetic acid, dialyzed (6-8 kDa cut-off membranes, 24h), and freeze-
dried. This methylation process was repeated twice for each sample, followed by extraction with
chloroform. The per-O-methylated derivatives were hydrolyzed using 45% formic acid (100 °C, 16
h.), followed by treatment with 2 M TFA (100 °C, 8 h.), As previously described by Zavadinack et al.
(2024). The samples were then reduced using deuterated sodium borohydride then acetylated as
described in section 2.4. and subjected to GC-MS analysis following the same procedure described
above for monosaccharide composition. Identification of the partially O-methylated alditol acetates
derivatives was based on their ion m/z values compared to standards, and the results were expressed

as the relative percentage of each component (Sassaki et al., 2005).

2.7. Preparation of methylated rhamnose standard

The methylated standard was prepared as described by Sassaki et al. (2005) initially through the
glycosylation of the L-Rha standard (50 mg) in 5 mL of 3% MeOH-HCI] under reflux for 2 hours.
The glycoside was neutralized with AgCO3 and filtered. After drying, 10 mg of the sample was added
to 1.5 mL of methyl iodide and stirred with 250 mg of Ag>O for 12 h at room temperature. After
decantation of the oxide, the methylated supernatant was removed and dried, then hydrolyzed with 1
M H2SO4 (8 h, 100 °C), neutralized with BaCO3 and reduced with NaBD4. The standard’s acetylation

and analysis were carried out as described in section 2.4.3.

2.8. Determination of homogeneity and relative molecular weight

Relative molecular weight and homogeneity assessments were conducted using high-performance
size exclusion chromatography (HPSEC) with a Waters™ 2410 differential refractometer, equipped
with a refractive index detector and a series of four Waters™ Ultrahydrogel columns (2000, 500, 250,
and 120 A). The eluent used was composed of 0.1 M sodium nitrite (NaNO3) with 0.5 g/L sodium

azide (NaN3). The samples were dissolved in the eluent at a concentration of 1 mg. mL™! and filtered
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through a 0.22 um Millipore® membrane before injection. A curve generated from dextran standards
(487, 266, 124, 72.2, 40.2, 17.2, and 9.40 kDa) was employed to determine the relative molecular
weight of the samples.

2.9. Cell culture and treatments

Normal-like breast cell line, HB4a (Stamps et al., 1994) and breast cancer cell line MDA-MB-231
(triple negative-like) used were acquired by American Type Culture Collection (ATCC). The cells
were cultivated in RPMI 1640 medium (Gibco), supplemented with 10% fetal bovine serum and

incubated at 5% of CO; at 37 °C in a humidified atmosphere.

Cells were plated at 100 puL per well in a 96-well plate, achieving a density of 5,000 cells per well,
and incubated at 37 °C with 5% CO: for 2 hours to allow adhesion. Afterward, 100 puL of the HTP
fraction at 200, 400, 600, and 1.200 pg. mL™' were added, while the control solvent (distilled
water/DMSO 1:1), without the presence of the polysaccharide, was also added to designated wells,
with the treatment lasting for 24 hours. After incubation, the supernatant was removed, and 0.5 mg/mL
of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added, and 100 pL of
DMSO was later used to solubilize formazan crystals. Absorbance at 570 nm was measured using a

Synergy HT microplate reader, and cell viability was calculated relative to controls.

To evaluate the synergistic effect of HTP with paclitaxel, a common chemotherapeutic agent, the
cells were treated with the dose that both were cytotoxic for close to 50% of cells, with 1.200 pg. mL-
! for HTP and 0.0850 pg. mL™! for paclitaxel (Habibi et al., 2024).

2.10 Statistical analysis

The results are presented as mean =+ standard error of mean (SEM). Statistical analysis was
conducted using GraphPad Prism (v. 5.0), with significance set at p < 0.05. Comparisons between
groups were performed using ordinary one-way ANOVA, followed by Tukey’s multiple comparisons

test for post-hoc analysis.
3. Results and discussion
3.1. Chemical structure of the heteropolysaccharide from L. quieticolor

The crude extract obtained from alkaline extraction (NaOH 5% m/v, 96 °C, 6 h, 3x) underwent
the initial purification step through freeze-thawing with subsequent centrifugation (9.000 rpm, 15

min), yielding 15.03 g of the soluble fraction (EAS). After acid hydrolysis and acetylation, the EAS
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fraction was found to consist of mannose (3.30%), rhamnose (6.54%), galactose (17.5%), and glucose
(72.6%) Given that the fruiting body typically contains glycogen as a reserve polysaccharide (as
confirmed by NMR analysis, shown in Suppl. Figure 1 A and B) the fraction was submitted to
enzymatic treatment with a-amylase (48 h, 40 °C, ethanolic precipitation 3:1 v/v and dialysis, 2x),
obtaining a new treated fraction (EAS-a) composed of rhamnose (9.1%), mannose (5.0%), galactose
(24.3%) and glucose (61.5%) (Fig 2B). A decrease in glucose content, as shown in Table 1, indicates

the success of the a-amylase treatment.

Alkaline extract

A

Freeze-thawing x4
Centrifugation (9000 rpm)

Soluble fraction - EAS Precipitated fraction
(15.3% yield)®
w-amylase treatment
(40°C, 48 h, 2x
ethanolic precipitation 3:1 v/v
centrifugation - 9000 rpm)

Treated fraction - EAS-a Ethanolic residue
(49.7% yield)

Fehling treatment 2x
Centrifugation - 9000 rpm

Dialysis (6-8 kDa), 48 h

Precipitated fraction Supernatant fraction
Cu” complexed polysaccharide
(Heteropolysaccharide)
(7.60% vield)® *Relative to alkaline extract
hRE|al‘i\"E ta soluble fraction
‘Relative to amylase-treated fraction

B HTP
n 0.04-5 Mw 1.53 x 104 g.mal”’
s 0.06
3
2 0.044
=
2 0.02] Solvent
-
E 0,00 1P T
& 20 30 40
-0.02- Volume (mL)

Figure. 1. Extraction and purification scheme of the Lactarius quieticolor’s heteropolysaccharide
rhamnogalactan (HTP) and its elution profile in HPSEC coupled to a Refractive Index (RI) detector. (A)

Flowchart of the extraction processes performed on the Lactarius quieticolor mushroom; (B) HPSEC-RI
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elution profile of the HTP fraction. The relative molecular weight was determined using dextran standards (487,
266, 124, 72.2,40.2, 17.2, and 9.40 kDa).

Following the removal of glycogen, an additional purification step was required to further
fractionate the polysaccharides. For this purpose, a treatment with Fehling Solution was employed
twice. The complexation of Cu?** with the polymer resulted in a precipitate, which, upon
decomplexation, was found to consist of thamnose (27.4%) and galactose (72.6%) (Fig 2C and Table
1). Given that fucose is typically the monosaccharide found in mushrooms (Wang et al., 2018; Yang
et al., 2024), we conducted a monosaccharide composition experiment using only fucose, rhamnose,
and galactose standards (Fig. 2D). The retention time (Rt), observed at 26.2 minutes, confirmed the
presence of rhamnose in the purified fraction (HTP), indicating that the applied method effectively
isolated the desired monosaccharides. In fact, HPSEC revealed a homogeneous elution profile (Fig.
1B), indicating a uniform molecular weight distribution, with a Mw of 1.53 x 10* g.mol™!. These
results demonstrate that the complexation of the polysaccharide with Fehling's solution is an effective
method for polysaccharide purification, as described by Zavadinack et al. (2024). Additionally, sugar
and protein analyses revealed that this fraction consists solely of carbohydrates, with no protein
detected (Table 1). This heteropolymer (HTP), identified as rhamnogalactan, represents a molecule

that is rarely observed in mushrooms (Elnahas et al., 2024; Yu et al., 2023).

Table 1. Monosaccharide composition of fractions obtained from L. quieticolor.

Monosaccharides (%)? Sugar Protein
. content Content
Fractions Rha Man Gle Gal (%) (%)
Crude extract 6.54 330 726 175 nd® nd®
Amylase treatment 9.10 500 61.5 243 nd® nd®
Heteropolysaccharide 27.4 - - 72.6 99.6 -

2Relative to peak area
® Not determined
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Figure 2. Monosaccharide composition determination of the HTP fraction obtained from the Lactarius
quieticolor mushroom. (A) Monosaccharide standards; (B) the crude extract obtained after alkaline extraction
and a-amylase treatment; (C) the purified HTP fraction; (D) monosaccharide chromatogram using rhamnose,
fucose and galactose standards. The analyses were conducted using a Varian® CP3800 gas chromatograph,
equipped with a VF-5ms capillary column and helium as the carrier gas at a flow rate of 1 mL/min.

Monosaccharides were identified by comparing their retention times to reference standards.

To gain further insights into the molecular structure, methylation analyzes were performed (Fig.
4 and Table 2), which provide a more detailed understanding of the units, and the glycosidic linkages
present in the HTP fraction. The results showed the presence of three distinct partially O-methyl
alditol acetate (PMAAs) derivatives, the 2,3,4-Mes-Galactitol (44.0%), indicating a (1—6)-Galp-
linked main chain highly 2-O substituted, as indicated by the presence of the 3,4-Me;-Galactitol
(28.4%) derivative. The 2,3,4-Mes-Rhamnitol (27.6%) fragments indicate the presence of non-
reducing end units of rhamnose. To confirm the presence of the 2,3,4-Mes-Rhamnitol derivatives, we
synthesize PMAAS derivatives standards of Rhamnose, as described by Sassaki et al. (2005). As
shown in Figure 4A, the peaks corresponding to 2,3,4-Mes-Rhamnitol derivatives are overlapped
(21.8 minutes), confirming the presence of non-reducing terminal rhamnose units in the HTP fraction.

Additionally, no other rhamnose units overlap with the heteropolymer peaks, further confirming that



40

these units present in the heteropolymer are exclusively non-reducing terminals. All derivatives
observed for HTP fraction and Rhamnose standard PMAAs are represented in the Figure 3 and table
2.

Table 2. Partially O-methylated alditol acetates derivatives (PMAAs)® obtained upon the methylation
of the HTP fraction® and the Rhamnose standard®.

Partially O-methyl alditol acetates RT?!  Relative Peak Area Linkage types

(PMAAs)? (%)*

HTP fraction PMAAS

2,3,4-Mes-Rha 21.8 27.6 Rhap-(1—
2,3,4-Me;-Gal 27.2 44.0 —6)-Galp-(1—
3,4-Me,-Gal 28.8 28.4 —2,6)-Galp-(1—

Rhamnose standard PMAAs

2,3,4-Me;s-Rha 21.8 Nd Rhap-(1-
3,4-Me,-Rha 22.7 Nd 2-+)-Rhap-(1—
2,3-Me>-Rha 23.9 Nd 4—)-Rhap-(1—
2,4-Mey-Rha 25.5 Nd 3-»)-Rhap-(1-

* PMAASs obtained through methylation process, as described in sections 2.6 and 2.7, and
analyzed by GC-MS on a Varian® CP3800 chromatograph with a VF-5ms capillary column;
b Heteropolysaccharide rhamnogalactan obtained from the L. quieticolor mushroom;

¢ L-Rhamnose standard was purchased from Sigma-Aldrich®

dRetention time (minutes);

¢ Based on standard derived PMAAs derivatives.
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Figure 3. GC-MS chromatogram and fragmentation profiles of the HTP fraction and rhamnose standard
after permethylation, acid hydrolysis and acetylation. (A) GC-MS chromatogram with the partially O-
methyl alditol acetate (PMAAs) derivatives from the HTP fraction superimposed on the methylated rhamnose
standard; (B) Fragmentation profile of the 2,3,4-Mes-Rha, 2,3,4-Mes-Gal and 3,4-Me»-Gal from HTP fraction
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PMAAs and 2,3,4-Mes-Rha, 3,4-Me;-Rha, 2,3-Me;-Rha and 2,4-Me,-Rha from Rhamnose standard PMAAs.
The analyses were performed using a Varian® CP3800 gas chromatograph equipped with a VF-5ms capillary
column, with helium as the carrier gas at a flow rate of 1 mL/min. Identification of the partially methylated
alditol acetate (PMAA) derivatives was based on their ion m/z values.

The HSQC-DEPT NMR spectra of the crude soluble fraction (EAS) (Suppl. Fig. 1A) confirm the
presence of glycogen, evidenced by characteristic signals at 6 100.4/5.04 ppm (C1/H1) and 6 79.9/3.33
ppm (C4/H4) (da Silva Milhorini et al., 2022b). Additionally, six other distinct anomeric signals at 6
99.4/4.81, 6 98.7/4.83, 6 98.5/4.73, 6 102.7/4.52, 6 102.7/4.35, and 6 102.7/4.25 were observed. Even
after treatment with a-amylase, these five signals persisted in the resulting EAS-a fraction (Supp. Fig.
1B), suggesting the presence of a mixture of polysaccharides. In fact, both EAS and EAS-a presented
heterogenous elution profiles in HPSEC-RI analyses (Suppl. Fig. 2A and B) further reinforcing the
need to purify this fraction. Therefore, a treatment with Fehling’s solution was performed, resulting
in the homogeneous fraction HTP (Fig. 1B), which present only three distinct anomeric signals at &
98.5/4.73, 6 98.7/4.83 and 6 99.4/4.81, corresponding to —6)-Galp-(1—, —2,6)-Galp-(1—, and Rhap-
(1— units, respectively. The anomericities were confirmed through a coupled-HSQC-NMR
experiment (Suppl. Fig. 3), which showed that the Galp units present o anomericity, as the Jci-n1
values observed were >170.0 Hz (Cordeiro et al., 2012), while for the Rhap units the  configuration
was observed (Jci-u1 = 160.6 Hz) (Amaral et al., 2008).

To confirm the attributed units, further NMR studies were conducted ('H, COSY, TOCSY,
HMBC). As demonstrated in Figure 4 and Table 3, several correlations were observed, as expected.
In COSY experiment (Fig. 5A), it was possible to observe the H-1 coupling with H-2 for the three
anomeric signals at 6 4.83/3.70, 84.73/3.60 and 6 4.81/3.72. Additionally, the -CH3/H-5 correlation
for Rhap units was identified at  1.18/3.61 (‘H/'H). Distant correlations from the TOCSY experiment
(Fig. 5B) were observed for Rhap units at & 1.18/3.33 for -CH3/H-4 (*H/'H), further confirmed by
HMBC analysis (Fig. 5C and D) through the -CH3/H-4 (**C/'H) coupling at 6 17.8/3.33. Additionally,
a H-1/C-3 coupled signal at 6 4.81/70.4 was observed for this unit. As the observed Rhap units were
assigned to non-reducing end units (z-B-Rhap-(1—) linked to Galp main chain at the O-2 position
through methylation analyzes (Fig. 4 and Table 2), we attributed the '*C/'H correlation at § 4.83/73.7
to the ~-Rhapp1—2Galp linkage. The HSQC-DEPT signal at 6 73.7/3.70 was attributed to the C-2/H-
2 of the —2,6)-a-D-Galp-(1— units, as confirmed by the COSY and TOCSY spectra, which show the
H-1/H-2 correlation at & 4.83/3.70. Moreover, the equivalent values between these units were
confirmed by similar percentages in the methylation analysis (27.6% and 28.4%), as well as by the
integration of the 'H signals at & 4.83, & 4.81, & 4.73, and & 1.18, with ratios of 1:1.1:1.5:3.2,
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respectively (Fig. 5). The -CH3 (6 1.18 ppm) integrated value obtained agrees with and supports the
proposed chemical structure. Theoretically, the relationship between H-1 and -CH3 values should be
1:3, as each Rhap-(1— unit contains only one methyl group. This consistency reinforces the accuracy
of the structural assignments made in the study.

Substitution at C-6 can be observed at & 66.4/3.68 and 6 66.4/3.53 as inverted signals (in blue,
Fig. 4C, D and E), indicating the presence of -CH» groups (Abreu et al., 2021). As described by
Ascéncio et al. (2006), Distortionless Enhancement by Polarization Transfer-135 (DEPT-135)
experiments differentiate methylene (-CHz) peaks from methyl (-CH3) and methine (-CH) peaks. The
-CH> groups appears in the negative phase, while -CH and -CH3 appear in the positive phase. For
Galp, the C-6 non-substituted is usually observed at 6 60.5 to & 61.5 ppm (Ruthes et al., 2010;
Zavadinack et al., 2021), and no signal was observed in this region. Additionally, HMBC H-1/C-6
correlations were observed for both Galp units at § 4.73/66.4 and o 4.83/66.4 (Fig. 5C), confirming
that this polysaccharide has a (1—6)-linked backbone, as indicated by the methylation analysis.
Therefore, we conclude that the heteropolysaccharide rhamnogalactan (HTP) presents a main chain
(1—-6)-0-D-Galp linked substituted at O-2 by #-B-Rhap-(1— units, as represented in Figure 4F. The
complete attribution of the signals and all observed correlations are summarized in Figure 4E and
Table 3.

Mushroom-derived polysaccharides are a complex group of molecules, and a variety of different
chemical structures have already been reported (Ren et al., 2012; Ruthes et al., 2016). Moreover, the
existence of a relationship between the structure and function of these molecules is well-established
(Huang & Nie, 2015; Villares et al., 2012), making precise chemical characterization essential before
conducting biological analyses. Among the biological activities observed, anticancer effects have
been demonstrated by several authors (Khan et al., 2019; Ma et al., 2014; Zavadinack et al., 2021).
According to Zhang et al. (2019), these molecules can exert their effects either by modulating the
immune system - enhancing immune responses against cancer cells - or through direct cytotoxicity,
reducing cell viability by activating pathways that induce cell death, which is mediated by its
interaction with specific cellular receptors (Li et al., 2023; Zhang et al., 2017). In addition, studies on
these molecules have demonstrated their low or absent cytotoxicity in normal cells and no side effects
(Zhang et al., 2022), even when administered at high concentrations (Mao et al., 2015; Wang et al.,
2014).

Given the discoveries about the chemical structure of the HTP fraction, we aim to investigate its

cytotoxic effects on cancer cells. Specifically, we seek to elucidate the effects of HTP on normal breast
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cells and triple-negative breast cancer cells, comparing the cytotoxic effects observed in each.

Additionally, studies have been conducted to explore the potential synergistic effects of HTP when

combined with the antitumor drug paclitaxel.
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Figure 4. 2D-NMR studies of the heteropolysaccharide rhamnogalactan (HTP) obtained from the
Lactarius quieticolor mushroom. (A) COSY, (B) TOCSY, (C and D) HSQC-DEPT (in black and blue) with
superimposed HMBC (in red) spectrum. The selected area (*H 1.90 to 5.80 ppm and *C 57.0 to 110.0 ppm) is
represented in C, while the full spectrum is represented in D. (E) HSQC-DEPT spectrum. The inverted
signals (negative phase) are in blue. (F) The presumed HTP chemical structure. The sample was analyzed in
Me,SO-d; (calibration parameters: & 39.7/ 2.50 for C/H) at 70°C and the results are expressed in ppm (0).
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Figure 5. 1H-NMR of the heteropolysaccharide rhamnogalactan (HTP) obtained from the Lactarius
quieticolor mushroom. Integrated values (in red) obtained through '"H-NMR spectra. The sample was analyzed
in Me>SO-dj (calibration parameters: & 2.50) at 70°C and the results are expressed in ppm (J). The analysis
and peak assignments were performed using TopSpin software, version 3.6.5.
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Table 3. Chemical shifts® and the correlations observed (‘H/'H and *C/"H) through NMR experiments
for each unit observed in HTP fraction.

Units Signal (6 C/H) Correlations
—6)-0-D-Galp-(1— 98.5/4.73 H-1/C-6 (5 4.73/66.4)% ; H-1/H-2 (3 4.73/3.60)>¢
C-1/H-1
—6)-0-D-Galp-(1- 68.7/3.60 H-1/H-2 (3 4.73/3.60)"*
C-2/H-2
—6)-a-D-Galp-(1- 68.7/3.83 H-1/C-3 (8 4.73/68.7)4
C-3/H-3
—6)-0-D-Galp-(1- 68.4/3.91 H-4/C-6 (5 3.91/66.4)
C-4/H-4
—6)-a-D-Galp-(1— 68.4/3.95 -
C-5/H-5
—6)-a-D-Galp-(1— 66.4/3.68 H-1/C-6 (8 4.73/66.4)4
C-6/H-6
—6)-a-D-Galp-(1— 66.4/3.53 H-1/C-6 (8 4.73/66.4)
C-6/H-6b
—2,6)-a-D-Galp-(1— 98.7/4.83 H-1/C-6 (5 4.83/66.4)¢ ; H-1/H-2 (5 4.83/3.70)>¢
C-1/H-1
—2,6)-0-D-Galp-(1 73.7/3.70 H-1/H-2 (3 4.83/3.70)>¢; H-1/C-2 (5 4.81/73.7)¢
C-2/H-2
—2,6)-0-D-Galp-(1- 68.6/3.79 H-1/C-3 (8 4.83/68.7)4
C-3/H-3
—2,6)-0-D-Galp-(1— 68.4/3.90 H-4/C-6 (5 3.90/66.4)¢
C-4/H-4
—2,6)-a-D-Galp-(1— 68.4/3.96 -
C-5/H-5
—2,6)-a-D-Galp-(1— 66.4/3.69 H-1/C-6 (5 4.83/66.6)%
C-6/H-6
—2,6)-0-D-Galp-(1— 66.4/3.52 H-1/C-6 (8 4.83/66.6)¢
C-6/H-6
B-L-Rhap-(1— 99.4/4.81 H-1/H-2 (8 4.81/3.72)>¢; H-1/C-2 (5 4.81/73.7)¢
C-1/H-1 H-1/C-3 (5 4.81/70.4)¢
B-L-Rhap-(1— 67.8/3.72 H-1/H-2 (3 4.81/3.72)b¢
C-2/H-2
B-L-Rhap-(1— 70.4/3.71 H-1/C-3 (5 4.81/70.4)
C-3/H-3
B-L-Rhap-(1— 69.1/3.33 H-1/H-2 (8 3.33/3.61)>¢; -CH3/H-4 (8 1.18/3.31)%4
C-4/H-4
B-L-Rhap-(1— 68.8/3.61 H-1/H-2 (3 3.33/3.61)>¢; -CH3/H-5 (8 1.18/3.61)"*
C-5/H-5
B-L-Rhap-(1— 17.8/1.18 -CH3/H-5 (3 1.18/3.61)>¢

-CH3
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@ Assignments are based on HSQC-DEPT analysis and are expressed as ppm (3). ® Signals in COSY spectrum.
¢Signals in TOCSY spectrum. ¢ Signals in HMBC spectrum.

3.2. HTP fraction exhibited a high cytotoxic dose-dependent effect only in MDA-MB-231
cells

The triple-negative breast cancer cell model was used to evaluate the cytotoxic effects of the HTP
fraction. As the HTP fraction was fully soluble only with the addition of 50% DMSO, the maximum
dosage applied was 1.200 pg. mL™!, as higher concentrations of either DMSO or the initial solution
negatively impacted cell viability (data not shown) (Krajnak et al., 2023). Initially, we conducted the
assay using the normal breast-derived HB4a cell line. The results showed that the HTP fraction had
low cytotoxic effects in MTT assay (Quadrado et al., 2024; van de Loosdrecht et al., 1994) even at
the highest dosage (1.200 pg. mL™), with less than 20% of cells affected (Fig. 6A), showing that the
HTP heteropolysaccharide does not present acute toxicity in normal breast-derived HB4a cell line. In
contrast, in MDA-MB-231 cells, a triple-negative breast cancer cell line, the HTP fraction exhibited
a dose-dependent cytotoxic effect, reducing cell viability by 50% at the highest concentration tested
(1.200 pg. mL) (Figure 6B), suggesting a potential mechanism involving interactions with cellular
receptors that are minimally or not expressed in normal cells (Ferreira et al., 2021). In fact, it has
already been demonstrated that certain cell surface membrane receptors are overexpressed in tumor

cells (Kischel et al., 2008; Panjehpour et al., 2005)
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Figure 6. Cytotoxic effects of the HTP fraction. (A) Normal breast-derived HB4a cell line treated with
different concentration of HTP. (B) Triple-negative breast cancer MDA-MB-231 cell line treated with
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different concentrations of HTP. Distilled water/DMSO (1:1; v/v) was used alone as a control (Ctrl). ns = non
significative * p< 0,05 ***<0,01 ****<(0,0001.

3.3 The HTP fraction presented a synergetic cytotoxic effect in MDA-MB-231 cells when
treated with paclitaxel

The HTP concentration with higher cytotoxic effect (1.200 pg. mL™), resulting in 50% of cell
viability reduction in MDA-MB-231 cells was now co-administrated with paclitaxel, a well-known
drug used in cancer treatments (Kaveh Zenjanab et al., 2024; Sledge et al., 2003). Their isolated effects
at a concentration of 0.1 uM presented a reduction in cell viability to 64% in MDA-MB-231 cells

(Fig. 7, in green). In combination (Fig. 7, in blue) it was observed a synergistic cytotoxic effect, which

leads to a reduction off cell viability to 42%.

MDA-MB-231 cells
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Figure 7. Synergistic cytotoxic effect of HTP (1.200 mg. mL-1) in combination with paclitaxel (PCT) (0.1
puM) in MDA-MB-231 cells. Cytotoxic effect of the HTP fraction at 1.200 ug. mL™" (in purple); Cytotoxic
effect of the paclitaxel (PCT) 0.1 uM (in green); Synergistic cytotoxic effect (in blue) when co-administrated

at previously tested doses (1.200 pg. mL for HTP and 0.1 uM for PCT). Distilled water/DMSO (1:1; v/v) was
used alone as a control (Ctrl). * p< 0,05 ***<0,01 ****<0,0001.

Triple-negative breast cancer is a less common, heterogeneous subtype of breast cancer, accounting
for 15-20% of cases. It is characterized by moderate to high-grade, highly proliferative cancer cells
(Zagami & Carey, 2022). The absence of approved targeted therapies and the limited treatment options
result in the poorest prognosis among all breast cancer subtypes (Ferreira et al., 2021; Simu et al.,
2021). Traditional chemotherapy frequently associated with side effects like cardiomyopathy,
nephrotoxicity and many others (Schirrmacher, 2019). In this context the use of natural compounds is
trend in cancer therapy research (Lin et al., 2020). There are many natural compounds in combination
with chemotherapeutic drugs with the goal to enhance efficacy, reduce chemoresistance or relieve

adverse effects (Lin et al., 2020). Notably, the herbal compound TLBZT has shown promising results
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in combination with chemotherapeutic drugs against colon carcinoma (Wei et al., 2017). Curcumin,
extracted from Curcuma longa, enhances the anticancer effects of carboplatin and doxorubicin in
gastric and lung cancers (Lin et al., 2020). Silibinin, derived from Silybum marianum, has been found
to potentiate the efficacy of paclitaxel. Similarly, several natural phenolic acids, including caffeic,
rosmarinic, and ursolic acid, have demonstrated synergistic effects when paired with paclitaxel,
further improving its anticancer activity (Kaveh Zenjanab et al., 2024; Lin et al., 2020).

The reduction in viability and density of cancer cells due to the action of mushroom
polysaccharides has been previously reported for various authors. For instance, a fucoxylomannan
isolated from Ganoderma lucidum was tested against B16-F10 murine melanoma cells by Milhorini
et al. (2022a). The study demonstrated a significant reduction in cell proliferation and colony
formation capabilities, achieving an 80% decrease in the observed colony area at a concentration of
500 pg. mL™! compared to untreated cells. A similar effect on the B16-F10 cell line was observed for
the homopolysaccharide (1—6), (1—2)-a-D-galactan isolated from Amanita muscaria, as noted by
Zavadinack et al. (2021). Although its chemical structure is similar to that of the polysaccharide
evaluated in this study, the latter is composed exclusively of galactose units.

Some studies involving polysaccharides from the Lactarius genus also demonstrate their
antitumoral effects. A polysaccharide primarily composed of glucose and galactose, isolated from the
Lactarius volemus species, showed antiproliferative effects against human lung (H1299) and breast
(MCF-7) cancer cell lines (Zhong et al., 2021). The polysaccharide has Mw 1.28 x 10* g. mol™! and
was able to inhibit H1299 and MCF-7 cell proliferation at concentrations ranging from 250 pg. mL"!
to 1000 ng. mL!. Additionally, Ding et al. (2012) isolated a heteropolysaccharide from the mushroom
Lactarius deliciosus composed of L-mannose and D-xylose with Mw 1.1 x 10* g.mol!. This
heteropolysaccharide exhibited significant antitumoral activity in vivo, achieving a 68.4% inhibition
rate at a concentration of 80 mg.kg™!. These findings indicate that polysaccharides, including those

derived from mushrooms of the Lactarius genus, possess significant potential as therapeutic agents.
4. Conclusion

A novel heteropolysaccharide was obtained from the Lactarius quieticolor mushroom through
alkaline extraction followed by purification. Chemical characterization analyses revealed its precise
composition and structure, consisting of B-rhamnose (27.4%) and a-galactose (72.6%) units, with a

molecular weight of 1.53 x 10* g.mol"!. The main chain is composed of (1—6)-linked galactopyranose
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(Galp) units, which are heavily substituted at the O-2 position by non-reducing end units of rhamnose.
This polysaccharide demonstrated selective cytotoxicity, being minimally toxic to normal cells while
exhibiting significant cytotoxic effects against triple-negative-like breast cancer cells. Furthermore,
its synergistic interaction with paclitaxel highlights its potential to enhance the efficacy of
chemotherapy, presenting not only a promising avenue for the development of novel cancer
therapeutics as well as a new polysaccharide structure isolated from an edible mushroom, candidate

as a new adjuvant in the therapy for triple-negative breast cancer.
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Supplementary Figure 1. HSQC-NMR studies of the fractions obtained from L. quieticolor during the

purification process. (A) Crude extract (EAS) obtained from alkaline extraction; (B) Fraction obtained after
a-amylase treatment of the EAS extract (EAS-a); (C) Heteropolysaccharide rhamnogalactan (HTP) obtained
after treatment with Fehling’s solution (Cu?* precipitate fraction). Samples were analyzed in Me,SO-dj, at 70

°C (calibration parameters: 6 39.7/ 2.50 for C/H), and the chemical shifts are expressed in & ppm.
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Supplementary Figure 2. EAS and EAS-a elution profile in HPSEC coupled to a Refractive Index (RI)
detector. (A) HPSEC-RI elution profile of the EAS fraction; (B) HPSEC-RI elution profile of the EAS-a
fraction. The relative molecular weight was determined using dextran standards (487, 266, 124, 72.2, 40.2,
17.2, and 9.40 kDa).

s A1

180 Hz

Supplementary Figure 3. Coupled-HSQC NMR experiments were performed on the HTP fraction.
Coupling constant values (Jci.u1) were calculated using TopSpin software, version 3.6.5, by measuring the
distance between each anomeric signal observed in the selected region (6 4.35 to & 5.22 ppm for 'H and o
97.0 to 6 102.6 ppm for *C). The sample was analyzed in Me,SO-ds at 70 °C (calibration parameters: &
39.7/2.50 for C/H), with chemical shifts expressed in 6 ppm.



O© 0 NI O W A~ WD =

e e T e T e T = U =
wnmn A WD = O

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

58

Artigo 11

Selective Cytotoxicity and Antimetastatic Effect on Breast Cancer Cell Model of a f-D-Glucan

from Lactarius quieticolor mushroom



32
33

34
35

36
37
38
39

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

59

Selective Cytotoxicity and Antimetastatic Effect on Breast Cancer Cell Model of a §-D-Glucan

from Lactarius quieticolor mushroom

Eliane Leal de Lara®'; Matheus Zavadinack?®!, Shayane da Silva Milhorini?, Karin Maciel Wurzer®, Giseli

Klassen®, Lucimara M.C. Cordeiro?, Marcello lacomini®*
b

? Department of Biochemistry and Molecular Biology, Federal University of Parana, Curitiba- PR,
CEP 81531-980, Brazil.
b Department of Basic Pathology, Federal University of Parana, Curitiba- PR, CEP 81531-980, Brazil.

! Equal contribution

*Corresponding author: Department of Biochemistry and Molecular Biology, Federal University of
Parana, Mailbox (Caixa Postal) 19046, Curitiba- PR, CEP 81531-980, Brazil. Tel.: +55 (41) 3361-
1655; Fax: +55 (41) 3266-2042; e-mail: iacomini@ufpr.br



62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

80

81
82

83

60

Abstract
(1-3), (1—6)-p-D-glucans derived from mushrooms are widely recognized for their biological
properties, with their physicochemical characteristics playing a crucial role in determining the
biological responses. In this study, two different (1—3),(1—6)-B-D-glucans were purified (graded
ethanolic precipitation and dialysis) from an alkaline extract of the Lactarius quieticolor mushroom
and presented distinct chemical structures. Chemical characterization through NMR, GC-MS, and
HPSEC-RI revealed that both fractions, Glc-EtPp and GlcEtSn-300, possess a main chain (1—3)-
linked, substituted at the O-6 position. However, they differ in their degree of substitution, with values
of 21.4% and 70.6%, respectively, and side chain composition. The GIcEtSn-300 fraction has
extensive (1—6)-linked side chains, whereas GIcEt-Pp is solely substituted by terminal #-Glcp-(—
units. Notably, the GIcEtSn-300 fraction was identified as a previously unreported polysaccharide,
adding novelty to the study. Given the significant differences between both fractions, we sought to
investigate and compare their anticancer activities. Remarkably, both glucans reduced the viability of
MDA-MB-231 breast cancer cells, but only the GIcEtSn-300 fraction exhibited a selective effect,
showing low toxicity in HB4a cells even at high concentrations (1.200 pg. mL™'). In addition, the
highly substituted glucan effectively inhibited cancer cell migration, suggesting potential
antimetastatic properties. These findings highlight a combination of selective cytotoxicity and the

ability to prevent cancer progression, underscoring the therapeutic potential of GIcEtSn-300.

Keywords: Lactarius quieticolor; (1—3),(1—6)-B-D-glucan; Breast cancer.
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1. Introduction

Mushrooms, particularly those from the Ascomycota and Basidiomycota phyla, play a significant
role in both diet and medicine. Nutritionally, they are valued for their high fiber, carbohydrate, protein,
mineral, and vitamin content, coupled with low calories and fat (Lu et al., 2020; Ruthes et al., 2016;
Sulieman et al., 2019). Medically, mushroom extracts are prized for their diverse biological activities,
including anti-inflammatory, antitumor, neuroprotective, and cytoprotective properties (Mizuno &
Minato, 2024; S. Zhang et al., 2022). This combination of nutritional and medicinal benefits
underscores the importance of mushrooms, where said properties are attributed to their content of
amino acids, fatty acids, phenols, and polysaccharides.

The extraction of said polysaccharides employs various methodologies, commonly starting with
the use of organic solvents to remove nonpolar compounds, followed by aqueous extraction, both at
low and elevated temperatures. Alkaline extraction using varying amounts of KOH or NaOH is also
utilized (Leong et al., 2021; Rodrigues Barbosa et al., 2020). The purification of these polysaccharides
is achieved through methods such as ethanol precipitation, dialysis with semipermeable membranes,
ultrafiltration, freezing and thawing, and reaction with Fehling's solution, among others. Less
conventional methods, like graded ethanol precipitation, are also employed (Ruthes et al., 2015).
Mushroom polysaccharides, particularly glucans, are notable for their significant health benefits and
diverse biological activities. Glucans, primarily B-glucans, are complex carbohydrates found in the
cell walls of mushrooms and are distinguished by their B-(1—3) and B-(1—6) glycosidic bonds (Pérez-
Bassart et al., 2023; Reddy Shetty et al., 2021). These natural compounds have garnered attention for
displaying effects such as anti-clonogenic effect on B16-F10 melanoma cells (Zavadinack et al.,
2021); cytotoxicity against HepG2 hepatocellular and colorectal (HT-29 and SW-480) carcinoma cells
(Liu et al., 2023; Pires et al., 2013). Additionally, B-glucans can complement conventional cancer
treatments like chemotherapy and radiation therapy by reducing their side effects and enhancing their
efficacy, as observed with mushroom glucans from A. bisporus glucans synergizing with doxorubicin
against breast cancer (Rutckeviski et al., 2022), allowing mushroom polysaccharides to be employed
in adjunct therapies for cancer treatment (Cognigni et al., 2021; Steimbach et al., 2021).

Moreover, glucans exhibit antioxidant, antinociceptive and anti-inflammatory effects, making
them valuable in both traditional and modern medical applications (da Silva Milhorini et al., 2022b;
Ruthes et al., 2013). Therefore, this study aimed to extract and purify glucans from Lactarius
quieticolor mushrooms, a species recently reported in South America whose polysaccharides remain

uncharacterized. The research also assessed the potential effects of these glucans against the triple
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negative subtype MDA-MB-231 human breast cancer cell line, as cancer remains the second leading
cause of death globally (World Health Organization, 2024), with breast cancer being among the most
frequently diagnosed types. Of all breast cancer cases, approximately 10-15% are classified as the
triple-negative subtype, which is typically associated with poorly differentiated tumor cells, meaning
the cancer cells appear more abnormal and tend to grow faster (Grosse et al., 2024). Furthermore,
triple-negative breast cancer (TNBC) is recognized as the most aggressive of all breast cancer
subtypes (Mazzeo et al., 2024). Given the growing interest in natural compounds from mushrooms
for their therapeutic properties, particularly in cancer treatment, this investigation fills a critical gap

in understanding the bioactive components of L. quieticolor.

2. Material and methods

2.1. Biological material and general extraction

The crude alkaline extract was obtained, and the mushroom was identified by Zavadinack, de Lima
Bellan, et al. (2024). Based on morphological and molecular aspects, the mushroom was classified as
Lactarius quieticolor. After extraction, the crude alkaline extract was neutralized with acetic acid,

dialyzed using 6-8 kDa membranes for 48 hours, and then freeze-dried, resulting in the fraction AE.

2.2. Purification procedures

The alkaline extract underwent freeze-thaw cycles (Gorin & lacomini, 1984) followed by
centrifugation (10 min, 8,000 rpm), yielding the cold-water soluble fraction, named EAS. This fraction
was treated enzymatically with a-amylase (48 h, 40 °C) to remove glycogen, then precipitated with
ethanol (3:1, v/v) and dialyzed (48 h, using 6-8 kDa membranes). After freeze-drying, the sample
underwent Fehling solution treatment (Jones & Stoodley, 1965), resulting in two fractions. The Cu?*-
complexed polysaccharide precipitate was recovered by centrifugation (15 min, 8,000 rpm), while the
Cu*"-uncomplexed polysaccharides remained in the supernatant. Both fractions were neutralized with
acetic acid, deionized with ion exchange resin, dialyzed (48 h, 6-8 kDa membranes), and freeze-dried.
The soluble fraction underwent a second Fehling treatment, yielding the Glc-Feh fraction and a
negligible amount of precipitated. After freeze-drying, the Glc-Feh fraction was further purified
through graded ethanol precipitation (Peng et al., 2009). The dried sample was dissolved in water at
approx. 5.70 mg. mL™! and ethanol was gradually added until a final concentration of 41% was
reached. The resulting precipitate, named GIcEt-Pp, and the supernatant were separated by

centrifugation (15 min, 8,000 rpm) and freeze-dried. Subsequently, the supernatant was further
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purified by dialysis (300 kDa membrane, 6 hours), and the eluted fraction was recovered and freeze-

dried, yielding the GlcEtSn-300 fraction.

2.3. Characterization
2.3.1. Monosaccharide composition

The samples (2 mg) were hydrolyzed using 2 M trifluoroacetic acid (TFA) for 8 h at 100 °C. The
acid was evaporated, and the material was dissolved in water and treated with NaBH4. The resulting
hydrolysates were acetylated with pyridine-acetic anhydride (1:1 v/v; 30 min, 100 °C). Then, the
resulting alditol acetates formed were extracted with chloroform and analyzed using a Varian®
CP3800 gas chromatograph coupled to an lon-Trap 4000 mass spectrometer with a VF-5ms capillary
column held at 90 to 320 °C with Helium as carrier gas (I mL/min). The monosaccharides were

identified by their retention times and their electron impact breakdown profiles were compared to

standards.

2.3.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR analyses were carried out on a Bruker” Avance III HD 400 MHz and Bruker™ Avance III
600 MHz spectrometers. The samples (15-30 mg) were dissolved in 500 mL of deuterated dimethyl
sulfoxide (Me2SO-ds) and transferred to 5 mm NMR tubes and the analyses conducted at 70 °C. The
chemical shifts are expressed in & (ppm) relative to signals from Me>SO-ds at § 39.7 and & 2.5 for 1°C

and 'H, respectively.

2.3.3. Determination of homogeneity and relative molecular weight
Relative M,, and homogeneity were performed by high performance steric exclusion
chromatography (HPSEC, Waters™ 2410 differential refractometer) employing a refractive index
detector and a series of four Waters™ Ultrahydrogel columns (2000, 500, 250 and 120 A). The eluent
was sodium nitrite (NaNO3, 0.1 M) with sodium azide (NaN3, 0.5 g/L). The samples were dissolved
in the eluent (1 mg/mL) and filtered through a 0.22 mm Millipore® membrane prior to the injection).
A curve of dextran standards (487, 266, 124, 72.2, 40.2, 17.2 and 9.40 kDa) was utilized for the

determination of the samples’ relative My,.
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2.4. Biological activity
2.4.1. Cell cultures
Normal-like breast cell line, HB4a (Stamps et al., 1994) and triple-negative breast cancer cell line
MDA-MB-231 were acquired by American Type Culture Collection (ATCC). The cells were
cultivated in RPMI 1640 medium (Gibco), supplemented with 10% fetal bovine serum and incubated
at 5% of CO; at 37 °C in a humidified atmosphere (85-95%).

2.4.2. Cell viability assays

Both cell lines were retrieved from the stock and detached using trypsin-EDTA. Following
detachment, the cells were resuspended and counted, being then plated at 100 uL per well in a 96-
well plate, achieving a density of 5,000 cells per well. The plate was incubated at 37 °C in a humidified
atmosphere with 5% CO- for 2 hours to allow for cell adhesion. Following this incubation, in the
control wells, 100 pL of medium containing the same DMSO volume used in different glucans
concentrations, was added. For glucans treatment 100 pL of glucan solutions (solved in water and
DMSO 1:1) at concentrations of 200, 400, 600, and 1200 pg. mL"' were added for treatment. After a
24-hour incubation, the supernatant was removed, and 0.5 mg/mL of MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) was added to each well. Following further incubation, 100 pL.
of DMSO was then added to solubilize any formazan crystals formed. Finally, the absorbance at 570
nm was measured using a spectrophotometer (Synergy HT, Biotek microplate reader), and cell

viability was calculated as a percentage relative to the control wells.

2.4.3. Cell migration assays (Scratch wound healing)
MDA-MB-231 cancer cells were cultured in 6-well plates until they reached full confluence. A
straight scratch was made in the monolayer of each well using a sterile pipette tip, creating an artificial
wound. The wells were then treated with glucan samples, while control wells were left untreated.
Images of the wound area were captured at a 10x magnification at the beginning of the experiment
and after 24 hours of incubation. The extent of cell migration into the wound area was measured and
quantified by Image] software and wound healing expressed as a percentage of the area closed relative

to the control wells.

3. Results and discussion

3.1. Purification and structural characterization of the p-D-Glucans
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The alkaline extract from the Lactarius quieticolor mushroom was submitted to purification

processes, as demonstrated in Figure 1.

A Alkaline extract (AE)

Fehling treatment (2x)

Fehling Precipitate Fehling Supernatant (Glc-Feh)
Cu?*-uncomplexed polysaccharides

Graded ethanolic precipitation
419% ethanol

1
Ethanol Precipitated
Fraction (Glc-EtPp)

Ethanol Supernatant
Fraction (Glc-EtSn)

Insoluble Dialysis (300 kDa membrane, 6h)
(1—3),(1—6)-B-D-glucan
low substituted at O-6

Eluted fraction
(GlcEtSn-300)

Soluble
(1—3),(1—6)-B-D-glucan
heavily substituted at 0-6

Figure 1. Flowchart summarizing the purification procedures applied in the Lactarius quieticolor
mushroom crude alkaline extract in order to obtain the insoluble and low substituted (1—3), (1—6)-p-D-

glucan Glc-EtPp and the soluble and heavily substituted (1—3), (1—6)-p-D-glucan GlcEtSn-300.

The alkaline extract was analyzed through HSQC-NMR (Suppl. Fig. 1) and exhibited various
anomeric signals, indicating the presence of different polysaccharides. Additionally, monosaccharide
composition analysis showed the presence of glucose and galactose, and small amounts mannose and
fucose (Glcp>Galp>Fucp>Manp), as represented in the Suppl. Fig. 2. As the signals observed in
HSQC spectrum was characteristics from B-D-Glucans, the sample was submitted to purification
through Fehling Solution treatments two times to obtain total purification, as described by Jones and
Stoodley (1965) and adapted by Zavadinack et al. (2021). D-Glucans, common mushroom-derived
polysaccharides, are expected to remain in the Fehling supernatant because the copper ions (Cu®") in
the copper sulfate solution do not complex with the hydroxyl groups present in these molecules, which
occur especially with heteropolysaccharides (da Silva Milhorini et al., 2022a; Vaz da Luz et al., 2024).
This lack of interaction allows D-Glucans to stay soluble, separating them from other polysaccharides
that may precipitate during the Fehling treatment. In fact, after Fehling treatments, the supernatant

fraction Glc-Feh (Cu?"-uncomplexed polysaccharides, Figure 2A), presented only glucose in its
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composition (Suppl. Fig. 2), and displays only anomeric signals characteristics from B-D-Glucans at
6 102.6/4.56, & 102.7/4.36, & 103.5/4.40, and 6102.6/4.26, usually described as the —3)-Glcp-(1—,
—3,6)-Glcp-(1—, t-)-Glcp-(1—, and —6)-Glcp-(1— units, respectively (Zavadinack, de Lima Bellan,
et al., 2024).

Despite the similarities with (1—3), (1—6)-B-D-glucans previously described, the lack of
homogeneity observed in the HPSEC analysis (Suppl. Fig. 3), and the presence of a signal at 6
86.7/3.45 and duplicated C-6 linked (-CH) signals at & 68.0/4.08, 6 68.0/4.01, 6 68.0/3.62, and 6
68.0/4.56, prompted us to continue the purification process. Normally, the B1—3 linkage is observed
as an intense signal at 6 86.0/3.50, accompanied by a low-intensity signal at the same carbon (&
86.0/3.33), as described by (Zavadinack, Cantu-Jungles, et al., 2024), corresponding to the C-3/H-3
linked in —3)-Glcp-(1— and —3,6)-Glcp-(1— units, respectively. However, this signal is not always
detected, as the degree of substitution can vary among molecules (H. Zhang et al., 2022), and the
sensitivity of the NMR experiment is limited (Webb, 2012). For C6-linked units, it is expected to
observe distinct signals for the same carbon at & 68.0/4.00 and & 68.0/3.55, rather than four signals.
This is because the signals for —3,6)-Glcp-(1— and —6)-Glcp-(1— units typically overlap, and are
usually detected as two distinct peaks — one for each hydrogen in the -CH: group - corresponding to
the C6-linked carbon (Gao et al., 2023; Lowman et al., 2011). The presence of four signals suggests
either structural complexity or a mixture of molecules with different conformational states. Hence, we
performed a new purification step on the Gle-Feh fraction through graded ethanol precipitation, as
reported by Yang et al. (2024) and Ruthes et al. (2015). This approach resulted in two new fractions,
the supernatant ethanolic fraction, named Glc-EtSn, and the precipitated ethanolic fraction, named
Glc-EtPp. As the B-D-glucan in the ethanolic supernatant theoretically has a low molecular weight,
we further purified this fraction using dialysis with a 300 kDa membrane to ensure that no high-mass
molecules remained in this fraction. The eluted fraction, named GIlcEtSn-300, as well as the ethanolic

precipitated fraction, Glc-EtPp, were subjected to chemical characterization.

3.2 Chemical characterization of the GIcEtSn-300 and Glc-EtPp fractions

Both samples were submitted to chemical characterization by NMR ('H, '*C and HSQC-DEPT,
and COSY), GC-MS, and HPSEC-RI analyzes. Additionally, sugar and protein content were
evaluated, which shows exclusively carbohydrates in both fractions. The distinct HPSEC peak
patterns in each fraction allowed for molecular mass estimation, with GIcEtSn-300 presenting an

estimated mass of 8.85 x 10° g.mol™" while the GIcEt-Pp presented a mass of 2.92 x 10* g.mol™'. The
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NMR spectrum of the GIcEt-Pp fraction, shown in Figure 2B, revealed two distinct anomeric signals
at 0 102.6/4.56 and 6 102.6/4.26, belonging to 3-O-substituted glucose and 6-O-substituted units,
respectively. These findings are further supported by the presence of signals indicating
GlepB1—3Glep linkages at & 86.0/3.50 (C-3/H-3) and Glcpp1—6Glcp linkages at & 68.0/4.10; 3.55
(C-6/H-6) (Ruthes et al., 2013) suggesting that the GIcEt-Pp fraction has a main chain predominantly
composed of (1—3)-glycosidic linkages, with branches at O-6. The absence of signals around 6
102.5/4.36 and & 103.5/4.40 in the HSQC-DEPT spectrum may indicate a (1—3), (1—6)-B-D-glucan
with low branching, substituted by non-reducing end terminals of Glcp units. These signals are
typically attributed to —3,6)-Glcp-(1— and #-Glcp-(1— units, respectively, in (1—3), (1—6)-B-D-
glucans with (1—6)-linked side chains (Lowman et al., 2011; Tondolo et al., 2017). However, there
are several assignments that seem inconsistent for these units (Abreu et al., 2021; Cantu-Jungles et
al.,2018; Lowman et al., 2011; Oliveira et al., 2015), which, based on our experience, can be attributed
to the presence or absence of (1—6)-linked side chains. This variability often leads to uncertainties
during the chemical characterization process of (1—3), (1—6)-B-D-glucans, causing authors to assign
the signals of each unit present in glucans to regions that may not always correspond accurately.
Another hypothesis for the absence of these signals in certain HSQC spectrum is the sensitivity of the
NMR equipment used. Therefore, to ensure more accurate assignments, it is essential to verify the
presence or absence of signals in the region between & 4.56 and & 4.26 ppm in the 'H spectra. In fact,
the GIcEt-Pp (1—3), (1—6)-B-D-Glucan does not present signals in these regions (Suppl. Fig 4),
suggesting that variations in chemical structure and branching type can induce significant chemical
shifts. These shifts may cause the overlapping of signals corresponding to the -Glcp-(1— and —3,6)-
Glep-(1— units, complicating their precise identification. This highlights the importance of
considering branching patterns and chemical structure differences when interpreting NMR spectra for
accurate characterization of glucans.

In contrast, the GIcEtSn-300 fraction exhibited significant differences in HSQC-DEPT NMR
experiment (Fig. 2C). It is possible to observe intense signals at 6 102.7/4.36 and 6 103.5/4.40,
indicating the presence of 3,6-di-O-substituted units as well as non-reducing end terminals of B-D-
Glucose, respectively (Lowman et al., 2011; Zavadinack, de Lima Bellan, et al., 2024). Additionally,
the signals at 5 102.6/4.56 and & 102.6/4.26, also present in GIcEt-Pp fraction, indicate the presence
of —3)-Glcp-(1— and —6)-Glcp-(1— units, respectively (Zavadinack, Cantu-Jungles, et al., 2024).
Despite some similarities in the observed anomeric signals, it is evident that the analyzed fractions

possess distinct molecular arrangement. This becomes particularly clear when examining the
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superimposed spectrum of the GlcEt-Pp and GIcEtSn-300 samples (Fig. 2D), where subtle differences
in chemical shifts and intensities can be observed. The signals at & 86.0/3.50 and o 86.7/3.45,
previously observed at the same spectrum (Fig. 2A), can now be observed as signals belonging to
different molecules. Additionally, the four C-6 linked signals (Fig. 2A) were also separated (Fig. 2B
and C). Other signals, such as & 74.5/3.52, & 75.0/3.41, and & 73.5/3.10, marked in the Figure 2D,
emphasize the differences between the spectra.

Correlational spectroscopy studies were also performed (COSY, Fig. 3). For the GIcEt-Pp fraction
(Fig. 3A), only two distinct H-1/H-2 correlations were observed for the anomeric signals at 6 4.56/3.34
and 0 4.26/3.03, which indicate that the H-2 of —3,6)-Glcp-(1— and —3)-Glcp-(1— are overlapping.
According to Smiderle et al. (2008), only H-5 and H-6 differ significantly for these units. Furthermore,
NMR studies conducted by H. Zhang et al. (2022) showed similar results to those observed for the
GIcEt-Pp fraction. For the GIcEtSn-300 fraction (Fig. 3B), four distinct H-1/H-2 correlations were
observed at 6 4.56/3.34, 6 4.40/3.14, 6 4.36/3.26 and & 4.26/3.05 for the —3)-Glcp-(1— and t-Glcp-
(1-» —3,6)-Glcp-(1— and —6)-Glcp-(1— units, respectively. These signals agree with the
assignments indicated by Lowman et al. (2011) and Tondolo et al. (2017).

To confirm the results described above and gain further insights into the chemical structures of
GIcEt-Pp and GIcEtSn-300, we integrated the anomeric peaks (Fig. 4). The values obtained (Table 1)
indicate that the GIcEt-Pp fraction (Fig. 4A) has a (1—3)-linked main chain, with half of its main-
chain units substituted at O-6 by non-reducing terminal units. Through HSQC-NMR, however, only
two signals (6 102.6/4.56 and & 102.6/4.26, representing 66.0% and 34.0%, respectively) could be
integrated due to the overlap of the —3)-Glcp-(1— and —3,6)-Glcp-(1— signals. Since the —3,6)-
Glcp-(1— and #-Glep-(1— should theoretically have an equivalent ratio, we hypothesized that the
measured value for #-Glcp-(1— (34.0%) should correspond to that of the —3,6)-Glcp-(1— units
(Table 1). To confirm these values, we performed anomeric 'H-NMR integration (Suppl. Fig. 4). The
results were very similar to those observed in the HSQC-NMR analysis described above (Table 1).
For the GIcEtSn-300 the HSQC-integrated values (Fig. 4B) show that this molecule has a main chain
(1—3)-linked highly substituted at the C-6 position by #-Glcp-(1— and —6)-Glcp-(1— units. This is
due to the high and equal area values obtained for the —3,6)-Glcp-(1— and #-Glcp-(1— units (29.6%
and 28.9%, respectively), while a notably low value was observed for the —3)-Glcp-(1— unit
(12.3%). The presence of long (1—6)-linked side chains was also confirmed by the high percentage
of —6)-Glcp-(1— units (29.2%). Additionally, an equivalent relationship (1:1) was identified
between the values obtained for the sum of the —3,6)-Glcp-(1— and —3)-Glep-(1— with the signal
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regarding their chemical arrangement (Suppl. Fig. 5).
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Figure 2. HSQC-NMR studies of the Glc-Feh, GlcEt-Pp and the GlcEtSn-300 fractions. (A); HSQC-DEPT
spectrum of the Glc-Feh fraction; (B) HSQC-DEPT spectrum of the GIcEt-Pp fraction; (C) HSQC-DEPT
spectrum of the GIcEtSn-300 fraction; (D) Superimposed HSQC spectrum of the GIcEt-Pp (in blue) and
GIcEtSn-300 (in black) fractions. The samples were analyzed in Me,SO-ds (calibration parameters: 6 2.50) at
70°C and the results are expressed in ppm (J).
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Figure 3. 2D-NMR studies of the GlcEt-Pp and GIcEtSn-300 fractions. (A) COSY spectrum from GIcEt-
Pp fractions; (B) COSY spectrum from GIcEtSn-300 fraction. The sample was analyzed in Me,SO-ds
(calibration parameters: & 2.50) at 70°C and the results are expressed in ppm (3).
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Figure 4. HSQC-NMR of the GlcEt-Pp and the GIcEtSn-300 fractions. (A) GIcEt-Pp fraction; (B) GIcEtSn-
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signals obtained through the HSQC-NMR spectra. The samples were analyzed in Me,SO-ds (calibration
parameters: 6 2.50) at 70°C and the results are expressed in ppm (8). The analysis and peak assignments were

performed using TopSpin software, version 3.6.5.
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Table 1. Integrated values® obtained through HSQC-spectra from GlcEt-Pp and GIcEtSn-300 fractions.

Unit C/Hand Integrated area® Relative Area  References”
signal (6) (%)

GIcEtSn-300 HSQC HSQC

—3)-Glcp-(1— C1/H1 0.425 12.3% c,d e
102.6/4.56

—6)-Glep-(1— C1/H1 0.991 29.2% e f
102.6/4.26

t-Glep-(1— C1/H1 0.985 28.9% e fg
103.5/4.40

—3,6)-Glcp-(1— C1/H1 1.000 29.6% e f
102.5/4.36

GIcEt-Pp 14 HSQC H HsQC

—3)-Glcp-(1— C1/H1 1.000 1.000 33.3% 30.0% c,d
102.6/4.56

t-Glcp-(1— C1/H1 0.247 33.4% 35.0% c,d
102.6/4.25

0.541

—3,6)-Glcp-(1— C1/H1 0.273 33.3% 35.0% c,d

102.6/4.27

*The analysis and peak assignments were performed using TopSpin software, version 3.6.5;

PReferences support signal/unit relationship assignments; °(Ruthes et al., 2013); ¢(Carbonero et al., 2012);

¢(Zavadinack, de Lima Bellan, et al., 2024); {(Lowman et al., 2011); & Cantu-Jungles et al., 2018).

(1-3), (1—6)-B-D-glucans are widely recognized for their positive biological effects, including

immunomodulatory, anti-inflammatory, and anticancer activities (Ruthes et al., 2015). However, their

efficacy is closely linked to their physicochemical and chemical characteristics, such as molecular

weight, branching pattern, and solubility (Meng et al., 2016). These structural features can influence

their interaction with biological systems. Furthermore, the site of action plays a crucial role, as the

presence or absence of specific cellular receptors, such as Dectin-1, Toll-like Receptors, or CR3, will

guide the type of immune or therapeutic response observed (Meng et al., 2016). This receptor-

mediated interaction largely determines how [B-D-glucans act as a biological response modifier.
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Depending on the receptor engaged, -D-glucans can trigger pathways that lead to immunostimulant
effects (Sahasrabudhe et al., 2016), or direct tumor cell cytotoxicity (Pires et al., 2013). In fact, several
studies have explored the interactions between immune cell receptors and B-glucans (Gantner et al.,
2003; Goodridge et al., 2011). According to (Zavadinack, Cantu-Jungles, et al., 2024), the presence
of 3,6-di-O-substituted units is a crucial factor in determining the biological responses, which can lead
to immunostimulant or even cytotoxic effects (Pires et al., 2013). However, few studies have
attempted to compare (1—3), (1—6)-B-D-glucans with distinct chemical structures simultaneously,
aiming to establish a clear structure-function relationship related to their cytotoxic effects on cells.
Due to the presence of distinct physicochemical and chemical characteristics in the GIcEtSn-300
and GIcEt-Pp fractions, particularly the significant difference in the percentages of 3,6-di-O-
substituted units and (1—6)-linked side chains, we sought to investigate their different antitumor
properties in vitro. These structural variations could lead to distinct biological responses, influencing
their potential therapeutic applications. Therefore, a comparative analysis of their biological activity
is crucial to understanding the relationship between structure and function in these B-D-Glucans

fractions.

3.2 Biological activity
3.2.1 Viability assay

In the viability assay, the MDA-MB-231 triple-negative breast cancer cell model and a normal-
like HB4a (mammary duct immortalized cell line) were used. Results from the assay with the normal-
like HB4a cell line showed that the GIcEtSn-300 fraction exhibited minimal cytotoxicity, affecting
only around 20% of the cells at the highest concentration tested (1200 pg. mL™'; Figure 5A). In
contrast, the assay with MDA-MB-231 cells demonstrated a dose-dependent cytotoxic effect, with
cell viability reduced to 40% at the highest concentration (Figure 5B). These differences indicate that
the GIcEtSn-300 fraction exhibits a selective cytotoxic effect, which may be linked to the presence or
overexpression of specific cellular receptors in tumor cells (Ferreira et al., 2021). This selective
interaction suggests that the soluble and high O-6 substituted glucan (GIcEtSn-300) could
preferentially target pathways that are more active in cancer cells, thereby reducing their viability
while sparing normal-like cells. In fact, it was already demonstrated that some cellular receptors are
overexpressed in tumor cells. Feigin et al. (2014) demonstrated through genomic analysis that the G
protein-coupled receptor 161 (GPR161) is overexpressed in triple-negative breast cancer (TNBC)

cells, correlating with poor prognosis, particularly by promoting increased cell proliferation and
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migration. According to Raj et al. (2024), several cell-specific proteins are overexpressed in TNBC,
including Intercellular Adhesion Molecule 1 (ICAM-1), aVB3 integrin, Transmembrane Glycoprotein
Mucin 1 (MUC-1), Glucose Transporter 5 (GLUTS), and Epidermal Growth Factor Receptor (EGFR).
These proteins could serve as targets for specific ligands through ligand-receptor interactions for
therapeutic purposes.

In contrast, the GlcEt-Pp fraction displayed cytotoxic effects in both MDA-MB-231 and HB4a
cell lines (Fig. 5C and D), suggesting that its cytotoxicity may operate through mechanisms different
from those of GIcEtSn-300. This broader cytotoxic activity indicates that the insoluble glucan (GIcEt-
Pp) may act via less selective pathways, affecting both tumor and normal-like cells similarly. Similar
results were reported by Pires et al. (2013), who compared the anticancer activities of a (1—6)-B-D-
glucan and a (1—3), (1—6)-B-D-glucan. The findings indicate that the O-6 substituted glucan
exhibited higher cytotoxic effects on hepatocellular carcinoma cells (HepG2) but also affected
primary hepatocytes, whereas the linear polysaccharide showed cytotoxicity exclusively towards
HepG?2 cells, suggesting cell selectivity. Therefore, we understand that the presence of (1—6)-linked

side chains may be a key factor in determining selective cytotoxicity in (1—3), (1—6)-B-D-glucans.
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Figure S. Viability assay of breast cell lines after treatment with the GlcEtSn-300 and GlcEt-Pp glucans.
(A) HB4a and (B) MDA-MB-231 cells treated with GIcEtSn-300; (C) HB4a and (D) MDA-MB-231 cells
treated with GIcEt-Pp. These results represent the set of at least three independent experiments. The data were
plotted as mean + SD and statistical analyses were indexed as * p< 0,05, ***<(,01 ***<(,001. The asterisks

are relative to the mock group (0).

For the cell migration assays, we initially used a concentration of 800 pg. mL™! for both samples.
However, no effect was observed. Therefore, we repeated the assays at a concentration of 1.200 pg.
mL™! for both fractions. Even at higher concentrations, no effects were observed (data not shown) for
the GlcEt-Pp fraction. In contrast, the use of 1200 pg. mL™! of the GIcEtSn-300 fraction reduced the
migration of the MDA-MB-231 breast cancer cell line by almost 60% (Figure 6), indicating that this

fraction also has antimetastatic properties.
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Figure 6. GIcEtSn-300 inhibits migration ability of MDA-MB-231 breast cancer cell line. (A) Optical
micrography images (x10 magnification) of the wounded area at 0 and 24 h. (B) Wounded area measurement
for control (blue) and GIcEtSn-300 (red). These results represent the set of at least three independent
experiments. The data were plotted as mean = SD and statistical analyses were indexed as ****p<(.0001. The

asterisks are relative to the mock group (control).

Some studies exhibited similar results. Chatnarin and Thirabunyanon (2024) reported the isolation
of'a B-glucan from the parasitic fungus Ophiocordyceps sinensis, which not only reduced the viability
of HepG2 liver cancer cells but also inhibited their migration. Lentinan and schizophyllan, two well-
established B-glucans with (1—3)-linked backbones and varying ratios and distributions of (1—6)-
linked side chains, have demonstrated antitumor effects by reducing cell viability and migration, as
shown by (Randeni & Xu, 2024)). The structural similarities between these compounds and their
diverse biological effects underscore the potential of B-glucans in cancer therapy
The GIcEtSn-300 fraction demonstrated a selective cytotoxic effect and significant antimetastatic
properties by reducing cancer cell viability by 60% and inhibiting the migration of MDA-MB-231
cells. These promising findings highlight the potential of B-D-glucans in cancer therapy and increase
interest in their therapeutic applications. They are consistent with growing evidence supporting the
anticancer properties of various glucans. For instance, $-glucans derived from mushrooms have shown
remarkable therapeutic potential. Shaheen et al. (2022) isolated nano B-Glucans using an acid-base
procedure from Lentinus edodes and Pleurotus ostreatus and demonstrated their antitumor cytotoxic
effects in MCF-7 and HCT-116 cells. Zhang et al. (2020) investigated a B-glucan also isolated from

Lentinus edodes, which inhibited the growth of MCF-7 cells in vitro and, in vivo, impacted proteins
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involved in cell migration, thereby reducing metastatic potential. Similarly, Morales et al. (2020)
analyzed (1-6) and (1-3) glucans obtained from the same mushroom, showing selective cytotoxicity
by inhibiting MDA-MB-231 cancer cells without affecting normal MCF-10A cells. Furthermore,
Yang et al. (2024) reported antitumor effects from a B-(1—3)-glucan isolated from Lactarius
hatsudake, which inhibited HCT-116 cell growth, further supporting the Lactarius genus as a
promising source of bioactive polysaccharides for cancer treatment.

Additionaly, Bu et al. (2024) demonstrated that a B-(1—3)-glucan from the Ganoderma lucidum
mushroom helps reduce tumor growth and mitigates the adverse effects of chemotherapy resistance
in breast cancer when co-administered with gemcitabine. These and other reported properties of

glucans highlight their potential as therapeutic molecules with versatile biological activities.

4. Conclusion

The structural analysis of the GlcEt-Pp and GIcEtSn-300 fractions revealed distinct chemical
characteristics. Despite both being (1—3), (1—6)-p-D-glucans, the GIcEtSn-300 fraction displayed a
main chain (1—3)-linked that is highly substituted at the O-6 position by (1—6)-linked or non-
reducing terminal units of Glcp. This extensive substitution differentiates GIcEtSn-300 from GIcEt-
Pp and contributes to its unique chemical profile. Given these distinct structural features, we identified
GIcEtSn-300 as a previously unreported polysaccharide. Both glucan fractions demonstrated
significant cytotoxic effects, but only the GIcEtSn-300 fraction exhibited selective cytotoxicity against
MDA-MB-231 breast cancer cells. Additionally, this fraction significantly inhibited the migration of
MDA-MB-231 cells, indicating its potential antimetastatic properties, which makes GIcEtSn-300 a
promising candidate for targeted breast cancer therapy. Therefore, future studies aiming to elucidate
the mechanism of action of this molecule, as well as its detailed physicochemical characteristics, are

essential to fully understand its therapeutic potential.
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Supplementary Figure 1. Crude alkaline extract obtained from the Lactarius quieticolor mushroom. The

Sample was analyzed in Me>SO-ds, at 70 °C (calibration parameters: 6 39.7/ 2.50 for C/H), and the chemical

shifts are expressed in 6 ppm.
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Supplementary Figure 4. 1H-NMR of the GIcEt-Pp fraction obtained from the Lactarius quieticolor
mushroom. Integrated values (in red) obtained through '"H-NMR spectra.The sample was analyzed in Me,SO-
ds (calibration parameters: 6 2.50) at 70°C and the results are expressed in ppm (3). The analysis and peak

assignments were performed using TopSpin software, version 3.6.5.
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Supplementary Figure 5. HSQC-NMR of the GlcEt-Pp and the GlcEtSn-300 fractions obtained from the
Lactarius quieticolor mushroom. The integrated values (highlighted in red) correspond to the areas marked in
green on the anomeric and linkage signals in the HSQC-NMR spectrum. The samples were analyzed in Me,SO-
ds (calibration parameters: 6 2.50) at 70°C and the results are expressed in ppm (3). The analysis and peak

assignments were performed using TopSpin software, version 3.6.5.
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5. CONCLUSOES

A purificagdo do extrato alcalino do cogumelo Lactarius quieticolor deu origem a trés
polissacarideos distintos, sendo um heteropolissacarideo e duas 3-glucanas com diferentes estruturas
e solubilidade.

O heteropolissacarideo, uma ramnogalactana composta por 72,6% de a-galactose e 27,4% de B-
ramnose, foi isolado a partir do precipitado obtido apds tratamento com a solugdo de Fehling e
apresentou perfil homogéneo nas analises de HPSEC, com uma massa molecular estimada em 1,53 x
10* Da. A molécula possui uma estrutura formada por unidades de o-D-galactopiranose (1—6) em
sua cadeia principal, com substituicdes em O-2 por unidades terminais de ramnose. Esta molécula
demonstrou significativo efeito antitumoral ao inibir a viabilidade de células de cancer de mama da
linhagem MDA-MB-231 em aproximadamente 50% na maior concentracdo testada, enquanto
mostrava efeitos minimos em células normais HB4-a. A molécula também demonstrou efeito
sinérgico em combinacdo com paclitaxel, resultando em uma inibicdo das células MDA-MB-231
superior a observada com os componentes isolados.

Da fragdo sobrenadante obtida apods tratamento com solu¢do de Fehling foram obtidas duas
glucanas distintas, as quais foram isoladas por meio de precipitacao etanolica fracionada, atingindo
uma concentracao de etanol de 41% (v/v) e separando-se o precipitado por centrifugacao, originando
a fracao GIcEt-Pp. O sobrenadante etandlico foi posteriormente dialisado utilizando-se membranas de
300 kDa, recuperando-se e concentrando o eluido, originando a fracdo GIcEtSn-300. Ambas as fracdes
mostraram efeito citotoxico contra as células de cancer MDA-MB-231. No entanto, a fracdo GlcEtSn-
300 apresentou efeitos superiores, pois inibiu as células tumorais de maneira mais seletiva, afetando
menos as células normais HB4-a em comparacdo com a fracao GlcEt-Pp. Adicionalmente, enquanto
a fracdo GIcEt-Pp ndo inibiu a migracao das células cancerigenas, a fracdo GlcEtSn-300 foi capaz de
reduzir essa migragao em quase 60%. Essas diferengas na atividade biologica podem ser atribuidas as
caracteristicas estruturais das fracdes: ambas possuem uma estrutura de (1—3), (1—6)-B-D-
glucopiranose, mas a fracdo GIcEtSn-300 apresenta uma maior quantidade de ramificagdes, com
substituicdes mais intensas na posi¢do O-6 em comparagdo a GIcEt-Pp. Esses achados destacam as
diversas e promissoras propriedades bioativas dos polissacarideos de Lactarius quieticolor, com cada

fragdo contribuindo de forma unica para potenciais aplicabilidades destas moléculas.
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