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ABBREVIATIONS AND SYMBOLS

1D, 2D One-dimensional, two-dimensional

A549 Human non-small cell lung cancer

CID Collision-induced dissociation

CLSI Clinical and Laboratory Standards Institute
Colo205 Human colon adenocarcinoma cells (sensitive)
Colo320 Human colon adenocarcinoma cells (resistant)
COSY Correlation spectroscopy

COX Cyclooxygenase

DMSO Dimethyl sulfoxide

ELS Evaporative light scattering

EMEM Eagle’s Minimal Essential Medium
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FAR Fluorescence activity ratio

FC Flash chromatography
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HelLa Human cervix adenocarcinoma

HMBC Heteronuclear multiple-bond correlation
HPLC High-performance liquid chromatography
HRMS High-resolution mass spectrometry

HSQC Heteronuclear single quantum correlation
ICso Half maximal inhibitory concentration
INOS Inducible nitric oxide synthase

JMOD J-modulated spin-echo

LOX Lipoxygenase

MCF-7 Human breast adenocarcinoma cells

MIC Minimal inhibitory concentration

MRC-5 Human embryonic lung fibroblast cell line
MS Mass spectrometry

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NMR Nuclear magnetic resonance

NOESY Nuclear Overhauser effect spectroscopy
NP Normal phase

ocCcC Open column chromatography

oD Optical density

PBS Phosphate-buffered saline

P-gp P-glycoprotein

PTLC Preparative thin-layer chromatography
RNA Ribonucleic acid

ROESY Rotating-frame nuclear Overhauser effect spectroscopy
RP Reverse phase

RS RediSep Rf Gold

SDS Sodium dodecyl sulphate

TLC Thin-layer chromatography

Uv-VvIS Ultraviolet-visible



INTRODUCTION

Mushrooms are fungi visible to the naked eye and found worldwide, growing as fleshy
fruiting bodies on soil, dead wood, or other sources. They are classified into either
Ascomycota or Basidiomycotal. More than 5000 species of mushrooms are found
worldwide, with over 1000 of these species having been scientifically identified. Out of the
known species, around 50-100 types are known to be poisonous, while approximately 200-
300 are considered safe for consumption®. The nutritional, medicinal, and bioremediation
importance of mushrooms has recently grown due to their high concentration of nutrients
and bioactive substances, including polysaccharides, proteins, fats, phenolics, alkaloids,
terpenoids, nucleosides, lectins, minerals, and vitamins>°, Triterpenoids are common
fungal metabolites that can be classified into nine primary groups based on their carbon
skeletons, which include squalene, lanostane, ergostane, fernane, friedelane, lupane,
malabaricane, eburicane, and cucurbitane!!. The most frequently occurring triterpenes in
mushrooms are based on lanostane and ergostane skeletons. Other triterpenoids are relatively
uncommon as fungal metabolites. Generally, these compounds are substituted with hydroxy,
keto, aldehyde, and carboxyl groups or have ether and acetonide functionalities.
Esterification is also characteristic of some fungal triterpenes, with esterifying acids being
simple organic or fatty acids. Additionally, some compounds have special structures,
including lactones, seco-ring-A, or nor-triterpenoids. Numerous studies have reported that
mushrooms produce various primary and secondary bioactive metabolites that contribute to
their medicinal properties, including anti-inflammatory?, antitumor®®, antioxidant,

antibacterial®, cytotoxic®, antimalarial'’, and immunomodulatory®® activities.

Cancer is one of the primary reasons for morbidity and mortality worldwide. The
Global Cancer Statistics report indicates that approximately 19.3 million new cancer
diagnoses were reported worldwide in 2020, including 1.148 million cases of colon cancer
(which represents 6.0% of all cancer cases)*®. One of the primary challenges in clinical
cancer treatment is the development of multidrug resistance (MDR) to cytotoxic drugs. MDR
occurs when cancer cells become resistant to multiple drugs, making it difficult to effectively
treat cancer. MDR is associated with alterations in cellular pharmacokinetics, such as

reduced drug accumulation, increased ability to remove drugs from the cell, and increased



ability to detoxify drugs. Additionally, the drugs may be redistributed within the cell, making
them less effective at killing cancer cells. One of the most widespread mechanisms of
resistance involves the efflux of drug molecules out of the cells. In particular, ATP-binding
cassette (ABC) transporters have received great interest; one such transporter that has been
investigated in detail is P-glycoprotein (P-gp)?°. Some triterpenoids have been shown to
reverse cell resistance to chemotherapy by inhibiting P-gp function. One such compound,
ginsenoside Rh2, obtained from red ginseng, has been found to exhibit this effect in human
breast cancer MCF-7 cells that are resistant to doxorubicin?.,

Anti-tumor activity refers to the ability of a substance or treatment to prevent or reduce
the growth of tumors or cancer cells. This can be achieved through various mechanisms,
such as inhibiting cell division, inducing apoptosis (programmed cell death), reducing

inflammation, or enhancing the body's immune response to cancer cells.

In the literature numerous examples can be found that demonstrate the efficacy of
fungal triterpenes in anti-inflammatory test models. For instance, lepiotaprocerins, which are
lanostane triterpenes obtained from Macrolepiota procera, were found to inhibit the
production of nitric oxide (NO)?2. Wolfiporia cocos, which is a cultivated edible mushroom,
is also a rich source of lanostane triterpenes. One of its components, poricoic acid GM, was
found to be effective in inhibiting NO production with an ICso value of 9.73 uM, inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) proteins in LPS-induced
RAW264.7 murine macrophages?. Moreover, triterpenes of Hypholoma lateritium were
found to have a notable inhibitory effect on COX-2 and were able to activate the Nrf2

pathway?*.

The genus Pholiota is composed of saprotrophic mushrooms in the family
Strophariaceae. Pholiota species are small to medium-sized, fleshy mushrooms, which are
typically live on woods. The genus contains about 150 species, and has a widespread
distribution, especially in temperate regions®®. According to the literature, the number of
studies on the genus Pholiota has recently increased. This can be exemplified by Pholiota
nameko?®-32 and Pholiota adiposa®, from which polysaccharides with antioxidant properties
have been identified. From Pholiota adiposa ergosta-4,6,8(14),22-tetraen-3-one with

antidiabetic effects, methyl gallate with antioxidant and anti-HIV activities were isolated



besides of stigmasterol, and a novel spiroaxane sesquiterpene®*3’. Moreover, novel
polyketides from Pholiota sp®%, and a highly potent antimicrobial styrene, bisnoryangonin
were obtained from Pholiota aurivella®. Despite previous investigations, several members
of the genus Pholiota have not yet been investigated and their mycochemical,

pharmacological potential remains unexplored.

The genus Clitocybe predominantly consists of saprotrophic species, decaying forest
ground litter. There are estimated to be around 300 species in the widespread genus. Only a
few representatives of the genus are thought to be edible; the majority are poisonous, many
of which contain the toxin muscarine. Seldom are Clitocybe mushrooms harvested for food*!.
C. nebularis waspreviously studied for macromolecules and polar compounds, therefore our

study aimed at the characterization of the lipophilic metabolites*?,

The current thesis summarizes the chemical and pharmacological experiments
conducted on Pholiota populnea and Clitocybe nebularis. It provides a detailed
pharmacological evaluation of their metabolites to identify undescribed natural products

with promising antiproliferative, cytotoxic, and anti-inflammatory activities.

AIMS OF THE STUDY

Recently, the research team of Department of Pharmacognosy at the University of Szeged
started a screening program to investigate the pharmacological activities of Hungarian fungi
and identify the bioactive compounds found in specific mushrooms. As part of the ongoing
project, the primary goal of this study was to identify the biologically active components of
Pholiota populnea and Clitocybe nebularis mushrooms, as well as to analyze their chemical
and pharmacological properties. To accomplish the objectives, the following activities were

undertaken:

Review the literature and previous screening results related to the selected species, placing
particular emphasis on its chemical composition and pharmacological properties.

Grind the mushroom materials that have been collected and carrying out extraction with
methanol.

Perform solvent-solvent partition and various chromatographic methods to separate and

isolate the pure components.



Structure elucidation of the isolated compounds using NMR and MS methods (collaborating
with the Institute of Pharmaceutical Analysis, University of Szeged, Szeged, Hungary, and
Richter Gedeon Plc., Hungary). Provide characteristic NMR spectroscopic data for the
undescribed constituents.

Evaluate the isolated compounds for their pharmacological potential (at the Department of
Pharmacognosy in collaboration with the Department of Medical Microbiology and
Immunobiology, Szeged, Hungary).

LITERATURE OVERVIEW

Morphology, chemistry, and pharmacology of Pholiota populnea

Pholiota populnea (Pers.) Kuyper & Tjall.-Beuk. (syn. Pholiota destruens (Brond.) Quel.,
Hemipholiota populnea) is member of the Strophariaceae family, distributed worldwide
wherever cottonwood occurs. This mushroom species is usually saprophytic, but sometimes
parasitic, and grows on broad-leaved woods, mainly on various poplars, but also on willow
and birch, playing an important role in decomposing the deadwood of cottonwoods*. The
chemistry and pharmacology of P. populnea were poorly studied previously, with only
pholiotic acid, 3,5-dichloro-4-methoxybenzaldehyde, and 3,5-dichloro-4-methoxybenzyl
alcohol with weak antifungal and cytostatic activities**. In a recent paper by Mleczek et al.

the mineral element composition of P. populnea was determined®.
Morphology, chemistry, and pharmacology of Clitocybe nebularis

Clitocybe nebularis (Batsch) P. Kumm. [syn.: Lepista nebularis (Fr.) Harmaja] known as
clouded agaric or cloud funnel, member of the family Tricholomataceae is a common species
of both conifer and broad-leaved forests in temperate and hemiboreal zones across Europe
and North America®. C. nebularis is generally considered edible, but the strong, aromatic
odor dissuades some people and can cause upset after consuming*’. Several bioactive
compounds have been identified and documented from the fruiting bodies of C. nebularis.
Nebularine, a purine riboside with bacteriostatic properties, was the first biologically active
substance to be discovered and identified from this mushroom*. In 1994, four fatty acids,
(122)-9,10-dihydroxy-12-octadecenoic acid, (8E)-10-hydroxy-8-decenoic acid, (8E)-10-
oxo-8-decenoic acid, (E)-2-decenedioic acid, together with two linear 1,3-diarylpropanoids,



2,4-diphenyl-2-butenal, and 4-hydroxy-2,4-diphenyl-2-butenal were reported from C.
nebularis by Pang et al.*®. Based on a study of Figedal et al. a cerebroside, N-2'-
hydroxyhexadecanoyl-1-O-4-D-glucopyranosyl-9-methyl-4,8-D-erythro-sphingadienine,
was isolated from this species®. Brzin et al. reported that clitocypin, a new type of cysteine
proteinase inhibitor was obtained from the fruit bodies of C. nebularis®. Mycochemical
analysis of Kim et al. led to the isolation of nebularine, phenylacetic acid, purine, uridine,
adenine, uracil, benzoic acid, and mannitol from the fruiting body of C. nebularis.
Nebularine and phenylacetic acid revealed mild and significant antifungal activity,
respectively®. The extensive study of the fermentation broth of C. nebularis by Schrey et al.
resulted in the identification of seven sesquiterpenoids, named nebucanes A-G. Nebucane
G exhibited significant cytotoxicity against MCF-7 and A431 cell lines, while nebucane D
displayed antifungal effects against Rhodotorula glutinis®. In another investigation, novel
drimane sesquiterpenoids, named nebularic acids A and B, and nebularilactones A and B,
were obtained from the fungus C. nebularis. Nebularic acid A and especially nebularic acid
B, which contains an a,f-epoxy carboxylate group, showed antifungal and antibacterial
properties®. Important phenolic compounds with strong antioxidant activity, such as
catechin, myricetin, quercetin, rutin, gallic acid, and vanillic acid, have also been found in
the ethanolic extract®®. Recently, the findings of Onar et al. showed that the ethanolic extract
of C. nebularis has a synergistic effect with 5-FU by inhibiting cell proliferation of colon
cancer cells and inducing cell cycle arrest in the S phase®. Dimitrijevic et al. determined the
levels of biologically essential elements (such as Ca, P, Co, Fe, Sr, and Mn) and toxic
elements (such as Al, Ba, Cd, Hg, and As) in the extract of C. nebularis. Additionally, high
amounts of fatty acids such as linoleic acid and oleic acid were reported®’.

MATERIALS AND METHODS

Mushroom materials
Pholiota populnea

Samples of Pholiota populnea (Pers.) Kuyper & Tjall.-Beuk. (Strophariaceae) were
collected in the autumn of 2017 near Szeged, Hungary (GPS coordinates are 46°24' 02.0"N,
20°11'26.0"E), and identified by Attila Sandor (Mushroom Society of Szeged, Hungary).
Fruiting bodies of P. populnea (4.2 kg) were stored at —20 °C until processing. A voucher



specimen (No. HO19) was deposited at the Department of Pharmacognosy, University of

Szeged, Hungary.
Clitocybe nebularis

Samples of Clitocybe nebularis (Batsch) P. Kumm. were collected in 2017 from the environs
of Sandorfalva and Csakanyospuszta, Hungary and identified by A. Sandor (Hungarian
Mycological Society) and V. Papp. Voucher specimens have been deposited in the
mycological collection of the Hungarian Natural History Museum (VVPapp-1110171).

Extraction
Pholiota populnea

The fruiting bodies (4.2 kg) of P. populnea were ground with a grinder (Retsch Grindomix
GM 200) and then percolated with MeOH (20 L) for 72 hours at room temperature. After
evaporation of the solvent using a Buchi Rotavapor R-300 combined with a VV-300 Vacuum
Pump and a B-300 Heating Bath and a Julabo F1000 cooler, the dry extract (151 g) was
dissolved in 50% aqueous MeOH and subjected to liquid—liquid partition using n-hexane (5
x 500 mL), chloroform (5 x 500 mL), and then EtOAc (5 x 500 mL). The organic phases
were dried using the same method leading to 24.0 g, 63.2 g, and 16.7 g dry samples,

respectively.
Clitocybe nebularis

The fresh mushroom materials (5.6 kg) were crushed in a Waring industrial blender and
extracted with MeOH (20 L) for 72 hours at room temperature. This extract was concentrated
using a Bichi Rotavapor R-210 combined with a V-100 Vacuum Pump, a B491 Heating
Bath, and a Julabo F250 cooler, resulting 54 g of dry material. This extract was dissolved in
50% aqueous MeOH for solvent-solvent partition. For this process n-hexane (5 x 500 mL),
CHCIs (5 x 500 mL), and EtOAc (5 x 500 mL) were employed; evaporation of the solvents
afforded 15.71 g, 2.12 g and 4.15 g samples, respectively.



Isolation of compounds
Thin layer chromatography (TLC)

Thin layer chromatography (TLC) was carried out on RP (Merck, TLC Silica Gel 60 RP-18
Fosas, Darmstadt, Germany) and NP (Merck, TLC Silica gel 60 F2s4, Darmstadt, Germany)
silica gel-covered aluminum sheets. For preparative thin-layer chromatography (PTLC) the

following solvent systems were used:

PTLC1: Mixture of n-hexane—acetone (45:55 v/v)
PTLC2: Mixture of CHCl3—MeOH (95:5 v/v)

PTLC3: Mixture of n-hexane—-EtOAc-MeOH (5:4:1 v/v)
PTLC4: Mixture of n-hexane—-acetone (1:1 v/v)

PTLC5: Mixture of CHCI;-MeOH (97:3 v/v)

Gel filtration chromatography (GFC)

Sephadex LH-20 (25-100 um, Sigma-Aldrich, MO, USA) was employed for gel filtration
chromatography (GFC).

GFC1: CHyClo-MeOH (1:1)
GFC2: CH,Cl— MeOH (1:1)

Flash chromatography (FC)

Flash chromatography was performed using a CombiFlash Rf+ Lumen instrument with
integrated UV, UV-vis, and ELS detection. As stationary phases 4 g (FC15), 20 g (FC4), 40
g (FC6, FC8, FC10, and FC13), and 80 g (FC1, FC7, FC9, and FC14) normal-phase flash
columns filled with silica 60 (Molar Chemicals, Halasztelek, Hungary) with a particle size
range of 0.045-0.063 mm were used, as well as 4 g (FC3), 12 g (FC2), and 20 g (FC1)
reversed-phase flash columns (RediSep Cis Bulk 950, Teledyne Isco, Lincoln, NE, USA).
Additionally, 12 g (FC2, FC5, FC11, and FC12) normal phase silica flash columns (RediSep

Rf Gold, Teledyne Isco) were used. Mobile phases and separation times were as follows:

NP-FC1: Increasing polarity of n-hexane—acetone (0% to 100% acetone), t = 55 min
NP-FC2: Increasing polarity of n-hexane—acetone (0% to 30% acetone), t = 50 min

NP-FC3: Increasing polarity of n-hexane—acetone (0% to 35% acetone), t = 40 min



NP-FC4: Increasing polarity of n-hexane—acetone (0% to 80% acetone), t = 50 min
NP-FC5: Increasing polarity of n-hexane—acetone (0% to 50% acetone), t = 55 min
NP-FC6: Increasing polarity of n-hexane—acetone (0% to 25% acetone), t = 45 min
NP-FCT7: Increasing polarity of n-hexane—acetone (0% to 100% acetone), t = 55 min
NP-FC8: Increasing polarity of n-hexane—acetone (0% to 100% acetone), t = 60 min
NP-FC9: Increasing polarity of n-hexane—EtOAc (40% to 100% acetone), t = 70 min
NP-FC10: Increasing polarity of n-hexane—EtOAc (45% to 100% acetone), t = 60 min
NP-FC11: Increasing polarity of cyclohexane—EtOAc (0% to 100% acetone), t = 50 min
NP-FC12: Increasing polarity of n-hexane—acetone (0% to 100% acetone), t = 65 min
NP-FC13: Increasing polarity of n-hexane—acetone (0% to 100% acetone), t = 60 min
NP-FC14: Increasing polarity of n-hexane—acetone (0% to 35% acetone), t = 60 min
NP-FC15: Increasing polarity of n-hexane—acetone (25% to 70% acetone), t = 50 min
RP-FC1.: Decreasing polarity of H-O—-MeOH (60% to 90% methanol), t = 50 min
RP-FC2: Decreasing polarity of H-O—-MeOH (40% to 90% methanol), t = 45 min
RP-FC3: Decreasing polarity of H2O—MeOH (50% to 95% methanol), t = 45 min

High-performance liquid chromatography (HPLC)

We used both normal and reverse phase separations on different HPLC instruments to purify
the compounds. Shimadzu LC-10 AS HPLC instrument equipped with a UV-Vis detector
(Shimadzu, Co., Ltd., KYOTO, Japan) was employed for separations using normal-phase
HPLC (NP-HPLC, LiChrospher Si60, 5 um, 250 x 4 mm) (SL60) and reverse-phase HPLC
(RP-HPLC, LiChrospher RP-18, 5 um, 250 x 4 mm) (SL18) columns. Moreover, NP-HPLC
was carried out using a Zorbax-Sil column (250 x 9.4 mm, 5 um; Agilent Technologies,
Santa Clara, CA, USA) (ZSil) on a Waters HPLC instrument equipped with a PDA detector
(Waters, Co., Ltd., Milford, USA).

NP-HPLCL1: Isocratic mixture of n-hexane—EtOAc—MeOH (10:9:1, SL60 column)
NP-HPLC2: Isocratic mixture of cyclohexane—EtOAc (1:4, ZSil column)
NP-HPLCS3: Isocratic mixture of n-hexane—EtOAc-MeOH (10:9:1, ZSil column)
NP-HPLC4: Isocratic mixture of cyclohexane—EtOAc (1:3, SL60 column)
NP-HPLCS5: Isocratic mixture of cyclohexane—EtOAc (1:1, SL60 column)
RP-HPLCL: Isocratic mixture of H-O—MeOH (1:4, SL18 column)



RP-HPLC2: Isocratic mixture of H-O—MeCN (2:3, SL18 column)
RP-HPLCS3: Isocratic mixture of HoO—MeCN (1:3, SL18 column)
RP-HPLC4: Isocratic mixture of H:O-MeOH (28:72, SL18 column)
RP-HPLCS: Isocratic mixture of H-O—MeOH (1:3, SL18 column)
RP-HPLCS6: Isocratic mixture of H-O—MeOH (2:8, SL18 column)
RP-HPLCT7: Decreasing polarity of H-O—-MeOH (1:3 to 1:19, SL18 column)
RP-HPLCS: Isocratic mixture of H,O—MeOH (1:9, SL18 column)
RP-HPLCO: Isocratic mixture of HoO-MeOH (1:19, SL18 column)

Structure determination of the isolated compounds

The JASCO p-2000 polarimeter (JASCO International Co., Ltd. in Hachioji, Tokyo, Japan)
was used to measure the optical rotations. High-resolution mass spectrometry (HRMS) was
conducted on a Thermo Velos Pro Orbitrap Elite (Thermo Fisher Scientific, Bremen,
Germany) device using the electron spray ionization (ESI) method. The instrument was
operated in either the positive or negative ion mode. The (de)protonated molecular ion peaks
were fragmented by the collision-induced dissociation method (CID) at a normalized
collision energy of 35%. During the CID experiments, helium was used as the collision gas.
The data obtained from the experiments were collected and analyzed using MassLynx
software. The Bruker Avance DRX 500 spectrometer (Bruker, Billerica, MA, USA) was
used to record NMR spectra at 500 MHz for proton (*H) and 125 MHz for carbon (*3C) in
CDCl3 or CD30D. The signals of the deuterated solvents were considered as references. The
standard Bruker software was used for conducting two-dimensional (2D) NMR
measurements. In the HMBC, HSQC, and COSY experiments, gradient-enhanced versions

were used.

Pharmacological tests

Pharmacological studies were conducted in collaboration with the Department of Medical
Microbiology (Albert Szent-Gyorgyi Health Center and Albert Szent-Gyorgyi Medical
School, University of Szeged, Szeged, Hungary).



Cell line cultures

The human colon adenocarcinoma cell lines, Colo205 (ATCC-CCL-222) doxorubicin-
sensitive parent, and Colo320/MDR-LRP (ATCC CCL-220.1) doxorubicin-resistant
expressing ABCB1, were purchased from LGC Promochem (Teddington, UK). The human
colon adenocarcinoma cells were cultured in RPMI-1640 medium, which was enhanced with
10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM Na-pyruvate, 100
mM HEPES. The MCF-7 (ATCC HTB-22) hormone-responsive breast cancer cell line and
the human embryonic lung fibroblast cell line MRC-5 (ATCC CCL-171) were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The MRC-5 and MCF-7 cells
were cultured in EMEM, which contained 4.5 g/L of glucose and supplemented with a
selection of vitamins, a non-essential amino acid mixture, and 10% FBS. The cell lines were
kept in a 37 °C environment with a 5% CO- and 95% air atmosphere during incubation. The
cells were detached with Trypsin-Versene (EDTA) solution for 5 min at 37 °C. Brigitte
Marian (Institute of Cancer Research, Department of Medicine I, Medical University of
Vienna, Austria) kindly provided the A549 cell line. The A549 cells were cultured in EMEM

supplemented with 10% heat-inactivated fetal bovine serum.
Antiproliferative assay

The antiproliferative effect of the compounds was tested in decreasing serial dilutions of
compounds (starting with 100 pM, then two-fold serial dilution) on human cell lines
(Colo205, Colo320, MCF-7, A549, and MRC-5) in 96-well flat-bottomed microtiter plates.
Firstly, the compounds were diluted in 100 pL of the medium, and then, 6 x 103 cells
(Colo205, Colo320) in 100 pL of RPMI medium were added to each well, excluding the
medium control wells. The adherent MCF-7, A549, and MRC-5 cells (6 x 10° cells/well)
were seeded in EMEM medium for at least 4 h before the assay. The two-fold serial dilutions
of the compounds were made in a separate plate (100-0.19 uM) and then transferred to the
plates containing the adherent-corresponding cell line. Culture plates were incubated at 37
°C for 72 h, and at the end of the incubation period, 20 pL of MTT (thiazolyl blue tetrazolium
bromide) solution (from a 5 mg/mL stock solution) was added to each well and incubated
for an additional 4 h. Then, 100 pL of sodium dodecyl sulfate (SDS) solution (10% SDS in
0.01 M HCI) was added to each well, and the plates were further incubated at 37 °C overnight

10



in a COz incubator. Cell growth was determined by measuring the optical density (OD) at
540/630 nm with a Multiscan EX ELISA reader (Thermo Labsystems, Cheshire, WA, USA).
The percentage of inhibition of cell growth was determined according to equation (1), and
expressed as 1Cso values, defined as the concentration that induces 50% growth inhibition.
ICso values and the standard deviation (SD) of triplicate experiments were calculated using
GraphPad Prism 5 software for Windows. Doxorubicin (2 mg/mL, Teva Pharmaceuticals,
Budapest, Hungary) was used as a positive control and the vehicle DMSO as the negative

control.

0Dsample - ODmedium control
ICSO =

]XlOO

ODcell control — ODmedium control
Cytotoxicity assay

The effects of increasing concentrations of the compounds on cell growth were tested in 96-
well flat-bottomed microtiter plates, as described for the antiproliferative assay, using 1 x
10* cells/well. The culture plates were incubated at 37 °C for 24 h; at the end of the
incubation period, 20 pL. of MTT solution (from a 5 mg/mL stock solution) was added to
each well. After incubation at 37 °C for 4 h, 100 pL of sodium dodecyl sulfate (SDS) solution
(10% SDS in 0.01 M HCI) was added to each well, and the plates were further incubated at
37 °C overnight. Cell growth was determined by measuring the OD at 540 nm (ref 630 nm)
with a Multiscan EX ELISA reader (Thermo Labsystems, Cheshire, WA, USA). Inhibition
of cell growth was expressed as ICsq.

Sample preparation: The compounds were dissolved in DMSO to achieve the final
concentration of 5 mM. The starting concentration of the compounds was 100 uM and 2-
fold serial dilutions were prepared for the antiproliferative and cytotoxic assays. The
following concentrations were used: 100-50-25-12.5-6.25-3.125-1.56-0.78-0.39-0.195 pM.

Rhodamine 123 accumulation assay

The cell numbers of the human colon adenocarcinoma cell lines were adjusted to 2 x 108
cells/mL, resuspended in serum-free RPMI 1640 medium, and distributed in 0.5 mL aliquots
into Eppendorf centrifuge tubes. The tested compounds were added at 2 or 20 uM
concentrations, and the samples were incubated for 10 min at room temperature. Tariquidar

was applied as positive control at 0.2 uM. DMSO at 2% v/v was used as solvent control.
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Next, 10 uL (5.2 uM final concentration) of the fluorochrome and ABCBI1 substrate
rhodamine 123 (Sigma) were added to the samples, and the cells were incubated for a further
20 min at 37 °C, washed twice, and resuspended in 1 mL of PBS for analysis. The
fluorescence of the cell population was measured with a PartecCyFlow flow cytometer
(Partec, Minster, Germany). The FAR was calculated as the quotient between FL-1 of the
treated/untreated resistant Colo320 cell line over the treated/untreated sensitive Colo205 cell
line according to the following equation:

Co0l0320¢reated / C010320 conirol

FAR =
CO]OZOStreated / Colo205 control

Checkerboard combination assay

A checkerboard microplate method was applied to study the effect of drug interactions
between the compounds (2, 4, 21, and 22) and the chemotherapeutic drug doxorubicin. The
assay was carried out on the Colo320 colon adenocarcinoma cell line. The final
concentration of the compounds and doxorubicin used in the combination experiment was
chosen in accordance with their cytotoxicity toward this cell line. The dilutions of
doxorubicin were made in a horizontal direction in 100 pL, and the dilutions of the
compounds vertically in the microtiter plate in a 50 pL volume. Then, 6 x 10% of Colo320
cells in 50 pL of the medium were added to each well, except for the medium control wells.
The plates were incubated for 72 h at 37 °C in a 5% CO> atmosphere. The cell growth rate
was determined after MTT staining. At the end of the incubation period, 20 uL of MTT
solution (from a stock solution of 5 mg/mL) was added to each well. After incubation at 37
°C for 4 h, 100 pL of SDS solution (10% in 0.01 M HCI) was added to each well, and the
plates were further incubated at 37 °C overnight. OD was measured at 540 nm (ref 630 nm)
with a Multiscan EX ELISA reader. Cl values at 50% of the growth inhibition dose were
determined using CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA) to plot four to
five data points at each ratio. Cl values were calculated by means of the median-effect
equation, according to the Chou-Talalay method, where Cl <1, Cl =1, and CI > 1 represent

synergism, additive effect (or no interaction), and antagonism, respectively®®>°,
Testing for antimicrobial activity

Bacterial strains and culture conditions
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The test microorganisms used in the study were 4 standard and 1 clinical isolates with
different antibiotic resistance profile. The standard Gram-positive strains were Streptococcus
agalactiae (ATCC 13813), and Staphylococcus epidermidis (ATCC 12228). The standard
Gram-negative strains were Moraxella catarrhalis (ATCC 25238), and Haemophilus
influenzae (ATCC 49766). Moreover, Proteus mirabilis (HNCMB 60076), Escherichia coli
ATCC (ATCC 25922), Salmonella enterica serovar Typhimurium 14028s, Staphylococcus
aureus (ATCC 25923), and the methicillin and ofloxacin resistant Staphylococcus aureus
272123 clinical isolates were used in the study. Bacterial cultures were grown on standard
Mueller-Hinton agar (MH) and horse blood (MHF) plates at 37 °C under aerobic

environment.

Determination of antibacterial activity

Screening of antibacterial activity of compounds against standard bacterial strains for their
inhibition zones was carried out by standard disc diffusion method®. Briefly, the compounds
were dissolved in DMSO at concentration 5 (26 and 27) and 4 (28) mg/mL. The bacterial
suspension (inoculums 0.5 McFarland, 1 — 2x10® CFU ml™) was spread on plate and the
sterile filter paper discs (6 mm in diameter) impregnated with 10 pL of the compound
solution was placed. DMSO served as negative control, and ampicillin, erythromycin,
imipenem, cefuroxime and vancomycin were used as positive control. The plates were
incubated (35 +/-2 °C for 24 h) under aerobic conditions. The diameters of inhibition zones

created by the compounds (including the disc) were measured and recorded.

Determination of minimum inhibitory concentrations by microdilution method

The minimum inhibitory concentrations (MICs) of all tested compounds (1-4, 21, and 22)
were determined according to the Clinical and Laboratory Standards Institute (CLSI)
guidelines in three independent assays. The compounds were diluted in 100 pLL of Mueller—
Hinton medium in 96-well flat-bottomed microtiter plates. The starting concentration was
100 uM, and two-fold serial dilutions were prepared in the microplates before the addition
of the bacterial culture. Then, a 10™* dilution of an overnight bacterial culture in 100 pL of

the medium was added to each well, with the exception of the medium control wells. The
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plates were further incubated at 37 °C for 18 h; at the end of the incubation period, MIC

values of the tested compounds were determined by naked eye®?.
Testing for anti-inflammatory activity

Cyclooxygenase (COX) inhibitory activity

Based on the fluorometric method described in BioVision's COX-1 inhibitor screening kit
leafkit (K548-100, BioVision, CA, USA) and COX-2 inhibitor screening kit leafkit (K547-
100, BioVision, CA, USA), respectively, COX-1 and COX-2 inhibitory activities were
assessed. The sample solutions were dissolved in DMSO and then in buffer to achieve
suitable concentrations. In a 96-well white plate (655,101, F-bottom, Greiner Bio-One,
Germany), 80 uL reaction mix (containing 76 uL assay buffer, I pL COX Probe, 2 uL COX
cofactor, and 1 uL. COX enzyme) was added to 10 uL sample solution, DMSO, and assay
buffer to obtain test wells assigned for sample screen (S), negative control (N), and blank,
respectively. Ten microliters of arachidonic/NaOH solution were added to each well using a
multichannel pipette to start the reaction simultaneously, and the fluorescence of each well
was measured Kinetically at EX’Em 550/610 nm, at 25 °C for 10 min, using a FluoStar
Optima plate reader (BMG Labtech, Ortenberg, Germany). The COX inhibitory activity of
SC560 and Celecoxib, standard inhibitors of COX-1 and COX-2, respectively, was also

determined.

The change in fluorescence between two points, T1 and T2, were determined, and relative

inhibition was computed as follows:
Inhibition % = [(change in N — change of S) / change in N] x 100

5-Lipoxygenase (5-LOX) inhibitory activity

Based on the fluorometric method described in BioVision's 5-LOX inhibitor screening Kit
leafkit (K980-100, BioVision, CA, USA), measuring the decrease in fluorescence in the
presence of potential 5-lipoxygenase inhibitors, 5-LOX inhibitory activity was tested.
Briefly, to obtain a sample screen (S), the samples were dissolved in anhydrous DMSO, and
2 uL sample solutions were added to a 96-well white plate (655,101, F-bottom, Greiner Bio-
One, Germany). Two microlitres each of assay buffer, anhydrous DMSO, and Zileuton
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solution, a standard inhibitor, were added to the corresponding wells to produce a blank,
negative control (N), and positive control. Assay buffer (38 uL) was added to all wells and,
subsequently, 40 pL reaction mix (containing 34 uL. LOX assay buffer, 2 uLL LOX probe,
and 4 uL. LOX enzyme). The reaction was started simultaneously after 10 min using a
multichannel pipette to add 20 pL diluted substrate solution to each well, and the
fluorescence of each well was determined kinetically at Ex/Em 485/520 nm, at 25 °C for 20
min, using a FluoStar Optima plate reader (BMG Labtech, Ortenberg, Germany).

The change in fluorescence between two points, T1 (3 min) and T2 (10 min), was determined,

and relative inhibition was computed as follows:
Inhibition % = [(change in N — change in S) / change of N] x 100

15-Lipoxygenase (15-LOX) inhibitory activity

15-LOX inhibitory activities of the compounds were assessed using Cayman's lipoxygenase
inhibitor screening assay kit (760,700, Cayman Chemical, MI, USA), detecting and
measuring the hydroperoxides produced in the lipoxygenation reaction using a lipoxygenase
enzyme. Briefly, in a 96-well white plate (655,101, F-bottom, Greiner Bio-One, Germany),
blank wells contained 100 pL assay buffer; negative-control wells contained 90 uL
lipoxygenase standard solution and 10 pL assay buffer; standard inhibitor wells contained
90 pL lipoxygenase standard solution and 10 pL nordihydroguaiaretic acid (NDGA)
solution, and sample wells contained 90 uL lipoxygenase standard solution and 10 uL sample
solution prepared by dissolving in methanol and then assay buffer until suitable
concentrations were achieved. After incubation for 10 min, 10 pL arachidonic/NaOH
solution was added to all wells using a multichannel pipette to start the reaction
simultaneously, and the plate was placed on a shaker. After 5 min, the reaction was stopped
by adding 100 pL of chromogen to all wells, and the absorbance was read at 485 nm. The

inhibition % was computed as

Inhibition % = [(absorbance of control — absorbance of sample) / absorbance of control] x
100

The dose-effect investigations on the most active compounds were employed to
measure the concentration, inhibiting 50% of COX-1, COX-2, 5-LOX, and 15-LOX enzyme
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activity. The sigmoidal dose—response model was obtained using GraphPad Prism 8.0 (La

Jolla, CA, USA), and these were employed to determine the 1Cso values of the compounds.

RESULTS

Isolation of compounds from the investigated species
Isolation of compounds from Pholiota populnea

The fresh mushroom material (4.2 kg) was ground in a blender and then percolated with
MeOH (20 L) at room temperature. After concentration, the dry residue (151 g) was
dissolved in 600 mL 50% aqueous MeOH and subjected to solvent—solvent partition with n-
hexane (5 x 500 mL), CHCI3 (5 x 500 mL), and EtOAc (5 x 500 mL) (Figure 1).

The n-hexane-soluble phase (24 g) was subjected to NP-FC1 separation. Fractions
with similar compositions were combined according to TLC monitoring (H1-H26).
Fractions H20 (130 mg), H21 (400 mg), and H22 (200 mg) were further separated by NP-
FC2 and then by NP-FC3 methods, which led to the isolation of compound 21 (10 mg) and
obtaining other 13 fractions (D1-D13). Purification of D9 and D10 fractions was performed
by PTLCL to give compound 4 (13 mg). Fractions H23 and H24 (1.7 g) were subjected to
NP-FC4, which resulted 22 fractions (B1-B22). The combined fractions B16 (94 mg) and
B17 (294 mg) were purified by NP-FC5 method to obtain compound 1 (18 mg) and
compound 3 (12 mg), respectively. Fractions B10 (95 mg) and B11 (300 mg) were first
separated by RP-FC1, then by PTLC2 to isolate compound 2. Finally, compound 22 (130
mg) was isolated from fractions H10-H12 (2 g) using NP-FC6.

The chloroform-soluble phase part A (25.3 g) was subjected to NP-FC9. Fractions
with similar compositions were combined according to TLC monitoring to fractions C1—
C18. Compound 11 (2.1 mg) was obtained by further purification of fraction C5 (390 mg)
by NP-HPLC3 method. Fraction C7 (800 mg) was separated using multiple steps of NP-
FC10, and NP-FC11, affording 14 (C7A a-n) and 12 (C7B a-l) combined fractions. Then, a
final purification was conducted on C7Ae (17.5 mg) by PTLC3 to provide compound 8 (2.5
mg). Finally, compound 20 (5.2 mg) was isolated from fraction C7Bb (5.9 mg) by RP-
HPLC2.
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The chloroform-soluble phase part B (7 g) was subjected to GFCL1, providing 10
fractions (F1-10). The combined fractions F5 (780 mg) and F6 (320 mg) were further
separated by NP-FC12. Fractions with similar compositions were combined based on TLC
monitoring toG1-21. Fraction G12 (161 mg) was separated by RP-HPLC3, which resulted
in 5 fractions (K1-5). Purification of fraction K2 (54.6 mg) was conducted by NP-HPL.C4
to isolate compounds 12 (8.2 mg), 19 (8.3 mg), and to obtain 3 other subfractions (L1-3).
Subfraction L1 (5.6 mg) was purified by NP-HPLC5 to yield compound 13 (2 mg).
Subfraction L3 (15 mg) was further separated by RP-HPLC4, which led to the isolation of
compound 14 (1.1 mg) and 16 (1.2 mg). Compound 17 (7.9 mg) was obtained by purification
of fraction K4 (8.8 mg) via PTLC4. Fraction G11 (250 mg) was first separated by RP-
HPLCS, affording 3 subfractions (M1-3). RP-HPLC6 was applied for the final purification
of M2 (10.3 mg) to yield compound 15 (1.2 mg).

The EtOAc-soluble phase (16.7 g) was subjected to NP-FC7, providing 17 combined
fractions (E1-17). Fraction E7 (30 mg) was further separated by NP-HPLC1, allowing the
isolation of compound 10 (2.7 mg). Fraction E11 (4.2 g) was subjected to NP-FC8, which
afforded 14 fractions (EA 1-14). To further purify EA3 (370 mg), NP-HPLC2 was
employed, yielding fraction EA3-c (90 mg), which led to the isolation of compounds 5 (25.8
mg), and 6 (3.7 mg), 7 (2.4 mg), 9 (4.7 mg), via RP-HPLC1. Compound 18 (1.2 mg) was
isolated from fraction EA3-a (90 mg) by RP-HPLC7, and then RP-HPLCS8. Another
fraction (E16, 160 mg) was first separated by GFC2, then by RP-HPLC9 to obtain
compounds 24 (12 mg) and 25 (3.5 mg).
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Figure 1. Isolation of compounds from Pholiota populnea
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Isolation of compounds from Clitocybe nebularis

The fresh mushroom material (5.6 kg) was extracted with MeOH (20 L) at room temperature.
After concentration, the MeOH extract (54 g) was dissolved in 50% aqueous MeOH and
subjected to solvent-solvent partition using n-hexane (5 x 500 mL), CHCIz (5 x 500 mL),
and then EtOAc (5 x 500 mL) (Figure 2).

The CHCIs soluble phase (2.12 g) was separated by NP-FC13. According to TLC
monitoring, fractions with similar compositions were combined to C1-C15. Fractions C7
(142 mg), C8 (108 mg) and C9 (69 mg) were further chromatographed by RP-FC2, then by
RP-FC3, resulting in the isolation of compounds 26 (31 mg) and 27 (2.7 mg).

The EtOAc phase (4.15 g) was separated by NP-FC14 to obtain 20 major combined
fractions (E1-20). Fractions E13 (33 mg), E14 (18 mg) and E15 (20 mg) were further
separated by a combination of NP-FC15, then PTLCS to isolate compound 28 (2 mg).

Clitocybe nebularis

Methanol extract

Chloroform phase Ethyl acetate phase

NP-FC13 NP-FC14
| |
Cl1-15 E1-20
| |
C7-9 E13-15
| |
RP-FC2 NP-FC15
| |
Cb Ea
| |
RP-FC3 PTLCS
[
[ | |
Compound 26 Compound 27 Compound 28

Figure 2. Isolation of compounds from Clitocybe nebularis
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Characterization and structure determination of the isolated compounds

The structure elucidation of the isolated compounds was performed by means of NMR and
MS spectroscopy. HRESIMS measurements revealed the molecular masses and molecular
compositions of the compounds. Information from 1D (*H-NMR and JMOD) and 2D (*H-
!4 COSY, NOESY, ROESY, HSQC and HMBC) NMR experiments provided the most
important information for the structure determination. Complete assignments of the *H and
13C NMR signals, and optical rotation data were provided for the new compounds. In the
thesis the structure determinations are presented in the order of the compounds from pholiol
A to pholiol S.

Compounds from Pholiota populnea

Investigation of the MeOH extract prepared from the edible mushroom Pholiota populnea
led to the isolation of 25 compounds (Figure 3). Structure determination revealed 19

undescribed triterpenes, for which the trivial names pholiols A-S (1-19) were given.

R R R RR® R R R
1 OAc H H 3 OAc H OH H
2 OAc H  CHs 4 OAc H OH CHs
8 OH H  CHs 5 0 H H
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7 OH H H H
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Figure 3. Structures of compounds from Pholiota populnea
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Based on the HRESIMS data, the molecular formulas of compounds 1 and 2 were
CasHs3010 and CsoHsoO10, respectively, differing only in a methylene group. The *H and 3C
NMR spectra of 1 and 2 (Table S1 and S2) were similar except for a singlet signal with
three-proton intensity at 54 3.71 appearing in the *H NMR spectrum and the extra resonance
at 6c 51.7 in the Y3C NMR spectrum of 2. These findings suggested that 2 was the O-methyl
derivative of 1. In accordance with the elemental compositions, the *C NMR spectra
presented 38 and 39 resonances in compounds 1 and 2, respectively. Based on the HSQC
spectra, besides the additional methoxy group in 2, 10 methyl, 10 methylene, and 5 methine
groups, and 13 nonprotonated carbons were commonly present in the compounds.
Considering the elemental compositions and the chemical shift values of the nonprotonated
carbons, two carbonyl groups (dc 214.9/214.8 and oJc 197.9/197.9), three carboxylate
moieties (oc 173.7/172.1, 170.8/171.2, and 171.4/170.6), an unsaturation (dc 139.2/139.1
and dc 163.1/163.0), and two sp® carbons attached to oxygens (Jc 76.2/76.2 and 69.6/69.5)
were present in 1 and 2. The remaining four signals (dc 39.3/39.2, 40.5/40.5, 44.9/44.9, and
47.8/47.8 for 1/2) could be ascribed to sp® nonprotonated carbons. Based on the
characteristic HMBC correlations of the angular methyl singlets [H3-18 with C-12, C-13, C-
14, and C-17; Hs-19 with C-1, C-5, C-9, and C-10; Hz-21 with C-17, C-20, and C-22; H3-29
and Hs-30 with C-3, C-4, and C-5], it was concluded that 1 and 2 are based on a lanostane
skeleton. The HMBC correlations of the O-methine doublets at o4 4.85/4.83 with C-1, C-4,
C-29, and C-30 confirmed their assignment to H-3 in 1/2, while HMBC cross-peaks of the
O-methine groups at dc 70.3/69.9 (C-2) with protons at on 4.85/4.83 (H-3) suggested that
the lanostane skeleton bears oxygen-containing substituents at both C-2 and C-3. The HMBC
correlations of the acetyl CO signal with H-3 and the acetyl methyl signal suggested the
presence of an acetate group at C-3, while, based on the HMBC correlations of H-2/C-1', H-
2'/C-1', H-2'/C-3', H-2'/C-4', H-2'/C-5', H-4'/C-5', and H-5'/C-6', a 3-hydroxy-3-
methylglutarate moiety was attached to C-2 in compounds 1 and 2. The additional H-7'/C-
6' HMBC correlation in compound 2 suggested that 2 was the methyl ester of compound 1.
Further to these, the HMBC correlations of the doublet of doublets at 6y 1.88/1.85 (assigned
to H-5) with C-4, C-10, C-19, C-29, and C-30 confirmed this assignment, while long-range
correlations of H-5 with the methylene at Jc 36.2/36.2 and with the carbonyl at Jc
197.8/197.8 enabled the assignment of C-6 and suggested the presence of a keto group in
position 7. In parallel, the HMBC correlations between the diastereotopic protons (H-22)
and the methylene group at oc 32.6/32.5 (C-23) and carbonyl group at Jc 214.9/214.8 (C-
24) and between the methyl singlets of Hs3-26 and Hz-27 and C-24 and nonprotonated carbon
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at oc 76.2/76.2 (C-25) led to the conclusion that a 24-keto-25-hydroxy side chain was present
at C-17. Based on the complete *H and *C NMR assignments (Table S1 and S2),
compounds 1 and 2 were identified as fasciculic acid A (66, 67) derivatives.

According to the observed NOE correlations of Hz-18 with H-11/, H-154, H-164, and
H-20, those of Hs3-19 with H-15, H-2, H-11p, and Hs-29, and of Hs-28 with H-15a, H-16a
and H-17, the relative stereochemistry as depicted in structural formulas 1 and 2 was
proposed for the two compounds. Thus, compound 1, named as pholiol A, was assigned as
the 3-O-acetyl-7,24-diketo analogue of fasciculic acid A (66, 67), while pholiol B (2) was
assigned as its methyl ester. The relative configuration of the C-3’ chiral center could not be
determined on this basis and is only tentatively given as S, based on the close chemical shift
values with those of similar compounds (66, 67) and on assuming that similar metabolic
pathways led to the formation of the structurally similar compounds in the different fungal

species.

The molecular formulas of 3 (CagHes0O10) and 4 (CzgHe2010) derived from HRESIMS
measurements differed only in a methylene group, similarly to those of compound pair 1 and
2. As compared to pholiols A (1) and B (2), compounds 3 and 4 contained two additional

hydrogens, nominally corresponding to the saturation of the double bond in 1/2.

The H and *C NMR spectra of 3 and 4 were highly similar to those of compounds 1
and 2. The most striking differences were the presence of a triplet signal with one hydrogen
intensity at dn 4.13/4.14 in the *H NMR spectrum and in parallel the absence of the carbonyl
resonance belonging to C-7 and the appearance of resonance at oc 72.8/72.8 in the 3C NMR
spectrum of 3/4. Thus, at first sight, the reduction of the keto group at C-7 to a hydroxy
group was envisaged. The *H and 3C NMR spectra of 3 and 4 were almost identical, except
for the presence of a singlet with a three-hydrogen intensity at Ju 3.73 in the 'H NMR
spectrum and a carbon signal at éc 51.7 in the *3C NMR spectrum of 4. This suggested that
4 was the methyl ester of compound 3. Analysis of the HSQC and HMBC data showed that
a hydroxy group was attached to C-12 (on-12 4.13/4.14, each 1H,t,J=7.7 Hz; 6c-12 72.8/72.8
for 3/4; HMBC correlation between H-18 and C-12) and a methylene group was present in
position 7 based on the HMBC correlation of H-5 and H-6 with C-7. Compound 3, named
as pholiol C, was identified as the 24-keto derivative of fasciculic acid B %, while pholiol D
(4) was identified as its methyl ester. The similar chemical shifts and NOE correlations
suggested that the relative configurations of the C-2, C-3, C-5, C-10, C-14, C-17, and C-20
(and C-1") chiral centers of 3 and 4 were identical to those determined for pholiols A (1) and
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B (2). The NOE correlations of H-12 with H-11a, H-17, and H-28 (Figure S1) suggested
that the hydroxy group occupied the g position (thus, the C-12 chiral center had an R
configuration) in pholiols C (3) and D (4).

Compound 5 was isolated as a white amorphous powder with an optical rotation of
[a]o? +49 (c 0.1, MeOH). Its protonated molecular ion at m/z 617.4063 [M+H]* (calcd for
CasHs5708 617.4048) in the HRESIMS spectrum offered the molecular formula CzsHs6Os.
The *H NMR spectrum exhibited the presence of a 3-hydroxy-3-methylglutarate [6n 2.80 m
(2H), 2.75 m (2H), 1.41 s (CH3); 6c2 x 171.6, 2 x 46. 6, 45.8, 70.9, 27. 6] ester group in the
molecule characteristic to members of pholiol series (Table S3 and S4). Furthermore, the 'H
NMR spectrum demonstrated resonances of seven tertiary (on 1.40, 2 x 1.30, 1.11, 1.18,
0.93, and 0.78, each 3H, s) and one secondary (J1 0.94, 3H, d, J = 6.2 Hz) methyl groups as
well as one oxymethine (dn 5.67, dd, J = 13.6 and 5.6 Hz). From the *3C J-MOD spectrum,
two keto groups (dc 210.9 and 217.8) and an oxygen-substituted nonprotonated carbon (dc
77.9) could be identified. The presence of a tetrasubstituted olefin bond was obvious from
the nonprotonated sp? carbon signals at c 136.9 and 134.7. The 1D NMR data proposed that
compound 5 is a lanostanol-en-dione monoester. Regarding its HMBC correlations with Jn
2.36 (H-1a), 1.66 (H-1b), 5.67 (H-2), 1.11 (H3-28), and 1.18 (Hs-29), the keto group at Jc
210.9 was placed at C-3. The other keto group (dc 217.8) was concluded to be at C-24 based
on its long-range correlations with on 1.30 (Hs-26, Hs-27) and 2.67 (H2-23). The HMBC
correlations of C-25 (dc 77.9) with protons at o4 1.30 (Hs-26 and Hz-27) depicted the
hydroxy group at C-25, whereas correlations between dc 171.6 (C-1') and Jn 5.67 (H-2) as
well as 2.80 and 2.75 (H2-2’) were indicative of the position of the ester group at C-2. Based
on the HMBC cross-peaks of signals at oc 136.9 (C-8) with on 0.93 (Hs-30), 2.18 (H2-7),
and 1.73 (H-6) as well as dc 134.7 (C-9) with o 1.40 (Hs-19) and 2.18 (H2-7), the location
of the olefin group at C-8-C-9 was determined. The relative configuration of compound 5
was examined using diagnostic Overhauser effects detected in a NOESY spectrum. The
NOESY correlations of H-2 (on 5.67) with Hz-19 (Jn 1.40), H3-29 (61 1.18), and H-1a (oH
2.36) pointed these protons in the £ orientation and the ester group in the o orientation. The
NOEs between Hs-18/H-20 and H-17/Hs-30 were in line with those of lanostane triterpenes
% The above findings were consistent with the proposed structure of compound 5 [2a-(3-
hydroxy-3-methylglutaroyloxy)-25-hydroxylanosta-8-en-3,24-dione], which was called
pholiol E (5) (Figure 3).
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Compound 6 was obtained as a white amorphous powder with [a]o? +5 (¢ 0.1, CHClI5).
Its molecular formula was deduced to be CzsHs0Og from the protonated molecular ion at m/z
661.4320 [M+H]" (calcd for CzsHs109, 661.4310) detected in the HRESIMS spectrum. A
comprehensive analysis of *H and *C J-MOD as well as 2D data demonstrated the presence
of the same parent system and 3-hydroxy-3-methylglutarate moiety as in compound 5,
except the C-3 keto group, which was replaced by an acetoxy group (Table S3 and S4). The
acetoxy group is attached at C-3, as demonstrated by the sequences of the correlated protons
in the H-'H-COSY spectrum: CH2—CH(OR)-CH(OR)—(6n 2.11 m, 1.38 m, 5.19 t (10.8
Hz), 4.79 d). The location of the ester functionalities was corroborated by the HMBC
correlations observed between oc 171.1 (C-1") and 6w 5.19 (H-2), 2.62 and 2.51 (H-2") and
oc 171.8 (AcCO) and on 4.79 (H-3), and 2.10 (AcMe), showing 3-hydroxy-3-
methylglutarate at C-2 and acetate at C-3. The coupling constant of H-2 and H-3 (J = 10.5
Hz) and NOESY correlations between H-3 (on 4.79)/H-1b (dn 1.38), H-3/Hs-28 (on 0.92),
H-2 (on 5.19)/H-1a (0w 2.11), and H-2/H3-29 (on 0.95) confirmed the opposite orientation of
the ester groups. The Overhauser effect of H-2 with Hs-19 (dn 1.13) indicated the H-2/ and
H-3a positions. Thus, the structure of this compound was elucidated as 2a-(3-hydroxy-3-

methylglutaroyloxy)-3-acetoxy-25-hydroxylanosta-8-en-24-one (6), called pholiol F.

Compound 7, called pholiol G, was isolated as a white amorphous solid with [o]p?® +4
(c 0.1, MeOH). It gave the molecular formula CzsHssOs, which was determined via
HRESIMS using the sodiated molecular ion peak at m/z 641.4017 (M + Na)* (calcd for
CasHssO0sNa 641.4029). In the comparison of the *H NMR spectra of 6 and 7, the major
differences were the remarkable paramagnetic shifts of H-3 (6w 6: 4.79 d versus 7: 3.20 d)
and the absence of acetyl resonance (Table S3). To define the structure of 7, a complete
series of 2D NMR spectra was recorded and analyzed affording the structure 2a-(3-hydroxy-
3-methylglutaroyloxy)-34,25-dihydroxylanosta-8-en-24-one.  Regarding the NOESY
correlations between H-3/H3-28, H-3/H-1b (61 1.18 m), H-2/H-1a (Jn 2.05 m), H-2/Hs3-19,
H-2/Hs-29, H-183/H-20, and H-17/H3-30, the stereochemistry of 7 was found to be the same
as that of pholiol F (6). The fragmentation behaviour of 7 was investigated by direct-injection
electrospray ionization quadrupole Orbitrap high-resolution mass spectrometry. The
negative ion HRMS/MS spectrum with the proposed fragmentation pathway of 7 is shown
in Figure S2. Interestingly, mainly the 3-hydroxy-3-methylglutarate ester group of the
precursor ion is involved in the fragmentation process and thus resulting in characteristic

fragment ions.
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Compound 8 was obtained as a white amorphous solid with optical rotation [a]p?®
+16.5 (c 0.5, MeOH). Its formula was assigned as Cs7HsgOg by the protonated molecular ion
at m/z 647.4166 [M+H]" (calcd for Ca7Hs9Oo, 647.4154) in HRESIMS. A detailed *H and
13C J-MOD as well as 2D NMR spectroscopic analysis revealed that the difference between
7 and 8 was the replacement of the 7-methylene group in 7 for a keto group in 8 (6c 201.3).
The position of the 7-keto group was established based on the HMBC correlations between
C-7 and H»-6 protons [on 2.55 dd (16.3, 14.5 Hz), 2.36 m]. Furthermore, in the NMR spectra
of 8, an additional methoxy group could be observed [on 3.68 s (3H), dc 52.0], which was
assigned to the carboxymethyl ester of 3-hydroxy-3-methylglutarate moiety, as indicated by
the HMBC correlation of OCH3 group with C-6’. Therefore, compound 8 [lanosta-8-ene-
3,25-diol-7,24-dione 2a-(methyl 3-hydroxy-3-methylglutarate)] was elucidated as depicted

in Figure 3 and named pholiol H.

Compound 9 with optical rotation of [a]o® +11 (¢ 0.1, MeOH) had the molecular
formula of C3sHs409 as deduced from the prominent pseudomolecular ion peak in HRESIMS
at m/z 631.3844 [M+H]" (calcd for C3sHss09, 631.3841). The *H and *C NMR spectral data
(Table S3 and S4) depicted that 9 was also a lanostane-type triterpene, exhibiting a similar
structure to that of pholiol E (5). A detailed comparison of these two compounds revealed
an additional keto group at Jc 200.3 in 9 instead of a methylene group, which is bonded at
C-7 as displayed by the long-range correlation of C-7 with H-6. The tetrasubstituted A%°
olefin was downfield shifted [oc 5: 136.9 (C-8), 134.7 (C-9); 9: 140.2 (C-8), 166.6 (C-9)] as
a consequence of the emerging enone system. Diagnostic *H,!H-COSY, HSQC, and HMBC
correlations resulted in the assignment of all proton and carbon chemical shifts, and NOESY
cross-peaks (Figure S3) afforded the stereochemical assignment of compound 9 [2a-(3-

hydroxy-3-methylglutaroyloxy)-25-hydroxylanosta-8-en-3,7,24-tri-one] named pholiol I.

The molecular formula of compound 10 was determined as C3oHs003 by analyzing the
prominent pseudomolecular ion peak at m/z 459.3833 [M+H]" (calcd for CszoHs103
459.3833) in HRESIMS. Compound 10 was obtained as a colorless amorphous solid with
[a]o? +39 (c 0.1, MeOH). It exhibited close similarity to pholiol F (6), but the 3-hydroxy-
3-methylglutarate ester moiety was absent in 10. The 3-hydroxy, 8,9-olefin, 24-keto, and 25-
hydroxy functionalities of lanostane triterpene were confirmed by the HMBC correlations
of C-3 (dc 79.7) with H3-28 (dn 0.98 s) and H3-29 (dn 0.81 s); C-8 (dc 135.8) with H3-30 (on
0.92 s); C-9 (oc 136.1) with Hs-19 (on 1.01 s) and H2-7 (0w 2.07 m); C-24 (oc 217.8) with
H2-23 (0w 2.65 m); and C-25 (dc 77.9) with H3z-26 (on 1.29 s) and H3z-27 (on 1.29 s),
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respectively (Table S3 and S4). Based on the Overhauser effects of H-3/H-5 and H-3/H3-28
as well as the coupling constants of H-3 (10.1 and 6.3 Hz), the 34 orientation of the hydroxy
group was determined®. Therefore, compound 10, named pholiol J, was identified as 34,25-
dihydroxylanosta-8-en-24-one. This compound was first isolated from natural source, but
previously synthesized without assignments of NMR chemical shifts®®. In the previous
experiment, side-chain modified lanosterol derivatives were produced with the aim to
develop compounds that reverse protein aggregation in cataracts. Lanosterol analogs with
remarkable potency and efficacy in reversing several types of mutant crystalline aggregates

were identified.

Compound 11, named pholiol K, was isolated as a colorless amorphous solid with
optical rotation [a]o®® +29 (¢ 0.1, CHCIs). Based on the HRESIMS pseudomolecular ion
peak at m/z 457.3677 [M+H]" (calcd for CaoHa903, 457.3676), the molecular formula of
compound 11 was deduced to be CzoHssO3. The BC J-MOD spectrum of compound 11
demonstrated the existence of two keto groups (dc 215.1 and 217.9) in the molecule; one of
them was placed at C-3 (dc 215.1) with regard to the HMBC correlations between C-3 and
H3-28 (on 1.10 s), H3-29 (0w 1.07 s), and H-2a (dn 2.57 m) whereas the other at C-24 (dc
217.9) based on the long-range correlations of C-24 and H3-26 (o1 1.39 s), H3-27 (on 1.38
s), and H2-23 (on 2.55 m). The 25-hydroxy functionality was proposed by the carbon
chemical shift value of dc-25 76.4. NOESY cross-peaks between Hz-18/H-20, H3-28/H-5, and
H-17/H3-30 were consistent with the suggested structure of compound 11 [25-

dihydroxylanosta-8-en-3,24-dione] (Figure 3).

Compound 12, named pholiol L, was obtained as a colorless amorphous solid with
[6]?°0 —11.6 (¢ 0.1, CHCIs). Its HRESIMS spectrum exhibited a protonated molecular ion at
m/z 647.4147 [M + H]" (calcd for C37Hs909™ 647.4154), indicating the molecular formula of
C3s7Hs800. The *H NMR and $3C-JMOD spectra indicated a 3-hydroxy-3-methylglutaric acid
6-methyl ester (MeHMG) derivative [on 2.75 m, 2.57 m (H2-2"), 2.92 m, 2.27 m (H2-5"), 1.42
s (Hs-4"), 3.72 s (OCH3-7"); oc 171.4 (1"), 173.3 (C-6"), 46.3 (C-2"), 43.7 (C-5"), 70.4 (C-3"),
28.3 (C-4"), 52.1 (OCHz3-7")], substituted with two keto groups (dc 198.3 and 215.0); the
presence of two hydroxy groups was suggested by the carbon resonances of a methine group
at oc 66. 9 (C-2) and a quaternary carbon at dc 76.3 (C-25). A sequence of the correlated
protons in the *H-H COSY spectrum —CH>—CH(OR)-CH(OR)- (dn 2.21 dd (12.5, 3.8 Hz),
1.44 m, 3.92 dt (3.8, 11.1 Hz), 4.60 d (9.9 Hz) could be assigned to the C-1-C-3 part of the
molecule, with regard to the HMBC correlations between H»-1 and C-10; Hz-19 and C-10;
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H-3 and C-4; H3-28 and Hs-29 and C-4; H-1a, H3-28, H3-29, and Hs3-19 with C-5 (Figure
4). NMR data of compound 12 were very similar to those of the previously isolated pholiol
H, with the major differences in chemical shifts of H-2, H-3 ( 12: dn-2 3.92 dt, dn-3 4.60 d
versus pholiol H: 6n-2 5.07 dt, dn-3 3.24 d), and C-2 and C-3 (12: dc-2 66.9, dc-3 84.5 versus
pholiol H: dc» 73.4, oc-3 80.0) demonstrating the connection of the ester group at position
C-3 and hydroxyl group at C-2 in 12. The relative configuration of 12 was determined based
on the Overhauser effects detected in the NOESY spectrum. The NOESY correlation of H-
3 (on 4.60) with H-1a (0w 1.44), H3-28 (0w 0.91), and H-5 (dn 1.82) showed these protons in
the a orientation, while correlations of H-2 (on 3.92) with H-15 (on 2.21), Hz-19 (on 1.24),
and Hz-29 (on 0.96) indicated the f orientation of H-2 and the 19- and 29-methyl groups
(Figure 4). The Overhauser effect between Hz-18 and H-20 was indicative for their f
position, similar to the previously isolated pholiol compounds. All of the above evidence

confirmed the structure of pholiol L (12), as depicted in Figure 3.

Figure 4. Key COSY (-), HMBC (—), and NOESY (H«H) correlations of pholiol L (12).

Compound 13 (pholiol M) was obtained as a colorless amorphous solid with an optical
rotation of [a]?®p —10.9 (¢ 0.05, CHCIs). Its molecular formula was assigned as CagHsoO11
by the deprotonated molecular ion at m/z 703.4078 [M-H] (calcd for C39Hs9O11~ 703.4063)
in HRESIMS. The *H NMR and *C-JMOD spectrum showed that compound 13 is a
lanostane diester esterified with an acetic acid [on 2.07 s (3H); dc 170.8 (CO), 21.1 (CH3)],
and a 3-hydroxy-3-methylglutaryl 6-methyl ester [on 2.68 m, 2.54 m (H2-2'), 2.70 m, 2.62
m (Hz-5"), 1.35 s (Hs-4"), 3.71 s (OCH3-7'); dc 171.4 (1), 172.3 (C-6'), 45.0 (C-2"), 45.0 (C-
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5), 69.7 (C-3"),27.7 (C-4"), 51.9 (OCHs-7")] (Table S5 and S6). Similarly to pholiol L (12),
compound 13 contained the 8,9-en-7-one moiety [dc 139.7 (C-8), 160.5 (C-9), 199.7 (C-7)]
and Cg aliphatic chain at C-17 substituted with a keto [dc 214.9 (C-24)] and a hydroxy group
[6c 76.4 (C-25)]. The *H NMR and JMOD spectra exhibited an additional O-substituted
methine at on 4.57 br t (5.7 Hz), dc 67.3, which was placed at C-11 with regard to the *H-H
COSY [0n 2.28 m, 1.88 m, 4.57 br t; -CH,—CH(OH)—; C-12—C-11] and HMBC correlations
of H-11 with C-8 and C-13; and H-12 with C-14. The assignment of C-11 (éc 67.3) and C-
12 (6c 42.9) were in agreement with literature data ®’. The *H-'H COSY spectrum defined
the structural fragment with correlated protons -CH>—CH(OR)-CH(OR)- (o1 2.87 dd, 1.70
t, 5.29 dt, and 4.83 d) (C-1-C-3). The positions of the ester groups were established via the
HMBC experiment. The correlations of the carbonyl signals at oc 171.4 (1') and 170.8
(AcCO) with the proton signals at o 5.29 (H-2) and Jn 4.83 (H-3) indicated the presence of
the 3-hydroxy-3-methylglutaryl 6-methyl ester (MeHMG) and acetyl groups at C-2 and C-
3, respectively. The relative configuration was determined with the use of a NOESY
measurement. The Overhauser effects between H-5/H-3, H-3/H3-28, H-3/H-1a, and H-1a/H-
11 pointed these protons in the « position, while those between H-14/H-2, H-2/H3-19, Hs-
19/H-1p, and H-2/H3-29 indicated their § position. The above findings were consistent with
the proposed structure of 12 as depicted in Figure 3.

Compound 14, named pholiol N, was isolated as a white amorphous powder with an
optical rotation of [«]*p —8.9 (c 0.05, CHCIs). Its molecular composition was determined as
C39He0O11 based on the sodiated molecular ion peak at m/z 727.4041 [M + Na]" (calcd for
CagHeoO11Na*™ 727.4028) detected in the HRESIMS spectrum. Careful evaluation of the 1D
and 2D NMR spectra of 14 resulted in the elucidation of the same planar structure as that of
compound 13. The main differences were found in the chemical shift values of carbons C-
11-C-12 [0c 65.6 (C-11), 44.4 (C-12) for 14; 6c 67.3 (C-11), 42.9 (C-12) for 13], indicating
that the orientation of 11-OH group may be different. This was confirmed by the NOESY
correlations of 14; the Overhauser effects between Hsz-18 (o1 0.65 s) and H-124 (5H 2.46 m);
H-12p4 and H-11 (o1 4.49 m); H-12a (6w 1.84 m) and Hs-30 (on 1.12 s) proved the « position
of the 11-hydroxy group. NOEs of H-2 with Hs-19 and Hs-28; and that of H-3 with H3-29;
Hs-18 with H-20 corroborated the stereostructure of compound 14, as depicted in Figure 3.

Compound 15, named pholiol O, was obtained as a colorless amorphous solid with an
optical rotation of [«]*’p +11.8 (c 0.05, CHCIs). It gave the molecular formula CssHssOu1,
determined from the HRESIMS by the sodiated molecular ion peak at m/z 725.3877 (M +
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Na)*, (calcd for CagHssO11Na* 725.3871). Analysis of *H NMR and *C-JMOD spectra of
15 indicated the presence of the same esterification pattern and aliphatic chain at C-17 as in
compound 13 (Table S5 and S6). The main differences were the remarkable difference in
chemical shifts of C-8 (13: dc 139.7; 15: oc 152.2), and C-9 (13: J¢c 160.5; 15: ¢ 151.9), and
the presence of an additional keto group (dc 203.6) at C-11 in compound 15. The position of
this keto group was established based on its HMBC correlations with H2-12 [on 2.87 d, 2.58
d (J = 16.1 Hz)]. NOESY correlations between H-3 and H-5, and Hz-28, H-1a; between H-
2 and H-14, and Hs-19; between H-124 and Hz-18; between H-12a and H-30; and between
H-30 and H-20 allowed the stereochemical features identical with those of compounds 12

and 13 to be assigned for 15 (Figure 3).

Compound 16 (pholiol P) was obtained as a white amorphous solid with an optical
rotation of [«]?® —1.6 (c 0.05, MeOH). Its molecular formula was deduced to be CsgHss010
from HRESIMS sodium adduct ion peak at m/z 683.3767 [M + Na]™ (calcd for C37Hs6010Na”*
683.3766). Comprehensive analysis of *H NMR, *3C JMOD and 2D NMR data of 15 and 16
indicated the presence of the same 2,3,25-trihydroxy-7,11,24-triketo-triterpene core and
MeHMG esterification at C-2 as discussed at compound 15, with the exception of the
acetoxy group at C-3, which was replaced by a hydroxy group. This was clearly shown by
the H-3 signal at o 3.28 d (J = 11.0 Hz) for 16, instead of H-3 at on 3.28 d (J = 11.0 Hz) for
15 (Table S5 and S6). NOESY correlations between H-2/H3-19, H-3/H3-28, H-11a/Hs-30,
and Hs-28/H-60 permitted the same stereochemistry of 16 as that of 15.

Compound 17, pholiol Q, was isolated as a colorless amorphous solid with an optical
rotation of [¢]*’p +5.0 (¢ 0.1, MeOH). Its molecular formula was determined to be CagHssOg
based on the HRESIMS ion peak at m/z 657.4010 [M—H] ™ (calcd for C3sHs709 ", 657.4008).
Analysis of 'H NMR and 1*C-JMOD as well as 2D NMR data demonstrated the presence of
a 3-hydroxy-3-methyl glutarate and an acetate group in 17, and the same side chain at C-17
as in pholiols L-N (12-16) (Table S5 and S6). NMR signals of 17 at o4 5.53 t (H-7) and
5.39 d (H-11), and 6c121.2 (C-7), 143.9 (C-8), 146.3 (C-9), 118.3 (C-11) suggested two
trisubstituted olefin groups which were placed at C-7-C-8, and C-9-C-11 considering the
HMBC correlations of C-9 with H-7, H-12b, H-1b, Hs-19, and those of C-8 with H-11, H-6,
and H3-30. NOESY cross-peaks between H-2/Hs-29, H-2/H-15, H-15/H3-19, H-3/H-1a, and

H3-30/H-17 afforded the same stereochemical assignment of compound 17 as that of 12—-16.

Compound 18, pholiol R, was isolated as a white amorphous solid with an optical
rotation of [a]?’p +24.9 (c 0.05, MeOH). Its HRESIMS spectrum exhibited a molecular ion
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peak at m/z 613.3768 [M—H]  (calcd for CssHs30s™, 613.3746) indicating the molecular
formula of C3sHs40s. 'H and 3C NMR assignments of 7(18), prepared by analysis of the *H-
'H COSY, HSQC and HMBC spectra, showed that chemical shifts of 18 were very similar
to that of 17 differing only in the resonances of ring A protons and carbons (Table S5 and
S6). In case of 18 a carbonyl group (dc 210.6) can be found at position C-3, as it was
confirmed by the HMBC correlation between C-3 and Hsz-28 and Hz-29. Cross-peaks in the
NOESY spectrum of 18 between H-2/Hz-29, H-2/H3-19, H-20/H3-18, H3-30/H-17, H-5/H3-
28, H-5/H-6a, and H-65/H-19 were in agreement with the stereostructure of 18, as depicted

in Figure 3.

Compound 19 (pholiol S) was a colorless amorphous solid and had an optical rotation
of [a]*®0 —14.2 (¢ 0.1, CHClIs). Its HRESIMS spectrum exhibited sodium adduct ion peak at
669.3623 [M + H]" (calcd for CssHs4010Na* 669.3609), indicating the molecular formula of
CssH54010. The 'H NMR and *C JMOD spectra evidenced the presence of one acetate and
one MeHMG group in the molecule, and a 27 carbon atom containing basic skeleton (Table
S5 and S6). The chemical shifts of skeletal protons and carbons were very similar to those
of pholiol B, with exception of the resonances of the C-17 side chain. The ‘H-'H COSY
spectrum of 19 indicated a structural fragment with correlated protons at on 1.43 m, 0.92 d
(3H), 1.85 m, 1.35 m, 2.40 m, 2.27 m [-CH(CH3)-CH>-CH>-] which was assigned as C-
20-C-23 part of 19. This structural fragment was coupled with a carboxyl group (dc 178.7,
C-24) with help of its HMBC correlations with H2-22 (6w 1.85 m), and H2-23 (on 2.40 m,
2.27 m), and connected to C-17 as showed by the long-range correlation of C-17 (Jc 48.9)
with Hz-21 (on 0.92 d). NOESY correlations between H-2/H3-29, H-2/Hs-19, H-2/H-1p, H-
3/H3-28, H-3/H-1a, H3-19/H-1p, and Hs-18/H-20 proved the stereochemistry of compound

19, as shown in Figure 3.

Compound 20 was identical in all of its spectral characteristics with (+)-clavaric acid.
This compound was reported to be a specific inhibitor of human farnesyl protein transferase
(FPTase) (ICso 1.3 uM)® and was first isolated from the fungus Clavariadelphus truncatus
%9 The H and ¥C NMR assignments of compound 20 were published in CDCls, but in our
experiment, these data were determined in CD3OD (Table S3 and S4). The NOESY
correlations between H-2/H3-19, H-2/H3-28, H3-18/H-20, H-2/H-1a (dn 2.36), H-1a/H-11a
(0 2.16), and H-20/H-22a (on 1.82) matched the relative stereostructure of (+)-clavaric acid.

Compound 21 was identified as (6E,10E,14E,18E)-2,3,22,23-tetrahydroxy-
2,6,10,15,19,23-hexamethyl-6,10,14,18-tetracosatetraene regarding its *H and *C NMR
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chemical shift values, identical with literature data™®. The 3S,22S configuration of 21 can be
suggested based on the opposite optical rotation data than that of the 3R,22R isomer’?.
Compound 22 was found to be identical in all of its spectroscopic characteristics with that
of ergosterol’?. 35-Hydroxyergosta-7,22-diene (23) was detected in the n-hexane fraction

with the use of an authentic standard.

Moreover, in the EtOACc extract, uridine (24) and adenosine (25) were isolated and identified.
All compounds (1-25) were isolated and identified for the first time from this species.
Compounds from Clitocybe nebularis

Processing the sample of Clitocybe nebularis allowed to isolate 3 compounds, which were
found for the first time form this species. The compounds were characterized on the basis of
HRMS, MS-MS and 1D and 2D NMR data compared to those reported in the literature’"°,
Compounds 26-28 were identified as 5a-ergosta-7,22-diene-34,5,64-triol (=cerevisterol)
(26), (22E,24S)-5a-ergosta7,22-diene-34,5,6,9a-tetraol (27), and indole-3-carboxylic acid
(28) (Figure 5).

26 27 28

Figure 5. Structures of compounds isolated from Clitocybe nebularis
Pharmacological activities of the isolated compounds
Antiproliferative assay of the compounds from Pholiota populnea

Pholiols L, M, O, Q, and S (12, 13, 15, 17, and 19), compounds isolated in good yield and
high purity, were investigated for their antiproliferative activity in vitro by MTT assay in
human colon adenocarcinoma cell lines, both sensitive (Colo205) and resistant (Colo320)
ones, hormone-responsive breast cancer (MCF-7), human non-small cell lung cancer
(A549), and human embryonic lung fibroblast cell line (MRC-5). The anticancer drug
doxorubicin was used as a reference agent. The results, obtained as the concentration of the

compound that produced half of the inhibition (ICsp), are shown in Table 1. The highest
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antiproliferative effects were observed for pholiols M (13) and O (15) against the MCF-7
cell line, with ICso values of 2.48 and 9.95 puM, respectively. These compounds were also
potent against Colo205 cells, but to a lower extent [ICso 23.91 (13), and 23.30 uM (15)],
while pholiol L (12) was moderately active on the MRC-7 cell line (ICso 21.74 uM). All
other compounds exhibited weaker activity on the viability of the treated cancer cells,
displaying ICso values ranging from 28.07 to 89.84 uM. Compounds 12, 13, 15, 17, and 19
were tested for their antiproliferative activity in the non-cancerous human embryonic lung
fibroblast cell line as well, and on the basis of these results, selectivity indexes (SI) were
calculated. The relatively high SI values of pholiol M (13) indicated its strong and moderate
tumor cell selectivity regarding the MCF-7 (S1 > 40) and Colo205 (SI = 4.18) cell lines. Sl
values of 4.3 and 1.8 of pholiol O (15) indicated this compound to be moderately or slightly
selective towards Colo205 cells’®. Compounds 12, 17, and 19 did not display selectivity to

cancerous cell lines over normal cells.

Table 1. Antiproliferative activity (ICso uM) of pholiols L, M, O, Q, and S (12, 13, 15, 17, and 19)
in human sensitive (Colo205) and resistant (Colo320) colon adenocarcinoma cells and normal
embryonal fibroblast (MRC-5) cell line.

Colo205 Colo320 MCF-7 A549 MRC-5
Comp

Mean SD Mean SD Mean SD Mean SD Mean SD

12 32.41 0.89 28.07 462 2174 0.88 53.73 1.27 70.86 1.22
13 2391 0.026 3251 297 2.48 0.16 >100 — >100 -
15 23.39 0.060 4214 015 9.95 0.37 51.53 1.61 42.89 1.34
17 49.97 0.52 69.19 267 46.28 1.86 51.21 1.04 >100 -
19 59.87 0.55 68.54 440 3533 3.03 89.84 0.75 >100 -
Dox* 0.0617 0.0128 0.25 0.06 0.155 0.0027 1.04 0.097 0.52 0.018
DMSO >2% - >2% - >2% - >2% - >2% -

*Dox = doxorubicin.
Cytotoxic effect of the compounds from Pholiota populnea

The compounds (1-4, 12, 13, 15, 17, 19, 21, and 22) isolated in good yield were tested for
their cytotoxic activity on sensitive Colo205 and resistant Colo320 cell lines and on the
normal MRC-5 embryonal fibroblast cell line using the MTT assay with doxorubicin as a
positive control. Five compounds (12, 13, 15, 17, 19) were tested on MCF-7 and A549 cell
lines, too. In the cytotoxic assay a higher cell population and a shorter exposure were used
than in the antiproliferative test. Under these conditions, the direct killing effect can be
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measured instead of the cell growth inhibitory activity. Among the studied compounds,

ergosterol (22) showed substantial cytotoxic activity against the tumor cell lines with ICso
values 0f 4.9 uM (Col0205) and 6.5 uM (Colo320) (Table 2). Unfortunately, this compound
was more potent against the MRC-5 cell line (ICso 0.50 uM). Pholiols B (2), D (4), L (12),
M (13), O (15), Q (17), S (19) and 2,3,22,23-tetrahydroxy-2,6,10,15,19,23-hexamethyl-
6,10,14,18-tetracosatetraene (21) possessed weak inhibitory activities (ICso values between

26-93 uM) against the tested cell lines without any selectivity.

Table 2. Cytotoxic activity in human sensitive (Colo205) and resistant (Colo320) colon

adenocarcinoma cells and relative resistance ratio of pholiols A-D, L, M, O, Q, S (1-4, 12, 13, 15,

17, and 19), compound 21, and ergosterol (22)

1Cs0 (LM) RR? ICso (UM)
Compd  Colo205(A)  Colo320 (B) BIA MCF-7 A549 MRC-5

Mean SD Mean SD Mean SD Mean SD Mean SD

1 >100 - >100 - - - - - - >100 -
2 6792 0.39 61.5 4.7 0.90 - - - - 89.96 0.01

3 >100 - >100 - - - - - - >100 -
4 51.36 0.1 4894 0.65 0.95 - - - - 54.18 3.00
12 4033 164 3392 184 084 4369 003 9361 194 66.08 1.36
13 3593 044 6722 386 1.87 >100 — 58.12 0.70 >100 -
15 3152 091 9152 496 290 >100 - 56.86 153 5799 0.82
17 56.12 0.84 3473 124 062 4378 0.18 8588 241 >100 -
19 5750 096 5752 2.36 1.0 4299 061 8365 6.06 5527 041
21 26.7 033 2748 156 1.03 - - - - 29.06 2.2
22 4.88 0.57 6.48 022 133 - - - - 0.50 0.09
Dox 3.32 0.08 1196 0.88 3.60 5.73 1.02 1022 0.07 3.60 0.35
DMSO >2% - >2% - >2% — >2% — >2% —

aRR (relative resistance ratio) = 1Cs resistant/ICso sensitive; Dox = doxorubicin

Comparing the antiproliferative and cytotoxic effects of the compounds remarkable

difference displayed selectivity for the growing cell population without directly killing the

exposed cells. Such a result was exhibited by pholiols M (13) and O (15), for which, no

cytotoxic effect could be detected on MCF-7 cells (ICso > 100 uM), proving their action

exclusively on tumor cell proliferation.
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Comparison of the cytotoxic activities on drug-resistant (Colo320) and sensitive
(Colo205) cells allowed for the detection of relative resistance (RR), which was calculated
as the ratio of the 1Cso value in the resistant and in sensitive cancer cell lines. Compounds
with RR < 1 show selectivity against resistant cells, whereas RR < 0.5 indicate that the
compounds have a collateral sensitivity (CS) effect’’. The calculated RR values of the tested
compounds showed selectivity against the resistant Colo320 cells of pholiols B (2) (RR
0.90), D (4) (RR0.95), L (12) (RR 0.84) and Q (17) (RR 0.62) (Table 2).

Rhodamine 123 accumulation assay of the compounds from Pholiota populnea

The inhibitory activities of compounds 1-3, 21, and 22 on efflux function were evaluated by
measuring the intracellular accumulation of rhodamine 123, a well-known P-glycoprotein
substrate fluorescent dye, within the Colo320 MDR cells. Tariquidar, a strong P-gp inhibitor,
was used as positive control. All tested compounds were dissolved in DMSO, and the final
concentration (2.00%) of the solvent was investigated for any effect on the retention of
rhodamine 123. The results revealed inhibition of P-gp MDR efflux pump activity
manifested by pholiols A (1) and B (2) and aliphatic triterpene 21 (Table 3). In the literature,
compounds with FAR values greater than 1 were considered to be active P-gp inhibitors,
while compounds with FAR values greater than 10 were considered to be strong MDR
modulators. The pholiol B (2) and the polyhydroxy-squalene derivative (21) exerted the
highest anti-MDR effect in this bioassay with FAR values of 6.880 and 6.638, respectively.

Table 3. P-gp efflux pump inhibitory activity of compounds 1-3, 21, and 22 against MDR Col0320

cell line
Sample conc. pM FAR
tariquidar? 0.2 5.533
pholiol A (1) 20 3.418
pholiol B (2) 20 6.880
pholiol C (3) 20 0.967
compound 21 20 6.638
ergosterol (22) 2 1.053
DMSO 2.00% 0.828

8Positive control.
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Checkerboard combination assay of the compounds from Pholiota populnea

Compounds 2, 4, 21, and 22 were tested for their capacity to reduce the resistance of the
MDR Colo320 cell line to doxorubicin. A checkerboard microplate combination assay was
accomplished, which is a well-known in vitro method for the assessment of drug interactions.
Experimental data were analyzed using CompuSyn software, which enabled the
determination of the most effective ratios of combined agents and calculation of combination
indices (CI). Based on the combination indices, the type of interaction could be determined
according to the literature’. Table 4 reveals that pholiols B (2) and D (4), and 21 interacted
in a synergistic manner, and CI values at 50% of the EDsg were found to be 0.348, 0.660,
and 0.082, respectively. The outstanding potency of 21, designated as very strong synergism
(C1=0.082), is favorable. In this assay ergosterol (22) was found to have an additive effect

in combination with doxorubicin.

Table 4. Chemosensitizing activity of compounds 2, 4, 21, and 22 on Colo320 adenocarcinoma

cells
compound best ratio? Cl at EDsp2 sSD interaction
pholiol B (2) 23.2:1 0.348 0.051 synergism
pholiol D (4) 139.2:1 0.660 0.03 Synergism
compound 21 2.9:1 0.082 0.057 very strong synergism
ergosterol (22) 3.6:1 1.03 0.12 nearly additive

3Best ratio: the best combination ratio between compound and doxorubicin. °CI at ED50:
combination index value at the 50% growth inhibition dose.

Antimicrobial assay of the compounds from Pholiota populnea

Compounds 1-4, 21, and 22 were tested and found to be inactive against Escherichia coli
(ATCC 25922), Salmonella enterica serovar Typhimurium (14028s), Staphylococcus aureus
(ATCC 25923), and S. aureus (27213) strains.

Antimicrobial assay of the compounds from Clitocybe nebularis

The antimicrobial activity of compounds cerevisterol (26), (22E,24S)-5a-ergosta7,22-diene-
30,5,6f,9a-tetraol (27), and indole-3-carboxylic acid (28) was tested against bacterial strains
of Streptococcus agalactiae (ATCC 13813), Staphylococcus epidermidis (ATCC 12228),
Moraxella catarrhalis (ATCC 25238), Haemophilus influenzae (ATCC 49766), and Proteus
mirabilis (HNCMB 60076) by disc diffusion method. Compounds 27 and 28 exhibited
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marginal inhibition on the growth of M. catarrhalis, while this strain showed resistance

against compound 26.
Anti-inflammatory assay of the compounds from Pholiota populnea

The anti-inflammatory activity of compounds 3, 5-11, and 20, was evaluated using COX-1,
COX-2, 5-LOX, and 15-LOX assays, and the results are presented in Table 5 and Table 6.

At a concentration of 50 uM, the compounds showed moderate-to-weak inhibition of
COX enzymes. Dose-response experiments revealed that pholiols F (6) and (+)-clavaric acid
(20) exhibited moderate anti-inflammatory activity against COX-2, with I1Cso values of 439.8
and 766.7 uM, respectively. The other compounds had inhibition below 50% at the highest
concentration tested (2.5 mM). Among the compounds, pholiols C (3), F (6), G (7), and I (9)
exhibited the best inhibitory activity against 5-LOX, with ICsg values ranging from 194.5 to
519.7 uM. Pholiol F (6) was the most active against 5-LOX, with an ICso value of 194.5 uM.
However, all compounds were inactive against 15-LOX at the tested concentrations.

Table 5. COX-1 and COX-2 inhibitory activities of the triterpenes of P. populnea.

COX-1 COX-2
Compound Inhibitory ICso Inhibitory ICso
S.D. S.D.

(%) (M) (%) (M)
Pholiol C (3) 17.7 0.64 - 3.28 36.76 -
Pholiol E (5) -10.42 9.43 - 7.00 4.59 -
Pholiol F (6) 20.32 0.19 - 35.74 10.67  439.8
Pholiol G (7) —0.56 6.87 - 2.82 3.89 -
Pholiol H (8) 6.65 1.487 - —-2.50 4.99 -
Pholiol I (9) 4.89 17.26 - —-3.26 3.95 -
Pholiol J (10) -16.16 13.84 - —5.26 6.60 -
Pholiol K (11) -37.13 3.20 - —-8.40 2.27 -
(+)-Clavaric acid (20) 20.96 9.99 - 37.27 8.54 766.7
Standard 50.94° 2.13 - 79.02 3.071  0.45°

aRelative percentage inhibition was assessed at 50 uM of the compounds and in triplicates. Dose—
response investigations were conducted in duplicates with 2.5 mM as the highest concentration.
bStandards: SC560 for COX-1, Celecoxib for COX-2.
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Table 6. 5-LOX and 15-LOX inhibitory activities of the triterpenes of P. populnea.

5-LOX 15-LOX
Compound Inhibitory ICso Inhibitory ICso
S.D. S.D.
(%)° (M) (%) (M)
Pholiol E (5) —-35.25 3.05 - —-23.22 11.2 -
Pholiol F (6) —-7.91 16.28 1945 -16.19 15.27 -
Pholiol G (7) 15.11 2.04  519.7 —77.38 24.05 -
Pholiol H (8) —55.04 23.91 - —94.87 11.21 -
Pholiol I (9) 0.72 407 4805 —-50.72 24.91 -
Pholiol J (10) -102.2 19.33 - —79.45 30.41 -
Pholiol K (11) -302.5 8.65 - —58.33 28.85 -
(+)-Clavaric acid (20) —35.61 5.60 - —39.6 22.47 -
Pholiol C (3) 17.27 9.16 370.1 -112.1 15.97 -
Standard 50.72 2.54 0.53° 103.5° 18.59 -

aRelative percentage inhibition was assessed at 100 uM of the compounds and in triplicates. Dose—
response investigations were conducted in duplicates with 3 mM as the highest concentration.
bStandards: Zileuton for 5-LOX, NDGA for 15-LOX.

DISCUSSION

Investigation of Pholiota populnea and Clitocybe nebularis

The goal of our study was to reveal the chemical and pharmacological potency of two
mushroom species that are native to Hungary. Although in Hungary more than 3000 species
of mushrooms occur, there have been only a few comprehensive studies that have explored

the pharmacological effects of these fungi.

The investigated fungal species were collected from the surrounding areas of Szeged,
Hungary. The mushroom samples were extracted using an amphipolar solvent (methanol),
allowing the isolation of lipophilic and polar components. The liquid-liquid partition
between the aqueous methanol extract and n-hexane, CHCls, and EtOAc afforded fractions
with different polarities. The richest composition was shown by the n-hexane and CHCIs

extracts, from which the compound isolation was carried out.
Isolation of the bioactive compounds

Multiple FC methods were applied to separate and purify compounds 1, 3, 21, and 22 from

the n-hexane fraction of Pholiota populnea. Preparative TLC was used for final purification

of compounds 2 and 4 using a mixture of CHCIl3-MeOH and n-hexane-acetone, respectively.
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Due to the large quantity of the chloroform fraction, we decided to divide it into smaller
parts, namely A, B, C, and D. After monitoring the TLC results, we selected parts A and B
for further separation as they appeared to be more interesting. In the initial step of separation,
the EtOAc and chloroform (part A) fractions of Pholiota populnea, FC methods were used.
However, after reviewing the results, for chloroform part B, the GFC1 method was applied
first. Subsequently, various chromatographic techniques, such as OCC, FC, GFC,
preparative TLC, and HPLC, were used to purify compounds 5-20 and 23-25.

To study Clitocybe nebularis metabolites, the chloroform phase was fractionated using
NP-FC, and the combined fractions were analyzed using repeated RP-FC, which resulted in
compounds 26 and 27. Purification was carried out by multiple NP-FC followed by PTLC
of the EtOAcC extract, leading to the isolation of a compound 28.

Structure elucidation

Various spectroscopic methods were used to elucidate the structures of the isolated
compounds (1-28). Molecular masses and molecular compositions were obtained from
HRESIMS investigations. The structures were further determined using 1D and 2D NMR
spectroscopy, which provided the most useful information. The constitutions and planar
structures of the compounds were elucidated from the *H and 3C NMR, H-H COSY,
HSQC, and HMBC experiments, and then the relative configurations of the chiral centers
were determined with the aid of NOESY and ROESY spectra. As a result of our NMR
studies, we complete *H- and *3C assignments were accomplished to characterize the new
compounds and to supplement previously published data for some known compounds where

the data were incomplete.

Triterpenes and nucleosides from Pholiota populnea

The investigation of the chemical composition of Pholiota populnea resulted in the isolation
of 19 undescribed triterpenes, which were named pholiol A to S, in addition to 6 known
components. Among the 19 compounds, 18 had lanostane skeletons (pholiol A-R) (1-18),
while 1 had a trinorlanostane skeleton (pholiol S) (19). Structure elucidation of pholiols
revealed the presence of two unique moieties, a 3-hydroxy-3-methylglutarate methyl ester
(MeHMG) and a 3-hydroxy-3-methylglutarate (HMG). MeHMG was found to be linked to
either at C-2 (2, 4, 8, 13-16, and 19) or C-3 (12), while HMG was attached only at C-2 (1,
3, 5-7, 9, 17, and 18). Our research afforded the first discovery of a lanostane triterpene
containing either MeHMG or HMG moiety from the Pholiota genus. In 2004, fasciculol E,
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a lanostane triterpenoid conjugated to a HMG containing depsipeptide unit was isolated for
the first time from the genus Pholiota’. Further structural characteristic of pholiol series (1-
19) is the presence of a keto group at C-24. (+)-Clavaric acid (20) is a triterpenoid compound
that is structurally related to fasciculic acid, which is a calmodulin inhibitor produced by
Naematoloma (syn. Hypholoma) fasciculare®®*®. Compound 21 was identified as
(3S,6E,10E,14E,18E,225)-2,3,22,23-tetrahydroxy-2,6,10,15,19,23-hexamethyl-6,10,14,18-
tetracosatetraene, which is a linear triterpene polyol. While the compound 21 was first
isolated from the dried bark of Ekebergia capensis’ and later from the seeds of Alpinia
katsumadai®® in 2012, our study represents the first isolation of this compound from a
mushroom.

Ergosterol (22) and 3p-hydroxyergosta-7,22-diene (23) are both sterols with broad
distribution in fungal species®?84. Ergosterol (22) is a sterol that is similar in structure to
cholesterol, which is found in animal organisms®. It is a major component of fungal cell
membranes and plays an important role in maintaining their integrity and fluidity®.
Ergosterol (22) is also a precursor of vitamin D2, which is produced when it is exposed to
ultraviolet light®’.

In the EtOAC extract of the species, uridine (24) and adenosine (25) were detected.
Both are nucleosides, which are building blocks of nucleic acids such as DNA and RNASE,

Adenosine®®*! and uridine®?#°2 have been identified in various species of mushrooms.

Triterpenes and an organic acid from Clitocybe nebularis

Processing the extract of C. nebularis provided the isolation of three compounds, which had
not previously been isolated from this species. With regard to their structures, the
components can be divided into two groups: cerevisterol (26) and (22E,24S)-5a-ergosta-
7,22-diene-34,5,6,9a-tetraol (27) belong to the group of triterpenes, while indole-3-
carboxylic acid (28) is an organic acid. Cerevisterol (26), which was found for the first time
in the yeast Saccharomyces cerevisiae®®, was identified in the chloroform fraction of C.
nebularis. Morelli et al. analyzed the steroids of C. nebularis and found cyclolaudenol, 31-
norcyclolaudenol, portensterol, ergosterol, and campesterol®. Interestingly, these steroids
were not identified in our experiment. Cyclolaudenol and 31-norcyclolaudenol are based on
the 19-cyclolanostane skeleton, while portensterol, ergosterol, and campesterol have the
ergostane scaffold, which is also present in our isolated compounds (26) and (27). Senatore
conducted a study on the steroids of C. nebularis using GC-MS measurements and found
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that the main sterols are Czg with smaller amounts of Cz7 and Cag sterols. Ergosterol was
identified to be the sterol with the highest concentration, comprising 62-68% of the total
sterol content. Additionally, small or insignificant quantities of other closely related sterols,
including cholesterol, desmosterol, pg-sitosterol, stigmasterol, and fucosterol, were
identified®. Our study provided the first documentation of indole 3-carboxylic acid (28) in
the Clitocybe genus. In the past, only closely related indole derivatives (indole 3-
carbaldehyde) had been isolated from a Clitocybe species®. Indole derivatives were
identified as the dominant odorous constituents responsible for the complex odor of the

taxonomically related Tricholoma species®’.
Biological activities of the compounds of investigated species
Pholiota populnea

The detailed chemical investigation of Pholiota populnea extracts yielded the isolation of 25
compounds. The isolated compounds 1-4, 21, and 22 did not show any antimicrobial activity
against selected bacterial strains. The antiproliferative activity of the compounds isolated
from the CHCIs fraction (12, 13, 15, 17, and 19) was investigated using MTT assay on
Colo205, Colo320, MCF-7, A549, MRC-5 cell lines. Pholiols M (13) and O (15) showed
the highest antiproliferative effects and tumor cell selectivity against the MCF-7 cell line. In
terms of their chemical structure, compounds 13 and 15 belong to the class of lanostane
triterpenes with 2,3-diester-7-on-8(9)-en functionalities. Additionally, compound 15
contains a 11-keto group while compound 13 has a 12-hydroxy group. Based on the results
of the cytotoxicity tests conducted on the metabolites 1-4, 12-19, 21, and 22, ergosterol (22)
was found to exhibit substantial cytotoxic activity against the Colo205, Colo320, and MRC-
5 cell lines without any selectivity towards tumor cells. In contrast, pholiols B (2), D (4), L
(12), and Q (17) demonstrated selective cytotoxicity against the resistant Colo320 cells
compared to the sensitive Colo205 cells. Based on the results of the MDR efflux pump
inhibitory assay, compounds (1), (2), and (21) were found to have the capacity to inhibit the
efflux-pump overexpressed in the cell. In addition, compound 21 demonstrated very strong
synergistic activity with doxorubicin on the Colo320 cell line, while pholiols B (2) and D

(4) showed synergistic effects using a checkerboard combination assay.

It is noteworthy that the tetrahydroxysqualene derivative (21) has the capacity to
potentiate the effect of doxorubicin in Colo320 cells by P-gp modulation and strong

synergism with doxorubicin, and therefore it represents a promising new class of potential
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adjuvants of cancer chemotherapy. With regard to the moderate P-gp inhibitory activity and
strong synergism of 21 in combination with doxorubicin, the mechanism of its

chemosensitizing effect should have another P-gp-independent mechanism.

Anti-inflammatory activity of the compounds was tested using COX-1, COX-2, 5-
LOX, and 15-LOX inhibitory assays. The results revealed that pholiol F (6) and clavaric acid
(20) have COX-2 inhibitory activity, while pholiols C (3), F (6), G (7), and | (9) have
moderate 5-LOX inhibitory activity. Zhang et al. reported a protein from the edible fungus
Pholiota nameko that modulated cytokine secretion in mice bearing MCF-7 xenografts and
induced apoptosis of MCF-7 cells in vivo®. Choi et al. investigated the acyclic triterpenoid
21, which was isolated from the seeds of Alpinia katsumadai. They found that this compound
was responsible for inhibiting acyl-CoA: cholesterol acyltransferase (ACAT) activities in rat
liver microsomes, with 1Cso values of 47.9 uM. Additionally, it decreased cholesteryl ester
formation with I1Cso values of 26 pM in human hepatocyte HepG2 cells®l. Clavaric acid (20)
was obtained from the mushroom Clavariadelphus truncates and Naematoloma (syn.
Hypholoma) spp.t8:6%9°-101 This compound is a potent inhibitor of Ras farnesyl transferase.
The human Ras (P21) protein is involved in the regulation of cell division, and ras oncogenic
mutations result in uncontrolled cell proliferation in a wide variety of human tumors,
including colorectal carcinoma, exocrine pancreatic carcinoma and myeloid leukemias®.
Zhou et al., reported that polysaccharides, specifically SPAP2-1, obtained from Pholiota
adiposa showed significant interference of the cell cycle of HelLa cells and induced
apoptosist®2, The polysaccharides and triterpenoids derived from Ganoderma lucidum were
found to be highly effective in inhibiting tumor growth both in vitro and in vivo!®%,
Additionally, extracts from G. lucidum and G. tsugae were observed to have the ability to

suppress the growth of colorectal cancer cells in vitro'®,
Clitocybe nebularis

As part of our study, compounds 26-28 detected in Clitocybe nebularis were evaluated for
their antimicrobial activity using the agar disc diffusion assay. The growth of M. catarrhalis
strain was slightly affected by compounds 27 and 28, while it was resistant to compound 26.
In earlier studies, it was shown that cerevisterol (26) could inhibit the growth of certain
bacteria, including S. aureus, S. typhi, and A. niger, with a MIC value of 25 pg/mL, and E.
faecalis, with a MIC value of 50 ug/mL%. However, when tested using the disk diffusion
method at a concentration of 20 pg/mL, cerevisterol (26) was found to be inactive against
Bacillus subtilis, B. pumilus, M. luteus, S. aureus, C. albicans, and A. niger®. Indole-3-
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carboxylic acid (28) was previously tested against various pathogenic fungi and bacteria,
including Fusarium avenaceum, F. graminearum, F. culmorum, Pyricularia oryzae, S.
aureus, E. coli, and B. subtilis. However, no antifungal or antibacterial activity was
observed?’. There is no information in the literature regarding the antibacterial activity of
(22E,24S)-5a-ergosta-7,22-diene-34,5,64,9a-tetraol (27). In another investigation, an
extract of Clitocybe nebularis showed significant antiproliferative and cytotoxic

activities10810°

SUMMARY

Our study aimed to highlight the chemical and pharmacological potential of mushrooms
Pholiota populnea and Clitocybe nebularis, focusing on previously undescribed compounds

with cytotoxic, antiproliferative, and anti-inflammatory activity.

The isolation process involved grinding the samples, followed by percolation with
methanol. The fractions with different polarities were then roughly separated using liquid-
liquid extractions, resulting in n-hexane, chloroform, and EtOAc phases. The composition
of these extracts was monitored by TLC investigations. Subsequently, various
chromatographic methods, such as OCC, FC, PTLC, and HPLC, were employed for further
separation, affording the isolation of 28 compounds in pure form. The structures of the
isolated compounds were determined by means of spectroscopic methods, mainly MS and
NMR spectroscopy.

In case of Pholiota populnea, solvent-solvent extraction and different chromatographic
separations of the extracts led to the isolation of nineteen novel triterpenes, named pholiol
A-S (1-19), together with 6 know compounds, a lanostane type triterpene, (+)-clavaric acid
(20), an acyclic triterpene,  (3S,6E,10E,14E,18E,22S)-2,3,22,23-tetrahydroxy-
2,6,10,15,19,23-hexamethyl-6,10,14,18-tetracosatetraene ~ (21), two  ergostane-type
triterpenes, ergosterol (22), and 34-hydroxyergosta-7,22-diene (23), and two nucleosides,
uridine (24) and adenosine (25). The new compounds, pholiol A-S, are lanostane-type
triterpenes (with exception of 10 and 11) substituted with 3-hydroxy-3-methylglutaric acid
and its 6-methyl ester. Characteristic structural features are the 24-keto group, 8/9 double
bond, and in some compounds, 7- or/and 11-keto groups. Pholiol S (19) is an unusual
compound with a trinor-triterpene structure, and pholiols Q (17), and R (18) with 7(8),9(11)-
diene structure. All compounds (1-25) were isolated for the first time from this species.

Pholiols M (13) and O (15) displayed antiproliferative activity against the MCF-7 cell line
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with 1Cso of 2.48 and 9.95 uM, respectively. Furthermore, these compounds demonstrated
tumor cell selectivity on MCF-7 cells [SI values of >40 (13) and 4.3 (15)]. The isolated
metabolites (1-4, 12-19, 21, and 22) were investigated for cytotoxic activity against
Colo205, Colo320, A549, MCF-7, and nontumoral MRC-5 cell lines. Among the tested
compounds, ergosterol (22) showed substantial cytotoxic activity against all cell lines with
ICs0 values of 4.9 uM (Colo205), 6.5 uM (Colo320), and 0.50 uM (MRC) with no tumor
cell selectivity. However, pholiols B (2) (RR 0.90), D (4) (RR 0.95), L (12) (RR 0.84), and
Q (17) (RR 0.62) were found to have selective cytotoxicity against the resistant Colo320
cells compared to the sensitive Colo320 cells. A P-glycoprotein efflux pump modulatory test
on resistant Colo320 cells revealed that pholiols A (1), B (2), and the acyclic triterpene 21
have the capacity to inhibit the efflux-pump overexpressed in the cells. Moreover, the drug
interactions of triterpenes with doxorubicin were studied by the checkerboard method on
Colo320 cells. Pholiols B (2) (C1 0.348) and D (4) (CI 0.660) interacted in synergistic and
acyclic triterpene 21 (CI 0.082) in a very strong synergistic manner. The anti-inflammatory
activity of the isolated compounds (3, 5-11, and 20) was screened using COX-1, COX-2, 5-
LOX, and 15-LOX inhibitory assays. The results showed that the lanostane derivatives
exhibited moderate inhibitory activity against 5-LOX and COX-2 enzymes. Among the
tested compounds, pholiol F (6) demonstrated the highest potency, with 1Csp values of 194.5
uM and 439.8 uM against 5-LOX and COX-2, respectively. The isolated compounds were

ineffective as antimicrobial agents.

For the first time, two steroids (cerevisterol (26) and (22E,24S)-5a-ergosta7,22-diene-
30,5,6f,9a-tetraol (27)) and an organic acid (indole-3-carboxylic acid (28)) were obtained
from the chloroform and EtOAc fractions of Clitocybe nebularis. Their antimicrobial
activity was assessed against human pathogen strains using the agar disc diffusion method.
The susceptibility assay exhibited that compounds 27 and 28 have weak antimicrobial
activity against M. catarrhalis.

Our findings indicate that mushrooms native to Hungary are a rich source of
biologically active metabolites with great structural diversity. Especially, P. populnea is a
promising source for discovery of new triterpenes with significant antiproliferative, and
chemosensitizing activities on cancer cells. Therefore, understanding the mechanism of
action of these compounds can provide a strong foundation for developing new, effective

agents for the treatment of different types of cancer.
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Table S1. *H NMR data (800 MHz) of compounds 1-4 in CDCls

Jou, mult (J in Hz)

Atom 1 2 3 4
18 2.25,dd (12.2, 2.22,dd (12.3,4.3) 2.12,dd (12.1, 2.15,dd (12.2,
4.1) 4.2) 4.4)
la 1.57,t(12.2) 1.54,t(12.3) 1.37, m 1.40, m
2 5.22,td (10.8,4.1) | 5.20, td (10.8, 4.3) 5.17,1d (10.8,4.2) | 5.18,td (10.8,4.4)
3 4.85,d (10.8) 4.83,d (10.8) 4.79,d (10.8) 4.81,d (10.8)
5 1.88, dd (13.3, 1.85,dd (13.3, 4.0) 1.26, m 1.30,m
4.0)
6 2.46, m (2H) 2.44, m (2H) 1.55, m 1.57, m
60 - - 1.70, m 1.72, m
7 - - 2.06, m 2.06, m
11 2.31, m (2H) 2.30, m (2H) 1.78, m 1.79, m
1o - - 2.49, m 2.52, m
12 1.81, m 1.79, m 4.13,t(7.7) 4.14,t(7.7)
158 1.75, m 1.74, m 1.70, m 1.73, m
150 2.10, m 2.07, m 1.21, m 1.25, m
168 141, m 1.40, m 1.56, m 1.58, m
160 2.01, m 2.01, m 1.89, m 1.91, m
17 1.47, m 1.44, m 1.87, m 1.89, m
18 0.67, s 0.65, s 0.72,s 0.74, s
19 1.32,s 1.30, m 1.14, s 1.16, s
20 1.43, m 1.40, m 1.66, m 1.67, m
21 0.93, d (6.6) 0.92, d (6.6) 1.01,d (6.6) 1.04, d (6.6)
22 1.85, m 1.83, m 1.28, m 1.31,m
22 1.33, m 1.31, m 1.92, m 1.95, m
73 2.59, m 2.?)7, ddd (17.1, 9.8, 2.56, m 2.60,dd (9.5,5.4)
5.
251, m 2.49,ddd (17.1,9.3, - -
23
6.1)
26 1.41,s 1.38, s 1.39, s 1.41,s
27 1.41,s 1.39, s 1.38, s 1.40, s
28 0.94, s 0.92, m 0.90, s 0.93, s
29 1.03, s 1.00, s 094, s 0.95,s
30 0.93,s 091, m 091,s 0.93, m
2 2.57, m 2.54, AB (15.4) 2.53, m 2.56, AB (15.6)
2 2.70, m 2.68, AB (15.4) 2.68, m 2.70, AB (15.6)
4' 1.40, s 1.35,s 1.38,s 1.36, s
S5'a 2.55, brm 2.62, AB (15.4) 2.64, m 2.73, AB (14.9)
5'b 2.72, brm 2.71, AB (15.4) 2.68, m 2.64, AB (14.9)
7' - 371,s - 3.73,s
3-OAc | 2.09, s 2.07,s 2.06, m 2.08, s
25-OH | - 3.82,s - 3.83,s
3'-OH | - 391,s - 3.96, s




Table S2. 3C NMR data (200 MHz) of compounds 1-4 in CDCl;

Jc

Atom 1 2 3 4
1 40.1 40.1 41.0 41.1
2 70.3 69.9 71.2, CH 70.7
3 79.0 78.9 80.1, CH 80.0
4 39.3 39.2 39.3,C 39.3
5 49.3 49.3 49.9 50.0
6 36.2 36.2 17.9 17.9
7 197.8 197.8 25.8 25.9
8 139.2 139.1 134.8 134.7
9 163.1 163.0 134.2 134.2, C
10 40.5 40.5 37.8 37.9
11 23.8 23.8 33.8 34.0
12 29.9 29.9 72.8 72.8
13 44.9 44.9 49.0 49.0
14 47.8 47.8 52.2 52.2
15 31.8 31.8 31.2 31.1
16 28.6 28.6 25.1 25.2
17 48.9 48.9 50.5 50.6
18 15.8 15.7 9.9 9.8
19 19.4 19.4 20.0 20.0
20 35.9 35.9 33.8 33.8
21 18.5 18.5 21.2 21.2
22 30.1 30.0 29.1 29.1
23 32.6 32.5 33.7 33.6
24 214.9 214.8 215.2 215.1
25 76.2 76.2 76.3 76.2
26 26.5 26.6 26.5 26.5
27 26.5 26.5 26.5 26.5
28 25.0 25.0 24.2 24.1
29 17.3 17.2 17.4 17.4
30 27.6 27.6 28.2 28.2
1’ 170.8 171.2 171.5 171.4
2! 449 44 .8 447 449
3 69.6 69.5 69.7 69.5
4’ 27.1 27.3 27.2 26.5
5 44.8 447 45.0 44.7
6' 173.7 172.1 173.5 172.1
7' 51.7 51.7

3-OAc | 1714 170.6 171.1 170.8

20.9 20.9 21.0 21.0




Table S3. 'H NMR data of compounds 5-11, and 20 (500 MHz, §ppm, J = Hz).

H 52 6° 72 82 92 10? 110 202
1 236 dd (12.3, | 211 m,1.38 m 2.05m,1.18 m 220 dd (12.3, 4.3), | 250 m, 193 t | 1.76 m,1.22m 1.98m, 1.61m 2.36 dd (12.3, 5.6),
5.6), 1.66 m 1.45m (13.1) 1.66 m
5 5.67 dd (13.6, | 5.19dt(3.4,10.5) | 4.92dt (3.9,10.6) | 5.07 dt (4.3, 11.5) 5.72dd (13.5,5.8) | 1.63 m (2H) 257 m, 241 ddd | 5.66 dd (13.4, 5.6)
5.6) (15.8, 6.7, 3.5)
- 4.79.d (10.5) 3.20d (10.1) 3.24d (10.1) - 3.17dd (10.1,6.3) | - -
1.53m 151 m 1.53m 1.77m 2.10dd (14.6,3.2) | 1.06 m 1.60m 153 m
6 1.80m, 1.73m 1.69m, 156 m 1.74m,1.57m 2.55 dd (16.3, 14.5), | 273 m, 2.32 dd | 1.71m, 1.54 m 1.61 m (2H) 1.80m,1.72m
2.36m (16.6,3.2)
7 2.18 m (2H) 2.09 m (2H) 2.10 m (2H) - - 2.07 m (2H) 2.08 m (2H) 2.17 m (2H)
11 2.16 m, 2.09 m 2.00 m (2H) 2.04 m (2H) 2.38 m (2H) 2.47 m (2H) 2.06 m (2H) 2.04 m (2H) 2.16 m, 2.10 m
12 1.79 m (2H) 1.73 m (2H) 1.74 m (2H) 1.84 m (2H) 1.87 m (2H) 1.78m,1.72m 1.75m,1.70 m 1.81 m (2H)
15 1.78 m,1.23 m 1.61m,1.21m 1.65m,1.22 m 2.01m,1.72m 2.03m, 1.76 m 1.67m,1.21m 1.62m, 1.69m,1.25m
1.22dd (13.7,2.5)
16 201 m,1.46 m 1.97m, 1.39m 1.98m, 141 m 200m, 1.42m 2.02m,1.45m 1.98m, 142 m 1.97m, 1.38 m 2.01m,1.43m
17 1.56 m 1.30m 1.53m 1.47m 1.49m 1.53 m 150 m 1.57m
18 0.78 s 0.70s 0.74s 0.71s 0.74s 0.74s 0.72s 0.79s
19 1.40s 1.13s 1.12s 1.32s 1.57s 1.01s 1.12s 1.40s
20 1.45m 1.40m 1.42m 1.42m 1.44m 143 m 1.40m 1.46 m
21 0.94d (6.2) 0.89d (6.4) 0.92d (6.4) 0.95d (6.1) 0.96 d (6.2) 0.93d (6.2) 0.91d(6.4) 0.96d (6.4)
22 1.70m, 1.27m 1.82m,1.30m 1.76 m,1.21 m 1.77m,1.23m 1.78m, 1.30 m 1.77m,1.22m 1.81m,1.31m 1.82m, 1.0l m
23 2.67 m (2H) 2.54 m, 2.50 m 2.66 m (2H) 2.66 m (2H) 2.69 m (2H) 2.65m (2H) 2.55m, 2.48 m 1.74m,1.14m
24 - - - - - - - 3.17d (9.9)
26 1.30s 1.39s 1.29s 1.29s 1.29s 1.29s 1.39s 1.16s
27 1.30s 1.39s 1.29s 1.29s 1.29s 1.29s 1.38s 1.16s
28 1.11s 0.92s 1.06 s 1.05s 1.09s 0.98s 1.10s 1.10s
29 1.18s 0.95s 0.89s 0.96s 1.24s 0.81s 1.07s 1.18s
30 0.93s 0.89s 0.93s 0.95s 0.94s 0.92s 0.90s 0.93s
2’ 2.80m,2.75m 2.62m,251m 251 m,2.33m 2.71 m (2H) 2.70m, 2.65m 275m,2.71m
4 141s 1.39s 1.33s 141s 1.37s 141s
5 2.69 m (2H) 2.62m,2.51 m 2.66 m, 2.50 m 2.71s (2H) 2.70m, 2.65 m 2.75m,2.71m
7 - 3.68s
OAcC | — 2.10s

2 recorded in CD;0D; ° recorded in CDCl3




Table S4. 13C NMR data of compounds 5-11, and 20 in CDsOD (125 MHz, & ppm).

Atom 52 6° 7 82 92 102 11° 207
1 43.7 41.3 42.2 411 42.4 37.0 36.2 43.7
2 73.7 719 74.6 73.4 73.0 28.5 34.8 73.9
3 210.9 80.5 80.6 80.0 208.5 79.7 215.1 210.9
4 49.00 39.6 40.6 40.7 49.1 40.0 47.5 49.1
5 54.0 50.6 51.8 51.1 52.6 52.0 514 54.0
6 20.0 18.2 19.4 375 37.7 19.4 19.6 20.0
7 27.2 26.4 27.4 201.3 200.3 27.7 26.5 27.2
8 136.9 135.2 136.1 139.9 140.2 135.8 135.4 136.9
9 134.7 1335 135.2 167.2 166.6 136.1 133.3 134.8
10 39.1 38.4 39.4 421 41.7 38.3 37.1 39.1
11 22.6 214 22.2 24.9 25.3 22.1 21.2 22.5
12 32.2 31.0 32.2 31.2 31.2 32.4 31.0 32.2
13 51.0 44.8 51.0 49.1 46.2 45.8 44.7 51.0
14 45.8 50.0 45.7 46.1 49.7 51.1 50.1 45.8
15 31.1 30.9 31.8 33.2 33.2 31.9 31.1 31.8
16 29.0 28.2 29.1 41.1 29.6 29.1 28.2 29.2
17 51.8 50.3 51.8 50.4 50.3 51.9 50.6 51.9
18 16.3 16.0 16.3 16.3 16.4 16.4 16.0 16.3
19 20.2 20.2 20.4 19.5 19.5 19.6 18.8 20.2
20 37.3 36.2 37.3 37.2 37.2 37.4 36.3 38.1
21 19.0 18.6 19.0 19.1 19.0 19.0 18.6 194
22 31.8 30.4 31.1 31.0 31.0 31.1 30.3 34.9
23 34.0 32.8 34.0 33.9 33.9 34.0 32.8 29.3
24 217.8 215.0 217.8 217.8 217.8 217.8 217.9 80.6
25 77.9 76.4 78.1 77.9 77.9 779 76.4 73.7
26 26.8 26.7 26.8 26.7 26.7 26.8 26.7 25.6
27 26.8 26.7 26.7 26.8 26.8 26.8 26.7 25.6
28 25.1 28.4 29.0 28.3 24.5 28.6 26.4 25.1
29 215 17.6 17.2 16.9 21.3 16.1 214 215
30 24.6 24.4 24.2 25.3 25.3 24.6 24.4 24.7
r 171.6 1711 180.3 1725 1715 171.7
2’ 46.6 44.8 47.5 46.2 47.2 46.8
3 70.9 n.d. 713 71.0 73.0 71.0
4 27.6 26.7 28.0 27.9 271.7 27.6
5 45.8 44.8 48.7 46.6 47.2 46.8
6’ 171.6 1711 172.6 173.2 172.8 171.7
7 - - - 52.0 - - - -

OAc-CHs 21.1
OAc-CO 171.8

arecorded in CD30D: P recorded in CDCls



Table S5. *H NMR data of compounds 12—19 [(500 MHz, § ppm (J = Hz)]

No. 122 132 14a¢ 15° 16°¢ 17° 18° 192
loo | 1.44m 1.70t(12.1) 2.181t(11.6) 140 m 1.31m 1.49m 181 m 1.531(12.3)
1B | 2.21dd (12.5,3.8) | 2.87dd (12.1,4.1) | 2.26 dd (11.6, 4.3) 3.25dd (13.0,4.6) | 3.23dd (12.8,4.6) | 2.39m 2.64m 2.21.dd (125, 4.3)
2 3.92dt(3.8,10.5) | 5.29dt(4.1,10.9) | 5.17 dt (4.3, 10.9) 5.24 dt (4.6,11.0) | 5.14dt(4.6,11.0) | 5.24dt(4.3,10.6) | 5.74dd (13.9,5.5) | 5.19dt (4.3, 10.9)
3 14.60d(10.5) 4.83d(10.9) 4.87 d (10.9) 4.81d (11.0) 3.28d (11.0) 4.75d (10.6) - 4.83d (10.9)
5 1.82m 1.81m 201 m 1.83dd (14.9,2.3) | 1.75dd (14.9,2.2) | 1.30m 151m 1.85m
60 244 m 2.46dd (15.7,2.3) | 2.50dd (15.4, 2.2) 2.14m
6 2.42 m (2H) 254 m 2.48 m (2H) 266 m 271 m 2.14 m (2H) 534 m 2.43 m (2H)
7 - - - - - 5.531(3.9) 5.59d (6.7) -
11la 457 brt (5.7)
1p 2.32m (2H) 449 m - - 5.39d (6.1) 5.49d (6.1) 2.29 m (2H)
120 2.28m 246m 2.87 d (16.1) 2.90d (16.2) 2.25d (17.5) 2.30d (17.9)
g | HOmM@H) 1.88m 1.84m 2.58d (16.1) 2.62d (16.2) 214dd (175,6.1) | 2184d (17.9,6.) | ='c M CH)
15 | 207m,1.74m 2.08m,1.83m 2.08m, 1,65 m 2.13m,1.82m 2.17m,1.82m 1.66m,1.43m 1.70m, 1.47 m 2.07m,1.73m
16 | 200m,1.37m 204m,1.45m 2.00m, 1.33m 2.04m, 146 m 2.08m, 1.49m 2.03m, 142 m 2.06m, 1.45m 2.00m, 1.38m
17 | 1.42m 1.43m 1.55m 1.76 m 1.80m 1.63m 1.66 m 1.43m
18 | 0.665s 0.89s 0.65s 0.84s 0.88s 0.61s 0.67 s 0.65s
19 | 1.24s 150s 1.34s 1445 147s 1.14s 140s 1.30s
20 [ 1.40m 1.43m 1.36 m 1.44m 1.49m 144 m 1.45m 1.43m
21 10.91d(6.2) 0.94d (6.2) 0.91d (6.3) 0.92d (7.1) 0.97 d (6.6) 0.93d (6.6) 0.95d (6.7) 0.92d (6.7)
22 1183m,1.31m 1.83m,1.31m 1,82m,1.30m 1.80m,1.25m 1.82m,1.33m 1.77m,1.23 m 1.79m,1.26 m 1.85m,1.35m
23 | 2.52m (2H) 2.53 m (2H) 2.55m,2.49m 2.68 m (2H) 2.72m (2H) 2.67 m (2H) 2.67 m (2H) 240m,2.27m
26 | 1.385s 1.38s 1.38s 1.29s 1.34s 1.29s 131s
27 | 1.38s 1.38 s 1.39s 1.29s 1.34s 1.29s 131s
28 | 091s 0.90s 0.92s 0.93s 1.11s 0.91s 111s 0.90s
29 | 0.965s 1.03s 1.01s 1.04s 1.00 s 1.03s 1.26 s 1.00s
30 |0.92s 0.86s 1.12s 0.84s 1.25s 0.93s 0.94s 0.91s
2> | 275m,257m 2.68m, 254 m 2.63m, 253 m 2.63 m (2H) 2.78m, 2.73m 2.66m, 2.54m 2.81m,2.74m 2.67m,252m
4 |142s 1.35s 1.35s 1.35s 1.44 s 1.335s 1.44s 1.33s
5 1292m,227m 270m,2.62m 2.68m,2.62m 2.68 m (2H) 2.76 m (2H) 254m, 239 m 281m,2.74m 270m,2.61m
77 | 372s 3.71s 3.71s 3.67 s 3.73s - - -
OAcC 2.07 s 2.06s 2.06s - 2.06s

@ measured in CD

Cls; ® in CD;OD; Signal of H-12 in the *H NMR spectrum measured in CD3;OD was 4.48 dd (J = 9.1, 5.5 Hz); ¢ measured at 600 MHz.




Table S6. °C NMR data of compounds 12—-19 (125 MHz, 6 ppm)

Position 122 132 143¢ 15P 16°¢ 17° 18° 192
1 42.8 39.5 39.9 40.5 40.4 425 43.7 40.4
2 66.9 69.9 70.4 70.6 73.2 711 73.4 70.1
3 84.5 79.4 79.1 80.6 79.8 81.7 210.6 79.2
4 38.9 39.6 39.5 40.2 40.6 40.3 49.0 39.4
5 49.8 50.3 49.7 50.9 514 50.4 53.0 49.5
6 36.6 36.6 36.8 37.1 37.4 23.9 24.6 36.4
7 198.3 199.7 199.2 202.8 203.5 121.2 123.2 198.0
8 139.1 139.7 141.7 152.2 152.1 143.9 144.0 139.3
9 164.1 160.5 159.1 151.9 152.1 146.3 1455 163.3
10 40.7 40.8 40.6 415 41.7 39.7 39.5 40.7
11 24.0 67.3 65.5 203.6 203.9 118.3 118.7 24.0
12 30.3 42.9 44.6 52.5 52.5 39.0 38.9 30.1
13 45.1 43.6 44.6 48.6 48.9 45.0 44.8 45.1
14 48.0 49.1 48.3 50.4 50.3 51.5 51.6 48.0
15 32.1 32.1 32.8 33.3 33.3 32.6 32.6 32.0
16 28.9 28.9 21.7 28.1 28.1 28.7 28.7 28.7
17 49.1 48.4 49.9 50.3 50.3 52.3 52.3 48.9
18 15.9 17.4 17.0 17.3 17.2 16.3 16.3 15.9
19 19.9 21.2 21.2 19.1 18.9 23.9 23.2 19.6
20 36.1 36.1 36.0 37.1 37.0 37.1 37.1 36.0
21 18.7 18.8 18.5 18.8 18.8 18.8 18.8 18.5
22 30.2 30.2 30.1 30.8 30.8 31.0 31.0 311
23 32.7 32.7 32.7 33.8 33.8 34.0 34.0 31.0
24 215.1 214.9 214.8 217.6 217.9 217.8 217.7 178.7
25 76.3 76.4 76.2 779 78.0 77.9 779 -
26 26.7 26.7 26.7 26.7 26.7 26.8 26.8 -
27 26.7 26.7 26.7 26.8 26.8 26.7 26.7 -
28 28.0 28.1 27.9 28.4 28.6 29.0 25.3 27.8
29 17.5 17.5 17.4 17.7 17.1 18.2 22.2 17.4
30 25.2 25.3 254 26.0 26.0 26.1 26.1 25.2
I 171.4 171.4 171.7 171.9 1725 172.2 171.7 171.4
2 46.3 45.0 45.1 46.3 46.6 47.2 46.8 45.1
3 70.4 69.7 69.8 70.6 70.9 70.8 71.1 69.7
4 28.3 27.7 27.7 28.0 27.9 27.8 27.6 27.6
5 43.7 45.0 45.1 46.0 46.0 47.7 46.8 44.9
6 173.3 1723 1721 173.1 173.4 171.7 171.7 172.2
7 52.0 51.9 52.0 51.9 52.0

AcCO 170.8 170.7 1725 - 172.6 170.7

AcCHs 21.1 21.1 21.0 - 21.1 21.0

ameasured in CDCls: ? in CDs0D: ¢ measured at 150 MHz.
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Figure S3. Diagnostic 'H,'H-COSY, HMBC and NOESY correlations of pholiol I (9)
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ABSTRACT: The detailed mycochemical analysis of the n-hexane 5 i
extract of Pholiota populnea led to the isolation of four new 3 !

lanostane diesters, named pholiols A—D (1—4), together with an
acyclic triterpene, (3S,6E,10E,14E,18E,225)-2,3,22,23-tetrahy-
droxy-2,6,10,15,19,23-hexamethyl-6,10,14,18-tetracosatetraene
(5), ergosterol (6), and 3f-hydroxyergosta-7,22-diene (7). The
isolation was carried out by multistep flash chromatography, and
the structures were elucidated using extensive spectroscopic
analyses, including 1D and 2D NMR and MS measurements.
The isolated metabolites (1—6) were investigated for cytotoxic
activity against Colo20S and Co0lo320 colon adenocarcinoma and
nontumoral MRC-5 cell lines. Among the tested compounds,
ergosterol (6) showed substantial cytotoxic activity against all cell lines with ICg, values of 4.9 uM (Colo 205), 6.5 uM (Colo 320),
and 0.50 uM (MRC) with no tumor cell selectivity. A P-glycoprotein efflux pump modulatory test on resistant Colo320 cells
revealed that pholiols A (1) and B (2) and linear triterpene polyol § have the capacity to inhibit the efflux-pump overexpressed in
the cells. Moreover, the drug interactions of triterpenes with doxorubicin were studied by the checkerboard method on Colo 320
cells. Pholiols B (2) and D (4) interacted in synergistic and acyclic triterpene § in a very strong synergistic manner; the combination
index (CI) values at 50% of the growth inhibition dose (EDs,) were found to be 0.348, 0.660, and 0.082, respectively. Our results
indicate that P. populnea is a promising source for finding new triterpenes with significant chemosensitizing activity on cancer cells.

R, R, Ry
PholiolA  H O H
PholiolB  CH; O H
PholiolC ~ H H, OH
PholiolD  CHy H, OH

OH

OH

MDR efflux pump inhibitory activity
in combination assay very strong or strong synergism with doxorubicin

ancer is among the leading causes of morbidity and docetaxel (DOC) sensitivity and cellular drug accumulation in

mortality worldwide. According to Global Cancer MDA-MB-231/DOC cells in a combination treatment.” The
Statistics, an estimated 19.3 million new cancer cases, among tetracyclic triterpene alcohol euphol was reported to have
them 1.148 million new colon cancer instances (representing cytotoxicity (ICgo < 10 uM) against 27 cell lines when
6.0% of all cases), were registered worldwide in 2020." A major screened against a panel of 71 human cancer cells from 15
problem in clinical cancer therapy is the multidrug resistance tumor types. This compound also exhibited antitumoral and
(MDR) toward cytotoxic drugs. MDR is associated with antiangiogenic activity in vivo, with synergistic temozolomide
cellular pharmacokinetic alterations, such as decreased drug interactions in most cell lines.” The pentacyclic terpenoid
accumulation, increased efflux and detoxification capacity, and boswellic acid was studied in combination with doxorubicin for
subcellular redistribution. One of the most widespread the antitumor effects against solid tumors of Ehrlich’s ascites
mechanisms of resistance involves the efflux of drug molecules carcinoma grown in mice. The results showed that boswellic

out of the cells. In particular, ATP-binding cassette (ABC) acid synergized the antitumor activity of doxorubicin.” The

transporters have received great interest; one such transporter fungal metabolite ergosta-7 22-diene-3-one was found to be
. . : 1 s . 2 4

tha‘t has be-en investigated in detail is P-glycoprotein (P-gp). effective against sensitive (Colo 205) and resistant (Colo 320)

Triterpenoids were reported to be able to reverse cell human colon adenocarcinoma cells with IC, values 11.6 & 1.7

r'esistance t.o chemotherapy du? to P-gp inhibition. G.in_senf)- #M and 8.4 + 1.1 uM, respectively, and in a combination assay
side Rh2, isolated from red ginseng, exerts such activity in

doxorubicin-resistant human breast cancer MCF-7 cells.’
Oleanolic acid was reported to be an inhibitor of certain
efflux transporters, including P-gp3S, and thus was found to
increase the intracellular concentration of paclitaxel.” Maslinic
acid, a natural triterpene from Olea europaea L., has attracted
increasing interest in recent years because of its promising
anticancer activity and dose-dependent enhancing potency of
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synergism was detected between ergosta-7,22-diene-3-one and
doxorubicin with CI index 0.521 + 0.15 at the 50% growth
inhibition dose (EDs).

Pholiota populnea (Pers.) Kuyper & Tjall.-Beuk. (syn.
Pholiota destruens (Brond.) Quel., Hemipholiota populnea) is
member of the Strophariaceae family, distributed worldwide
wherever cottonwood occurs. This mushroom species is
usually saprophytic, but sometimes parasitic, and grows on
broad-leaved woods, mainly on various poplars, but also on
willow and birch, playing an important role in decomposing
the deadwood of cottonwoods. The chemistry and pharmacol-
ogy of P. populnea were poorly studied previously, with only
pholiotic acid, 3,5-dichloro-4-methoxybenzaldehyde, and 3,5-
dichloro-4-methoxybenzyl alcohol, with weak antifungal and
cytostatic activities, identified.” In a recent paper the mineral
element composition of this species was reported.'’

In the current study, the detailed mycochemical analysis of a
methanolic extract of H. populnea, isolation, structure
determination, and pharmacological evaluation of its chemical
compounds are highlighted. The present paper reports four
new lanostane diesters (1—4), one acyclic triterpene tetraol
(5), and the known compounds ergosterol (6) and 3f-
hydroxyergosta-7,22-diene (7). The isolated compounds 1—6
were investigated for cytotoxic activity against human colon
adenocarcinoma cells (Colo205, Colo320) and the MRC-S5 cell
line. The combination with doxorubicin and efflux pump
inhibitory activity of the compounds on drug-resistant Colo
320 cells were also assayed. In addition, antimicrobial activity
against different bacterial strains was evaluated by the
microdilution method.

R
3 H
4 CHs
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B RESULTS AND DISCUSSION

Four lanostane triterpenes (1—4) and an acyclic triterpene
tetraol (5) were isolated from the n-hexane-soluble phase of
the MeOH extract prepared from the mushroom P. populnea
by a combination of multiple flash chromatography steps. The
structure elucidation was carried out by extensive spectro-
scopic analysis, including 1D and 2D NMR (‘H-'H COSY,
HSQC, HMBC, and ROESY) and HRESIMS experiments.
Based on the HRESIMS data, the molecular formulas of
compounds 1 and 2 were C33Hg3O,p and C30Hg,Oy,
respectively, differing only in a methylene group. The 'H
and *C NMR spectra of 1 and 2 (Tables 1 and 2) were similar
except for a singlet signal with three-proton intensity at 6y 3.71
appearing in the "H NMR spectrum and the extra resonance at
S¢c 51.7 in the C NMR spectrum of 2. These findings
suggested that 2 was the O-methyl derivative of 1. In
accordance with the elemental compositions, the '*C NMR
spectra presented 38 and 39 resonances in compounds 1 and 2,
respectively. Based on the HSQC spectra, besides the
additional methoxy group in 2, 10 methyl, 10 methylene,
and S methine groups, and 13 nonprotonated carbons were
commonly present in the compounds. Considering the
elemental compositions and the chemical shift values of the
nonprotonated carbons, two carbonyl groups (5 214.9/214.8
and 6¢ 197.9/197.9), three carboxylate moieties (5 173.7/
172.1, 170.8/1712, and 171.4/170.6), an unsaturation (5
139.2/139.1 and S: 163.1/163.0), and two sp> carbons
attached to oxygens (6c 76.2/76.2 and 69.6/69.5) were
present in 1 and 2. The remaining four signals (5 39.3/39.2,
40.5/40.5, 44.9/44.9, and 47.8/47.8 for 1/2) could be ascribed
to sp® nonprotonated carbons. Based on the characteristic
HMBC correlations of the angular methyl singlets [H-18 with
C-12, C-13, C-14, and C-17; H-19 with C-1, C-5, C-9, and C-
10; H-21 with C-17, C-20, and C-22; H-29 and H-30 with C-3,
C-4, and C-5], it was concluded that 1 and 2 are based on a
lanostane skeleton. The HMBC correlations of the O-methine
doublets at 6y 4.85/4.83 with C-1, C-4, C-29, and C-30
confirmed their assignment to H-3 in 1/2, while HMBC cross-
peaks of the O-methine groups at §c 70.3/69.9 (C-2) with
protons at 8y 4.85/4.83 (H-3) suggested that the lanosterol
skeleton bears oxygen-containing substituents at both C-2 and
C-3. The HMBC correlations of the acetyl CO signal with H-3
and the acetyl methyl signal suggested the presence of an
acetate group at C-3, while, based on the HMBC correlations
of H-2/C-1, H-2'/C-1', H-2'/C-3', H-2' /C-4', H-2' /C-5', H-
4'/C-5', and H-5'/C-6', a 3-hydroxy-3-methylglutarate moiety
was attached to C-2 in compounds 1 and 2. The additional H-
7'/C-6" HMBC correlation in compound 2 suggested that 2
was the methyl ester of compound 1. Further to these, the
HMBC correlations of the doublet of doublets at §;; 1.88/1.85
(assigned to H-5) with C-4, C-10, C-19, C-29, and C-30
confirmed this assignment, while long-range correlations of H-
S with the methylene at d¢ 36.2/36.2 and with the carbonyl at
Oc 197.8/197.8 enabled the assignment of C-6 and suggested
the presence of a keto group in position 7. In parallel, the
HMBC correlations between the diastereotopic protons (H-
22) and the methylene group at §c 32.6/32.5 (C-23) and
carbonyl group at §c 214.9/214.8 (C-24) and between the
methyl singlets of H-26 and H-27 and C-24 and non-
protonated carbon at §c 76.2/76.2 (C-25) led to the
conclusion that a 24-keto-25-hydroxy side chain was present
at C-17. Based on the complete 'H and "*C NMR assignments

https://doi.org/10.1021/acs.jnatprod.1c01024
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Table 1. '"H NMR Data (800 MHz) of Compounds 1—4 in
cDCl,

Sy, mult (J in Hz)

atom# 1 2 3 4
18 225, dd (122, 222, dd (12.3, 2.12, dd 2.15, dd
4.1) 4.3) (12.1, 4.2) (12.2, 44)
la 1.57,t (122)  1.54,t (12.3) 1.37, m 1.40, m
2 522, td (10.8, 5.20, td (10.8, 5.17,td (10.8, 5.18,td (10.8,
4.1) 43) 42) 4.4)
3 4.85,d (10.8) 4.83,d (10.8) 4.79,d (10.8) 4.81,d (10.8)
1.88, dd (13.3, 1.85,dd (13.3, 1.26, m 1.30, m
4.0) 4.0)
6p 246, m (2H) 244, m (2H) 1.55, m 1.57, m
6a 1.70, m 1.72, m
7 2.06, m 2.06, m
118 231, m (2H) 2.30, m (2H) 1.78, m 1.79, m
lla 249, m 2.52, m
12 1.81, m 1.79, m 4.13,t (7.7)  4.14,t (7.7)
154 1.75, m 1.74, m 1.70, m 1.73, m
15a 2.10, m 2.07, m 121, m 1.25, m
165 1.41, m 1.40, m 1.56, m 1.58, m
16a 2.01, m 2.01, m 1.89, m 1.91, m
17 147, m 1.44, m 1.87, m 1.89, m
18 0.67, s 0.65, s 0.72, s 0.74, s
19 1.32, s 1.30, m 1.14, s 1.16, s
20 1.43, m 1.40, m 1.66, m 1.67, m
21 0.93,d (6.6) 0.92,d (6.6) 1.01,d (6.6) 1.04,d (6.6)
22 1.85, m 1.83, m 1.28, m 1.31, m
22 1.33, m 1.31, m 1.92, m 1.95, m
23 2.59, m 2.57,ddd (17.1, 2.56, m 2.60, dd (9.5,
9.8, 5.1) 5.4)
23 2.51, m 249, ddd (17.1,
9.3, 6.1)
26 141, s 1.38, s 1.39, s 141, s
27 141, s 1.39, s 1.38, s 1.40, s
28 0.94, s 0.92, m 0.90, s 0.93, s
29 1.03, s 1.00, s 0.94, s 0.95, s
30 0.93, s 091, m 091, s 0.93, m
2/ 2.57, m 2.54, AB (154)  2.53, m 2.56, AB
(15.6)
2/ 2.70, m 2.68, AB (15.4)  2.68, m 2.70, AB
(15.6)
4’ 140, s 135, s 1.38, s 1.36, s
S'a 2.55, br m 2.62, AB (154)  2.64, m 2.73, AB
(14.9)
5'b 2.72, br m 271, AB (154)  2.68, m 2.64, AB
(14.9)
7' 371, s 3.73, s
3- 2.09, s 2.07, s 2.06, m 2.08, s
OAc
25- 3.82, s 3.83, s
OH
3- 391 s 3.96, s
OH

(Tables 1 and 2), compounds 1 and 2 were identified as
fasciculic acid A'"'? derivatives.

According to the observed NOE correlations of H-18 with
H-11p, H-15p, H-16$, and H-20, those of H-19 with H-1/, H-
2, H-11p, and H-29, and of H-28 with H-15¢, H-16c¢ and H-
17, the relative stereochemistry as depicted in structural
formulas 1 and 2 was proposed for the two compounds. Thus,
compound 1, named as pholiol A, was assigned as the 3-O-
acetyl-7,24-diketo analogue of fasciculic acid A% while
pholiol B (2) was assigned as its methyl ester. The relative
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Table 2. *C NMR Data (200 MHz) of Compounds 1—4 in
cDCl,

O¢, type

atom# 1 2 3 4
1 40.1, CH, 40.1, CH, 41.0, CH, 41.1, CH,
2 70.3, CH 69.9, CH 71.2, CH 70.7, CH
3 79.0, CH 789, CH 80.1, CH 80.0, CH
4 393, C 39.2, C 39.3, C 393, C
S 49.3, CH 49.3, CH 499, CH 50.0, CH
6 36.2, CH, 36.2, CH, 17.9, CH, 17.9, CH,
7 197.8, C 197.8, C 25.8, CH, 259, CH,
8 1392, C 139.1, C 134.8, C 1347, C
9 163.1, C 163.0, C 1342, C 134.2, C
10 405, C 405, C 378, C 379, C
11 23.8, CH, 23.8, CH, 33.8, CH, 34.0, CH,
12 29.9, CH, 29.9, CH, 72.8, CH, 72.8, CH,
13 449, C 449, C 49.0, C 490, C
14 478, C 478, C 522, C 522, C
15 31.8, CH, 31.8, CH, 312, CH, 31.1, CH,
16 28.6, CH, 28.6, CH, 25.1, CH, 252, CH,
17 48.9, CH 489, CH 50.5, CH 50.6, CH
18 15.8, CH, 157, CH, 9.9, CH, 9.8, CH,
19 19.4, CH, 19.4, CH, 20.0, CH, 20.0, CH,
20 35.9, CH 35.9, CH 33.8, CH 33.8, CH
21 18.5, CH, 18.5, CH, 212, CH, 212, CH,
22 30.1, CH, 30.0, CH, 29.1, CH, 29.1, CH,
23 32.6, CH, 32.5, CH, 33.7, CH, 33.6, CH,
24 2149, C 214.8, C 2152, C 215.1, C
25 762, C 762, C 763, C 762, C
26 26.5, CH, 26.6, CH, 26.5, CH, 26.5, CH;
27 26.5, CH, 26.5, CH, 26.5, CH, 26.5, CH,
28 25.0, CH, 25.0, CH, 242, CH, 24.1, CH,
29 173, CH, 17.2, CH, 17.4, CH, 17.4, CH,
30 27.6, CH; 27.6, CH; 28.2, CH; 28.2, CH;
i 170.8, C 1712, C 171.5, C 1714, C
2 449, CH, 44.8, CH, 447, CH, 449, CH,
3 69.6, C 69.5, C 69.7, C 69.5, C
4 27.1, CH, 27.3, CH, 272, CH, 26.5, CH,
Y 448, CH, 447, CH, 45.0, CH, 447, CH,
6 1737, C 172.1, C 173.5, C 172.1, C
7’ 517, CH, 51.7, CH,
3-OAc 1714, C 170.6, C 171.1, C 170.8, C

209, CH, 209, CH,4 21.0, CH, 21.0, CH,

configuration of the C-3’ chiral center could not be determined
on this basis and is only tentatively given as S, based on the
close chemical shift values with those of similar com-
pounds'"'* and on assuming that similar metabolic pathways
led to the formation of the structurally similar compounds in
the different fungal species.

The molecular formulas of 3 (C33H¢O;0) and 4
(C39Hg,01p) derived from HRESIMS measurements differed
only in a methylene group, similarly to those of compound pair
1 and 2. As compared to pholiols A (1) and B (2), compounds
3 and 4 contained two additional hydrogens, nominally
corresponding to the saturation of the double bond in 1/2.
The 'H and *C NMR spectra of 3 and 4 were highly similar to
those of compounds 1 and 2. The most striking differences
were the presence of a triplet signal with one hydrogen
intensity at 8y 4.13/4.14 in the '"H NMR spectrum and in
parallel the absence of the carbonyl resonance belonging to C-
7 and the appearance of resonance at §¢ 72.8/72.8 in the *C

https://doi.org/10.1021/acs.jnatprod.1c01024
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NMR spectrum of 3/4. Thus, at first sight, the reduction of the
keto group at C-7 to a hydroxy group was envisaged. The 'H
and “C NMR spectra of 3 and 4 were almost identical, except
for the presence of a singlet with a three-hydrogen intensity at
Sy 3.73 in the 'H NMR spectrum and a carbon signal at 5
51.7 in the '*C NMR spectrum of 4. This suggested that 4 was
the methyl ester analogue of compound 3. Analysis of the
HSQC and HMBC data showed that a hydroxy group was
attached to C-12 (8.1 4.13/4.14, each 1H, t, ] = 7.7 Hz; 5¢.1,
72.8/72.8 for 3/4; HMBC correlation between H-18 and C-
12) and a methylene group was present in position 7 based on
the HMBC correlation of H-S and H-6 with C-7. 2D NMR
experiments allowed the complete 'H and *C NMR
assignments of 3 and 4 as listed in Tables 1 and 2. Compound
3, named as pholiol C, was identified as the 24-keto derivative
of fasciculic acid B,"" while pholiol D (4) was identified as its
methyl ester. The similar chemical shifts and NOE correlations
suggested that the relative configurations of the C-2, C-3, C-§,
C-10, C-14, C-17, and C-20 (and C-1’) chiral centers of 3 and
4 were identical to those determined for pholiols A (1) and B
(2). The NOE correlations of H-12 with H-11a, H-17, and H-
28 (Figure S26) suggested that the hydroxy group occupied
the B position (thus, the C-12 chiral center had an R
configuration) in pholiols C (3) and D (4).

Compound $ was identified as (6E,10E,14E,18E)-2,3,22,23-
tetrahydroxy-2,6,10,15,19,23-hexamethyl-6,10,14,18-tetracosa-
tetraene regarding its 'H and *C NMR chemical shift values,
identical with literature data.'”> The 35,228 configuration of §
can be suggested based on the cipposite optical rotation data
than that of the 3R,22R isomer." Compound 6 was found to
be identical in all of its spectroscopic characteristics with that
of ergosterol.'® 3/-Hydroxyergosta-7,22-diene was detected in
the n-hexane fraction with the use of an authentic standard.

Cytotoxic Activity. The isolated compounds (1—6) were
tested for their cytotoxic activity on sensitive Colo 205 and
resistant Colo 320 cell lines and on the normal MRC-5
embryonal fibroblast cell line using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay with
doxorubicin as a positive control. Among the studied
compounds, ergosterol (6) showed substantial cytotoxic
activity against the tumor cell lines with ICg, values of 4.9
uM (Colo 205) and 6.5 uM (Colo320) (Table 3). This

Table 3. Cytotoxic Effect of the Compound 6

Colo205 (ICs,  Colo320 (IC,  MRC-5 (ICg,
HM) HM) HM)
compound mean SD mean SD mean SD
ergosterol (6) 4.9 0.6 6.5 0.2 0.5 0.1
doxorubicin 2.5 0.3 7.4 0.2 >20

compound was more potent against the MRC-5 cell line (ICs,
0.50 uM). Pholiols B (2) and D (4) and compound 5
possessed weak inhibitory activities (ICs, > 25 uM) against the
tested cell lines without any selectivity (Table S2).

MDR Efflux Pump Inhibitory Activity. The inhibitory
activities of compounds 1-3, §, and 6 on efflux function were
evaluated by measuring the intracellular accumulation of
rhodamine 123, a well-known P-glycoprotein substrate
fluorescent dye, within the Colo320 MDR cells. Tariquidar, a
strong P-gp inhibitor, was used as positive control. All tested
compounds were dissolved in DMSO, and the final
concentration (2.00%) of the solvent was investigated for
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any effect on the retention of rhodamine 123. The results
revealed inhibition of P-gp MDR efflux pump activity
manifested by pholiols A (1) and B (2) and triterpene S. In
general, compounds with fluorescence activity ratio (FAR)
values greater than 1 were considered to be active P-gp
inhibitors, while compounds with FAR values greater than 10
were considered to be strong MDR modulators. The sterol
compounds with methyl ester functionality (2) and the
polyhydroxy-squalene derivative (S) exerted the highest anti-
MDR effect in this bioassay with FAR values of 6.880 and
6.638, respectively.

Table 4. P-gp Efflux Pump Inhibitory Activity of
Compounds 1-3, 5, and 6 against MDR COLO 320 Colon
Adenocarcinoma Cells

sample conc., uM FAR
tariquidar” 0.2 5.533
pholiol A (1) 20 3.418
pholiol B (2) 20 6.880
pholiol C (3) 20 0.967
compound § 20 6.638
ergosterol (6) 2 1.053
DMSO 2.00% 0.828

“Positive control.

Combination Studies with Doxorubicin. Compounds 2
and 4—6 were tested for their capacity to reduce the resistance
of the MDR Colo 320 cell line to doxorubicin. A checkerboard
microplate combination assay was performed, which is a widely
used in vitro method for the assessment of drug interactions.
Experimental data were analyzed using CompuSyn software,
which enabled the determination of the most effective ratios of
combined agents and calculation of combination indices (CI).
Based on the combination indices, the type of interaction
could be defined according to the literature.'® Pholiols B (2)
and D (4), with a 3-hydroxy-3-methyl-glutarate methyl ester
moiety, and $ interacted in an synergistic manner, and CI
values at 50% of the EDy, were found to be 0.348, 0.660, and
0.082, respectively. The outstanding potency of S, designated
as very strong synergism (CI = 0.082), is promising. In this
assay ergosterol (6) was found to have an additive effect in
combination with doxorubicin.

It is noteworthy that the tetrahydroxy-squlene derivative (S)
has the capacity to potentiate the effect of doxorubicin in Colo
320 adenocarcinoma cells by P-gp modulation and strong
synergism with doxorubicin, and therefore it represents a
promising new class of potential adjuvants of cancer chemo-
therapy. With regard to the moderate P-gp inhibitory activity
and strong synergism of $ in combination with doxorubicin,
the mechanism of its chemosensitizing effect should have
another P-gp-independent mechanism.

Antibacterial Effect. Compounds 1—6 were inactive
against Escherichia coli ATCC 25922, Salmonella enterica
serovar Typhimurium 14028s, Staphylococcus aureus ATCC
25923, and S. aureus 272138

B EXPERIMENTAL SECTION

General Experimental Procedures. The chemicals used in the
experiments were supplied by Sigma-Aldrich Hungary and Molar
Chemicals, Hungary. An InsMark IP-Digil polarimeter (Shanghai
InsMark Instrument Technology Co. Ltd., Shanghai, China) was
applied for optical rotation measurements. Flash chromatography
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Table 5. Chemosensitizing Activity of Compounds 2 and 4—
6 on Colo 320 Adenocarcinoma Cells

best CI at
compound ratio EDj,” SD interaction
pholiol B (2) 23.2:1 0.348 0.051  synergism
pholiol D (4) 139.2:1 0.660 0.03 Synergism
compound 5 2.9:1 0.082 0.057  very strong synergism
ergosterol (6) 3.6:1 1.03 0.12 nearly additive

“Best ratio: the best combination ratio between compound and
doxorubicin. ”CI at EDy,: combination index value at the 50% growth
inhibition dose.

(FC) was carried out on a CombiFlash Rf+ Lumen Instrument with
integrated UV, UV—vis, and ELS detection using reversed (RediSep
C,5 Bulk 950) (Teledyne Isco, Lincoln, NE, USA) and normal phase
flash columns filled with silica 60 (0.045—0.063 mm) (Molar
Chemicals, Halasztelek, Hungary) and also RediSep Rf Gold normal
(Teledyne Isco). Preparative thin layer chromatography (TLC) was
performed using silica plates (20 X 20 cm silica gel 60 F254, Merck
105554). High-resolution MS (HRMS) analyses were performed on a
Thermo Velos Pro Orbitrap Elite (Thermo Fisher Scientific, Bremen,
Germany) system. The ionization method was ESI, operating in the
positive (or in the negative) ion mode. The (de)protonated molecular
ion peaks were fragmented by the collision-induced dissociation
method (CID) at a normalized collision energy of 35%. For the CID
experiments, helium was used as collision gas. All samples were
dissolved in methanol prior to the MS measurements. Data
acquisition and analysis were accomplished with Xcalibur software
version 4.0 (Thermo Fisher Scientific, Bremen, Germany). NMR data
were acquired on a Bruker Avance III HD 800 MHz spectrometer
equipped with a liquid helium cooled TCI cryoprobe. CDCl; was
used as solvent in all cases. Chemical shifts are reported in the delta
scale relative to a tetramethylsilane internal standard (0.00 ppm, 1H)
and to the residual solvent signal (77.0 ppm, 13C). Standard one- and
two-dimensional NMR spectra were recorded in all cases using the
pulse sequences available in the TopSpin 3.5 sequence library. Data
analysis and interpretation were performed with the ACD/
Laboratories 2017.1.3 NMR Workbook Suite package.

Mushroom Material. Fruiting bodies of Pholiota populnea were
collected in autumn 2017 in the vicinity of Szeged, Hungary. Fungal
identification was made by Attila Sandor (Mushroom Society of
Szeged). A voucher specimen (No. H019) has been deposited at the
Department of Pharmacognosy, University of Szeged, Hungary.

Extraction and Isolation. The fresh mushroom material (4.2 kg)
was crushed in a blender and then percolated with MeOH (20 L) at
room temperature. After concentration, the dry MeOH extract (151
g) was dissolved in 50% aqueous MeOH (600 mL) and solvent—
solvent partition was performed with n-hexane (S X 500 mL), CHCl,
(5 X 500 mL), and then EtOAc (S X 500 mL). The n-hexane-soluble
phase (24 g) was subjected to flash chromatography (NP-FC) on
silica gel (80 g) using a gradient system of n-hexane—acetone (linear
from 0% to 100% acetone, t = 55 min) and eluted with MeOH
(100%, t = S min) at the end of this process. Fractions with similar
compositions were combined according to TLC monitoring (H1—
H26). Fractions H20 (130 mg), H21 (400 mg), and H22 (200 mg)
were further separated by NP-FC (12 g of sorbent) applying an n-
hexane—acetone solvent system (linear gradient from 0% to 30%
acetone, t = SO min) and then using n-hexane—acetone (linear
gradient from 0% to 35% acetone, t = 40 min), which led to the
isolation of compound 5 (10 mg) and obtaining other 13 fractions
(D1-D13). Purification of D9 and D10 fractions was performed by
preparative TLC using an n-hexane—acetone (45:55) solvent system
to give compound 4 (13 mg). Fractions H23 and H24 (1.7 g) were
subjected to NP-FC (20 g sorbent) using a solvent system of n-
hexane—acetone (linear gradient from 0% to 80% acetone, t = SO
min), which resulted in 22 fractions (B1—B22). The combined
fractions B16 (94 mg) and B17 (294 mg) were purified by NP-FC
(12 g of sorbent) using a mixture of n-hexane—acetone (linear
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gradient from 0% to 50% acetone, t = SS min) to obtain compound 1
(18 mg) and compound 3 (12 mg), respectively. Fractions B10 (95
mg) and B11 (300 mg) were first separated by FC on an RP, column
(20 g) using H,O0—MeOH (linear gradient from 60% to 90% MeOH,
t = 50 min), then by preparative TLC using CHCl;—MeOH (95:5) to
isolate compound 2. Finally, compound 6 (130 mg) was isolated from
fractions HI0—H12 (2 g) using n-hexane—acetone (40 g of sorbent,
linear gradient from 100:0 to 75:25, t = 45 min). The presence of 3f-
hydroxyergosta-7,22-diene (7) was detected in the n-hexane fraction
using an authentic standard.

Pholiol A (1): amorphous solid; [a]p, +10 (¢ 0.1, CHCL);
HRESIMS m/z 673.39752 [M — H]~ (A 2.7 ppm; C33Hy,0,,); 'H
and '*C NMR data, see Tables 1 and 2; HRESI-MSMS (CID = 35%;
rel int %) m/z 611(100), 571(63), 529(44), 469(4).

Pholiol B (2): amorphous solid; [a], +80 (¢ 0.1, CHCL);
HRESIMS m/z 689.42289 [M + H]" (A —4.4 ppm, CyHg,0,0);
'H and *C NMR data, see Tables 1 and 2; HRESI-MSMS (CID =
35%; rel int %) m/z 671(8), 531(100), $13(30), 471(55), 453(56),
435(8), 417(4), 377(1).

Pholiol C (3): amorphous solid; [a], +16 (¢ 0.1, CHCL);
HRESIMS m/z 67541283 [M — H]™ (A 2.2 ppm, CysHoO,0),; 'H
and 3C NMR data, see Tables 1 and 2; HRESI-MSMS (CID = 35%;
rel int %) m/z 613(100), 573(92), 555(6), 531(31).

Pholiol D (4): white powder; [a]p —90 (¢ 0.1, CHCL;); HRESIMS
m/z 1403.85130 [2M + Na]* (A —4.6 ppm, C.3H,,,0,,Na); 'H and
13C NMR data, see Tables 1 and 2; HRESI-MS® (1408/713; CID =
35%, 45%; rel int %) m/z 653(12), 639(6), 537(100), 477(41),
437(3).

(35,6E,10E,14E,18E,225)-2,3,22,23-Tetrahydroxy-2,6,10,15,19,23-
hexamethyl-6,10,14,18-tetracosatetraene (5): amorphous solid;
[a]p —2.3 (¢ 0.16, CHCl;) and —15.75 (¢ 0.16, MeOH); 'H and
13C NMR data, Table S1; HRESIMS m/z 479.40900 [M + H]* (A
—1.0 ppm; C;Hs0;); HRESI-MSMS (CID = 35%; rel int %) m/z
461(100), 443(31).

Cell Culture. The human colon adenocarcinoma cell lines, the
Colo 205 (ATCC-CCL-222) doxorubicin-sensitive parent and Colo
320/MDR-LRP (ATCC-CCL-220.1) resistant to anticancer agents
expressing ABCB1, were purchased from LGC Promochem
(Teddington, UK). The cells were cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2
mM L-glutamine, 1 mM Na-pyruvate, 100 mM Hepes, nystatin, and a
penicillin—streptomycin mixture in concentrations of 100 U/L and 10
mg/L, respectively. The MRC-5 (ATCC CCL-171) human
embryonic lung fibroblast cell line (LGC Promochem) was cultured
in EMEM medium, supplemented with 1% nonessential amino acid
mixture, 10% heat-inactivated FBS, 2 mM L-glutamine, 1 mM Na-
pyruvate, nystatin, and a penicillin—streptomycin mixture in
concentrations of 100 U/L and 10 mg/L, respectively. The cell
lines were incubated in a humidified atmosphere (5% CO,, 95% air)
at 37 °C.

Assay for Cytotoxic Effect. The effects of increasing
concentrations of the compounds on cell growth were tested in 96-
well flat-bottomed microtiter plates. The 2-fold serial dilutions of the
tested compounds were made starting with 100 #M. Then, 10* human
colonic adenocarcinoma cells in 100 yL of the medium (RPMI-1640)
were added to each well, except for the medium control wells. The
adherent human embryonic lung fibroblast cell line (10%/well) was
seeded in EMEM medium in 96-well flat-bottomed microtiter plates
for 4 h before the assay. The serial dilutions of the compounds were
made in a separate plate starting with 100 #M and then transferred to
the plates containing the adherent corresponding cell line. Culture
plates were incubated at 37 °C for 24 h; at the end of the incubation
period, 20 uL of MTT (thiazolyl blue tetrazolium bromide) solution
(from a S mg/mL stock solution) was added to each well. After
incubation at 37 °C for 4 h, 100 uL of sodium dodecyl sulfate (SDS)
solution (10% SDS in 0.01 M HCI) was added to each well, and the
plates were further incubated at 37 °C overnight. Cell growth was
determined by measuring the optical density (OD) at 540 nm (ref
630 nm) with a Multiscan EX ELISA reader (Thermo Labsystems,
Cheshire, WA, USA). Inhibition of cell growth was expressed as ICy,
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values, defined as the inhibitory dose that reduces the growth of the
cells exposed to the tested compounds by 50%. IC, values and the
SD of triplicate experiments were calculated by using GraphPad Prism
software version 5.00 for Windows with nonlinear regression curve fit
(GraphPad Software, San Diego, CA, USA; www.graphpad.com).

Rhodamine 123 Accumulation Assay. The cell numbers of the
human colon adenocarcinoma cell lines were adjusted to 2 X 10°
cells/mL, resuspended in serum-free RPMI 1640 medium, and
distributed in 0.5 mL aliquots into Eppendorf centrifuge tubes. The
tested compounds were added at 2 or 20 M concentrations, and the
samples were incubated for 10 min at room temperature. Tariquidar
was applied as positive control at 0.2 M. DMSO at 2% v/v was used
as solvent control. Next, 10 L (5.2 uM final concentration) of the
fluorochrome and ABCBI1 substrate rhodamine 123 (Sigma) were
added to the samples, and the cells were incubated for a further 20
min at 37 °C, washed twice, and resuspended in 1 mL of PBS for
analysis. The fluorescence of the cell population was measured with a
PartecCyFlow flow cytometer (Partec, Miinster, Germany). The FAR
was calculated as the quotient between FL-1 of the treated/untreated
resistant Colo 320 cell line over the treated/untreated sensitive Colo
205 cell line according to the following equation:

_ Colo320,,e4/ Colo320

control
Co0l0205,,,1eq/ C0l0205

control

FAR

treate

Checkerboard Combination Assay. A checkerboard microplate
method was applied to study the effect of drug interactions between
the compounds (2, 4—6) and the chemotherapeutic drug
doxorubicin. The assay was carried out on the Colo 320 colon
adenocarcinoma cell line. The final concentration of the compounds
and doxorubicin used in the combination experiment was chosen in
accordance with their cytotoxicity toward this cell line. The dilutions
of doxorubicin were made in a horizontal direction in 100 uL, and the
dilutions of the compounds vertically in the microtiter plate in a 50
uL volume. Then, 6 X 10° of Colo 320 cells in 50 uL of the medium
were added to each well, except for the medium control wells. The
plates were incubated for 72 h at 37 °C in a 5% CO, atmosphere. The
cell growth rate was determined after MTT staining. At the end of the
incubation period, 20 yL of MTT solution (from a stock solution of §
mg/ mL) was added to each well. After incubation at 37 °C for 4 h,
100 uL of SDS solution (10% in 0.01 M HCI) was added to each well,
and the plates were further incubated at 37 °C overnight. OD was
measured at 540 nm (ref 630 nm) with a Multiscan EX ELISA reader.
CI values at 50% of the growth inhibition dose were determined using
CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA) to plot
four to five data points at each ratio. CI values were calculated by
means of the median-effect equation, according to the Chou—Talalay
method, where CI < 1, CI = 1, and CI > 1 represent synergism,
additive effect (or no interaction), and antagonism, respectively.' "

Bacterial Strains and Determination of Antibacterial
Activity. See ref 8.
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Investigation of the chloroform and ethyl acetate extracts of the edible mushroom Pholiota populnea led to the
isolation of eight triterpenes, the undescribed natural products pholiols E-K and the known (+)-clavaric acid.
HRESIMS and 1D and 2D NMR spectroscopy were employed to determine the structures of the undescribed
compounds. The NOESY spectra were used to assign the relative configurations of triterpenes. The isolated
compounds were screened for their anti-inflammatory activity on cyclooxygenase (COX-1 and COX-2), and

lipoxygenase (5-LOX and 15-LOX) inhibitory assays. Dose-response investigations revealed that lanostane de-
rivatives exhibited moderate 5-LOX and COX-2 inhibitory activities, with pholiol F (ICso 194.5 pM against 5-LOX
and 439.8 uM against COX-2) the most active among the isolated compounds. Our findings indicated that
P. populnea is an abundant source of new bioactive lanostane-type triterpenes.

1. Introduction

The nutritional, medicinal, and bioremediation significance of
mushrooms has recently increased because they are an abundant source
of nutrients and bioactive compounds, including polysaccharides, pro-
teins, fats, phenolics, alkaloids, terpenoids, nucleosides, lectins, min-
erals, and vitamins. Triterpenoids and steroids frequently occur among
the fungal metabolites that can be classified into nine primary groups
based on their carbon skeletons: squalene, lanostane, ergostane, fernane,
friedelane, lupane, malabaricane, eburicane, and cucurbitane (Oztiirk
et al., 2015). The most frequently occurring triterpenes are lanostane
and ergostane; other triterpenoids are relatively uncommon mushroom
metabolites. Generally, the compounds are substituted with hydroxy,
keto, aldehyde, and carboxyl groups or have ether and acetonide func-
tionalities. Esterification is also a characteristic of some fungal tri-
terpenes; esterifying acids are simple organic or fatty acids. Some
compounds have special structures, including lactones, seco-ring-A, or
nor-triterpenoids. Several compounds were also found to have potent
bioactivities, such as cytotoxic, anti-invasive, anti-inflammatory, anti-
mycobacterial, anticandidal, antimalarial, antiviral, and

anticholinesterase, and effects on adipocyte differentiation (Oztiirk
et al., 2015).

In the literature, numerous examples can be found where fungal
triterpenes are efficient in anti-inflammatory test models. Lanostane
triterpenes of Macrolepiota procera, called lepiotaprocerins, were found
to inhibit nitric oxide (NO) production (Chen et al., 2018). Ganoderma
lucidum, which is extensively used in traditional Chinese medicine, was
investigated for its protective effect on lipopolysaccharide-induced in-
flammatory responses and acute liver injury. Triterpenes were also
found to play a crucial role in the inhibition of inflammatory diseases by
blocking nuclear factor k-activated B cell (NF-kB) and mitogen-activated
protein kinase (MAPK) signaling pathways (Hu et al., 2020). The edible
cultivated mushroom Wolfiporia cocos is also abundant in lanostane
triterpenes; its constituent, poricoic acid GM, was also found to inhibit
NO production (ICs¢ 9.73 pM), inducible nitric oxide synthase (iNOS),
and cyclooxygenase-2 (COX-2) protein expression in LPS-induced
RAW264.7 murine macrophages (Bao et al., 2019). Lanostane triterpe-
noids and ergosterols isolated from the fruiting bodies of Pyropolyporus
fomentarius also exhibited inhibitory activities against NO production in
the same test model (Zhang et al., 2021). Triterpenes of Hypholoma
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lateritium exerted a significant inhibitory effect on COX-2 and were able
to promote the Nrf2 pathway. Fasciculol C, the hexahydroxylated lan-
ostane, synthesized the highest level of Nrf2 (Vanyolos et al., 2020).
The present study focused on the isolation, structural determination,
and biological activity evaluation of the compounds of Pholiota populnea
(Pers.) Kuyper & Tjall.-Beuk. [syn. Pholiota destruens (Brond.) Quel.,
Hemipholiota populnea (Pers.) Kiithner ex Bon] (Strophariaceae) as a
continuation of our study on bioactive fungal metabolites. This mush-
room is not poisonous and is robust with a large cap and white to buff
scales. In our previous study, four undescribed lanostane diesters, called
pholiols A-D were reported, together with an acyclic triterpene tetraol,
ergosterol, and 3p-hydroxyergosta-7,22-diene from the n-hexane extract
of P. populnea (Yazdani et al., 2022). These isolates were investigated for
their cytotoxic activity against human colon adenocarcinoma cells
(Colo205 and Colo320). The combination with doxorubicin and the
efflux pump inhibitory activity of the compounds on drug-resistant Colo
320 cells was also assayed, and the P-glycoprotein efflux pump modu-
latory effects and synergism of triterpenes with doxorubicin were
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discovered.

Investigation of the chloroform and ethyl acetate extracts of
P. populnea led to the isolation of seven undescribed triterpenes, namely,
pholiols E-K (1-7), and the known (+)-clavaric acid (8) (Fig. 1). On
cyclooxygenase (COX-1, COX-2) and lipoxygenase (5-LOX and 15-LOX)
assays, the anti-inflammatory activity of the isolated compounds (1-8)
and the previously isolated pholiol C (9) (Yazdani et al., 2022) was
evaluated.

2. Results and discussion
2.1. Structure elucidation of triterpenes (1-8)

Compound 1 was isolated as a white amorphous powder with an
optical rotation of [a] 2]35 +49 (c 0.1, MeOH). Its protonated molecular ion
at m/z 617.4063 [M+H]" (caled for CsgHs70g 617.4048) in the HRE-
SIMS spectrum offered the molecular formula C3¢Hs¢Og. The H NMR
spectrum exhibited the presence of a 3-hydroxy-3-methylglutarate [5y

Fig. 1. Compounds 1-9 isolated from Pholiota populnea.
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2.80 m (2H), 2.75m (2H), 1.41 s (CH3); 6c 2 x 171.63, 2 x 46.56, 45.83,
70.90, 27.56] ester group in the molecule characteristic to members of
pholiol series (Yazdani et al., 2022) (Tables 1 and 2). Furthermore, the
1H NMR spectrum demonstrated resonances of seven tertiary (6y 1.40, 2
x 1.30, 1.11, 1.18, 0.93, and 0.78, each 3H, s) and one secondary (5g
0.94, 3H, d, J = 6.2 Hz) methyl groups as well as one oxymethine (5y
5.67,dd, J=13.62 and 5.6 Hz). From the 13¢ 3-MOD spectrum, two keto
groups (6¢ 210.92 and 217.79) and an oxygen-substituted non-
protonated carbon (¢ 77.90) could be identified. The presence of a
tetrasubstituted olefin bond was obvious from the nonprotonated sp?
carbon signals at 6¢c 136.90 and 134.69. The 1D NMR data proposed that
compound 1 is a lanostanol-en-dione monoester. Regarding its HMBC
correlations with §y 2.36 (H-1a), 1.66 (H-1b), 5.67 (H-2), 1.11 (Hs-28),
and 1.18 (Hs-29), the keto group at ¢ 210.92 was placed at C-3. The
other keto group (5¢ 217.79) was concluded to be at C-24 based on its
long-range correlations with 6y 1.30 (Hs-26, H3-27) and 2.67 (Hy-23).
The HMBC correlations of C-25 (5¢ 77.90) with protons at 5y 1.30 (H3-26
and H3-27) depicted the hydroxy group at C-25, whereas correlations
between 6¢ 171.63 (C-1’) and 6y 5.67 (H-2) as well as 2.80 and 2.75
(H2-2’) were indicative of the position of the ester group at C-2. Based on
the HMBC cross-peaks of signals at 6¢ 136.90 (C-8) with 5y 0.93 (H3-30),
2.18 (Hy-7), and 1.73 (H-6) as well as ¢ 134.69 (C-9) with &y 1.40
(H3-19) and 2.18 (H»-7), the location of the olefin group at C-8-C-9 was
determined. The relative configuration of compound 1 was examined
using diagnostic Overhauser effects detected in a NOESY spectrum. The
NOESY correlations of H-2 (g 5.67) with H3-19 (6y 1.40), H3-29 (64
1.18), and H-1a (6y 2.36) pointed these protons in the $ orientation and
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the ester group in the o orientation. The NOEs between H3-18/H-20 and
H-17/H3-30 were in line with those of lanostane triterpenes (Aichour
et al.,, 2014). The above findings were consistent with the proposed
structure of compound 1 [2a-(3-hydroxy-3-methylglutaroyloxy)-25-hy-
droxylanosta-8-en-3,24-dione], which was called pholiol E (1) (Fig. 1).
Compound 2 was obtained as a white amorphous powder with o]’
+5 (c 0.1, CHCly). Its molecular formula was deduced to be C3gHgyOg
from the protonated molecular ion at m/z 661.4320 [M+H] " (calcd for
C3gHe109, 661.4310) detected in the HRESIMS spectrum. A compre-
hensive analysis of 'H and '3C J-MOD as well as 2D data demonstrated
the presence of the same parent system and 3-hydroxy-3-methylgluta-
rate moiety as in compound 1, except the C-3 keto group, which was
replaced by an acetoxy group (Tables 1 and 2). The acetoxy group is
attached at C-3, as demonstrated by the sequences of the correlated
protons in the 'H-'H-COSY spectrum: CHy~CH(OR)-CH(OR)—(y; 2.11
m, 1.38 m, 5.19 t (10.8 Hz), 4.79 d). The location of the ester func-
tionalities was corroborated by the HMBC correlations observed be-
tween 6¢c 171.14 (C-1') and 6y 5.19 (H-2), 2.62 and 2.51 (H-2’) and ¢
171.84 (AcCO) and 6y 4.79 (H-3), and 2.10 (AcMe), showing 3-hydroxy-
3-methylglutarate at C-2 and acetate at C-3. The coupling constant of H-
2 and H-3 (J = 10.5 Hz) and NOESY correlations between H-3 (6y 4.79)/
H-1b (6y 1.38), H-3/H3-28 (5 0.92), H-2 (84 5.19)/H-1a (6 2.11), and
H-2/H3-29 (6 0.95) confirmed the opposite orientation of the ester
groups. The Overhauser effect of H-2 with H3-19 (6y 1.13) indicated the
H-2p and H-3a positions. Thus, the structure of this compound was
elucidated as  2a-(3-hydroxy-3-methylglutaroyloxy)-3-acetoxy-25-
hydroxylanosta-8-en-24-one (2), called pholiol F.

Table 1
1H NMR data of compounds 1-8 (500 MHz, § ppm, J = Hz).
H 1 a 21) 3a 4:\ 5;\ 6:\ 71) 8;1
1 2.36dd (12.3,5.6), 2.11m, 1.38 2.05m, 1.18 2.20 dd (12.3, 4.3), 2.50m, 1.93 t 1.76 m, 1.22 1.98m, 1.61 m 2.36dd (12.3, 5.6),
1.66 m m m 1.45m (13.1) m 1.66 m
2 5.67 dd (13.6, 5.6) 5.19 dt (3.4, 4.92 dt (3.9, 5.07 dt (4.3, 11.5) 5.72 dd (13.5, 5.8) 1.63 m (2H) 2.57 m, 2.41 ddd 5.66 dd (13.4, 5.6)
10.5) 10.6) (15.8, 6.7, 3.5)
3 - 4.79d (10.5) 3.20d (10.1) 3.24d (10.1) - 3.17dd (10.1, - -
6.3)
5 1.53 m 1.51 m 1.53 m 1.77 m 2.10 dd (14.6, 3.2) 1.06 m 1.60 m 1.53 m
6 1.80m, 1.73 m 1.69 m, 1.56 1.74 m, 1.57 2.55dd (16.3,14.5), 2.73m, 2.32dd 1.71 m, 1.54 1.61 m (2H) 1.80m, 1.72m
m m 2.36 m (16.6, 3.2) m
7 2.18 m (2H) 2.09 m (2H) 2.10 m (2H) - - 2.07 m (2H) 2.08 m (2H) 2.17 m (2H)
11 2.16 m, 2.09 m 2.00 m (2H) 2.04 m (2H) 2.38 m (2H) 2.47 m (2H) 2.06 m (2H) 2.04 m (2H) 2.16 m, 2.10 m
12 1.79 m (2H) 1.73 m (2H) 1.74 m (2H) 1.84 m (2H) 1.87 m (2H) 1.78 m, 1.72 1.75m, 1.70 m 1.81 m (2H)
m
15 1.78 m, 1.23 m 1.61 m, 1.21 1.65m, 1.22 201 m,1.72m 2.03m, 1.76 m 1.67 m, 1.21 1.62 m, 1.22 dd (13.7, 1.69 m, 1.25 m
m m m 2.5)
16 2.01 m, 1.46 m 1.97 m, 1.39 1.98 m, 1.41 2.00m, 1.42 m 2.02m,1.45m 1.98 m, 1.42 1.97 m, 1.38 m 2.01m, 1.43 m
m m m
17 1.56 m 1.30 m 1.53 m 1.47 m 1.49m 1.53 m 1.50 m 1.57 m
18 0.78 s 0.70 s 0.74 s 0.71s 0.74 s 0.74 s 0.72's 0.79 s
19 1.40 s 1.13s 1.12s 1.32s 1.57 s 1.01s 1.12s 1.40s
20 1.45m 1.40 m 1.42 m 1.42 m 1.44 m 1.43 m 1.40 m 1.46 m
21 0.94 d (6.2) 0.89d (6.4) 0.92d (6.4) 0.95d (6.1) 0.96 d (6.2) 0.93d (6.2) 0.91d (6.4 0.96 d (6.4)
22 1.70 m, 1.27 m 1.82m, 1.30 1.76 m, 1.21 1.77 m, 1.23 m 1.78 m, 1.30 m 1.77 m, 1.22 1.81m, 1.31 m 1.82m, 1.01 m
m m m
23 2.67 m (2H) 2.54 m, 2.50 2.66 m (2H) 2.66 m (2H) 2.69 m (2H) 2.65 m (2H) 2.55m, 2.48 m 1.74m, 1.14m
m
24 - - - - - - - 3.17.d (9.9)
26 1.30s 1.39s 1.29s 1.29s 1.29s 1.29s 1.39s 1.16s
27 1.30s 1.39s 1.29s 1.29s 1.29s 1.29s 1.38s 1.16 s
28 1.11s 0.92s 1.06 s 1.05s 1.09 s 0.98 s 1.10s 1.10s
29 1.18s 0.95s 0.89s 0.96 s 1.24s 0.81s 1.07 s 1.18s
30 0.93s 0.89s 0.93s 0.95s 0.94s 0.92s 0.90 s 0.93s
2 2.80m, 2.75 m 2.62m, 2.51 2.51m, 2.33 2.71 m (2H) 2.70m, 2.65 m 2.75m, 2.71 m
m m
4 1.41s 1.39s 1.33s 1.41s 1.37 s 1.41s
5’ 2.69 m (2H) 2.62m, 2.51 2.66 m, 2.50 2.71 s (2H) 2.70 m, 2.65 m 2.75m, 2.71 m
m m
7' - 3.68s
OAc - 2.10s

@ Recorded in CD30D.
b Recorded in CDCls.
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Table 2

13C NMR data of compounds 1-8 in CD;0D (125 MHz, § ppm).
Atom 1° 2" 3 4 57 6" 7" 8"
1 43.68 41.28 42.21 41.10 42.36 37.01 36.22 43.69
2 73.73 71.92 74.64 73.41 72.97 28.54 34.76 73.91
3 210.92 80.47 80.59 79.99 208.51 79.72 215.13 210.87
4 49.00 39.57 40.58 40.75 49.10 39.97 47.55 49.13
5 53.97 50.58 51.78 51.15 52.57 52.04 51.40 53.99
6 19.98 18.24 19.36 37.48 37.73 19.45 19.60 19.99
7 27.21 26.39 27.42 201.26 200.27 27.69 26.50 27.22
8 136.90 135.25 136.07 139.95 140.18 135.76 135.44 136.86
9 134.69 133.50 135.21 167.19 166.56 136.09 133.35 134.76
10 39.14 38.36 39.40 42.10 41.75 38.26 37.06 39.14
11 22.56 21.40 22.19 24.89 25.34 22.08 21.23 22.51
12 32.16 31.01 32.17 31.23 31.23 32.36 31.03 32.19
13 51.05 44.77 51.05 49.07 46.23 45.80 44.70 51.04
14 45.83 50.05 45.73 46.11 49.72 51.08 50.11 45.78
15 31.11 30.90 31.84 33.18 33.17 31.92 31.12 31.81
16 29.05 28.23 29.07 41.10 29.57 29.07 28.25 29.17
17 51.82 50.26 51.78 50.36 50.30 51.86 50.56 51.94
18 16.35 15.97 16.32 16.35 16.38 16.37 16.04 16.35
19 20.16 20.23 20.44 19.55 19.46 19.61 18.84 20.16
20 37.32 36.23 37.33 37.22 37.22 37.36 36.26 38.12
21 19.01 18.64 19.00 19.05 19.05 19.03 18.62 19.40
22 31.78 30.38 31.07 31.03 31.04 31.14 30.33 34.95
23 33.97 32.79 33.97 33.94 33.92 33.99 32.78 29.29
24 217.79 215.05 217.85 217.82 217.78 217.81 217.94 80.64
25 77.90 76.40 78.05 77.93 77.91 77.89 76.37 73.69
26 26.76 26.75 26.77 26.73 26.73 26.76 26.73 25.63
27 26.78 26.75 26.74 26.78 26.76 26.78 26.72 25.63
28 25.06 28.43 29.04 28.26 24.46 28.61 26.37 25.07
29 21.50 17.61 17.23 16.93 21.33 16.11 21.45 21.51
30 24.64 24.43 24.16 25.28 25.31 24.64 24.45 24.66
1 171.63 171.14 180.34 172.52 171.55 171.68
2 46.56 44.77 47.51 46.19 47.19 46.76
3 70.90 n.d. 71.26 70.97 72.97 71.01
4 27.56 26.7 27.98 27.86 27.68 27.59
5 45.83 44.77 48.66 46.63 47.19 46.76
6 171.63 171.14 172.6 173.22 172.80 171.68
7 - - - 52.01 - - - -
OAc-CHs 21.13
OAc-CO 171.84

@ Recorded in CD30D.
b Recorded in CDCl5.

Compound 3, called pholiol G, was isolated as a white amorphous
solid with [oc]l%S +4 (¢ 0.1, MeOH). It gave the molecular formula
C36Hsg0g, which was determined via HRESIMS using the sodiated mo-
lecular ion peak at m/z 641.4017 (M + Na)™' (caled for CzgHsgOgNa
641.4029). In the comparison of the H NMR spectra of 2 and 3, the
major differences were the remarkable paramagnetic shifts of H-3 (6 2:
4.79 d versus 3: 3.20 d) and the absence of acetyl resonance (Table 1).
To define the structure of 3, a complete series of 2D NMR spectra was
recorded and analyzed affording the structure 2a-(3-hydroxy-3-meth-
ylglutaroyloxy)-34,25-dihydroxylanosta-8-en-24-one. Regarding the
NOESY correlations between H-3/H3-28, H-3/H-1b (6y 1.18 m), H-2/H-
la (6y 2.05 m), H-2/H3-19, H-2/H3-29, H-183/H-20, and H-17/H3-30,
the stereochemistry of 3 was found to be the same as that of pholiol F
(2). The fragmentation behaviour of 3 was investigated by direct-
injection electrospray ionization quadrupole Orbitrap high-resolution
mass spectrometry. The negative ion HRMS/MS spectrum with the
proposed fragmentation pathway of 3 is shown in Fig. S56. Interestingly,
mainly the 3-hydroxy-3-methylglutarate ester group of the precursor ion
is involved in the fragmentation process and thus resulting in charac-
teristic fragment ions.

Compound 4 was obtained as a white amorphous solid with optical
rotation [0:]12)5 +16.5 (¢ 0.5, MeOH). Its formula was assigned as
C37Hs809 by the protonated molecular ion at m/z 647.4166 [M+H]™"
(caled for C37Hs900, 647.4154) in HRESIMS. A detailed 'H and *3C J-
MOD as well as 2D NMR spectroscopic analysis revealed that the dif-
ference between 3 and 4 was the replacement of the 7-methylene group
in 3 for a keto group in 4 (5¢ 201.26). The position of the 7-keto group

was established based on the HMBC correlations between C-7 and Hy-6
protons [§y 2.55 dd (16.3, 14.5 Hz), 2.36 m]. Furthermore, in the NMR
spectra of 4, an additional methoxy group could be observed [y 3.68 s
(3H), 5¢ 52.01], which was assigned to the carboxymethyl ester of 3-hy-
droxy-3-methylglutarate moiety, as indicated by the HMBC correlation
of OCHj3 group with C-6’. Therefore, compound 4 [lanosta-8-ene-3,25-
diol-7,24-dione 2a-(methyl 3-hydroxy-3-methylglutarate)] was eluci-
dated as depicted in Fig. 1 and named pholiol H.

Compound 5 with optical rotation [0:]12)5 +11 (c 0.1, MeOH) had the
molecular formula of C3¢Hs409 as deduced from the prominent pseu-
domolecular ion peak in HRESIMS at m/z 631.3844 [M+H] " (calcd for
C36Hs509, 631.3841). The 'H and '3C NMR spectral data (Tables 1 and
2) depicted that 5 was also a lanostane-type triterpene, exhibiting a
similar structure to that of pholiol E (1). A detailed comparison of these
two compounds revealed an additional keto group at ¢ 200.27 in 5
instead of a methylene group, which is bonded at C-7 as displayed by the
long-range correlation of C-7 with H-6. The tetrasubstituted A%° olefin
was downfield shifted [§¢ 1: 136.90 (C-8), 134.69 (C-9); 5: 140.18 (C-8),
166.56 (C-9)] as a consequence of the emerging enone system (Yazdani
et al., 2022). Diagnostic lH,lH—COSY, HSQC, and HMBC correlations
resulted in the assignment of all proton and carbon chemical shifts, and
NOESY cross-peaks (Fig. 2) afforded the stereochemical assignment of
compound 5 [2a-(3-hydroxy-3-methylglutaroyloxy)-25-hydrox-
ylanosta-8-en-3,7,24-tri-one] named pholiol I.

The molecular formula of compound 6 was determined as C3oHs0O3
by analyzing the prominent pseudomolecular ion peak at m/z 459.3833
[M+H]" (caled for C3oHs103 459.3833) in HRESIMS. Compound 6 was
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Fig. 2. Diagnostic 1H,1H—COSY, HMBC and NOESY correlations of pholiol I (5).

obtained as a colorless amorphous solid with [a] 2])5 +39 (¢ 0.1, MeOH). It
exhibited close similarity to pholiol F (2), but the 3-hydroxy-3-methyl-
glutarate ester moiety was absent in 6. The 3-hydroxy, 8,9-olefin, 24-
keto, and 25-hydroxy functionalities of lanostane triterpene were
confirmed by the HMBC correlations of C-3 (6¢ 79.72) with H3-28 (dy
0.98 s) and H3-29 (6y 0.81 s); C-8 (¢ 135.76) with H3-30 (6 0.92 5); C-9
(6c 136.09) with H3-19 (5 1.01 s) and Hy-7 (5y 2.07 m); C-24 (5¢
217.81) with Hy-23 (6 2.65 m); and C-25 (5¢ 77.89) with H3-26 (dy
1.29 s) and H3-27 (6 1.29 s), respectively (Tables 1 and 2). Based on the
Overhauser effects of H-3/H-5 and H-3/H3-28 as well as the coupling
constants of H-3 (10.1 and 6.3 Hz), the 34 orientation of the hydroxy
group was determined [Nakamura et al., 2009]. Therefore, compound 6,
named pholiol J, was identified as 34,25-dihydroxylanosta-8-en-24-one.
This compound was first isolated from natural source, but previously
synthesized without assignments of NMR chemical shifts (Yang et al.,
2018). In their experiment, side-chain modified lanosterol derivatives
were produced with the aim to develop compounds that reverse protein
aggregation in cataracts. Lanosterol analogs with remarkable potency
and efficacy in reversing several types of mutant crystalline aggregates
were identified.

Compound 7, named pholiol K, was isolated as a colorless amor-
phous solid with optical rotation [a] %5 429 (c 0.1, CHCl3). Based on the
HRESIMS pseudomolecular ion peak at m/z 457.3677 [M+H]" (calcd
for C3pH4903, 457.3676), the molecular formula of compound 7 was
deduced to be CsoH4g0s. The '*C J-MOD spectrum of compound 7
demonstrated the existence of two keto groups (6¢ 215.13 and 217.94)
in the molecule; one of them was placed at C-3 (¢ 215.13) with regard
to the HMBC correlations between C-3 and H3-28 (6y 1.10 s), H3-29 (6
1.07 s), and H-2a (6y 2.57 m) whereas the other at C-24 (6¢ 217.94)
based on the long-range correlations of C-24 and H3-26 (6y 1.39 s), Hs-
27 (6y 1.38'5), and Hy-23 (6g 2.55 m). The 25-hydroxy functionality was
proposed by the carbon chemical shift value of ¢ 25 76.37. NOESY cross-
peaks between Hs3-18/H-20, H3-28/H-5, and H-17/H3-30 were consis-
tent with the suggested structure of compound 7 [25-dihydroxylanosta-
8-en-3,24-dione] (Fig. 1).

Compound 8 was identical in all of its spectral characteristics with
(+)-clavaric acid. This compound was reported to be a specific inhibitor
of human farnesyl protein transferase (FPTase) (ICs59 1.3 pM) (Lingham
et al., 1998) and was first isolated from the fungus Clavariadelphus
truncatus (Jayasuriya et al., 1998). The 'H and '*C NMR assignments of
compound 8 were published in CDCl3, but in our experiment, these data
were determined in CD30D (Tables 1 and 2). The NOESY correlations
between H-2/H3-19, H-2/H3-28, H3-18/H-20, H-2/H-la (5y 2.36),
H-la/H-11a (64 2.16), and H-20/H-22a (64 1.82) matched the relative
stereostructure of (+)-clavaric acid.

2.2. Anti-inflammatory screening

The isolated compounds (1-8) and) pholiol C (9) were examined for
their anti-inflammatory activity using COX-1, COX-2, 5-LOX, and 15-
LOX assays, and Tables 3 and 4 present the results. The COX inhibi-
tory activities of the compounds at 50 pM indicated a moderate-to-weak
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Table 3
COX-1 and COX-2 inhibitory activities of the triterpenes of P. populnea.
Compound COX-1 COX-2
Inhibitory S.D. 1Cso Inhibitory S.D. ICso
(%)" @) (%) (uM)
Pholiol E (1) —10.42 9.43 - 7.00 4.59 -
Pholiol F (2) 20.32 0.19 - 35.74 10.67 439.8
Pholiol G (3) —0.56 6.87 - 2.82 3.89 -
Pholiol H (4) 6.65 1.487 - —2.50 4.99 -
Pholiol I (5) 4.89 17.26 - —3.26 3.95 -
Pholiol J (6) —16.16 13.84 - —5.26 6.60 -
Pholiol K (7) —37.13 3.20 - —8.40 2.27 -
(+)-Clavaric 20.96 9.99 - 37.27 8.54 766.7
acid (8)
Pholiol C (9) 17.7 0.64 - 3.28 36.76 -
Standard 50.94" 2.13 - 79.02 3.071 0.45"

@ Relative percentage inhibition was assessed at 50 pM of the compounds and
in triplicates. Dose-response investigations were conducted in duplicates with
2.5 mM as the highest concentration.

b Standards: SC560 for COX-1, Celecoxib for COX-2.

Table 4
5-LOX and 15-LOX inhibitory activities of the triterpenes of P. populnea.
Compound 5-LOX 15-LOX
Inhibitory S.D. 1Cso Inhibitory S.D. 1Cso
(%)" (uM) (%) (uM)
Pholiol E (1) —35.25 3.05 - —23.22 11.2 -
Pholiol F (2) —-7.91 16.28 1945  —16.19 15.27 -
Pholiol G (3) 15.11 2.04 519.7 —77.38 24.05 -
Pholiol H (4) —55.04 23.91 - —94.87 11.21 -
Pholiol I (5) 0.72 4.07 480.5  —50.72 2491 -
Pholiol J (6) —102.2 19.33 - —79.45 30.41 -
Pholiol K (7) —-302.5 8.65 - —58.33 28.85 -
(+)-Clavaric —35.61 5.60 - -39.6 22.47 -
acid (8)
Pholiol C (9) 17.27 9.16 370.1 -112.1 15.97 -
Standard 50.72 2.54 053"  103.5° 1859 -

# Relative percentage inhibition was assessed at 100 pM of the compounds and
in triplicates. Dose-response investigations were conducted in duplicates with 3
mM as the highest concentration.

b Standards: Zileuton for 5-LOX, NDGA for 15-LOX.

inhibition for the compounds. Dose-response investigations revealed
that pholiols F (2) and (+)-clavaric acid (8) exhibited moderate anti-
inflammatory activity on COX-2 with ICsg values of 439.8 and 766.7
uM, respectively. Furthermore, the other compounds had inhibition
below 50% at the highest concentration tested (2.5 mM). Pholiols F (2),
G (3), I (5), and C showed the best inhibitory activity against 5-LOX
among the compounds (IC5yp 194.5-519.7 pM). Pholiol F (2) with an
ICsp value of 194.5 pM was the most active on 5-LOX test. However, all
compounds were considered inactive against 15-LOX at the used
concentrations.

3. Conclusions

The present study showed a detailed mycochemical analysis of the
chloroform and ethyl acetate extracts of the edible mushroom
P. populnea. The combination of different chromatographic techniques
and spectroscopic analysis resulted in the identification of eight lano-
stane triterpenoids (1-8), including the undescribed pholiols E-K (1-7).
The evaluation of anti-inflammatory activity against cyclooxygenase
(COX-1 and COX-2) and lipoxygenase (5-LOX and 15-LOX) enzymes
revealed that pholiol F (2) and (+)-clavaric acid (8) bearing 2-(3-hy-
droxy-3-methylglutaryl) and only one keto group in their structure are
the most effective COX-2 inhibitors, whereas the diester derivative
pholiol F (2) possesses the best 5-LOX inhibitory activity. Pholiol F (2)
with a dual 5-LOX/COX-2 inhibitory effect can be regarded as the most
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interesting compound. It functions by blocking the formation of both
prostaglandins and leukotrienes but does not influence lipoxin forma-
tion responsible for damaging the GI mucosa (Martel-Pelletier et al.,
2003). In sum, our findings indicated that P. populnea is an excellent
source of novel fungal metabolites.

4. Experimental
4.1. General

A Jasco P-2000 polarimeter was used to measure optical rotations
(Jasco International, Co., Ltd., Hachioji, Tokyo, Japan). Molar Chem-
icals (Halasztelek, Hungary) and Sigma-Aldrich Kft. (Budapest,
Hungary) supplied the chemicals used in this study. HPLC separations
were conducted on a Shimadzu LC-10 A S HPLC instrument equipped
with a UV-Vis detector (Shimadzu, Co., Ltd., KYOTO, Japan) over
normal-phase (NP-HPLC, LiChrospher Si60, 5 pm, 250 x 4 mm) and
reversed-phase (RP-HPLC, LiChrospher RP-18, 5 pm, 250 x 4 mm)
columns. Furthermore, NP-HPLC was performed using a Zorbax-Sil
column (250 x 9.4 mm, 5 pm; Agilent Technologies, Santa Clara, CA,
USA) on a Waters HPLC instrument equipped with a PDA detector
(Waters, Co., Ltd., Milford, USA). Flash chromatography (FC) was car-
ried out on a CombiFlash Rf + Lumen instrument with integrated UV,
UV-Vis, and ELS detection using reversed phase (RediSep C;g Bulk 950,
Teledyne Isco, Lincoln, NE, USA) and normal phase (silica 60,
0.045-0.063 mm, Molar Chemicals, and RediSep Rf Gold, Teledyne Isco,
Lincoln NE, USA) flash columns. Preparative thin-layer chromatography
(TLC) was performed using silica plates (20 x 20 cm silica gel 60 F254,
Merck 105,554). Sephadex LH-20 (25-100 pm, Sigma-Aldrich) was used
for gel filtration. The direct-injection high-resolution mass spectrometry
(HRMS) and high-resolution tandem mass spectrometry (HRMS/MS)
measurements were performed by Waters Acquity I-Class UPLC™
(Milford, MA, UK) coupled to Thermo Scientific Q Exactive™ Plus
Hybrid Quadrupole-Orbitrap™ (Waltham, MA, USA) mass spectrom-
eter. The mass spectrometer was operated in heated electrospray ioni-
zation (ESI) mode with positive and negative ion detection. The
instrument settings were as follows: capillary temperature 250 °C, S-
Lens RF level 50, spray voltage 3.5 kV in positive and 2.5 kV in negative
ionization mode. For HRMS/MS analysis, the collision energy was set to
30 eV, and 1 Da isolation window was applied. The eluent composition
was 20/80/0.1 water/acetonitrile/formic acid (v/v/v) in positive ESI
mode, while in negative ESI mode 20/80 water/acetonitrile was used
(v/v). The flow rate was set to 0.4 mL/min. All samples were dissolved in
methanol prior to the MS measurements. MassLynx 4.1 (Milford, MA,
USA) software was used for UPLC and Xcalibur 4.3.73.11 software
(Waltham, MA, USA) was used for spectra acquisition. NMR spectra
were recorded in CDCl3 or CD30D on a 500 MHz Bruker Avance DRX
spectrometer (Bruker, Billerica, MA, USA) at 500 MHz (1H) and 125
MHz (13C). The signals of the deuterated solvents were taken as refer-
ences. Two-dimensional NMR measurements were performed using the
standard Bruker software. In the COSY, HSQC, and HMBC experiments,
gradient-enhanced versions were used.

4.2. Mushroom material

Samples of Pholiota populnea (Pers.) Kuyper & Tjall.-Beuk. (Stro-
phariaceae)were collected in the autumn of 2017 near Szeged, Hungary
(46.400556, 20.190556), and identified by Attila Sandor (Mushroom
Society of Szeged, Hungary). Fruiting bodies of P. populnea were stored
at —20 °C until processing. A voucher specimen (No. H019) was
deposited at the Department of Pharmacognosy, University of Szeged,
Hungary.

4.3. Extraction and isolation

The fruiting bodies (4.2 kg) of P. populnea were ground in a blender
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and then percolated with MeOH (20 L) at room temperature. After
evaporation of the solvent, the methanol extract (151 g) was dissolved in
50% aqueous MeOH and subjected to liquid-liquid partition using n-
hexane (5 x 500 mL), chloroform (5 x 500 mL), and then ethyl acetate
(5 x 500 mL). The ethyl acetate-soluble phase (16.7 g) was subjected to
flash chromatography (NP-FC) on silica gel (80 g) using a gradient
system of n-hexane-acetone (linear from 0% to 100% acetone, t = 60
min) and eluted with MeOH (100%, t = 5 min) at the end of this process,
providing 17 combined fractions (E1-17). Fraction E7 (30 mg) was
further separated by NP-HPLC (mobile phase: n-hexane-EtOAc-MeOH,
50:45:5), allowing the isolation of compound 6 (2.7 mg). Fraction E11
(4.2 g) was subjected to flash chromatography (NP-FC) on silica gel (40
g) using an n-hexane-acetone gradient system (linear from 0% to 100%
acetone, t = 60 min) as a mobile phase, which also led to 14 fractions
(EA 1-14). To further purify EA3 (370 mg), NP-HPLC was employed
(mobile phase: cyclohexane-EtOAc 20:80) yielding fraction EA3-c (90
mg), which led to the isolation of 3 (2.4 mg), 5 (4.7 mg), 1 (25.8 mg),
and 2 (3.7 mg) via RP-HPLC (mobile phase: H O-MeOH 20:80) sepa-
ration. The chloroform-soluble phase (25.3 g) was subjected to NP-FC on
silica gel (80 g) using a gradient system of n-hexane-EtOAc (linear from
40% to 100% EtOAc, t = 75 min) and eluted with MeOH (100%, t = 10
min) at the end of this process. Fractions with similar compositions were
combined according to TLC monitoring (C1-C18). Compound 7 (2.1 mg)
was produced by further purifying fraction C5 (390 mg) via NP-HPLC
(mobile phase: n-hexane-EtOAc-MeOH 50:45:5). Fraction C7 (800
mg) was further separated using multiple steps of NP-FC, applying a
gradient system of n-hexane-EtOAc (40 g of sorbent, linear elution from
45% to 100% EtOAc, t = 60 min) and cyclohexane-EtOAc (12 g of
sorbent, linear from 0% to 100% EtOAc, t = 50 min), affording 14 (C7A
a-n) and 12 (C7B a-1) combined fractions, respectively. Then, a final
purification was conducted on C7Ae (17.5 mg) via preparative TLC using
an n-hexane-EtOAc-MeOH (5:4:1) solvent system to produce compound
4 (2.5 mg). Finally, compound 8 (5.2 mg) was isolated from fraction
C7Bb (5.9 mg) via RP-HPLC (mobile phase: HyO-acetonitrile, 4:6).

4.3.1. Pholiol E (1)

White amorphous powder; [0:]1235 +49 (c 0.1, MeOH); H and 13C
NMR data, see Tables 1 and 2; HRESIMS + m/z 617.4063 [M+H] " caled
for CsHs70g 617.4048; ESI- m/z 615.3926 [M-H] ™ (calced for C3gHssOg
615.3902).

4.3.2. Pholiol F (2)

White amorphous powder; [0(]1235 +5 (c 0.1, CHCl3); H and '3C NMR
data, see Tables 1 and 2; HRESIMS + m/z 661.4320 [M+H]" (calcd for
C3gHg109, 661.4310).

4.3.3. Pholiol G (3)

White amorphous solid; [«] %5 +4 (c 0.1, MeOH); 'H and '®Cc NMR
data, see Tables 1 and 2; HRESIMS + m/z 641.4017 (M + Na)™ (caled for
C3gHsg0gNa 641.4029; HRESIMS- m/z 617.4089 [M-H] (caled for
C36Hs70s, 617.4053).

4.3.4. Pholiol H (4)

White amorphous solid; [ot]%5 +16.5 (¢ 0.5, MeOH); 19 and '3C NMR
data, see Tables 1 and 2; HRESIMS + m/z 647.4166 [M-+H]" (calcd for
C37H5909, 647.4154).

4.3.5. Pholiol I (5)

White amorphous powder; [(x]%5 +11 (¢ 0.1, MeOH); 9 and 13C
NMR data, see Tables 1 and 2; HRESIMS + m/z 631.3844 [M+H]"
(calcd for C36H5509, 631.3841).

4.3.6. Pholiol J (6)

Colorless amorphous solid; [0(]1235 +39 (c 0.1, MeOH); 4 and 3¢
NMR data, see Tables 1 and 2; HRESIMS + m/z 459.3833 [M+H]"
(calcd for C30H5103 459.3833)



M. Yazdani et al.

4.3.7. Pholiol K (7)

Colorless amorphous solid; [0(]2]35 +29 (c 0.1, CHCl3), H and C
NMR data, see Tables 1 and 2; HRESIMS + m/z 457.3677 [M+H]"
(calcd for C30H4903, 457.3676).

4.3.7. (+)-Clavaric acid (8)

White amorphous powder; [a]p +29 (c 0.1, MeOH); 'H and '3C NMR
data, see Tables 1 and 2; HRESIMS- m/z 617.4086 [M-H]" (calcd for
C3eHs70g, 617.4053).

4.4. Anti-inflammatory screening

4.4.1. Cyclooxygenase (COX) inhibitory activity

Based on the fluorometric method described in BioVision’s COX-1
inhibitor screening kit leafkit (K548-100, BioVision, CA, USA) and
COX-2 inhibitor screening kit leafkit (K547-100, BioVision, CA, USA),
respectively, COX-1 and COX-2 inhibitory activities were assessed. The
sample solutions were dissolved in DMSO and then in buffer to achieve
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4.4.3. 15-Lipoxygenase (15-LOX) inhibitory activity

15-LOX inhibitory activities of the compounds were assessed using
Cayman’s lipoxygenase inhibitor screening assay kit (760,700, Cayman
Chemical, MI, USA), detecting and measuring the hydroperoxides pro-
duced in the lipoxygenation reaction using a lipoxygenase enzyme.
Briefly, in a 96-well white plate (655,101, F-bottom, Greiner Bio-One,
Germany), blank wells contained 100-pL assay buffer; negative-control
wells contained 90-pL lipoxygenase standard solution and 10-uL assay
buffer; standard inhibitor wells contained 90-pL lipoxygenase standard
solution and 10-pL nordihydroguaiaretic acid (NDGA) solution, and
sample wells contained 90-pL lipoxygenase standard solution and 10-pL
sample solution prepared by dissolving in methanol and then assay
buffer until suitable concentrations were achieved. After incubation for
10 min, 10-pL arachidonic/NaOH solution was added to all wells using a
multichannel pipette to start the reaction simultaneously, and the plate
was placed on a shaker. After 5 min, the reaction was stopped by adding
100 pL of chromogen to all wells, and the absorbance was read at 485
nm. The inhibition % was computed as

inhibition % = [(absorbance of control — absorbance of sample) / absorbance of control] x 100

suitable concentrations. In a 96-well white plate (655,101, F-bottom,
Greiner Bio-One, Germany), 80-uL reaction mix (containing 76-pL assay
buffer, 1-pL COX Probe, 2-uL COX cofactor, and 1-pL COX enzyme) was
added to 10-pL sample solution, DMSO, and assay buffer to obtain test
wells assigned for sample screen (S), negative control (N), and blank,
respectively. Ten microliters of arachidonic/NaOH solution was added
to each well using a multichannel pipette to start the reaction simulta-
neously, and the fluorescence of each well was measured kinetically at
Ex/Em 550/610 nm, at 25 °C for 10 min, using a FluoStar Optima plate
reader (BMG Labtech, Ortenberg, Germany). The COX inhibitory ac-
tivity of SC560 and Celecoxib, standard inhibitors of COX-1 and COX-2,
respectively, was also determined.

The change in fluorescence between two points, T; and To, were
determined, and relative inhibition was computed as follows:

Inhibition % = [(change in N — change of S) / change in N| x 100

4.4.2. 5-Lipoxygenase (5-LOX) inhibitory activity

Based on the fluorometric method described in BioVision’s 5-LOX
inhibitor screening kit leafkit (K980-100, BioVision, CA, USA),
measuring the decrease in fluorescence in the presence of potential 5-lip-
oxygenase inhibitors, 5-LOX inhibitory activity was tested. Briefly, to
obtain a sample screen (S), the samples were dissolved in anhydrous
DMSO, and 2-pL sample solutions were added to a 96-well white plate
(655,101, F-bottom, Greiner Bio-One, Germany). Two microlitres each
of assay buffer, anhydrous DMSO, and Zileuton solution, a standard
inhibitor, were added to the corresponding wells to produce a blank,
negative control (N), and positive control. Assay buffer (38 pL) was
added to all wells and, subsequently, 40-pL reaction mix (containing 34-
pL LOX assay buffer, 2-uL LOX probe, and 4-pL LOX enzyme). The re-
action was started simultaneously after 10 min using a multichannel
pipette to add 20-pL diluted substrate solution to each well, and the
fluorescence of each well was determined kinetically at Ex/Em 485/520
nm, at 25 °C for 20 min, using a FluoStar Optima plate reader (BMG
Labtech, Ortenberg, Germany).

The change in fluorescence between two points, T; (3 min) and Ty
(10 min), was determined, and relative inhibition was computed as
follows:

Inhibition % = [(change in N — change in S) / change of N] x 100

The dose-effect investigations on the most active compounds were
employed to measure the concentration, inhibiting 50% of COX-1, COX-
2, 5-LOX, and 15-LOX enzyme activity. The sigmoidal dose-response
model was obtained using GraphPad Prism 8.0 (La Jolla, CA, USA), and
these were employed to determine the ICsq values of the compounds.
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Abstract: Pholiols L-S (1-8), eight undescribed triterpenes were isolated from the sporocarps of
the mushroom Pholiota populnea. Various chromatographic techniques, such as open column chro-
matography, flash chromatography, gel filtration, preparative thin layer chromatography, and HPLC,
were applied to purify the compounds. The structure elucidation was carried out by spectroscopic
analysis, including 1D (!H NMR and '3C JMOD) and 2D NMR (*H-'H COSY, HSQC, HMBC and
NOESY) and HRESIMS experiments. The isolated compounds had lanostane (1-7) or trinorlanostane
(8) skeletons; all of them were substituted with 3-hydroxy-3-methylglutaroyl group or its 6-methyl
ester. Five compounds (1, 2, 4, 6, and 8) were investigated for their antiproliferative and cytotoxic
activity in vitro by MTT assay on breast cancer (MCF-7), human colon adenocarcinoma (sensitive
Colo 205, and resistant Colo 320), non-small cell lung cancer (A549), and human embryonic lung
fibroblast (MRC-5) cell lines. Pholiols M (2) and O (4) showed antiproliferative activity against the
MCE-7 cell line with ICs( of 2.48 and 9.95 uM, respectively. These compounds displayed tumor cell
selectivity on MCEFE-7 cells with SI values of >40 (2) and 4.3 (4), but they did not show a cytotoxic
effect, proving their action exclusively on tumor cell proliferation. Pholiols L (1) and Q (8) were found
to have selective cytotoxicity on drug resistant cells in comparison to their effects on Colo320 and
Col0205 cells [relative resistance values 0.84 (1) and 0.62 (8)].

Keywords: Pholiota populnea; strophariaceae; antiproliferative activity; cytotoxic activity; lanos-
tane; pholiol

1. Introduction

For many decades, mushrooms have been utilized because of their beneficial nu-
tritional and medicinal values, including immunomodulatory and antitumor activities.
Fungal metabolites can have a protective effect by stimulating the immune response and ac-
tivating immune cells, macrophages, T cells, and natural killer cells. Furthermore, bioactive
compounds of mushrooms have shown cytotoxicity, antiproliferative activity, apoptosis-
inducing properties, and have been shown to act as cancer cell metastases inhibitory
agents. Certain dietary mushrooms (e.g., Agaricus bisporus) were reported to contain anti-
carcinogenic metabolites which alter the aromatase enzyme activity. The active ingredients
responsible for the immunomodulatory and antitumor activities of mushrooms include
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polysaccharides, polysaccharide-protein complexes, lectins, amino acids, polyphenols,
sterols, and other terpenoids [1-3].

Polysaccharides from Pholiota adiposa, especially SPAP2-1, showed strong interference
of the cell cycle of HeLa cells and induced apoptosis [4]. A protein purified from the edible
fungus Pholiota nameko (PNAP) shows promise for the treatment of breast cancer, as it
induced apoptosis of human breast adenocarcinoma MCE-7 cells in vivo and modulated
cytokine secretion in mice bearing MCF-7 xenografts [5]. The glucan polysaccharides
schizophyllan, derived from Schizophyllum commune, and lentinan, produced by Lentinula
edodes, were investigated in clinical trials, and a better overall survival of patients with
head and neck cancer and gastric and colorectal carcinomas, respectively, were found [6].

Ganoderma lucidum polysaccharides and triterpenoids were found to be potent in-
hibitors of tumor growth in vitro and in vivo [7]. Moreover, extracts of G. lucidum and
G. tsugne were able to inhibit the growth of colorectal cancer cells in vitro [8]. Ergosterol, the
main sterol of mushroom species, is able to induce apoptosis in leukemia cells and inhibits
tumor-induced angiogenesis [9]. Hypholoma lateritium (Strophariaceae) was reported to
contain lanostane-type triterpenoids, sublateriols A-C, and fasciculol A-C, some of them
exhibited cytotoxicity against human cancer cell lines (A549, SK-OV-3, SK-MEL-2, and
HCT-15) in vitro [10].

In our previous study, Pholiota populnea was investigated for antitumor compounds,
and lanostane diesters, named pholiols A-D, ergosterol, 35-hydroxyergosta-7,22-diene,
and a polyhydroxy-squalene derivative were isolated. Ergosterol was found to show
cytotoxic activity against sensitive (Colo 205) and resistant colon adenocarcinoma cells
(Colo 320) with ICsg values of 4.9 and 6.5 uM, respectively. The p-glycoprotein (ABCB1)
efflux pump inhibitory activity of the compounds was also tested against resistant Colo 320
cells and inhibitory activity was found for pholiols A and B and the squalene derivative.
In addition, the drug interactions of triterpenes with doxorubicin were also studied by
the checkerboard method on Colo 320 cells, and it was observed that pholiols B and
D interacted in a synergistic manner, while the acyclic triterpene acted in a very strong
synergistic manner [11]. Further mycochemical investigations led to the isolation of pholiols
E-K and (+)-clavaric acid, some of the triterpenes exerted moderate COX-2 and 5-LOX
inhibitory activities. Pholiol F (IC5p 194.5 uM against 5-LOX, and 439.8 uM against COX-2)
was found to be the most effective among the investigated compounds [12].

In continuation of our study on P. populnea, we herein report the isolation of eight
undescribed triterpenes, namely, pholiols L-S (1-8) from the chloroform and ethyl acetate
extracts of the mushroom, and investigation of the cytotoxic and antiproliferative activity
of the compounds.

2. Results and Discussion
2.1. Structure Determination of Compounds 1—8

Eight triterpenes (1-8) were isolated from the chloroform- and ethyl acetate—soluble
phase of the MeOH extract obtained from P. populnea by a combination of different chromato-
graphic methods, such as open column chromatography (OCC), flash chromatography (FC),
gel filtration (GF), preparative thin layer chromatography (TLC), and high-performance
liquid chromatography (HPLC). The structure elucidation was carried out by spectroscopic
analysis, including 1D and 2D NMR ['H-'H Correlation Spectroscopy (‘H-'H COSY),
Heteronuclear Single Quantum Coherence (HSQC), Heteronuclear Multiple Bond Corre-
lation (HMBC), and Nuclear Overhauser Effect Spectroscopy (NOESY)] and HRESIMS
experiments. The NMR and MS data showed that all compounds were lanostane (1-7) or
trinorlanostane esters (8) (Figure 1).
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Figure 1. Pholiols L-S (1-8) isolated from Pholiota populnea. MeHMG = 3-hydroxy-3-methyl-glutaryl
6-methyl ester.

Compound 1, named pholiol L, was obtained as a colorless amorphous solid with
[a]*p —11.6 (c 0.1, CHCl3). Its HRESIMS spectrum exhibited a protonated molecular ion at
m/z 647.4147 [M + H]* (caled for C3yHs9O9™ 647.4154), indicating the molecular formula of
Cs7Hs5309. The 'H NMR and 3C-J]MOD spectra indicated a 3-hydroxy-3-methylglutaric
acid 6-methyl ester (MeHMG) derivative [6y 2.75 m, 2.57 m (Hp-2'), 2.92 m, 2.27 m (Hy-5),
1.42 s (H3-4"), 3.72 s (OCH3-7"); 6c 171.41 (1'), 173.26 (C-6'), 46.33 (C-2'), 43.68 (C-5'), 70.37
(C-3'), 28.29 (C-4'), 52.05 (OCHj3-7')], substituted with two keto groups (6c 198.29 and
215.01); the presence of two hydroxy groups was suggested by the carbon resonances of a
methine group at ¢ 66.89 (C-2) and a quaternary carbon at ¢ 76.34 (C-25). A sequence of
the correlated protons in the H-'H COSsY spectrum ~CHy—CH(OR)-CH(OR)- (dy; 2.21 dd
(12.5,3.8 Hz), 1.44 m, 3.92 dt (3.8, 11.1 Hz), 4.60 d (9.9 Hz) could be assigned to the C-1-C-3
part of the molecule, with regard to the HMBC correlations between Hj-1 and C-10; H3-19
and C-10; H-3 and C-4; H3-28 and H3-29 and C-4; H-1a, H3-28, H3-29, and H3-19 with
C-5 (Figure 2). NMR data of compound 1 were very similar to those of the previously
isolated pholiol H, with the major differences in chemical shifts of H-2, H-3 (1: dy. 3.92 dt,
6p-3 4.60 d versus pholiol H: 3.5 5.07 dt, dyy.3 3.24 d), and C-2 and C-3 (1: dc- 66.89, dc3
84.53 versus pholiol H: dc.p 73.41, ¢c-3 79.99) [12] demonstrating the connection of the ester
group at position C-3 and hydroxyl group at C-2 in 1. The relative configuration of 1 was
determined based on the Overhauser effects detected in the NOESY spectrum. The NOESY
correlation of H-3 (6 4.60) with H-1a (65 1.44), H3-28 (6 0.91), and H-5 (6 1.82) showed
these protons in the « orientation, while correlations of H-2 (dyy 3.92) with H-1 (011 2.21),
Hs3-19 (01 1.24), and H3-29 (6y 0.96) indicated the B orientation of H-2 and the 19- and
29-methyl groups (Figure 2). The Overhauser effect between H3-18 and H-20 was indicative
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for their B position, similar to the previously isolated pholiol compounds [11,12]. All of the
above evidence confirmed the structure of pholiol L (1), as depicted in Figure 1.

Figure 2. Key COSY (-), HMBC (—), and NOESY (H«+H) correlations of pholiol L (1).

Compound 2 (pholiol M) was obtained as a colorless amorphous solid with an optical
rotation of [¢]*?p —10.9 (c 0.05, CHCl3). Its molecular formula was assigned as C39HgO11
by the deprotonated molecular ion at m/z 703.4078 [M-H] ™~ (calcd for C39Hz90O11 ~ 703.4063)
in HRESIMS. The 'H NMR and *C-JMOD spectrum showed that compound 2 is a lanostane
diester esterified with an acetic acid [dyg 2.07 s (3H); d¢ 170.84 (CO), 21.07 (CH3)], and a
3-hydroxy-3-methylglutaryl 6-methyl ester [t 2.68 m, 2.54 m (H-2’), 2.70 m, 2.62 m (Hy-5'),
1.35 s (Hz-4'), 3.71 s (OCH3-7"); 6¢ 171.44 (1'), 172.28 (C-6'), 44.99 (C-2'), 45.04 (C-5'), 69.72
(C-3'),27.70 (C-4"), 51.94 (OCHj3-7')] (Tables 1 and 2). Similarly to pholiol L (1), compound
2 contained the 8,9-en-7-one moiety [d¢ 139.69 (C-8), 160.48 (C-9), 199.71 (C-7)] and Cg
aliphatic chain at C-17 substituted with a keto [d¢ 214.92 (C-24)] and a hydroxy group
[6c 76.38 (C-25)]. The 'H NMR and JMOD spectra exhibited an additional O-substituted
methine at dy5 4.57 br t (5.7 Hz), ¢ 67.31, which was placed at C-11 with regard to the H-1H
COSY [y 2.28 m, 1.88 m, 4.57 br t; -CH,—CH(OH)—; C-12-C-11] and HMBC correlations of
H-11 with C-8 and C-13; and H-12 with C-14. The assignment of C-11 (d¢ 67.31) and C-12
(6c 42.90) were in agreement with literature data [13]. The H-"H COsy spectrum defined
the structural fragment with correlated protons -CH;-CH(OR)-CH(OR)- (13 2.87 dd, 1.70 t,
5.29 dt, and 4.83 d) (C-1-C-3). The positions of the ester groups were established via the
HMBC experiment. The correlations of the carbonyl signals at éc 171.44 (1') and 170.84
(AcCO) with the proton signals at d¢y 5.29 (H-2) and 0y 4.83 (H-3) indicated the presence
of the MeHMG and acetyl groups at C-2 and C-3, respectively. The relative configuration
was determined with the use of a NOESY measurement. The Overhauser effects between
H-5/H-3, H-3/H3-28, H-3/H-1«, and H-1a /H-11 pointed these protons in the a position,
while those between H-15/H-2, H-2/H3-19, H3-19/H-18, and H-2/H3-29 indicated their 8
position. The above findings were consistent with the proposed structure of 1, as depicted
in Figure 1.

Table 1. '"H NMR data of pholiols L-Q (1-8) [(500 MHz, § ppm (] = Hz)].

No. 12 22 3ac 4b 5be 6P 7b 82

1a 144 m 1.70t(12.1) 2.18t(11.6) 140m 131 m 1.49 m 1.81m 1.53 ¢ (12.3)

16 221dd 2.87dd 2.26dd 325dd 3.23dd 239m »64m 221dd
(12.5, 3.8) (12.1, 4.1) (11.6, 4.3) (13.0, 4.6) (12.8, 4.6) . . (12.5,4.3)




Pharmaceuticals 2023, 16, 104

50f13

Table 1. Cont.

No. 12 22 3ac 4b 5be 6P 7b 82
) 392dt(38, 529dt(41, 517dt(43, 524dt(46, 514dt(46, 524dt(43, 574dd 5.19 dt (4.3,
10.5) 10.9) 10.9) 11.0) 11.0) 10.6) (13.9,55)  10.9)
3 460d(10.5) 4.83d(109) 487d(10.9) 4.81d(11.0) 328d(11.0) 475d(106) - 4.83d (10.9)
5 1.82m 1.81 m 201m (11'3?9?; 3 (11'1'59%1. p  130m 151 m 1.85m
6 i 246 dd 2.50 dd ylam
2.42 m (2H) 248m(eH) (157,23)  (154,22) 514 m (2H) 2.43 m (2H)
6B 254m 2.66 m 271m 234m
7 - - - - - 553t(3.9) 559d(67) -
Ha 457brt
232m(H) ©67) - - 539d(6.1) 549d(6.1) 229m (2H)
16 449 m
124 228m 2.46m 287d(161) 290d(162) 225d(17.5) 2.30d (17.9)
128 179m (2H) 1.88 m 1.84 m 258d(16.1) 2.62d(16.2) (21';%5?2‘1) (21';?9?2_1) 1.78 m (2H)
15 2.07 m, 2.08 m, 2.08 m, 213 m, 217 m, 1.66 m, 1.70 m, 2.07 m,
1.74m 1.83m 1,65m 1.82m 1.82m 143 m 147 m 1.73m
16 2.00 m, 2.04m, 2.00 m, 2.04m, 2.08 m, 2.03m, 2.06 m, 2.00m,
1.37m 1.45m 1.33m 146 m 149 m 1.42m 1.45m 1.38m
17 142m 143 m 1.55m 1.76 m 1.80m 1.63 m 1.66 m 143 m
18 0.66 s 0.89's 0.65s 0.84s 0.88's 0.61s 0.67's 0.65s
19 124 150's 1345 1445 1475 1.14s 140's 1.30s
20 140 m 143 m 1.36m 144 m 149 m 144 m 1.45m 143 m
21 091d(62) 094d(62) 091d(63) 092d(7.1) 097d(6.6) 093d(66) 095d(67) 092d(6.7)
- 1.83m, 1.83 m, 1,82m, 1.80 m, 1.82m, 1.77 m, 1.79 m, 1.85m,
131 m 131 m 1.30m 1.25m 133 m 1.23m 1.26m 1.35m
23 252m@H) 253m@H) o™ 268m(H) 272m@H) 2.67m(H) 267m@H) >20m
249 m 227m
26 138s 1.38s 1.38s 1.29s 1345 1.29s 131s
27 1.38s 1.38s 1.39s 1.29s 1345 1.29s 131s
28 091s 0.90's 0.92's 0.93s 111s 091s 111s 0.90's
29 0.96's 1.03s 1.01s 1.04s 1.00's 1.03s 1.26s 1.00's
30 0.92s 0.86's 112 0.84s 1.25s 0935 0.94s 0.91s
Y Jom asim amm  2OmED 70 SN Sum 2o
4 142 1.35s 1.35s 1.35s 144s 1.33s 144 133s
s IEm AN 8n e wemen 3T R AT
7 3.72s 3.71s 371s 3.67s 3.73s - - -
OAc - 207s 206 2065 - 206

a measured in CDCls; ? in CD;0D; Signal of H-12 in the 'H NMR spectrum measured in CD30D was 4.48 dd
(J =9.1, 5.5 Hz); © measured at 600 MHz.
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Table 2. 13C NMR data of pholiols L-Q (1-8) (125 MHz, § ppm).
Position 12 22 3ac 4t 5be 6P 7b 82
1 4278 39.49 39.90 40.51 40.38 42.53 43.71 40.36
2 66.89 69.89 70.36 70.63 73.22 71.13 73.41 70.10
3 84.53 79.44 79.06 80.56 79.83 81.69 210.63 79.18
4 38.98 39.59 39.47 40.23 40.62 40.31 49.01 39.45
5 49.77 50.29 49.75 50.93 51.36 50.41 53.05 49.50
6 36.56 36.57 36.80 37.14 37.39 2391 24.59 36.44
7 198.29 199.71 199.18 202.76 203.47 121.19 123.19 198.02
8 139.13 139.69 141.71 152.20 152.11 143.87 144.02 139.33
9 164.11 160.48 159.15 151.87 152.11 146.28 145.50 163.27
10 40.68 40.85 40.62 41.54 41.68 39.75 39.50 40.67
11 23.99 67.31 65.55 203.60 203.95 118.31 118.71 23.98
12 30.28 42.90 44.60 52.54 52.52 38.96 38.94 30.10
13 45.13 43.57 44.60 48.58 48.88 44.96 44.82 45.10
14 47.98 49.14 48.26 50.38 50.35 51.54 51.60 47.98
15 32.06 32.15 32.78 33.32 33.30 32.56 32.57 32.02
16 28.82 28.88 27.75 28.13 28.15 28.74 28.75 28.73
17 49.11 48.43 49.93 50.32 50.29 52.29 52.31 48.94
18 15.95 17.45 16.98 17.32 17.22 16.31 16.34 15.95
19 19.89 21.18 21.18 19.07 18.93 23.89 23.20 19.56
20 36.10 36.14 35.96 37.01 37.01 37.13 37.13 36.01
21 18.70 18.76 18.52 18.81 18.80 18.82 18.81 18.51
22 30.19 30.19 30.08 30.84 30.77 31.05 31.04 31.11
23 32.73 32.75 32.69 33.84 33.79 33.97 33.98 31.05
24 215.01 214.92 214.82 217.59 217.92 217.78 217.74 178.71
25 76.34 76.38 76.16 77.89 77.97 77.90 77.90 -
26 26.73 26.75 26.73 26.75 26.73 26.78 26.78 -
27 26.71 26.72 26.73 26.78 26.76 26.75 26.75 -
28 27.99 28.11 27.86 28.43 28.60 28.97 25.32 27.83
29 17.50 17.52 17.36 17.71 17.09 18.25 22.22 17.42
30 25.19 25.28 25.44 26.02 25.98 26.08 26.10 25.16
1 171.41 171.44 171.66 171.94 172.54 172.17 171.66 171.41
2/ 46.33 44.99 45.06 46.32 46.59 47.22 46.76 45.10
3 70.37 69.72 69.81 70.60 70.94 70.76 71.15 69.70
4/ 28.29 27.70 27.75 27.97 27.89 27.80 27.61 27.65
5/ 43.68 45.04 45.15 45.96 45.97 47.70 46.79 44.88
6’ 173.26 172.28 172.12 173.13 173.44 171.74 171.66 172.24
7' 52.05 51.94 52.00 51.93 51.99
AcCO 170.84 170.68 172.52 - 172.64 170.75
AcCHj3 21.07 21.08 20.96. - 21.05 21.04

a measured in CDCl3;  in CD30D; ¢ measured at 150 MHz.
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Compound 3, named pholiol r1, was isolated as a white amorphous powder with an
optical rotation of [2]Pp —8.9 (c 0.05, CHCl3). Its molecular composition was determined
as C39Hg0O11 based on the sodiated molecular ion peak at m/z 727.4041 [M + Na]* (calcd
for C39HgpO11Na* 727.4028) detected in the HRESIMS spectrum. Careful evaluation of the
1D and 2D NMR spectra of 3 resulted in the elucidation of the same planar structure as that
of compound 2. The main differences were found in the chemical shift values of carbons
C-11-C-12 [o¢ 65.55 (C-11), 44.40 (C-12) for 3; ¢ 67.31 (C-11), 42.90 (C-12) for 2], indicating
that the orientation of 11-OH group may be different. This was confirmed by the NOESY
correlations of 3; the Overhauser effects between H3-18 (dy 0.65 s) and H-12 (dy 2.46 m);
H-12p and H-11 (0y 4.49 m); H-12a (dy 1.84 m) and H3-30 (0 1.12 s) proved the « position
of the 11-hydroxy group. NOEs of H-2 with H3-19 and H3-28; and that of H-3 with H3-29;
Hj3-18 with H-20 corroborated the stereostructure of compound 3, as depicted in Figure 1.

Compound 4, named pholiol O, was obtained as a colorless amorphous solid with an
optical rotation of [4]*p +11.8 (c 0.05, CHCl3). Tt gave the molecular formula C39Hs55011, de-
termined from the HRESIMS by the sodiated molecular ion peak at m/z 725.3877 (M + Na)*,
(caled for C39HsgOq1Na™ 725.3871). Analysis of 'H NMR and 13CJMOD spectra of 4 in-
dicated the presence of the same esterification pattern and aliphatic chain at C-17 as in
compound 2 (Tables 1 and 2). The main differences were the remarkable difference in
chemical shifts of C-8 (2: dc 139.69; 4: ¢ 152.20), and C-9 (2: d¢c 160.48; 4: oc 151.87),
and the presence of an additional keto group (dc 203.60) at C-11 in compound 4. The
position of this keto group was established based on its HMBC correlations with Hy-12 [0y
2.87d,2.58d (] = 16.1 Hz)]. NOESY correlations between H-3 and H-5, and H3-28, H-1x;
between H-2 and H-18, and H3-19; between H-128 and H3-18; between H-12a¢ and H-30;
and between H-30 and H-20 allowed the stereochemical features identical with those of
compounds 1 and 2 to be assigned for 4 (Figure 1).

Compound 5 (pholiol p) was obtained as a white amorphous solid with an optical
rotation of [¢]* —1.6 (c 0.05, MeOH). Its molecular formula was deduced to be C39Hs¢01
from HRESIMS sodium adduct ion peak at m/z 683.3767 [M + Na]* (calcd for C3;Hs56019Na*
683.3766). Comprehensive analysis of 'H NMR, 3C JMOD and 2D NMR data of 4 and 5
indicated the presence of the same 2,3,25-trihydroxy-7,11,24-triketo-triterpene core and
MeHMG esterification at C-2 as discussed at compound 4, with the exception of the acetoxy
group at C-3, which was replaced by a hydroxy group. This was clearly shown by the
H-3 signal at 011 3.28 d (J = 11.0 Hz) for 5, instead of H-3 at dy; 3.28 d (J = 11.0 Hz) for 4
(Tables 1 and 2). NOESY correlations between H-2/Hj3-19, H-3/Hj3-28, H-11a /H3-30, and
H3-28/H-6a permitted the same stereochemistry of 5 as that of 4.

Compound 6, pholiol Q, was isolated as a colorless amorphous solid with an optical
rotation of [¢]%p +5.0 (¢ 0.1, MeOH). Its molecular formula was determined to be C3gHzgOq
based on the HRESIMS ion peak at m/z 657.4010 [M-H] ™ (calcd for C3gHs709 ™, 657.4008).
Analysis of 'H NMR and '3C-JMOD as well as 2D NMR data demonstrated the presence
of a 3-hydroxy-3-methyl glutarate and an acetate group in 6, and the same side chain at
C-17 as in pholiols L-N (1-5) (Tables 1 and 2). NMR signals of 6 at 6y 5.53 t (H-7) and
5.39 d (H-11), and d¢ 121.19 (C-7), 143.87 (C-8), 146.28 (C-9), 118.31 (C-11) suggested two
trisubstituted olefin groups which were placed at C-7-C-8, and C-9-C-11 considering the
HMBC correlations of C-9 with H-7, H-12b, H-1b, H3-19, and those of C-8 with H-11, H-6,
and H3-30. NOESY cross-peaks between H-2/H3-29, H-2/H-18, H-18/H3-19, H-3/H-1«,
and H3-30/H-17 afforded the same stereochemical assignment of compound 6 as that of
1-5.

Compound 7, pholiol R, was isolated as a white amorphous solid with an optical
rotation of [a]**p +24.9 (c 0.05, MeOH). Its HRESIMS spectrum exhibited a molecular ion
peak at m/z 613.3768 [M-H]~ (calcd for C3H5305~, 613.3746) indicating the molecular
formula of C34H540g. 'H and '3C NMR assignments of 7, prepared by analysis of the 'H-'H
COSY, HSQC and HMBC spectra, showed that chemical shifts of 7 were very similar to that
of 6 differing only in the resonances of ring A protons and carbons (Tables 1 and 2). In case
of 7 a carbonyl group (6c 210.63) can be found at position C-3, as it was confirmed by the
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HMBC correlation between C-3 and H3-28 and H3-29. Cross-peaks in the NOESY spectrum
of 7 between H-2/H3-29, H-2/H3-19, H-20/Hj3-18, H;3-30/H-17, H-5/H3-28, H-5/H-6x,
and H-63/H-19 were in agreement with the stereostructure of 7, as depicted in Figure 1.

Compound 8 (pholiol S) was a colorless amorphous solid and had an optical rotation
of [a]®p —14.2 (c 0.1, CHCl3). Its HRESIMS spectrum exhibited sodium adduct ion peak at
669.3623 [M + HJ* (caled for C34H54019Na* 669.3609), indicating the molecular formula
of C34H54019. The 'H NMR and '3C JMOD spectra evidenced the presence of one acetate
and one 3-hydroxy-3-methylglutaryl 6-methyl ester group in the molecule, and a 27 carbon
atom containing basic skeleton (Tables 1 and 2). The chemical shifts of skeletal protons and
carbons were very similar to those of pholiol B [11], with exception of the resonances of
the C-17 side chain. The 'H-'H COSY spectrum of 8 indicated a structural fragment with
correlated protons at 6y 1.43 m, 0.92d (3H), 1.85m, 1.35 m, 2.40 m, 2.27 m [-CH(CH3)-CH,-
CH,-] which was assigned as C-20-C-23 part of 8. This structural fragment was coupled
with a carboxyl group (¢ 178.71, C-24) with help of its HMBC correlations with H-22 (5
1.85 m), and H-23 (6y 2.40 m, 2.27 m), and connected to C-17 as showed by the long-range
correlation of C-17 (d¢ 48.94) with H3-21 (6 0.92 d). NOESY correlations between H-2/Hjs-
29, H-2/H3-19, H-2/H-18, H-3/H;3-28, H-3/H-1«, H3-19/H-1B, and H3-18/H-20 proved
the stereochemistry of compound 8, as shown in Figure 1.

2.2. Evaluation of the Antiproliferative and Cytotoxic Activity of the Isolated Compounds

The compounds isolated in good yield, such pholiols L, M, O, Q, and S (1, 2, 4, 6, and
8), were investigated for their antiproliferative activity in vitro by MTT assay in human
colon adenocarcinoma cell lines, both sensitive (Colo 205) and resistant (Colo 320) ones,
hormone-responsive breast cancer (MCF-7), human non-small cell lung cancer (A549), and
human embryonic lung fibroblast cell line (MRC-5). The anticancer drug doxorubicin was
used as a reference agent. The results, obtained as the concentration of the compound that
produced half of the inhibition (ICs), are shown in Table 3. The highest antiproliferative
effects were observed for pholiols M (2) and O (4) against the MCF-7 cell line, with ICsg
values of 2.48 and 9.95 uM, respectively. These compounds were also potent against Colo
205 cells, but to a lower extent [ICsy 23.91 (2), and 23.30 uM (4)], while pholiol L (1) was
moderately active on the MRC-7 cell line (ICsg 21.74 uM). Structurally, compounds 2 and
4 are lanostane triterpenes with 2,3-diester-7-on-8 (9)-en functionalities, with a further
11-keto (4) or 12-hydroxy group (2). All other compounds exhibited weaker activity on the
viability of the treated cancer cells, displaying ICs5, values ranging from 28.07 to 89.84 uM.
Compounds 1, 2, 4, 6, and 8 were tested for their antiproliferative activity in the non-
cancerous human embryonic lung fibroblast cell line as well, and on the basis of these
results, selectivity indexes (SI) were calculated. The SI values of pholiol M (2) > 40 and
4.18 indicated its strong and moderate tumor cell selectivity regarding the MCF-7 and Colo
205 cell lines, respectively, whereas SI values of 4.3 and 1.8 of pholiol O (4) indicated this
compound to be moderately or slightly selective towards Colo 205 cells [14]. Compounds
1, 6, and 8 did not display selectivity to cancerous cell lines over normal cells.

The direct cytotoxic effects of the compounds were determined similarly by MTT
assay on the Colo 205, Colo 320, MCF-7, A549, and MRC-5 cell lines, using a higher
cell population and a shorter exposure than in the antiproliferative test. Under these
conditions, the direct killing effect can be measured instead of the cell growth inhibitory
activity. Significant difference between the antiproliferative and cytotoxic effects displayed
selectivity for the growing cell population without directly killing the exposed cells. Such a
result was exhibited by pholiols M (2) and O (4), for which, no cytotoxic effect could be
detected on MCF-7 cells (IC5p > 100 uM), proving their action exclusively on tumor cell
proliferation. Considering all other compounds and cell lines, moderate cytotoxic activities
were measured with ICsy from 31.52 to over 100 uM (Table 4).
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Table 3. Antiproliferative activity (IC59 M) of pholiols L, M, O, Q, and S (1, 2, 4, 6, and 8) in human
sensitive (Colo 205) and resistant (Colo 320) colon adenocarcinoma cells. and normal embryonal
fibroblast (MRC-5) cell line.

Colo 205 Colo 320 MCF-7 A549 MRC-5
Compd.
Mean SD Mean SD Mean SD Mean SD Mean SD
1 32.41 0.89 28.07 4.62 21.74 0.88 53.73 1.27 70.86 1.22
2 23.91 0.026 32.51 2.97 2.48 0.16 >100 - >100 -
4 23.39 0.060 42.14 0.15 9.95 0.37 51.53 1.61 42.89 1.34
6 49.97 0.52 69.19 2.67 46.28 1.86 51.21 1.04 >100 -
8 59.87 0.55 68.54 4.40 35.33 3.03 89.84 0.75 >100 -
Dox 0.0617 0.0128 0.25 0.06 0.155 0.0027 1.04 0.097 0.52 0.018
DMSO >2% - >2% - >2% - >2% - >2% -
Dox = doxorubicin.
Table 4. Cytotoxic activity in human sensitive (Colo 205) and resistant (Colo 320) colon adenocarci-
noma cells and relative resistance ratio of pholiols L, M, O, Q,and S (1, 2, 4, 6, and 8).
Compd. ICs50 (uM) RR? ICs59 (uM)
Colo 205 (A) Colo 320 (B) (B/A) MCF-7 A549 MRC-5
Mean SD Mean SD Mean SD Mean SD Mean SD
1 40.33 1.64 33.92 1.84 0.84 43.69 0.03 93.61 1.94 66.08 1.36
2 35.93 0.44 67.22 3.86 1.87 >100 - 58.12 0.70 >100 -
4 31.52 0.91 91.52 4.96 2.90 >100 - 56.86 1.53 57.99 0.82
6 56.12 0.84 34.73 1.24 0.62 43.78 0.18 85.88 241 >100 -
8 57.50 0.96 57.52 2.36 1.0 42.99 0.61 83.65 6.06 55.27 0.41
Dox 3.32 0.083 11.96 0.88 3.60 5.73 1.02 10.22 0.07 3.60 0.35
DMSO >2% - >2% - >2% - >2% - >2% -

2 RR (relative resistance ratio) = ICs resistant/ICs sensitive; Dox = doxorubicin

Comparison of the cytotoxic activities on drug-resistant (Colo 320) and sensitive (Colo
205) cells allowed for the detection of relative resistance (RR), which was calculated as
the ratio of the ICsj value in the resistant and in sensitive cancer cell lines. Compounds
with RR < 1 show selectivity against resistant cells, whereas RR < 0.5 means that the
compounds have a collateral sensitivity (CS) effect [15]. The calculated RR values of the
tested compounds showed selectivity against the resistant Colo 320 cells of pholiols L (1)
(RR 0.84) and Q (8) (RR 0.62) (Table 4).

3. Materials and Methods
3.1. General Experimental Procedures

The optical rotations were determined using a JASCO p-2000 polarimeter (JASCO In-
ternational, Co., Ltd., Hachioji, Tokyo, Japan). High-resolution mass spectrometry (HRMS)
was performed on a Thermo Velos Pro Orbitrap Elite (Thermo Fisher Scientific, Bremen,
Germany) instrument, using electron spray ionization (ESI) method, operating in the pos-
itive or negative ion mode. The (de)protonated molecular ion peaks were fragmented
by the collision-induced dissociation method (CID) at a normalized collision energy of
35%. Helium was used as a collision gas in the CID experiments. The data were ac-
quired and processed with MassLynx software. NMR spectra were recorded in CDCl3
or CD3;0D on a Bruker Avance DRX 500 spectrometer (Bruker, Billerica, MA, USA) at
500 MHz (*H) and 125 MHz (13C). The signals of the deuterated solvents were taken as
references. Two-dimensional (2D) NMR measurements were carried out with standard
Bruker software. In the COSY, HSQC, and HMBC experiments, gradient-enhanced versions
were applied. Flash chromatography (FC) was performed on a CombiFlash Rf+ Lumen
instrument with integrated UV, UV-Vis, and ELS detection using normal phase (silica 60,
0.045-0.063 mm, Molar Chemicals, and RediSep Rf Gold, Teledyne Isco, Lincoln NE, USA)
flash column. Sephadex LH-20 (25-100 um, Sigma-Aldrich, MO, USA) was employed for
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gel filtration (GF). Reversed-phase HPLC (RP-HPLC) and normal-phase HPLC (NP-HPLC)
separations were carried out on a Shimadzu LC-10 A S HPLC instrument equipped with
a UV-Vis detector (Shimadzu, Co., Ltd., Kyoto, Japan) over reversed-phase (RP-HPLC,
LiChrospher RP-18, 5 pym, 250 x 4 mm) and normal-phase (NP-HPLC, LiChrospher Si60,
5 um, 250 x 4 mm) columns, respectively. Preparative thin-layer chromatography (Prep
TLC) was conducted using silica plates (20 x 20 cm silica gel 60 Fps4, Merck 105,554).
Sigma-Aldrich Kft. (Budapest, Hungary) and Molar Chemicals (Halasztelek, Hungary)
provided the chemicals used in this research.

3.2. Mushroom Material

Sporocarps of Pholiota populnea (Pers.) Kuyper & Tjall-Beuk. (Strophariaceae) were gath-
ered in the autumn of 2017 near Szeged, Hungary (46.400556, 20.190556). The samples were
identified by Attila Sandor (Mushroom Society of Szeged, Hungary) and stored at —20 °C
until processing. A voucher specimen was deposited at the Institute of Pharmacognosy,
University of Szeged, Szeged, Hungary (No. H019).

3.3. Extraction and Isolation

The fresh mushroom material (4.2 kg) was ground in a blender and then percolated
with MeOH (20 L) at room temperature. After concentration, the dry residue (151 g) was
dissolved in 600 mL of 50% aqueous MeOH and subjected to solvent-solvent partition
with n-hexane (5 x 500 mL), CHCI3 (5 x 500 mL), and then EtOAc (5 x 500 mL). The
chloroform-soluble phase (7 g) was subjected to gel filtration (GF) on Sephadex LH-20,
using dichloromethane-methanol (1:1) as a mobile phase, providing 10 fractions (F1-10).
The combined fractions F5 (780 mg) and F6 (320 mg) were further separated by flash
chromatography (NP-FC) on silica gel (12 g) using an n-hexane-acetone gradient system
(linear from 0% to 100% acetone, t = 65 min), and at the end, MeOH for 8 min. Fractions with
similar compositions were combined based on TLC monitoring (G1-21). Fraction G12 (161
mg) was separated by RP-HPLC with HyO- MeCN (25:75) as mobile phase, which resulted
in 5 fractions (K1-5). Purification of fraction K2 (54.6 mg) was conducted by NP-HPLC
using a cyclohexane—ethyl acetate (25:75) solvent system to isolate compounds 1 (8.2 mg), 8
(8.3 mg), and to obtain 3 other subfractions (L1-3). Subfraction L1 (5.6 mg) was purified
by NP-HPLC (mobile phase: cyclohexane-EtOAc, 15:50) to yield compound 2 (2 mg).
Subfraction L3 (15 mg) was further purified by RP-HPLC, applying an isocratic system
of HyO-MeOH (28:72), which led to the isolation of compound 3 (1.1 mg) and compound
5 (1.2 mg). Compound 6 (7.9 mg) was obtained by further purification of fraction K4
(8.8 mg) via preparative Prep TLC, using n-hexane—acetone (1:1) as developing system.
Fraction G11 (250 mg) was first separated by HPLC (mobile phase: HyO-MeOH, 20:75) on a
LiChrospher RP18 column, affording 3 subfractions (M1-3). RP-HPLC was applied for the
final purification of M2 (10.3 mg) by using a HyO-MeOH (20:80) solvent system to yield
compound 4 (1.2 mg). In our previous work [12] on P. populnea, fraction EA3 (370 mg) was
obtained from the ethyl acetate phase using multiple steps of chromatographic methods.
Fraction EA3 (370 mg) was further separated by NP-HPLC using cyclohexane-EtOAc
(2:8) as mobile phase, and 3 subfractions (EA3a-c) were yielded. Compound 7 (1.2 mg)
was isolated from fraction EA3a (90 mg) by RP-HPLC, using a linear gradient system of
H,;0-MeOH from 75% to 95% MeOH, and then an isocratic system of H,O-MeOH (10:90).

3.4. Spectroscopic and Physical Characteristic of Compounds

Pholiol L (1) colorless amorphous solid; [4]®p —11.6 (c 0.1, CHCl3); for 'H and 13C
NMR spectroscopic data, see Tables 1 and 2; HRESIMS m/z 647.4147 [M + H]* (calcd for
C37H5909" 647.4154).

Pholiol M (2) colorless amorphous solid; [2]®p —10.9 (c 0.05, CHCl3); for 'H and 13C
NMR spectroscopic data, see Tables 1 and 2; HRESIMS m/z 703.4078 [M-H] ™ (calcd for
C39H59011~ 703.4063).
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Pholiol N (3) white amorphous powder; [4]%p —8.9 (c 0.05, CHCl3); for 'H and 13C
NMR spectroscopic data, see Tables 1 and 2; HRESIMS m/z 727.4041 [M + Na]* (calcd for
C39H60011Na+ 727.4.028).

Pholiol O (4) colorless amorphous solid; [«]*'p +11.8 (c 0.05, CHCl3); for 'H and 13C
NMR spectroscopic data, see Tables 1 and 2; HRESIMS m/z 725.3877 (M + Na)*, (calcd for
C39H58011Na+ 725.3871) and 703.4063 [M + H]+ (calcd for C39H59011+ 703.4052).

Pholiol p (5) white amorphous powder; [¢]*3 —1.6 (c 0.05, MeOH); for 'H and 3C
NMR spectroscopic data, see Tables 1 and 2; HRESIMS m/z 683.3767 [M + Na]* (calcd for
C37H56010Na+ 683.3766).

Pholiol Q (6) colorless amorphous solid; [¢]*'p +5.0 (c 0.1, MeOH); for 'H and 3C
NMR spectroscopic data, see Tables 1 and 2; HRESIMS m/z 657.4010 [M-H] ™ (calcd for
CsgHs57,09 7, 657.4008).

Pholiol R (7) colorless white amorphous solid; [«]??p +24.9 (c 0.05, MeOH); for 'H and
13C NMR spectroscopic data, see Tables 1 and 2; HRESIMS /z 613.3768 [M~H]~ (calcd for
C36Hs5305 ™ 613.3746).

Pholiol S (8) colorless amorphous solid; [¢]Pp —14.2 (¢ 0.1, CHCl3); for 'H and 13C
NMR spectroscopic data, see Tables 1 and 2; HRESIMS m/z 669.3623 [M + Na]* (calcd for
C36H54010Na+ 6693609)

3.5. Cytotoxic and Antiproliferative Assays

Cell Line Cultures: The human colon adenocarcinoma cell lines, Colo 205 (ATCC-CCL-
222) doxorubicin-sensitive parent and Colo320/MDR-LRP (ATCC-CCL-220.1) doxorubicin
resistant expressing ABCB1, were purchased from LGC Promochem (Teddington, UK). The
cells were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 2 mM L-glutamine, 1 mM Na-pyruvate, 100 mM HEPES. The MRC-5
(ATCC CCL-171) human embryonic lung fibroblast cell line and the hormone-responsive
breast cancer cell line MCF-7 (ATCC HTB-22) were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). The MCF-7 and MRC-5 cells were cultured in Eagle’s
Minimal Essential Medium (EMEM) containing 4.5 g/L of glucose and supplemented
with a non-essential amino acid mixture, a selection of vitamins, and 10% FBS. The cell
lines were incubated at 37 °C, 5% CO;, and 95% air atmosphere. The cells were detached
with Trypsin-Versene (EDTA) solution for 5 min at 37 °C. The human non-small cell lung
cancer cell line A549 was kindly provided by Brigitte Marian (Institute of Cancer Research,
Department of Medicine I, Medical University of Vienna, Austria). A549 cells were grown
in Eagle’s Minimal Essential Medium (EMEM) supplemented with 10% heat-inactivated
fetal bovine serum.

Antiproliferative Assays: The antiproliferative effect of the compounds was tested
in decreasing serial dilutions of compounds (starting with 100 uM, then two-fold serial
dilution) on human cell lines (Colo 205, Colo 320, MCF-7, A549, and MRC-5) in 96-well
flat-bottomed microtiter plates. Firstly, the compounds were diluted in 100 uL of the
medium, and then, 6 x 103 cells (Colo 205, Colo 320) in 100 uL of RPMI medium were
added to each well, excluding the medium control wells. The adherent MCF-7, A549, and
MRC-5 cells (6 x 103 cells/well) were seeded in EMEM medium for at least 4 h before
the assay. The two-fold serial dilutions of the compounds were made in a separate plate
(100-0.19 uM) and then transferred to the plates containing the adherent-corresponding
cell line. Culture plates were incubated at 37 °C for 72 h, and at the end of the incubation
period, 20 uL of MTT (thiazolyl blue tetrazolium bromide) solution (from a 5 mg/mL stock
solution) was added to each well and incubated for an additional 4 h. Then, 100 pL of
sodium dodecyl sulfate (SDS) solution (10% SDS in 0.01 M HCI) was added to each well,
and the plates were further incubated at 37 °C overnight in a CO, incubator. Cell growth
was determined by measuring the optical density (OD) at 540/630 nm with a Multiscan
EX ELISA reader (Thermo Labsystems, Cheshire, WA, USA). The percentage of inhibition
of cell growth was determined according to Equation (1), and expressed as ICsj values,
defined as the concentration that induces 50% growth inhibition. ICsy values and the
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standard deviation (SD) of triplicate experiments were calculated using GraphPad Prism 5
software for Windows. Doxorubicin (2 mg/mL, Teva Pharmaceuticals, Budapest, Hungary)
was used as a positive control and the vehicle DMSO as the negative control (Table 3).

ODsumple — OD edium control

IC50 = x 100 (1)

ODcell control — ODmedium control

Assay for Cytotoxic Effect: The effects of increasing concentrations of the compounds
on cell growth were tested in 96-well flat-bottomed microtiter plates, as described for the
antiproliferative assay, using 1 x 10* cells/well. The culture plates were incubated at 37 °C
for 24 h; at the end of the incubation period, 20 uL of MTT solution (from a 5 mg/mL
stock solution) was added to each well. After incubation at 37 °C for 4 h, 100 puL of sodium
dodecyl sulfate (SDS) solution (10% SDS in 0.01 M HCl) was added to each well, and
the plates were further incubated at 37 °C overnight. Cell growth was determined by
measuring the optical density (OD) at 540 nm (ref 630 nm) with a Multiscan EX ELISA
reader (Thermo Labsystems, Cheshire, WA, USA). Inhibition of cell growth was expressed
as ICs (Table 4).

Sample preparation: The compounds were dissolved in DMSO to achieve the final
concentration of 5 mM. The starting concentration of the compounds was 100 uM and
2-fold serial dilutions were prepared for the antiproliferative and cytotoxic assays. The
following concentrations were used: 100-50-25-12.5-6.25-3.125-1.56-0.78-0.39-0.195 pM.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph16010104/s1, Figures S1-556: NMR and MS spectra.
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ABSTRACT: In the course of our mycochemical studies the extract of Clitocybe nebularis was investigated with the aim
to identify its bioactive secondary metabolites. Multistep chromatographic purification of the MeOH extract of C.
nebularis resulted in the isolation of two steroids and an organic acid from the CHCl3 and ethyl acetate soluble fractions.
The structures of the compounds were determined by NMR and MS spectroscopy as 5a-ergosta-7,22-diene-3[3,5,63-triol
(cerevisterol) (1), (22E,24S)-5a-ergosta-7,22-diene-3f3,5,6P,9a-tetraol (2), and indole-3-carboxylic acid (3). The
antimicrobial activity of the compounds was analyzed by agar disc diffusion method against human pathogen strains
of Streptococcus agalactiae, Staphylococcus epidermidis, Moraxella catarrhalis, Haemophilus influenzae, and Proteus mirabilis.
The susceptibility assay revealed that compounds 2 and 3 have weak antimicrobial activity against M. catarrhalis. The
current study represents the first isolation of compounds 1-3 from C. nebularis.

KEYWORDS: Clitocybe nebularis; steroids; antimicrobial activity; Tricholomataceae.

1. INTRODUCTION

Edible and even toxic mushrooms are a valuable source of therapeutically important or nutritive
compounds. Many mushroom species were reported to produce a large variety of secondary metabolites with
unique chemical structures and interesting biological activities. Clitocybe nebularis (Batsch) P. Kumm. [syn.:
Lepista nebularis (Fr.) Harmaja] known as clouded agaric or cloud funnel, member of the family
Tricholomataceae is a common species of both conifer and broad-leaved forests in temperate and hemiboreal
zones across Europe and North America [1]. C. nebularis is generally considered edible, but the strong,
aromatic odor dissuades some people and can cause upset after consuming [2,3]. Pharmacological
investigations revealed the neuroprotective, antioxidant, antimicrobial and cytotoxic properties of the acetone
extract of C. nebularis [4] and demonstrated its significant antiproliferative and cytotoxic activities [5,6].

Previously various types of bioactive compounds have been reported from sporocarps of C. nebularis.
Nebularine a purine riboside with bacteriostatic activity was the first biologically active compound isolated
and identified from this mushroom [7]. Besides its antimicrobial activity nebularine displayed a
noncompetitive inhibitory effect on xanthine oxidase [8], and possessed plant cytotoxic [9], antifungal and
antibacterial properties [10,11]. In addition to nebularine, phenylacetic acid, purine, uridine, adenine, uracil,
benzoic acid, and mannitol were also isolated [10]. Clitocypin, the inhibitor of cysteine proteinases has been
identified in fruit bodies of C. nebularis, and its structure has been determined to have single protein sequence
of 150 amino acids [12]. Small and stable proteins named Clitocybe nebularis lectin (CNL) were identified in the
fruiting bodies along with several similar isolectins. CNL is a B-trefoil type lectin forming homodimers, which
displays a remarkable immunostimulation of human dendritic cells, producing a strong T helper cell type 1
response. CNL therefore can be regarded as a promising candidate for different applications in medicine [13].
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The recently identified -trefoil protein cnispin with protease inhibitory potency proved to be highly specific
for trypsin [14]. The examination of free amino acids, fatty acids and sterols of C. nebularis revealed that the
most abundant free amino acids are alanine, proline, serine and valine, while among fatty acids linoleic and
palmitic acids predominated. The presence of ergosterol as the main sterol was also demonstrated [15].
Volatile compounds of C. nebularis were analyzed by GC-MS and 1-octen-3-ol and linalool were identified as
key components [16].

The major objective of the present study was to identify the characteristic lipophilic secondary
metabolites of C. nebularis and determine their antimicrobial activity.

2. RESULTS AND DISCUSSION

Mycochemical investigation of the chloroform (CHCls) and ethyl acetate (EtOAc) phases of the
methanolic (MeOH) extract of C. nebularis resulted in the identification of three compounds (1-3) (Figure 1).
Identification of the isolated compounds was carried out by 1D and 2D NMR studies. Structure elucidation
revealed compounds 1-3 to be 5a-ergosta-7,22-diene-3(3,5,6p-triol (=cerevisterol) (1), (22E,24S)-5a-ergosta-
7,22-diene-3f3,5,63,9a-tetraol (2), and indole-3-carboxylic acid (3) [17-19]. Several attempts have been made to
identify the major bioactive compounds of different Clitocybe species [20, 21], nevertheless, it is important to
note that compounds 1, 2 and 3 were isolated for the first time from C. nebularis.

Mushrooms are characterized by accumulation of steroids, and a high number of studies have been
reported the isolation of steroids from edible mushrooms, e.g., Wolfiporia cocos [22], Lentinus tigrinus [23],
Lentinula edodes and Tricholoma matsutake [24]. Steroids of C. nebularis have been analyzed by Morelli et al., and
cyclolaudenol, 31-norcyclolaudenol, portensterol, ergosterol, and campesterol were found [25]. Interestingly
in our experiment these steroids were not identified, but cerevisterol (1) and (22E,24S5)-5a-ergosta-7,22-diene-
3PB,5,6,9a-tetraol (2) could be isolated. Cyclolaudenol, 31-norcyclolaudenol are based on 19-cyclolanostane
skeleton, while portensterol, ergosterol, and campesterol have ergostane scaffold, as well as our isolated
compounds 1 and 2. In the study of Senatore steroids of C. nebularis were analyzed by GC-MS measurements
[15]. It was stated that Cos sterols are the principal sterols with lower amounts of Co7 and Cag sterols. Ergosterol
was found to be the most abundant sterol comprising 62-68% of the total sterol content. Among the minor
compounds ergosterol derivatives (CasA>7, CasA722 and CagA?), CosAS, CasA>?22, CrsA>24(2) sterols, cholesterol,
desmosterol, pB-sitosterol, stigmasterol and fucosterol were detected in low or trace amount. Comparing the
five studied Clitocybe species (C. aurantiaca, C. candida, C. cinerascens, C. geotropa, C. nebularis), no substantial
differences were found by this method among mushrooms belonging to the same genus [15].

This is the first report on the presence of indole 3-carboxylic acid (3) in the genus Clitocybe, previously
only structurally close indole derivatives (indole 3-carbaldehyde) were isolated from a Clitocybe species [26].
Indol derivatives were reported as the dominant odorous constituents responsible for the complex odor of the
taxonomically related Tricholoma species [27].

Figure 1. Compounds isolated from C. nebularis.

The isolated compounds were subjected to antimicrobial evaluation with regards to the previous
proved activities of Clitocybe species against various microorganisms [10,28]. The antibacterial activity of
compounds 1-3 was investigated by agar disc diffusion method (Table 1). The antibacterial susceptibility test
was measured against Streptococcus agalactine (ATCC 13813), Staphylococcus epidermidis (ATCC 12228),
Moraxella catarrhalis (ATCC 25238), Haemophilus influenzae (ATCC 49766), and Proteus mirabilis (HNCMB 60076)
strains. Compound 2 and 3 inhibited marginally the growth of M. catarrhalis strain, whereas this strain shown
resistance against compound 1.
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Earlier studies demonstrated that cerevisterol (1) inhibited the growth of bacteria other than tested here
(MIC value 25 pg/mL against S. typhi, S. aureus and A. niger, and MIC 50 pg/mL against E. faecalis) [29], while
it was inactive against Bacillus subtilis, B. pumilus, S. aureus, M. luteus, C. albicans and A. niger at 20 ng/mL
tested by disk diffusion method [30]. Similarly indol 3-carboxylic acid (3) was tested previously against a series
of pathogenic fungi (Fusarium avenaceum, F. graminearum, F. culmorum and Pyricularia oryzae) and bacteria (S.
aureus, E. coli and B. subtilis) but no antifungal or antibacterial activity was observed [31]. For (22E,245)-5a-
ergosta-7,22-diene-3,5,6,9a-tetraol (2) no antibacterial data are available in the literature.

Table 1. Antimicrobial activity of compounds 1-3 isolated from C. nebularis. (5 mg/mL concentration).

Diameter of inhibition zone (mm)

Compound S. agalactiae S. epidermidis M. catarrhalis H. influenzae P. mirabilis
1 - - - - -
2 - - 7 - -
3a - - 7 - -

S. agalactiae (Streptococcus agalactine ATCC 13813), S. epidermidis (Staphylococcus epidermidis ATCC 12228), M. catarrhalis
(Moraxella catarrhalis ATCC 25238), H. influenzae (Haemophilus influenzae ATCC 49766), P. mirabilis (Proteus mirabilis
HNCMB 60076); » For compound 3 4 mg/mL concentration was used.

3. CONCLUSION

The present study provides a detailed chemical analysis of the mushroom C. nebularis aiming at the
isolation of apolar metabolites of the MeOH extract. Further studies are required to determine how the isolated
compounds contribute to other bioactivities of this species. Our data together with earlier published ones
demonstrate the high diversity of compounds in C. nebularis and points to the potential of the mushroom as a
natural source of chemical compound for pharmacological applications.

4. MATERIALS AND METHODS
4.1. General

The chemicals used in this research were provided by Molar Chemicals and Sigma-Aldrich Hungary.
Flash chromatography was carried out on a CombiFlash®Rf+ Lumen Instrument with integrated UV, UV VIS,
and ELS detection using reversed and normal phase flash columns filled with RediSep C18 Bulk 950 (Teledyne
Isco, Lincoln, NE, USA USA) and Silica 60 (0.045-0.063 mm) (Molar Chemicals, Halasztelek, Hungary),
respectively. Preparative thin layer chromatography (TLC) was performed using silica plates (20x20 cm Silica
gel 60 Fass, Merck 105554).

HRMS and MS analyses were performed on a Thermo Velos Pro Orbitrap Elite and Thermo LTQ XL
(Thermo Fisher Scientific) system. The ionization method was ESI operated in positive (or negative) ion mode.
The (de)protonated molecular ion peaks were fragmented by CID at a normalized collision energy of 35%. For
the CID experiment helium was used as the collision gas. The samples were dissolved in methanol. Data
acquisition and analysis were accomplished with Xcalibur software version 4.0 (Thermo Fisher Scientific).
NMR data were collected in methanol-ds at 25 °C on a Bruker 500 MHz Avance III HD spectrometer equipped
with a liquid helium cooled TCI cryoprobe. Chemical shifts were referenced to residual solvent signals (3.31
(*H) and 49.15 ppm (13C) MeOD-dy). Standard 'H, 13C, 2D-HSQC, 2D-HMBC, and ROESY data were collected
in all cases using the pulse sequences available in the Topspin 3.5 pulse sequence library. The NMR
assignments of all isolated compounds were in agreement with those reported earlier in the literature [17-19].

4.2. Mushroom material

Samples of C. nebularis (Batsch) P. Kumm. were collected in 2017 from the environs of Sandorfalva and
Csakanyospuszta, Hungary and identified by A. Sandor (Hungarian Mycological Society) and V. Papp.
Voucher specimens have been deposited in the mycological collection of the Hungarian Natural History
Museum (VPapp-1110171).
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4.3. Extraction and isolation

The fresh mushroom material (5.6 kg) was extracted with MeOH (20 L) at room temperature. After
concentration, the MeOH extract (54 g) was dissolved in 50% aqueous MeOH and subjected to solvent-solvent
partition using n-hexane (5 x 500 mL), CHCI; (5 x 500 mL), and then EtOAc (5 x 500 mL). The CHCl; soluble
phase (2.12 g) was separated by flash chromatography (NP-FC) on silica gel (40 g) using a gradient system of
n-hexane-acetone (linear from 100:0 to 0:100, t = 60 min). According to TLC monitoring, fractions with similar
compositions were combined (C1-C15). Fractions C7 (142 mg), C8 (108 mg) and C9 (69 mg) were further
chromatographed by RP1s-FC (12 g) using a mixture of H,O and MeOH (linear gradient from 40 to 90% MeOH,
t =45 min), then further purified by FC on RP1s column (4 g) using HxO-MeOH solvent system (linear gradient
from 50% to 95% MeOH, t = 45 min), which resulted in the isolation of compounds 1 (31 mg) and 2 (2.7 mg).
The EtOAc phase (4.15 g) was separated by NP-FC (80 g) using n-hexane-acetone with increasing polarity
(from 100:0 to 65:35, t = 60 min), to obtain 20 major combined fractions (E1-20). Fractions E13 (33 mg), E14 (18
mg) and E15 (20 mg) were further separated by a combination of NP-FC (4 g sorbent, n-hexane-acetone (linear
gradient from 75:25 to 30:70, t = 50 min) and preparative TLC using a CHCl3-MeOH (97:3) solvent system to
isolate compound 3 (2 mg).

4.4. Bacterial strains and culture conditions

The test microorganisms used in this study were 4 standard and 1 clinical isolate with different antibiotic
resistance profile. The standard Gram-positive strains were Streptococcus agalactine (ATCC 13813), and
Staphylococcus epidermidis (ATCC 12228). The standard Gram-negative strains were Moraxella catarrhalis (ATCC
25238), and Haemophilus influenzae (ATCC 49766). Proteus mirabilis (HNCMB 60076) was applied as clinical
strain. Bacterial cultures were grown on standard Mueller-Hinton agar (MH) and horse blood (MHF) plates
at 37 °C under aerobic environment.

4.5. Determination of antibacterial activity

Screening of antibacterial activity of compounds against standard bacterial strains for their inhibition
zones was carried out by standard disc diffusion method [32]. Concisely, the compounds were dissolved in
DMSO at concentration 5 (1 and 2) and 4 (3) mg/mL. The bacterial suspension (inoculums 0.5 McFarland, 1-
2x108 CFU ml') was spread on plate and the sterile filter paper discs (6 mm in diameter) impregnated with 10
pL of the compound solution was placed. DMSO served as negative control, and ampicillin, erythromycin,
imipenem, cefuroxime and vancomycin were used as positive control. The plates were incubated (35 +/-2 °C
for 24 h) under aerobic conditions. The diameters of inhibition zones created by the compounds (including the
disc) were measured and recorded.
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