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Worldwide, 463 million people are affected by diabetes of which the majority is diagnosed with Type 2 Diabetes
(T2D). T2D can ultimately lead to retinopathy, nephropathy, nerve damage, and amputation of the lower ex-
tremities. a-Glucosidase, responsible for converting starch to monosaccharides, is a key therapeutic target for the
management of T2D. However, due to substantial side effects of currently marketed drugs, there is an urgent
need for the discovery of new a-glucosidase inhibitors. In our ongoing efforts to identify novel a-glucosidase
inhibitors from Nature, we are investigating the potential of endophytic filamentous fungi as sustainable sources
of hits and/or leads for future antihyperglycemic drugs. Here we report one previously unreported xanthone (5)
and two known xanthones (7 and 11) as a-glucosidase inhibitors, isolated from an endophytic Penicillium ca-
nescens, recovered from fruits of Juniperus polycarpos. The three xanthones 5, 7, and 11 showed inhibitory ac-
tivities against a-glucosidase with ICs, values of 38.80 = 1.01 pM, 32.32 + 1.01 uM, and 75.20 * 1.02 uM,
respectively. Further pharmacological characterization revealed a mixed-mode inhibition for 5, a competitive
inhibition for 7, while 11 acted as a non-competitive inhibitor.

1. Introduction

At present, 463 million people are diagnosed with diabetes
Worldwide, with 90% of the cases attributed to Type 2 diabetes (T2D).
T2D is associated with fluctuations in the blood glucose levels, which
can lead to several serious complications, including cardiovascular
diseases, retinopathy, nephropathy, neuropathy, and amputation of
lower extremities [1,2]. Moreover, T2D constitutes a severe economic
societal burden, estimated to amount to USD 760 billion in annual
global health expenditure in 2017 [2].

Due to its role in the enzymatic hydrolysis of starch-containing
nutrients and certain disaccharides into glucose, inhibition of a-glu-
cosidase constitutes a promising strategy for managing T2D [3,4]. Only
a few a-glucosidase inhibitors (e.g., acarbose, miglitol, and voglibose)
have been marketed, and these are all carbohydrate mimics and asso-
ciated with multiple gastrointestinal adverse effects [4]. Thus, dis-
covery of new non-carbohydrate drug leads targeting a-glucosidase
might provide an approach for T2D treatment with less adverse effects,
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ultimately improving patient welfare.

Nature has proven to be a promising source of a-glucosidase in-
hibitors, e.g., compounds isolated from medicinal plants [5-9] and
functional foods [9-13]. A complementary approach for discovering
novel compounds, capable of inhibiting a-glucosidase, is to investigate
the endophytic fungi associated with traditional medicinal plants.

Endophytic fungi are microorganisms living inside plant tissues in a
non-pathogenic fashion. Here, fungi can produce secondary metabolites
similar to or derivatives of those produced by the host plant [8,14,15].
This is the case for the anticancer compound paclitaxel, which is pro-
duced by the endophytic fungus Taxomyces andreanae as well as by its
host plant Pacific yew [15]. Endophytes have also been shown to pro-
duce compounds that complement the host plant's defense, such as the
insecticidal nodulisporic acid A, produced by Nodilusporium sp. isolated
from woody plant tissue [16].

Identification of pharmacologically active compounds from natural
sources is challenging due to chemical complexity of crude extracts.
Here, we perform microfractionation of the crude extract into 96-well
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plates, used for creating a biochromatogram that can be used to pin-
point a-glucosidase inhibitory constituents directly from the crude ex-
tract. This technique has previously proved to be a very efficient
methodology for identification of natural product-derived a-glucosi-
dase inhibitors [6,12,13,17,18].

The genus Juniperus (Cupressaceae) has been used as antidiabetic
traditional medicine on several continents [19,20], and hence it is an
interesting as a potential source of antidiabetic endophyte-derived
natural products. As part of our ongoing research on identification of
potential T2D drug leads from endophytic filamentous fungi, we here
report the structure elucidation and pharmacological characterization
of a-glucosidase inhibitors from Penicilliumcanescens isolated from Ju-
niperuspolycarpos. P. canescens has been reported to produce several
antibiotic and antifungal secondary metabolites including canescin,
griseofulvin, and various xanthones [21-24]. In this work, we report
the a-glucosidase inhibitory effects of one (5) previously undescribed
and two known xanthones from this fungal species.

2. Experimental section
2.1. Chemicals

a-Glucosidase from Saccharomyces cerevisiae type I, lyophilized
powder (EC 3.2.1.20), p-nitrophenyl a-p-glucopyranoside (p-NPG),
acarbose, sodium phosphate dehydrate, and disodium phosphate, so-
dium azide, MgCl,, yeast extract peptone dextrose (YPD) medium, tri-
saminomethane (tris)/HCl, KCl, (NH,)»SO4, MgSO,4, BSA and Triton-X
were purchased from Sigma-Aldrich (Darmstadt, Germany); deox-
ynucleotide triphosphates (dANTPs) were purchased from Bio Basic
(Markham, Canada), while dimethyl sulfoxide (DMSO) was purchased
from Carl Roth (Karlsruhe, Germany). All primers were synthesized by
TAG Copenhagen (Copenhagen, Denmark). Ethyl acetate, HPLC grade
acetonitrile and methanol were obtained from VWR International
(Fontenay-sous-Bois, France), while DMSO-dg, chloroform-d, and me-
thanol-d; were purchased from Eurisotop (Gif-Sur-Yvette Cedex,
France). Formic acid, Potato Dextrose Agar (PDA), Yeast Extract
Sucrose Agar (YES), and silica gel 60, 0.04-0.06 mm, were purchased
from Merck (Darmstadt, Germany). Water was purified by 0.22 pM
membrane filtration and deionized by using a Barnstead Nanopure
system from Thermo Scientific (Waltham, MA, USA) or a Milli-Q Plus
system (Millipore, Billerica, MA, USA). DNeasy UltraClean Microbil kit
was purchased from Qiagen (Hilden, Germany), while GFX PCR DNA
and Gel Band Purification kits were purchased from GE Healthcare
(Chicago, IL, USA).

2.2. Isolation and identification of the fungal strain

Fruits of Juniperus polycarpos K. Koch var. seravschanica (Kom.)
Kitam. were collected in Estahban, Iran (29.08°N, 54.04°E), placed in
sealable bags, and stored at 4 °C until further use. No later than 48 h
after collection, the fruits were cut into 5 mm pieces before being
thoroughly washed in distilled water, and then submerged in 70%
ethanol for 1 min, and then in 5% sodium hypochlorite for 2 min, after
which they were thoroughly rinsed in sterile water three times. The
surface-sterilized fruits were placed on PDA media in Petri dishes, and
then incubated at 25 °C for 12 days. From these cultures, P. canescens
was isolated and further cultivated on PDA. Identification of the new
isolate was based on observations of the material's macro- and micro
morphological features using a dichotomous identification key [25].
The morphology-based identification was subsequently supported by
molecular genetic identification, using amplicon-sequencing of key
genes. To generate sufficient biomass for DNA extraction, the strains
were grown in liquid YPD medium for 8 days in darkness, at 25 °C with
150 rpm horizontal shaking. The biomass was filtered from the medium
by using a piece of Miracloth, and washed with sterile MilliQ water.
Genomic DNA was extracted using the DNeasy UltraClean Microbil kit
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following the manufacturers instructions. The ITS rDNA was PCR am-
plified with the ITS1 and ITS4 primers [26], and part of the BenA gene
B-tubulin was amplified using the primers Bt2a and Bt2b [27]. Each
50 pL reaction mixture included 1 U PfuX7 DNA polymerase [28], CXL
buffer (20 mM Tris/HCl, 10 mM KCI, 6 mM (NH,4)5SO4, 2 mM MgSO,,
0.1 mg/mL BSA and 0.1% Triton-X [28], 0.4 uM of each primer, 200 uM
dNTPs, 3% v/v DMSO, 3% v/v MgCl,, ca. 10 ng gDNA and MilliQ water
to 50 pL. The PCR reaction consisted of 98 °C for 3 min followed by
15 cycles of 98 °C for 30 s, touchdown annealing of 60-45 °C (=1 °C/
cycle) for 30 s for ITS reactions and 65-50 °C (—1 °C/cycle) for 30 s for
B-tubulin reactions, 72 °C for 1 min. These 15 cycles were followed by
20 cycles of 98 °C for 30 s, annealing at 53 °C for 30 s for ITS reactions
and 63 °C for 30 s for B-tubulin reactions, 72 °C for 1 min. After the
second round of cycles, a final elongation of 3 min at 72 °C was per-
formed. The resulting DNA fragments were purified using the illustra
GFX PCR DNA and Gel Band Purification Kit, and then Sanger se-
quenced by Eurofins genomics sequencing GmbH (K6ln, Germany). The
ITS fragments were sequenced using the ITS1 and ITS4 primers, while
B-tubulin fragments were sequenced using the Bt2a and Bt2b primers.
The obtained sequences were trimmed and assembled to consensus
sequences using CLC Main Workbench (Qiagen, Hilden, Germany). The
resulting consensus sequences were used for BLAST-n searches (NCBI,
Bethesda, MD, USA) against the GeneBank NR database. The fungal
isolate was a given a numerical identification number (ILF-002) and
deposited in the Department of Drug Design and Pharmacology fungal
collection kept in a — 80 °C temperature-surveyed freezer at University
of Copenhagen.

2.3. Cultivation and extraction of P. canescens

P. canescens was three-point inoculated on 245 Petri dishes con-
taining YES media, and then incubated at 27 °C for seven days. The
fungal biomass and surrounding media were cut into approximately
1 X 1 cm pieces and extracted with ethyl acetate (6.5 L) by sonication
for 1 h, and then the mixture was left at room temperature overnight to
complete the extraction process. The extract was filtered through filter
paper (AGF 118-145 mm, Frisenette, Knebel, Denmark), concentrated
in vacuo, and then freeze-dried to yield crude ethyl acetate extract
(6.7 g).

2.4. a-Glucosidase inhibition assay

The a-glucosidase inhibition assay was applied to both the crude
fungal extract and pure compounds according to the protocol described
by Schmidt and co-workers [29] with slight modifications. Briefly, the
assays were performed in 96-well microplates using a Thermo Scientific
Multiskan FC microplate photometer controlled by Skanlt version 2.5.1
software (Thermo Scientific, Waltham, MA, USA) with final volumes of
200 pL in each well. A 100 mM phosphate buffer was prepared by
dissolving 2.65 g sodium hydrogen phosphate dehydrate, 4.70 g dis-
odium phosphate, and 0.10 g sodium azide in 500 mL milli-Q water to
produce a phosphate buffer containing 0.02% NaNj at pH 7.5. To each
well, 10 puL of DMSO stock solution (2 mg/mL crude extract or 4 mM
pure compound) was added, followed by 90 pL of 100 mM phosphate
buffer (containing 0.02% NaNs), and 80 pL a-glucosidase (2.0 U/mL in
100 mM phosphate buffer; enzyme solution). After shaking for 2 min,
the microtiter plate was incubated at 28 °C for 10 min. Then, 20 pL of
10 mM p-NPG (substrate solution) was added to each well to initiate the
reaction. The enzyme activity was determined by measuring the ab-
sorbance at 405 nm, representing the enzyme reaction product p-ni-
trophenol, every 30 s for 35 min.

2.5. HPLC separation and a-glucosidase inhibition profiling

Chromatographic separation was performed by using an Agilent
1200 series HPLC (Agilent 1200 series, Santa Clara, CA, USA),
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consisting of a G1311A quaternary pump, a G1322A degasser, a
G1316A thermostatted column compartment, a G1315C photodiode-
array detector, a G1367C high-performance auto-sampler, and a
G1364C fraction collector, all controlled by Agilent ChemStation ver.
B.03.02 software and equipped with a reversed-phase Luna C18(2)
column (Phenomenex, 150 X 4.6 mm, 3 um particle size, 100 A pore
size, Torrance, CA, USA) maintained at 40 °C. The solvents used were: A
(water: acetonitrile 95:5, v/v) and B (water: acetonitrile 5:95, v/v);
both acidified with 0.1% (v/v) formic acid. The flow rate was main-
tained at 0.5 mL/min with the following gradient elution profile: 0 min,
20% B; 5 min, 40% B; 22 min, 40% B; 25 min, 100% B; 33 min, 100% B;
35 min, 20% B; and 40 min, 20% B. Twenty microliter crude extract
(20 mg/mL in methanol) was injected, and the eluate was micro-
fractionated from 5 to 40 min into 88 wells of a single 96-well micro-
titer plate.

The high-resolution biochromatogram of the prepurified fraction,
containing compounds 4 and 5, was obtained by using the HPLC system
described above, equipped with a Phenomenex Kinetex penta-
fluorophenyl (PFP) column (150 X 4.60 mm, 2.6 um particle size,
100 A pore size, Torrance, CA, USA) maintained at 40 °C, and eluting it
with a solvent system consisting of 95:5 water: methanol (v/v) (solvent
A) and 5:95 water: methanol (v/v) (solvent B), both containing 0.1%
(v/v) formic acid. Maintaining a solvent flow of 0.5 mL/min, the fol-
lowing gradient elution was used: 0 min, 40% B; 30 min, 100% B;
35 min, 100% B; 37 min, 40% B; and 42 min, 40% B. Ten pL of the
fraction (10 mg/mL) was injected and microfractionated into 88 wells
from 5 min to 40 min (2.51 data points per min).

The microplates were subsequently evaporated to dryness using a
SPD121P Savant SpeedVac concentrator equipped with an RVT400
Refrigerated Vapor Trap and an OFP400 oil-free pump (ThermoFisher
Scientific, Waltham, USA). The a-glucosidase inhibitory activity of the
isolate in each well was determined by using the same instrument and
method as previously described. The inhibitory activity expressed as
percentage inhibition in each well was plotted below the HPLC-UV
chromatogram, generating a biochromatogram.

2.6. Isolation of fungal metabolites

Fungal metabolites were isolated directly from the crude extract
using a Shimadzu HPLC (Holm & Halby, Brgndby, Denmark) com-
prising a SPD-M20A prominence diode array detector, a LC-20AB
binary pump, and a CTO-10A VP column oven, all controlled by
Shimadzu LCsolution ver. 1.24 SP1, and equipped with a semi-
preparative Phenomenex Luna C;g(2) HPLC column (250 X 10 mm,
5 pum particle size, 100 A pore size, Torrance, CA, USA) kept at 40 °C.
Separation using a mixture of solvent A (water:acetonitrile 95:5, v/v)
and solvent B (water:acetonitrile 5:95, v/v), both acidified with 0.1%
(v/v) formic acid, was performed according to the following gradient:
0 min, 20% B; 5 min, 40% B; 22 min, 40% B; 25 min, 100% B; 33 min,
100% B; 35 min, 20% B; and 40 min, 20% B at a flow rate of 4 mL/min.
Twenty five sequential injections of 100 puL (100 mg/mL in methanol)
yielded compounds 1 (4.76 mg, 1.9%), 2 (4.7 mg, 1.88%), 3 (0.31 mg,
0.12%), 4 (0.28 mg, 0.11%), 5 (0.16 mg, 0.06%), 6 (0.81 mg, 0.3%), 7
(0.74 mg, 0.29%), 8 (0.82 mg, 0.32%), 9 (0.69 mg, 0.28%), 10
(3.74 mg, 1.49%), 11 (1.06 mg, 0.42%), and 12 (2.59 mg, 1.04%).

2.7. Targeted isolation of compounds 4 and 5

For isolation of additional amounts of compounds 4 and 5, crude
ethyl acetate extract (3.0 g) was fractionated by means of vacuum li-
quid chromatography (11 X 10 cm i.d., column, 300 g of silica gel 60,
0.015-0.040 mm) and eluted with 5 x 100 mL ethyl acetat:methanol in
the following step gradient 80:20; 60:40; 40:60; 20:80 0:100 (v/v)
yielding fractions A-E 622 mg; 426 mg; 626 mg; 471 mg and 318 mg
respectively. Fraction A, containing 4 and 5, was separated using the
semi-preparative column described in Section 2.6. In short, fraction A
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was dissolved in methanol (100 mg/mL in methanol) and injected 55
times (100 pL/injection) yielding 11.6 mg of a mixture enriched in 4
and 5. This subfraction was further separated on a Phenomenex PFP
column using the method described for the biochromatogram profile in
Section 2.5, yielding 4 (2.27 mg, 0.41%) and 5 (0.78 mg, 0.14%).

2.8. HPLC-HRMS experiments

Mass spectra were acquired on an Agilent 1260 Series chromato-
graphic HPLC system equipped with a G1329B autosampler, a G1311B
quarternary pump with build-in degasser, a thermostated column
compartment G1316A, equipped with reversed-phase column Luna
C18(2) (Phenomenex, 150 X 4.6 mm, 3 pum particle size, 100 A pore
size, Inc., Torrance, CA, USA) maintained at 40 °C, and a G1315D
photodiode-array detector. The HPLC was connected to a Bruker
Daltoniks micrOTOF-QII mass spectrometer (Bruker Daltoniks, Bremen,
Germany) equipped with an electrospray ionization (ESI) source. Mass
spectra were acquired in negative-ion mode with a capillary voltage of
3500 V and in positive mode at 4100 V, a drying temperature of 200 °C,
a nebulizer pressure of 2.0 bar, and a drying gas flow of 7 L/min. A
solution of sodium formate was automatically injected at the beginning
of the analysis to enable internal mass calibration. Chromatographic
separation was performed by using the same method as described in
Section 2.5.

2.9. NMR analysis

NMR spectra were acquired on a NMR instrument Bruker Avance III
600 MHz (operational frequency of 600.13 MHz) equipped with a 1.7-
mm cryogenically cooled TCI probe and a Bruker SampleJet; samples
were dissolved in methanol-d, (for compound 1-4 and 6-10), DMSO-dg
(for compound 5) or in chloroform-d (for compound 11 and 12). The
spectra were acquired in automation (temperature equilibration to
300 K, optimization of lock parameters, gradient shimming, and setting
of receiver gain). Automation of sample change and acquisition were
controlled by IconNMR ver. 4.2 (Bruker Biopsin, Karlsruhe, Germany).
Chemical shifts of 'H and >C NMR data were referenced to the residual
solvent signal (8y 3.31 ppm and 8¢ 49.00 ppm for methanol-ds, 8y
2.50 ppm and 8¢ 39.52 ppm for DMSO-dg, and 8y 7.26 ppm and ¢
77.16 ppm for chloroform-d). 'H spectra were acquired using 30°
pulses, a spectral width of 20 ppm, acquisition time of 2.72 s, relaxation
delay of 1.0 s, and collecting 64 k data points. DQF-COSY and NOESY
spectra were acquired using a gradient-based pulse sequence with a
spectral width of 12 ppm and collecting 2 k x 512 data points (pro-
cessed with forward linear prediction to 2 k X 1 k data points). HSQC
spectra were acquired with a spectral width of 12 ppm for 'H and
170 ppm for '3C, collecting 2 k X 256 data points (processed with
forward linear prediction to 2 k X 1 k data points), and employing a
relaxation delay of 1.0 s. HMBC spectra were acquired with a spectral
width of 12 ppm for 'H and 240 ppm for *3C, collecting 2 k x 512 data
points (processed with forward linear prediction to 2 k X 1 k data
points), and using a relaxation delay of 1.0 s. Icon NMR (version 4.2,
Bruker Biospin, Karlsruhe, Germany) was used for controlling the au-
tomated acquisition of NMR data, which was subsequently processed
using Topspin (version 4.0.6, Bruker Biospin).

2.10. Determination of mode of inhibition

Measurements of enzyme kinetics of all active compounds were
performed in triplicate according to Liu, et al. [11]. The experiments
were performed based on the standard assay conditions as described in
Section 2.4. In short, the mode of inhibition was determined by using a
series of five p-NPG substrate concentrations (0.18, 0.37, 0.75, 1.5, and
3.0 mM) in the absence and presence of the active compounds (three
concentrations). The reaction process was followed colorimetrically by
measuring the absorbance at 405 nm every 30 s for 35 min.
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2.11. Data analysis and interpretation

The inhibitory activity of the crude extract or pure compounds was
calculated by using the following equation:

Slope (control) — Slope (sample)
Slope (control)

Percent inhibition =

X 100%

ICs values were calculated by nonlinear regression curve fitting of
the dose-response data (log concentration vs. percentage of inhibition).

max—min
slope
X
1+ ()

where x is the concentration of the test compound, slope is the Hill
slope, and min and max are the minimum and maximum concentrations
for the sigmoidal curve. Data displayed in figures are presented as
mean * standard deviation (SD) for technical triplicates with an in-
dication of n-values in the corresponding legend.

The kinetic parameters were calculated by using the Michaelis-
Menten equation by fitting the kinetic rates to the substrate con-
centrations using nonlinear analysis [11]. Furthermore, the mode of
inhibition was determined graphically from Lineweaver-Burk (double-
reciprocal) plots of velocity against the substrate concentrations ac-
cording to a rearranged Michaelis-Menten equation [11].

The ICso values and kinetic calculations were performed using
GraphPad Prism version 7.00 for Windows (GraphPad Software, La
Jolla, California, USA).

f() = min +

3000

2000

Absorbance at 254 nm
(mAU
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3. Results and discussion

As part of our screening efforts to identify new a-glucosidase in-
hibitors, we investigated an endophytic filamentous fungi isolated from
fruits of Juniperus polycarpos K. Koch var. seravschanica (Kom.) Kitam,
because many Juniperus species have been used as traditional medicine
for treatment of diabetes in e.g. Europe, Turkey, Algeria, Jordan, and
Iran [20]. The species of the endophytic fungus investigated was de-
termined by molecular genetic analysis of the Internal Transcribed
Spacer (ITS) and B-tubulin (TUB) genes to be Penicillium canescens Sopp.
The ITS and TUB sequences are provided in Supplementary Data Table
S1 and also deposited in GenBank under accession number MN826829
and MN846268, respectively. The isolated fungus was cultivated on
yeast extract succrose agar, extracted with ethyl acetate, and tested for
the bioactivity at a concentration of 100 pg/mL, showing 99% inhibi-
tion of a-glucosidase as compared to the DMSO control. A dose-re-
sponse curve was constructed based on a dilution series of the crude
extract, revealing an ICsy value for a-glucosidase inhibition of
13.65 = 0.13 pg/mL (Supplementary Data Fig. S1).

3.1. High-resolution a-glucosidase inhibition profiling

The active fungal metabolites, responsible for the observed a-glu-
cosidase inhibitory activity, were pinpointed directly from the crude
extract through microfractionation into 88 wells of a single 96-well
microplate. The inhibitory activity of each well was plotted against the
HPLC chromatograms at their respective retention times, yielding a
biochromatogram with a resolution of 2.51 data points per min (Fig. 1).
The biochromatogram indicated that compounds 4/5, 7, and 12 were

Fig. 1. HPLC chromatogram of the crude fungal
ethyl acetate extract separated on a C;g column and
monitored at 254 nm (black) with 210 nm inserted
for compound 12 (dashed grey). The corresponding
high-resolution a-glucosidase inhibition profile (red)
is shown below. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)
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5: R1=R2=R3=OH
T R1=H; R2=R3=OH
11: R1=R3=H; R2=OCH3

6: R1=R2=H

8: Ry=H: Ry=Cl
9: R1=CH3; R2=H

10: R1=CH3; R2=C|

Fig. 3. Structures of 1-12 isolated from P. canescens.

ROESY «--->

HMBC ——
Fig. 4. Key ROESY and HMBC correlations for 5 and 7.

inhibitors of a-glucosidase, as the inhibition correlating with these
peaks was above 20%. As compounds 4 and 5 were not adequately
separated on the C;g column, these were isolated as a mixture and
subsequently microfractionated using a PFP column (Fig. 2), identifying
compound 5 as being active while 4 was inactive.

3.2. Identification of metabolites

From the ethyl acetate extract of the endophytic fungus P. canescens,
one previously undescribed xanthone (5), and 11 known compounds,
were isolated and identified (Fig. 3). The structures of known com-
pounds were determined by comparing their HR-ESIMS, UV-Vis, and
NMR data with those previously reported (see Supplementary Data
Table S2) to be vulculic acid (1) [30], penicillic acid (2) [31], orsellinic
acid (3) [32], pseurotin A (4) [33], 1,3,5,6-tetrahydroxy-8-

Table 1
'H NMR (600 MHz), *C NMR (150 MHz) and HMBC spectral data of 5 in
dimethylsulfoxide-dg (8 in ppm).

Position 8¢, type” 8y (nH, multiplicity) HMBC correlations”

2 125.6, C - -

3 155.8, C - -

4 97.50, CH 6.04 (1H, s) C-8b, C-2, C-4a, C-3, C-9°
4a 154.5, C - -

4b 129.7, C - -

5 136.2, C - -

6 152.1, C - -

7 115.4, CH 6.53 (1H, s) C-8a, C-8, C-6, C-10

8 131.9,C - -

8a 110.0, C - -

8b 100.2, C - -

9 181.4,C=0 - -

10 22.1, CH3 2.61 (3H, s) C-8a, C-7, C-4b, C-8, C-9°
1-OH 12.94 (OH, br s) -

OH 8.47 (5 OH, br s) -

methylxanthone (7) [34], 1,6-dihydroxy-3-methoxy-8-methylxanthone
(11) [35], griseofulvin (10) [36] and three related compounds: 6-des-
methyl-dechlorogriseofulvin (6) [36], 6-desmethyl-griseofulvin (8)
[36], and dechlorogriseofulvin (9) [36] as well as the fatty acid linoleic
acid (12) [11]. Of these, this is the first report of 1, 5, 6, 8, and 12
isolated from P. canescens. Retention time, UV absorbance, HRMS and
'H NMR data of all compounds are provided in Supplementary Data
Table S2, and MS spectra of 8 and 10 are provided in Supplementary
Data Fig. S2, with an isotope pattern supporting the presence of one
chlorine atom in both 8 and 10.

Compound 5 was obtained as a yellow powder, UV (MeOH) Apax
222, 255, and 333 nm, with a pseudomolecular ion of m/z 289.0356
(corresponding to C;4HoO; ", A 1.4 ppm) in HR-ESIMS(—). The mole-
cular formula as well as the UV spectrum indicated that compound 5
was an oxygenated analog of 1,3,5,6-tetrahydroxy-8-methylxanthone
(7). This was confirmed by inspection of the 'H NMR spectrum that
displayed two aromatic singlets at 6.53 ppm and 6.04 ppm, a broad
hydrogen-bonded hydroxyl group, seen at 12.94 ppm (OH-1), and a
methyl group at 2.61 ppm. A HMBC correlation from H-10 to C-7, C-8,
C-8a, and C-9 allowed assignment of the methyl group to C-8, while a
ROE correlation between H-10 and the singlet for H-7 at 8 6.53 as well
as HMBC correlations from H-7 to C-6 (8¢ 152.1), C-8 and C-8a proved
H-7 to be between the methyl group and a hydroxyl group. Observing
H-7 as a singlet allowed assignment of hydroxyl groups to C-5 and C-6.
With a HSQC correlation to a carbon at 97.5 ppm and strong J HMBC
correlations to carbons at 100.2 ppm and 125.6 ppm, the remaining
aromatic singlet could potentially be assigned to either C-2 or C-4. In
previous studies, HMBC correlations from the aromatic proton to C-1
have been used to assign position C-2 [37]. However, due to low so-
lubility in chloroform-d, C-1 could not be unambigously assigned, and
hence this was not a viable approach. Acquisition of a long-range HMBC
spectrum (optimized for 3 Hz couplings) displayed correlations

Table 2
ICsp values of crude fungal extract and active compounds.

Compound Extract/compound ICso values™”
Crude ethyl acetate extract 13.65 + 0.13°
5 1,2,3,5,6-pentahydroxy-8-methylxanthone 38.80 + 1.01
7 1,3,5,6-Tetrahydroxy-8-methylxanthone 32.32 = 1.01
11 1,6-Dihydroxy-3-methoxy-8-methylxanthone 75.20 = 1.02
12 Linoleic acid 62.69 * 1.03
Reference Acarbose 969.70 *+ 6.62

a 13C data were obtained from HMBC and HSQC spectra.
" Correlations from H in to the indicated C.
¢ long-range HMBC.

& ICsp values given as mean value + SD (n = 3).
b

uM.
¢ ug/mL.
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Fig. 5. Lineweaver-Burk plots to determine the mode of inhibition of 5, 7, and 11 against a-glucosidase. Each data point represents mean =+

SD of three replicates

(the SD values are in most cases very small, and hence covered by the mean data point and not visible in the graphs).

between the unassigned aromatic proton and the carbonyl (Fig. 4).
While both the possible positions of the remaining aryl-H (C-2 or C-4)
would result in *J couplings, comparison with the known analog,
compound 7, revealed that only the proton at C-4 gave give rise to the
observed HMBC correlation. This allowed us to identify compound 5 as
1,2,3,5,6-pentahydroxy-8-methylxanthone. 'H NMR, COSY, ROESY,
HSQC and HMBC spectra of 5 is provided in Supplementary Data Fig.
$3-S8, selected ROESY and HMBC correlations for 5 and 7 are shown in
Fig. 4, while fully assigned 'H and '>C NMR data are provided in
Table 1.

3.3. Pharmacological characterization of identified a-glucosidase inhibitors

The biochromatograms in Figs. 1 and 2 correlated 5, 7, and 12 with
a-glucosidase inhibitory activity. In contrast, compound 11, which
shows close structural similarity with 5 and 7, was not correlated with
a-glucosidase inhibitory activity; either due to a lower inhibitory ac-
tivity or a lower abundance. Thus, dose-response curves were prepared
from dilution series of 5,7, 11, and 12 (Supplementary Data Fig. S1),
and ICs, values determined from these are shown in Table 2. With ICsq
values of 38.8 and 33.2 uM for 5 and 7, respectively, their a-glucosidase
inhibitory activity is approxmately double as strong as 11, showing an
ICsq value of 75.2 uM. This, indicates that 11's missing correlation with
inhibitory activity in Fig. 1 is mainly due to a lower inhibitory activity,
because the crude extract contains 0.42% of 11 (not correlated with
bioactivity in Figs. 1) and only 0.14% of 5 (correlated with bioactivity
in Figs. 1 and 2). The ICsq values of 5,7 and 11 are in good agreement
with ICsy values reported for related analogs [38-42]. Compound 12
showed an ICsq value of 62.69 uM in our study, which is in relative
good agreement with another study, reporting linoleic acid (12) as an
a-glucosidase inhibitor with an ICsq value of 75 uM, and with a mixed-
mode inhibition [11].

Studies of the a-glucosidase-inhibitory activity of xanthones have
shown that the activity primarily depends on the presence of hydroxyl
groups, facilitating hydrogen bonding, but also the m-;t stacking inter-
actions of the xanthones has been shown to be important for the a-
glucosidase inhibitory activities [38,40]. This explains the observed
ICs values for the highly hydroxylated 5 and 7 being more potent than
the least hydroxylated 11. Interestingly, the additional hydroxyl group
in 5 (in position C-2) as compared to 7, did not increase the observed
activity. This indicates that the hydroxyl group at this position may not
be involved in essential enzyme-ligand interactions. This is further
corroborated by Liu and coworkers showing that the positioning of
hydroxyl groups in xanthone derivatives is a determining factor for
their a-glucosidase inhibitory activity, concluding that the inhibitory
activity does not solely depend on the total number of hydroxyl groups
[41].

Interestingly, even though compounds 5, 7, and 11 are structurally
very similar, their Lineweaver-Burk plots [43] revealed different modes
of inhibition (Fig. 5). Compound 7 proved to be a competitive inhibitor,
having an interception point at the Y-axis, while compound 11, with the
interception positioned at the X-axis, was shown to be a non-competi-
tive inhibitor. The Lineweaver-Burk plot of compound 5 had an inter-
ception point in the first quadrant (+X, +Y), which suggests a mixed-
mode inhibition of a-glucosidase. This is a very unusual inhibition
pattern, but this has previously been reported by Masson and co-
workers when investigating benzalkonium as inhibitor of wild-type
butyrylcholin esterase [44].

4. Conclusion

In the present study, the ethyl acetate extract of P. canescens culti-
vated on yeast extract sucrose agar was investigated for a-glucosidase-
inhibitory constituents. a-Glucosidase inhibitory profiling, combined
with semi-preparative and analytical-scale chromatographic separation
led to isolation of three a-glucosidase inhibitory xanthones (5, 7, and
11), of which 5 is described for the first time. The mode of inhibition of
a-glucosidase was investigated, showing 5 to be a mixed-mode in-
hibitor, 7 to be a competitive inhibitor, and 11 to be a non-competitive
inhibitor. This work underlines the potential of endophytic filamentous
fungi as a source of interesting natural products with inhibitory aci-
tivity against yeast a-glucosidase. However, further studies of these
compounds' inhibitory acitivity against mammalian a-glucosidase as
well as assessment of their cytotoxicity are first steps needed before
drawing any conclusions of their potential for management of type 2
diabetes.
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