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ABSTRACT

Bassia longifolia KOENIG (= Madhuca longifolia (L.) is an evergreen tree that is widely distributed throughout Nepal, India, and Sri Lanka. The bark
has various traditional uses: as a paste in the treatment of cuts and wounds or internally as a decoction that is given to diabetic patients. Chemical-
analytical and pharmacological investigations regarding the bark are not sufficiently available. We focused on the isolation of flavan-3-ols from the
methanolic extract and their contribution to the described traditional uses in wound healing and diabetes treatment. Therefore, an antibacterial
assay and an a-glucosidase assay were performed. The isolation process was performed by a combination of Sephadex®-, MCI®-Gel-, and RP-18
chromatography. The structures of the isolated compounds were elucidated by 'H- and '*C-NMR-spectroscopy including COSY, ROESY, HSQC,
and HMBC methods. Optical characterization was performed by polarimetry and circular dichroism. Two monomeric, seven dimeric, six trimeric,
and one tetrameric flavan-3-ols were found including one dimer and three trimers with rare epiafzelechin units. Two compounds were isolated for
the first time. A fraction containing higher oligomeric and polymeric proanthocyanidins (PAs) was examined by 13C NMR spectroscopy and revealed
an average degree of polymerization of 8-9. PA with cis-configurated subunits predominated at 90 % and the presence of further monohydroxylated
flavan-3-ols was revealed. Minimal inhibitory concentrations (MICs) were investigated by the serial microdilution broth assay with Staphylococcus
aureus. The bacterial suspension was inoculated on agar plates for determining the MICs. The a-glucosidase assay was performed in 96 well plates
with a-glucosidase from Bacillus stearothermophilus. For the detection of enzyme inhibition, p-nitrophenyl-a-p-glucopyranoside was used as a sub-
strate and after incubation absorbance was measured at 405 nm. Antibacterial effects were only found for fractions enriched with PAs or containing
higher oligomeric and polymeric flavan-3-ols. All tested substances showed high a-glucosidase inhibition. Whereby 4/—8 conjugated dimers and the
monomers showed the lowest inhibition, procyanidin (PC) B5 as 45—6 conjugated and cinnamtannin A2 as tetrameric flavan-3-ol showed the
highest. PAs with epiafzelechin units are rarely found in nature but their reoccurring appearance in B. longifolia could be characteristic of this plant.
For its traditional uses, the antibacterial activity of the PA-enriched fractions could contribute to the wound healing process when applied to the
injured skin. Moreover, all tested substances and fractions showed a-glucosidase inhibition, which could also explain the use of a decoction in the
treatment of diabetes. In conclusion, pharmacological investigations could provide scientific evidence for traditional uses of B. longifolia.

1. Introduction

In Nepal, traditional phytomedicine has a long history with approximately 1600-1900 different plant species used [1]. One of them
is Bassia longifolia KOENIG (=Madhuca longifolia KOENIG, Sapotaceae), commonly known as the butter tree. It is an evergreen tree that
grows about 20 m in height and is distributed throughout Nepal, India, and Sri Lanka. Flowers and bark are used for food and medicine
[2,3]. For the food industry, flowers and seeds are of high interest. The flowers are collected and distilled for liquor and to make
vinegar [4]. The seeds contain approximately 50 % of fat [5] and therefore are commercially used as mahua butter or mowrah butter.
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They have various edible and cosmetical properties [6]. Vernacularly called Mauwa by the indigenous people of Nepal, B. longifolia
also has various traditional medicinal uses. The flowers are used against coughs, colds, and bronchitis [7]. The bark can be used in
different ways: externally as a paste in the treatment of cuts and wounds due to postulated inflammatory properties [8] or internally as
a decoction given to diabetic patients [2,3]. Only very few of these indications are investigated pharmacologically and chemically. For
example, the ethyl acetate extract of the bark of B. longifolia was found to have immunomodulating properties by decreasing
T-lymphocyte proliferation and reduction of interleukin-2 secretion in vitro [9]. Furthermore, a methanolic extract of the bark showed
antioxidant activity similar to ascorbic acid in a ferric-reducing antioxidant power assay which could indicate a high amount of
phenolic compounds [10]. It is important to know more about the plant’s chemical compounds to understand its therapeutic effect.
Until then, chemical-analytical and spectroscopic investigations are only available for the seeds and showed the presence of
oleanane-type triterpene saponins. Data regarding the flowers and bark are not sufficiently available [11,12]. Therefore, a phyto-
chemical characterization of a methanolic extract of the bark of B. longifolia is performed for the first time. The total phenolic and
tannin content were determined and a fraction containing higher oligomeric and polymeric proanthocyanidins was examined by 3C
NMR spectroscopy to characterize its structural properties. In further studies, we evaluated the effect of isolated substances and
fractions firstly on the traditional use as a wound healing agent by testing on their antibacterial activity and secondly, the use in the
treatment of Diabetes mellitus by testing for inhibition of a-glucosidase.

2. Materials and methods
2.1. Chemicals and reagents

Petroleum ether, ethyl acetate, and methanol (Miller-modification) were obtained by Thermo Fisher Scientific GmbH (Schwerte,
Germany). Methanol, acetonitrile (gradient grade for liquid chromatography), formic acid, anisaldehyde, and sulfuric acid were
purchased from Merck Chemicals (Darmstadt, Germany). Vanillin was obtained by Carl Roth GmbH + Co. KG (Karlsruhe, Germany).
Methanol-d4 for NMR-spectroscopy was purchased from Sigma Aldrich (Taufkirchen, Germany). Catechin as a reference substance was
obtained by PhytoLab GmbH (Vestenbergsgreuth, Germany).

2.2. Plant material

The samples were collected in the Kailali district in western Nepal. The plant was authenticated by Prof. Dr. Sangeeta Rajbhandari,
Central Department of Botany, Tribhuvan University. Thereafter, the bark was cut and dried. A voucher specimen (BL-16-DPP) was
deposited at the Research Centre for Applied Science and Technology (RECAST), Tribhuvan University, Kathmandu, Nepal.

2.3. Plant extraction

The bark was powdered with a UZM 1 mill (Retsch GmbH, Haan, Germany) with a sieve size of 0.25 mm and yielded 1081.1 g. It
was mixed with sea sand (1 + 4) and subsequently percolated with 6.3 L petroleum ether, 17.4 L ethyl acetate, and 17.6 L methanol.
After evaporating and lyophilization, 16.73 g petroleum ether, 13.41 g ethyl acetate, and 161.03 g methanol extract were obtained.

2.4. Sephadex® LH-20

The methanolic extract (129.0 g) was fractioned on Sephadex® LH-20 (265.0 g, GE Healthcare GmbH, Miinchen, Germany; col-
umn: 95 x 3 cm, flow = 0.8-1.2 mL/min) using 70 % ethanol. The column chromatography was controlled by thin layer chroma-
tography (TLC) on silica gel 60 Fos4 (Merck Chemicals GmbH, Darmstadt, Germany; ethyl acetate/formic acid/water 90 + 5+5) with
vanillin/HCI and anisaldehyde/H,SO4 as detection reagents. Catechin was used as a reference compound in TLC. After the elution of
catechin, the mobile phase was changed to 70 % acetone. This yielded a proanthocyanidin enriched fraction (PA-F; 67.99 g). This step
was repeated six times and the PA-F fractions of each run were combined and used for further fractionation. PA-F was then again
chromatographed on Sephadex® LH-20 column using 70 % ethanol under TLC-control to yield fractions PA 1 (0-1440 mL, 0.29 g), PA
2(1440-676 mL, 1.24 g), PA 3 (1676-2082 mL, 2.01 g), PA 4 (2082-2280 mL, 1.26 g), PA 5 (2280-2714 mL, 3.46 g), PA 6 (2714-4026
mL, 6.69 g), and PA 7 (4026-4711 mL, 7.18 g). After elution of PA 7, the mobile phase was changed to 70 % acetone to yield Poly-F
with polymeric PAs (31.29 g).

2.5. MCI-Gel®

Fractions PA 3-PA 5 were further purified by MCI-Gel® CHP20P (170.0 g, Mitsubishi Chemical Europe GmbH, Diisseldorf, Ger-
many; column: 600 x 25 mm, BESTA-Technik fiir Chromatographie GmbH, Wilhelmsfeld, Germany) with a Spot Liquid Chroma-
tography Flash machine (Armen Instrument, Paris, France).

System A: A = 20 % methanol, B = 50 % methanol; flow = 7.5 mL/min; gradient: 0-10 min 0 % B, 10-360 min 0 %—100 % B,
360-450 min 100 % B. Subsequently, two isocratic steps of 90 min with 75 % methanol and 100 % methanol were applied. System A
was used for PA 3 and yielded the substances 1 (0-1730 mL, 14.60 mg) and 2 (1730-2000 mL, 20.51 mg). System A was also applied to
PA4 and yielded substance 5 (3180-3760 mL, 291.4 mg).

System B: Eluents as in system A. Flow = 15 mL/min; gradient: 0-5 min 0 % B, 5-240 min 0 %—100 % B, 240-285 min 100 % B.
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Subsequently, two isocratic steps of 45 min with 75 % methanol and 100 % methanol were applied. TLC control in both systems was
performed as described in 2.4. System B was used for PA 5 and yielded the fractions PA5 M1 (0-1520 mL, 139.08 mg), PA5 M2
(1520-1827 mL, 213.30 mg), PA5 M3 (1827-2007 mL, 145.48 mg), PA5 M4 (2007-2547 mL, 722.60 mg), PA5 M5 (2547-2760 mL,
136.49 mg), and PA5 M6 (2760-3107 mL, 257.35 mg).

2.6. Preparative HPLC

Binary Agilent Infinity 1260 HPLC equipped with a 1260 Agilent diode array detector, a 1260 Agilent fraction collector, a 1260
Agilent manual injector, and a Nucleodur C18 Isis 5 pm 21.2 x 250 mm column (Macherey-Nagel, Diiren, Germany) with guard
column and manual injection were used.

Gradient A: A = water, B = methanol; 0-2 min 20 % B isocratic, 2-20 min 20 %—35 % B, 20-21 min 35 %—100 % B, 21-25 min
100 % B, 25-26 min 100 %—20 % B, 26 28 min 20 % B isocratic. Compound 7 eluted at 8.5 min and compound 4 at 10.7 min from PA5
M4.

Gradient B: A = water, B = acetonitrile; 0-2 min 10 % B isocratic, 2-35 min 10 %—18 % B, 35-36 min 18 %—100 % B, 36-40 min
100 % B, 40-41 min 100 %—10 % B, 41-45 min 10 % B isocratic. Compounds 3, 6, and 12 eluted at 9.1, 11.2, and 14.1 min from PA5
M2. Compound 11 eluted at 17.1 min from PA5 M3.

Gradient C: A = water, B = acetonitrile; 0-2 min 13 % B isocratic, 2-20 min 13 %—18 % B, 20-21 min 18 %—100 % B, 21-25 min
100 % B, 25-26 min 100 %— 3 % B, 26-29 min 10 % B isocratic. Compound 8 eluted at 16.1 min, and compound 9 eluted at 17.5 min
from PA5 M6. Compounds 10 and 15 were eluted at 12.1 min and 15.0 min from PA5 M5.

Gradient D: A = water, B = acetonitrile; 0-2 min 6 % B isocratic, 2-15 min 6 %—11 % B, 15-16 min 11 %—100 % B, 16-21 min
100 % B, 21-22 min 100 %—6 % B, 22-25 min 6 % B isocratic. Compound 13 eluted at 7.3 min from PA5 M1.

Gradient E: A = water, B = acetonitrile; 0-2 min 12 % B isocratic, 2-35 min 12 %—20 % B, 35-36 min 20 %—100 % B, 36-42 min
100 % B, 42-43 min 100 %—12 % B, 43-48 min 12 % B isocratic. Compound 8 eluted at 16.1 min, and compound 9 eluted at 17.5 min
from PA5 M6. Compounds 16 and 14 were eluted at 19.2 min and 28.6 min from PA 6.

2.7. Quantification of phenols and tannins

To quantify the phenols and tannins, the modified method 2.8.14 of the European Pharmacopeia was used [13]. 50.0 mg of
powdered bark were suspended and 5.0 mg methanolic extract of B. longifolia were dissolved in 1.0 mL water and extracted for 60 min
in an ultrasonic bath. Three different dilutions of 2.5 mL/mL, 1.25 mL/mL, and 0.5 mL/mL for the powdered bark extract were made
respectively 0.25 mg/mL, 0.125 mg/mL, and 0.05 mg/mL for the methanolic extract. These solutions contain the total phenols. 0.5 mL
of this “total phenols solution” (TPS) is subjected to micro-centrifuge tubes (VWR International, Radnor, USA) with 10 mg hide powder
(FILK Freiberg Institute GmbH, Freiberg, Germany) and stirred for 60 min without light. This preparation was filtered and represented
as the “not adsorbed phenols solution” (NAPS). Either 20 pL TPS or NAPS together with 100 pL Folin-Ciocalteu’s reagent (Merck
Chemicals GmbH, Darmstadt, Germany) were diluted with 80 pL 10.6 % sodium carbonate solution in a 96-well plate (Greiner Bio-One
GmbH, Frickenhausen, Germany). After incubation without light for 180 min, absorbance was measured at 690 nm with a Spectra-
FLUOR PLUS® (Tecan Group Ltd., Mannedorf, Switzerland). 40.0 mg catechin was dissolved in 100 mL water and used as a reference.
All experiments were performed three times and related to the value obtained with the reference using equation (1) to calculate the
content of tannins (A = absorbance at 690 nm; m = mass):

(ATPL - ANAPS)mm/)[e X Meatechin

Content of tannins (%) =100 x )

(ATPL - ANAPS)L-‘,,“-/,,',I X Misample
2.8. NMR-spectroscopy

The measurements for substances that showed rotational isomerism were performed at 233 K on an AVANCE III HD NMR (Bruker
Corporation, Billerica, MA, USA) operating at 400.13 MHz (*H NMR) and 100.63 MHz (}3C NMR). The spectra of the structures being
accessible to NMR at room temperature (RT) and the screening of the fractions with polymeric proanthocyanidins were measured with
an AVANCE III 600 NMR (Bruker Corporation) equipped with a Bruker 5 mm TCI CryoProbe operating at 600.25 MHz (*H NMR) and
150.95 MHz (*3C NMR). For structure verification and elucidation, 1D—1H, 1D—13C, [1H—13C]—HSQC, [1H—13C]—HMBC, ['H-'H]-COSY
and ['H-'H]-ROESY experiments were performed.

2.9. Mass spectrometry

ESI-HRMS for structure elucidation and verification was performed on a Q-TOF 6540 UHD (Agilent Technologies GmbH, Wald-
bronn, Germany).

2.10. Circular dichroism

CD-spectra were acquired by a J-715 spectropolarimeter (JASCO Deutschland GmbH, Gross-Umstadt, Germany) operating at 22 °C.
The area of measurement was 190-400 nm in 0.5 nm steps with 200 nm/min and 10 cycles. 1 mm Quartz cuvettes (Hellma GmbH &
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Co. KG, Miillheim, Germany) were used. All samples were solved in HPLC-grade methanol. The substances were concentrated between
90 and 116 pmol/L. Smoothing the spectra was performed by using the Savitzky-Golay algorithm with a convolution width of 15.

2.11. Polarimetry

The optical rotation values of the isolates were determined using an UniPol L 1000 polarimeter (Schmidt + Haensch GmbH & Co.,
Berlin, Germany) with a concentration of 0.1 % (0.1 g/100 mL) in HPLC-grade methanol at 589.30 nm (D) and room temperature in a
micrometer tube (length: 50 mm; volume: 550 pL). The reported values of the specific rotational angle [a]gT were averaged from ten
measurements. [a}gT is calculated using equation (2) (1 = path length in cm; ¢ = concentration, a = rotation angle in deg):

[ = (:( ; indeg xcm?® x g”! 2)

c
2.12. Serial microdilution broth assay

Minimal inhibitory concentrations (MICs) were investigated by the serial microdilution broth assay according to EUCAST protocols
with Staphylococcus aureus (ATCC 12600; German Collection of Microorganisms and Cell cultures GmbH, Braunschweig, Germany)
cultivated in LB-broth (Miller-modification; Thermo Fisher Scientific GmbH, Schwerte, Germany). Bacteria suspension was diluted to
108 colony-forming units (CFU)/mL. Samples were dissolved in DMSO. For the methanolic extract, the PA enriched fraction (PA-F),
and fraction Poly-F, a serial two-fold microdilution was performed in a concentration range of 5.00-0.16 mg/mL in a 96-well plate
(Greiner Bio-One GmbH, Frickenhausen, Germany). A concentration range of 512-64 uM was used for the isolates. Each well contained
50 pL LB-medium, 100 pL bacteria suspension, and either 50 pL sample, 50 pL. DMSO (negative control) or 50 pL. DMSO and 10 pL 3
mg/mL chloramphenicol (Sigma Aldrich, Taufkirchen, Germany) dissolved in 70 % ethanol (positive control). Microdilution plates
were incubated at 37 °C for 24 h and then subcultivated by inoculating 10 pL of every sample dilution and controls on the surface of
agar plates (VWR International GmbH, Darmstadt, Germany) and incubated for another 24 h at 37 °C. MIC was defined as the lowest
concentration of sample that allows no visible growth of bacteria. The assay was performed three times for each sample.

2.13. a-glucosidase assay

The basic principle of the assay is the cleavage of the a-glucose of p-nitrophenyl-a-p-glucopyranoside (pNPG) by a-glucosidase (both
Sigma Aldrich, Taufkirchen, Germany), resulting in the yellow p-nitrophenol. For the assay a-glucosidase from Bacillus stear-
othermophilus was used. In each well of a 96-well plate 70 pL 0,1 M phosphate buffer (pH = 6.8), 10 pL 0,4 U/mL a-glucosidase, and
either 10 pL sample (concentration range in wells: 32-1 pM for the isolates and 4-0.25 pg/mL for the fractions in deionized water), 10
pL deionized water (negative control) or 10 pL 1,28 mM acarbose in buffer (positive control) were added. After the addition of 10 pL of
10 mM pNPG, the 96-well plates were immediately incubated for 20 min at 60 °C. After incubation and the addition of 150 pL 2 M
NayCOs solution to stop enzyme activity, the absorbance was measured at 405 nm in a SpectraFLUOR PLUS® (Tecan Group Ltd.,
Mannedorf, Switzerland). The assay was performed three times in tetraplicates for each sample. Determining of ICso values and
statistical analyses were performed with GraphPad Prism 9 (San Diego, USA).

3. Results and discussion
3.1. Isolation and structure elucidation

A methanolic extract obtained from the bark of B. longifolia was used for the isolation of flavan-3-ols. After several runs using
Sephadex®-LH20 to gain the flavan-3-ol enriched fraction (PA-F), a second chromatography on Sephadex®-LH20 with the combined
PA-F was performed, to gain the fractions PA1-Poly-F. Fractionation of PA 3 on MCI®-gel with system A yielded the fractions PA3 M1
and PA3 M2 that could be identified as the monomers (+)-catechin and (—)-epicatechin (1, 2). Further fractionation of PA 4 with
system A led to the fraction PA4 M2 which consisted of epiafzelechin-(45—8)-epicatechin (5). MCI®-gel-fractionation system B was
used for PA 5 and yielded the fractions PA5 M1-PA5 M8. Final purification of PA5 M1-PA5 M6 with preparative HPLC on an RP-18
column yielded the compounds 3, 4 and 6-13 as well as the substances 14 and 16 from PA 6.

The structures of the compounds (1-16) were confirmed by performing 'H, 13C NMR spectroscopy as well as the heteronuclear 2D-
NMR-experiments HSQC, HMBC, and homonuclear COSY and ROESY. The measurements were conducted at 233 K for oligomeric
flavan-3-ols with complete or partial 43—8 configuration (3-5, 8-13, 16) to avoid rotational isomerism and at room temperature for
the 4a (6, 7, 15) or 4—6 linked dimers (14). Mass was received by HR-ESI-MS in negative mode. The structures of compounds 1-7,
10, 12, 14, and 16 were confirmed by comparing the NMR-spectroscopic data of the substances with the literature [14-20]. For
substances 8 and 13, only data for the peracetylated compound can be found in the literature [21,22]. Compounds 9 and 11 are
described here for the first time.

CD spectroscopy is the proven method of choice to verify the 4o or 4f linkage between the flavan-3-ol units. High-amplitude
positive Cotton effects at low wavelengths (220-240 nm) indicate a 44- and negative Cotton effects a 4a-configuration [23,24]. PC
B3 (6, CD-spectrum displayed in supplementary data) shows a CD-spectrum that would rather indicate a 44-configuration which might
be caused by impurities as all other spectroscopic data are in excellent accordance with literature data [16,25,26].
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In PA structure analysis, the proof of the interflavanoid linkage has always been a much-discussed topic [27]. To validate the
structure of the 4a—6 linked PA procyanidin B8 (15), extensive literature research was performed. Comparing the NMR data for the
free phenolic compound, the literature itself showed differences among each other and was only partially in accordance with the
measured shifts [28,29]. Therefore, a different way of proving the structure had to be found. A characteristic multiplet (m) at 4.17 ppm
for H-3¢ and a doublet (d) at 5.03 ppm for H-2¢ revealed a 3,4-trans-configuration of the upper unit. The cis-configuration of the lower
unit was proven due to a typical broad singlet (br s) at 4.04 ppm for H-3f and a singlet at 4.73 ppm for H-2p. These shifts and signals for
the subunits were in perfect accordance with the other isolated substances. For catechin as the upper, epicatechin as the lower unit, and
with the according sum formula given by MS experiments, now only PC B4 (4a—8 linkage) or PC B8 (4a—6 linkage) were possible
molecules. PC B4 was already isolated at this point and its structure was confirmed unambiguously due to different references [30,31].
The intermolecular linkage could be determined from the presence or absence of specific signals in the 2D phase-sensitive ROESY.
Substances with 4 — 8 configuration showed cross signals between H-3c/H-4 of the upper unit and H-2'r/H-6'¢ of the lower unit due
to its spatial proximity while 4 — 6 configurated dimers lack these signals (Fig. 3). The ROESY-spectra with the discussed cross signals
are displayed in the supplementary material. The negative Cotton-effect between 205 and 240 nm proved the 4a—6 linkage eventually
(Fig. 2). Due to the findings in these experiments, the structure of PC B8 (15) was proven conclusively.

For the two new structures 9 and 11, the structure elucidation is described exemplarily for substance 11. Cis-configuration of the
top unit was identified by a characteristic doublet (d) with a small coupling constant of Jy.2/1.3 = 1.4 Hz at 3.75 ppm for H-3¢ and a
singlet (s) at 5.41 ppm for H-2¢. Trans-configuration in the middle unit was confirmed by a typical m at 4.34 pp for H-3, a d for H-2p,

1: (+)-catechin; R, =OH, R; = H 3:PCB1;R;=0H,R;=0OH; Ry=H 6: PCB3;R;=0H,R;=H
4:PCB2;R;=0H,R; =H; Ry=0OH
2: (-)-epicatechin; Ry =H, R, = OH 5: epiafzelechin-(45—8)-epicatechin; 7:PCB4;R;=H,R;=0OH

Ry=H,R;=H, Ry;=OH

8: epiafzelechin-(45—8)-epicatechin- 11:epiafzelechin-(45—8)-catechin-(4a—8)-

(48—8)-epicatechin;, R;=H, R;=0H epicatechin; R=H

9: epicatechin-(48—8)-epiafzelechin-

(48—8)-epicatechin;, R;=O0OH,R;=H 12: epicatechin-(48—8)-catechin-(40—8)- 13: catechin-(4a—8)-epicatechin-

10:PC Cf1; R;=0H, R; =OH epicatechin; R=0H (48—8)-epicatechin
OM
" “oH
oM i
o |

14: PCB5 15: PC B8 16: cinnamtannin A2

Fig. 1. Structures of the isolated flavan-3-ols 1-16.
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Fig. 2. CD-spectra of 4—6 linked PC B5 with a positive cotton effect and 4a —6 linked PC B8 with a negative cotton effect (295 K, MeOH).

Fig. 3. ROESY signals for PC B4 (A, 7) that verify a 4 — 8 linkage and PC B8 (B, 15) that lack these signals.

and the associated 13C shift at 83.5 ppm. Typical for a cis-configurated bottom unit, a broad s for H-3; at 4.21 ppm and an s for H-2; at
4.93 ppm is observed which can also be found in the NMR spectrum of the monomer epicatechin. The monohydroxylated B-ring of
epiafzelechin as the top unit was established by a d at 7.30 ppm for H-2's and H-6'3 and an m at 6.75 ppm for H-3's and H-5'5. Both
integrated for two protons and therefore indicated an AA’BB'-spin system of the B-ring. A correlation between the d at 7.30 ppm for H-
2'g and H-6'g with the signal at 76.7 ppm from H-2c in the top unit was observed in the HMBC spectrum. Further HMBC correlations are
given in Fig. 4. The ROESY-spectrum showed the characteristic cross signals between H-3¢,z/H-4¢,/r of the upper and middle unit and

OH

OH

Fig. 4. Key HMBC correlations for compound 11.
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H-2'g/u/H-6'g/y of the middle and lower unit. These signals clearly indicate C-4 to C-8 linkages. The CD-spectrum (supplementary data)
showed a negative Cotton-effect between 205 and 233 nm which is caused by the 4a-linkage between the middle and the lower unit.
For all isolated substances, a 2-3-cis-configurated unit was always followed by a 4/-configuration with the lower unit, which is also
confirmed by almost every isolation study which is found in the literature. Therefore, a 4f3-configuration between the upper and the
middle unit is postulated which leads to the structure of compound 11 as epiafzelechin-(43—8)-catechin-(4a—8)-epicatechin.

3.2. Total phenolic and tannin content

The most common principle for the quantification of phenols and tannins is the Folin-Ciocalteu’s reagent method described in the
European Pharmacopeia’s method 2.8.14 [32]. Phenols reduce phosphotungstic acid in the Folin-Ciocalteu’s reagent to blue tungsten
oxides with a broad absorption maximum at 580-820 nm [33]. Therefore, any reducing substance reacts with the reagent e.g. other
phenolic compounds like flavonoids or phenylpropanoids. In this work, a modified method developed by Wiesneth et al. [13] for a
higher sample throughput was used. Both, the methanolic extract and the whole bark of B. longifolia were investigated. The results can
be found in Table 1.

Due to many different methods for the quantification of phenols and tannins, only data that were obtained with the same method
can be used to compare the content of phenols and tannins among other species. In previous investigations, the content of phenols and
tannins for different Salix species during one growing season in leaves and sprouts was determined. The highest content of phenols was
found to be between 4 and 8% and the highest content of tannins was between 2 and 8% [34]. For the bark of Quercus robur, which is
used because of its “high” tannin content in Traditional European Medicine, a content of 5.1 % phenols and 4.3 % tannins was
determined [13,33]. This indicates a comparatively high amount of phenols and tannins in the bark of B. longifolia. Furthermore, the
content of tannins is as high as the content of phenols which indicates that almost all phenolic compounds consist of tannins.

3.3. Characterization of a fraction with polymeric proanthocyanidins with 3C NMR

Coloumn-chromatography with Sephadex® LH-20 yielded the fractions PA 1-Poly-F. PA1-PA7 were eluted with ethanol 70 % and
contain monomeric (PA 3, PA 4), dimeric (PA 4, PA 5, PA 6), trimeric (PA 5), tetrameric (PA 6), and higher oligomeric PAs (PA 6, PA 7).
After eluting these compounds, the eluent was changed to acetone 70 % to yield the polymeric flavan-3-ols (Poly-F.). Although
isolation and structure elucidation of oligomeric proanthocyanidins higher than tetrameric flavan-3-ols is challenging concerning their
full stereochemistry, a lot of structural information about the flavan-3-ol composition of higher oligomers can be obtained by !3C NMR
spectroscopy and calculating the ratio of distinct carbon signals [35].

The average degree of polymerization (DP) can be estimated by the integration of the C-4 signals of extender units (N, 5c = 36-39
ppm) and the integration of C-4 signals of the terminal units (O, 6c = 29-31 ppm; [16]. A second way to calculate the DP is to integrate
the C-3 resonances of the extender (L, 5c = 71-74 ppm) and terminal units (M, ¢ = 66-68 ppm; [36]. With both methods, an average
degree of polymerization of 8-9 could be estimated. 13C NMR spectroscopy makes it also possible to get stereochemical information
about the relative configuration of the flavan-3-ol units on C-2 and C-3. The signal from 76 to 78 ppm (K», Fig. 6) can be assigned to the
cis-configurated C-2 of the extender units, and the signal from 79 to 80 ppm (K3, Fig. 6) to the cis-configurated C-2 of the terminal units.
The signal cluster at 82-85 ppm (J, Fig. 6) can be assigned to the trans-configurated C-2 of both, the terminal and extender units. The
amount of cis-configurated flavan-3-ols in the polymeric fraction is more than 90 %. Moreover, characteristic signals at 128-130 ppm
(D, Fig. 5) are caused by C-2' and C-6' in monohydroxylated B-rings as they occur in proanthocyanidins with (epi)afzelechin units. This
is in accordance with the results of the present work as four compounds with epiafzelechin units (5, 8, 9, 11, Fig. 1) could have been
isolated. Signals at 108-109 ppm would be induced by C-2' and C-6’ of trihydroxylated B-rings as in (epi)gallocatechin units but could
not be found in the polymeric fraction of B. longifolia as well as in the isolation process. The lack of typical sugar signals (6¢c = 62-76
ppm) indicates their absence as well as the absence of carbonyl- or carboxyl carbons at ca. 5c = 200 ppm and 170 ppm, respectively,
indicating that there is no acyl substitution in the set of polymers.

3.4. Antibacterial activity

B. longifolia is described as possessing wound-healing properties. In a previous study, a wound-healing assay was performed by
Zimmermann-Klemd et al. [9] which showed no effect though. Therefore, we tested antibacterial activity as a possible assisting effect
in wound healing. As bacterium S. aureus was chosen, as it naturally populates human skin [37]. In traditional use, the extract is put
directly on the injured skin, so we decided to test comparatively high doses up to 5 mg/mL for the extract and fractions. In a serial
microdilution broth assay, all of the isolated substances as well as the methanolic extract, the PA enriched fraction (PA-F.), and fraction

Table 1
Determination of the total phenolic and tannin content. All values were calculated as catechin and
results are depicted in % [m/m] + standard deviation (n = 3).

methanolic extract bark extract
phenols + SD [%] 431+ 1.4 9.9+ 09
tannins + SD [%] 42.2 £2.0 9.9 + 1.0
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Fig. 5. 13C NMR spectrum of Poly-F. (150 MHz, MeOH-dy4, 293 K, 205 mg). (A) C-5/C-7/C-8a of A-rings; (B) C-3'/C-4’ of procyanidin units; (C) C-1'
of B-rings; (D) C-2’/C-6' of monohydroxylated B-rings; (E-F) C-2’/C-5’/C-6' of PC units; (G) substituted A-ring carbons; (H) C-4a of PC units; (I) C-6/
C-8 of A-rings; (J) C-2 of 2,3- trans units; (K) C-2 of 2,3-cis units; (L) C-3 of extender units; (M) C-3 of terminal units, (N) C-4 of upper and middle
(extender) units, (O) C-4 of terminal units.
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Fig. 6. Signals of C-2 of cis- and trans-configurated flavan-3-ols.

Poly-F. with polymeric PAs were tested. Neither the tested substances nor the methanolic extract showed an inhibitory effect on
bacterial growth. Only PA-F. and Poly-F. showed antibacterial effects in the tested concentration range. PA-F. and Poly-F. revealed a
MIC of 4.2 + 1.2 mg/mL and 3.3 £ 1.2 mg/mL. These results indicate that only a mixture of PAs has an antibacterial effect and also
that a higher concentration of polymeric PAs might have a stronger effect.

3.5. a-glucosidase inhibition

In the human body, a-glucosidases are responsible for the digestion of small oligosaccharides and disaccharides into mono-
saccharides which then leads to a rise in blood glucose levels [38,39]. The enzyme used in this assay was isolated from
B. stearothermophilus which is highly specific for a-1,4-glucosidic bonds of maltooligosaccharides [40]. In this study, the isolated
substances, as well as Poly-F, PA-F and the methanolic extract were tested for their capacity to inhibit the enzyme. Acarbose, a
well-known inhibitor was also tested and used as a positive control. Acarbose showed the strongest inhibition of all tested substances
(ICs50 = 2.9 & 0.4 nM). For the three fractions, Poly-F. with polymeric flavan-3-ols showed the lowest ICsg value (3.2 + 1.6 pg/mL)
followed by PA-F. (ICso = 4.0 & 0.8 pg/mL) and the methanolic extract (ICs9 = 7.8 + 1.6 pg/mL). Again, the highest inhibitory effect is
observed in the fraction with the highest amount of polymeric PAs (Poly-F) and in a PA-enriched fraction (PA-F.) whereas the
methanolic extract shows comparatively the lowest inhibition.

The determined ICs( values for the isolated compounds are displayed in Table 2.

Unfortunately, the yield for PC B8 (15) was too low to be tested. Every tested substance showed high inhibition of a-glucosidase.
Within these compounds, the very common monomeric flavan-3-ols catechin (1) and epicatechin (2) and the 44—8 linked dimers PC
B1 (3) and PC B2 (4) showed the lowest inhibition. The lowest IC5¢ values and therefore highest inhibition of a-glucosidase were
observed for the tetrameric cinnamtannin A2 (16) and PC B5 (14). This study was aimed to determine a structure-activity relationship
between PAs and a-glucosidase-inhibition. For the tested fractions, the effect increased with the concentration of PAs and the DP. The
monomers (1, 2) and the 45— 8 configurated dimers (3, 4, 5) showed the lowest and cinnamtannin A2 (16) and PC B5 (14) the highest
inhibition. The pharmacological effect seems to be dependent on the DP and the intermolecular linkage. Flavan-3-ols with a 4a-linkage
(6, 7, 11-13) and trimeric and tetrameric PAs showed better inhibition than 4/—8 configurated substances or dimers (Fig. 7).

4. Conclusions

In the present study, a phytochemical characterization of B. longifolia was performed for the first time in which 16 different flavan-
3-ols were found. Literature research for proanthocyanidins with different databases like SciFinder® or PubMed® (January 18, 2022)
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Table 2
IC50£SD [pM] values of the isolated compounds (n = 3).
monomers 1Cso dimers 1Cso trimers 1Cso tetramers 1Cso
1 84+1.1 3 11.2 £ 1.0 8 8.6+ 15 16 1.7 £0.1
2 8.5+ 0.9 4 85+ 1.5 9 6.3 + 0.6
5 23+0.8 10 34+1.1
6 24+0.3 11 4.5+ 0.7
7 3.0+ 0.5 12 5.3+ 0.5
14 1.6 £ 0.4 13 22401

4B-dimers monomers 4B-trimers 4a-dimers 4a-trimers cinnamtannin A2 PC B5

—

Increasing inhibition of a-glucosidase

Fig. 7. Structures of some tested compounds concerning a-glucosidase inhibition.

shows only very few results for studies with monohydroxylated flavan-3-ols in comparison to di- or trihydroxylated flavan-3-ols. This
leads to the assumption that these compounds are rarely distributed in the plant kingdom. Although the monomeric (epi)afzelechin
could not be found in the present study, one dimer (5) with a very high yield and three trimers with epiafzelechin units (8, 9, 11) were
isolated. Therefore, B. longifolia as a new source for these rare proanthocyanidins could be established. For the traditional use in wound
healing, an antibacterial effect against S. aureus was found for the PA-enriched fractions PA-F and Poly-F, indicating that a higher DP
leads to a stronger effect. This could play an assisting role in the wound-healing process. As an application as a decoction for diabetic
patients, the effect on a-glucosidase was investigated. The results show a strong inhibition for the isolated compounds as well as for the
extract and fractions. Tetrameric cinnamtannin A2 (16), the 4a-configurated compounds (6, 7, 11-13), and PC B5 (14) showed the
highest inhibition whereas the monomers (1, 2) and the 43-configurated dimers (3, 4, 5) showed the lowest. For both assays, an
increase in the amount of higher oligomeric fractions led to a stronger pharmacological effect. Although a tendency is apparent, no
general statement about a structure-activity relationship for flavan-3-ols in general can be made. For the traditional use of the bark of
B. longifolia, the first evidence as an antidiabetic drug is given in this study. Although B. longifolia has various traditional and com-
mercial uses, almost no studies about their constituents and pharmacological evidence were performed. In this work, the first step to
close this gap was done.
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PC procyanidin

DP degree of polymerization
Poly-F.  polymeric fraction

ESI electrospray ionization
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HMBC  heteronuclear multiple bond correlation
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RT room temperature

HSQC  heteronuclear single quantum coherence
s singlett

IC inhibitory concentration

SD standard deviation

m multiplett

TOF time of flight

MIC minimal inhibitory concentration
TPS total phenols solution

List of compounds studied

(+)-catechin procyanidin C1

(—)-epicatechin epiafzelechin-(4—8)-epicatechin

procyanidin B1 epiafzelechin-(44— 8)-epicatechin-(44— 8)-epicatechin
procyanidin B2 epicatechin-(4$—8)-epiafzelechin-(44— 8)-epicatechin
procyanidin B3 epiafzelechin-(44— 8)-catechin-(4a—8)-epicatechin
procyanidin B4 epicatechin-(4—8)-catechin-(4a—8)-epicatechin
procyanidin B5 catechin-(4a—8)-epicatechin-(4—8)-epicatechin
procyanidin B8 cinnamtannin A2
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