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ABSTRACT

ARTICLE HISTORY

Polypodium vulgare L. (Polypodiaceae) is a fern used in traditional
Polish medicine as an expectorant to treat cough and pertussis.
Additionally, it was used as a diuretic in renal diseases, especially
in chronic nephritis and pyelonephritis. In our study, a water
extract was prepared from the rhizome of common polypody and
subsequently fractionated on a resin column. As a result, the
mixture of flavan-3-ol derivatives was obtained after the column
elution with 60% methanol. Further purification by various chromatographic techniques led us to the isolation of (þ)-afzelechin
(1), a new previously not reported (þ)-afzelechin-7-O-a-L-arabinofuranoside (2), and three other monomer flavan-3-ol glycosides:
(þ)-afzelechin-7-O-b-D-apiofuranoside (3), (þ)-catechin-7-O-a-Larabinofuranoside (4) and (þ)-catechin-7-O-b-D-apiofuranoside (5).
Structures of the compounds were established by HR-ESI-MS, 1D
and 2D NMR spectroscopy. The HSQC and HMBC NMR techniques
were used in the structure elucidation of the position of sugar
attachment.
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1. Introduction
Ferns, belonging to the phylum Pteridophyta, have attracted the attention of researchers because they are not attacked by pathogens, suggesting the production of natural
antimicrobial components (Contreras Cardenas et al. 2016). Ferns have been used
in the folk medicine of many cultures for the treatment of a variety of pathological
conditions, such as wound healing, stomach, lung and urinary tract disorders
(Srivastava 2007).
Polypodium vulgare L. (common polypody) is a fern found in shaded, rocky
habitats in Eurasia and North America (Leporatti and Impieri 2007; Simon et al. 2011).
In Poland, common polypody grows in different types of forest communities: from
coniferous, mixed-coniferous and acid oak forests to deciduous oak–hornbeam forests.
It is commonly found in rockfalls, cracks in rocks, bases of rocks, on escarpments,
landslides and cliffs (PieR kos-Mirkowa and Mirek 2003). The rhizomes of P. vulgare were
commonly used as a sweetener in foods because of their sweet compounds (Simon
et al. 2011).
In traditional Polish medicine, the infusion of polypody rhizome was used as expecski 1957). It was also used in renal complaints as a theratorant and diuretic (Muszyn
peutic agent stimulating degradation of kidney stones (Leporatti and Corradi 2001).
Previous phytochemical studies reported in this plant: triterpenes, saponins,
ecdysteroids, flavonoids, phenylpropanoids, phloroglucine derivatives, volatile oil, fixed
oil and others [EMA Committee on Herbal Medicinal Products (HMPC) 2007]. Osladin,
the main saponin is responsible for the sweet taste of polypody rhizome (Jizba and
Herout 1967; Jizba et al. 1971). In the group of the flavan-3-ol derivatives, two compounds were isolated: (þ)-catechin-7-O-arabinoside and (þ)-catechin-7-O-apioside
from polypody rhizome (Jizba and Herout 1967; Karl et al. 1982). Recently three new
ecdysteroids together with eight known ecdysteroids were isolated from common
polypody (Simon et al. 2011). In some studies, the extract of the P. vulgare rhizome
showed multidirectional pharmacological activities: diuretic, mitostatic, cancerostatic as
well as antimicrobial features (Grzybek 1983; Bahadori et al. 2015; Sofiane et al. 2015).
Recently, in vitro evaluation of cholinesterase inhibitory activity of various plants
including common polypody rhizomes was reported (Saeedi et al. 2017).
In this paper, we report the isolation and structural elucidation of three previously
unreported and confirm the presence of two previously isolated flavan-3-ols derivatives from polypody.

2. Results and discussion
The preliminary TLC analysis revealed that phenolic compounds of catechin type are
present in the investigated extract (positive reaction with vanillin–sulfuric acid
reagent). The findings from TLC were further refined by UHPLC–UV–MS investigation.
A typical UHPLC–UV chromatogram illustrating the separation of the compounds in
the water extract of polypody rhizome is presented in Supplemental Figure S1. Precise
data from high-resolution electrospray ionisation mass spectrometry (HR-ESI-MS),
confirmed the presence of flavan-3-ol derivatives in the investigated water extract.
The formulas generated for detected ions correspond to molecules possessing either
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afzelechin/epi-afzelechin or catechin/epi-catechin aglycones. To isolate the compounds
the water extract of the rhizomes of P. vulgare was fractionated on HP-20 Diaion resin.
The fraction eluted with 60% methanol was purified by various chromatographic techniques to yield unreported afzelechin and its derivatives together with two previously
described catechin derivatives. Full structural elucidation was subsequently carried out
and the assignment of the 1H and 13C NMR chemical shifts of the isolated compounds
was done with the use of 1H–1H COSY, 1H–13C HSQC and HMBC 2D NMR experiments.
Compound 1 was obtained as a yellowish amorphous powder displaying a positive
optical rotation [a]D20þ6.3 (c 0.1, MeOH). The HR-ESI-MS spectrum showed an
abundant [M  H] ion at m/z 273.0768 (calcd. 273.0768 for C15H13O5), indicating the
molecular formula C15H14O5. The UV spectrum exhibited maximum absorptions at 201
and 273 nm, consistent with a flavan-3-ol skeleton (Cui et al. 1992). The aliphatic 1H
NMR signals [dH 4.56 (1H, d, J¼8.3 Hz, H-2), 3.92 (1H, bd, J ¼ 5.5 Hz, H-3), 2.50 (1H, dd,
J ¼ 8.3, 16.1 Hz, H-4a), 2.91 (1H, dd, J ¼ 5.5, 16.1 Hz, H-4e)], and 13C NMR resonances
[dC 82.7 (C-2), 68.4 (C-3), 29.2 (C-4)] were characteristic for flavan-3-ol compounds with
trans-substitution (2R,3S) of the ring C (Supplemental Table S1), which is further confirmed by the J couplings values of H-2 and H-3 proton signals. Additionally the CD
spectrum displayed a negative Cotton effect at 275 nm, indicating the R-configuration
at C-2 (Slade et al. 2005). Moreover, a pair of meta-coupled aromatic proton signals
[dH 5.99 (1H, d, J ¼ 2.1 Hz, H-6), 5.84 (1H, d, J ¼ 2.1 Hz, H-8)] and a set of AA0 BB0 -system
protons [dH 7.22 (2H, d, J ¼ 8.4 Hz, H-20 ,60 ), 6.79 (2H, d, J ¼ 8.4 Hz, H-30 ,50 )] suggested
the 5,7,40 -trihydroxyflavan-3-ol skeleton of 1, which was further confirmed by its 13C
NMR spectroscopic data. Therefore, based on the above evidence, 1 was identified
as (þ)-afzelechin. It is worth to note, that the usage of acetone-d6 and DMSO-d6 as
solvents in the NMR experiments instead of usual methanol-d4 delivered an additional
insight into the structural features of the analysed compounds. For compound 1 the
presence of four additional 1H NMR signals, three singlets at 7.98, 8.18 and 8.32 ppm
and one multiplet at 4.00 ppm, originating from OH-7, OH-5, OH-40 and OH-3 hydroxyl
protons, respectively, enabled an unambiguous assignment of the C/H-6, C/H-8, C-5,
C-7 and C-9 sites, which is important for the later determination of the sugar
attachment position. In the literature these signals are often assigned incorrectly,
thus leading to the incorrect elucidation of more complicated compounds having
(epi-)afzelechin/(epi-)catechin as building blocks.
Compound 2 was obtained as a glassy amorphous powder displaying a negative
optical rotation [a]20
D 115.1 (c 0.1, MeOH). The HR-ESI-MS spectrum showed an
abundant [M  H] ion at m/z 405.1196 (calcd. 405.1191 for C20H21O9), indicating the
molecular formula C20H22O9. The negative ion–ESI–MS spectrum showed a [M  H]
ion at m/z 405, which further fragmented into an aglycone ion at m/z 273
[M – H  132], indicating that 2 is a glycoside bearing a pentosyl substituent. The
UV spectrum exhibited maximum absorptions at 203 and 273 nm, consistent with
a flavan-3-ol skeleton (Cui et al. 1992). The 1H NMR signals [dH 4.57 (1H, d, J¼7.7 Hz,
H-2), 3.89 (1H, m, H-3), 2.40 (1H, dd, J ¼ 8.3, 16.3 Hz, H-4a), 2.72 (1 H, dd, J ¼ 5.5,
16.3 Hz, H-4e)], and 13C NMR resonances [dC 81.1 (C-2), 66.0 (C-3), 28.1 (C-4)] were
characteristic for flavan-3-ol compounds with trans-substitution (2R,3S) of the ring C
(Supplemental Table S2). Additionally the CD spectrum displayed a negative Cotton
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effect at 273 nm, indicating the R-configuration at C-2 (Slade et al. 2005). Moreover,
a pair of meta-coupled aromatic proton signals [dH 5.94 (1H, d, J ¼ 2.2 Hz, H-8), 6.07
(1H, d, J ¼ 2.2 Hz, H-6)] and a set of AA0 BB0 -system protons [dH 7.15 (2H, d, J ¼ 8.5 Hz,
H-20 ,60 ), 6.73 (2H, d, J ¼ 8.5 Hz, H-30 ,50 )] suggest the 5,7,40 -trihydroxyflavan-3-ol aglycone
skeleton of 2, which was further confirmed by its 13C NMR spectroscopic data. In addition, an arabinose residue in furanose form was deduced from the carbon resonances
[dC 106.2 (C-100 ), 82.1 (C-200 ), 76.5 (C-300 ), 84.7 (C-400 ), 61.2 (C-500 )] in the 13C NMR spectrum. As it was in the case of compound 1 all 1H resonances originating from hydroxyl
protons from both aglycone and sugar moieties were clearly distinguishable and
allowed us to unambiguously assign all resonances from the A ring of the flavan-3-ol
skeleton. An HMBC correlation of a doublet at 4.57 ppm (H-2) and a doublet at
5.94 ppm to a carbon atom signal at 155.3 ppm indicates, that this signal originates
from C-9 carbon, whereas a doublet at 5.94 ppm originates from H-8. Consequently,
a doublet at 6.07 ppm is assignable to H-6. A NOESY correlation of a broad singlet
at 9.46 ppm only with this latter doublet, without any correlation to a doublet at
5.94 ppm indicates, that this broad singlet originates from OH-5 hydroxyl proton.
Consequently, the linkage between arabinose and aglycone moieties has to be located
at the C-7 site, which is further confirmed by the HMBC correlation (Supplemental
Figure S2) of anomeric proton signal of arabinose (dH 5.27) to C-7 carbon signal of
aglycone (dC 156.0). Therefore, the presented data supports the linkage to be located
at C-7. Moreover, the large J2,3 coupling constant (J ¼ 7.7 Hz) confirmed the transarrangement of H-2 and H-3 (Hwang et al. 1989). As for the sugar ring arrangement, it
was suggested to be that of furanoside on the basis of the COSY correlation of the
two protons resonating at 3.43 and 3.57 ppm and assignable to H-500 protons with a
hydroxyl proton at 4.76 ppm, whereas signal originating from H-400 (at 3.81 ppm) did
not yield a correlation to any of the hydroxyl protons. The a-configuration of C1 carbon atom was deduced on the basis of NOESY correlations inside the sugar moiety,
particularly the correlation of H-10 proton, resonating at 5.27 ppm with one of the
methylene protons at 3.57 ppm, which is possible only for the above mentioned configuration. Similarly, an L configuration of C-20 in arabinofuranose ring was suggested
on the basis of NOESY correlation of signals at 4.01 and 3.82 ppm, originating from
H-20 and H-40 , respectively. Hydrolysis of compound 2 further confirmed the above
structure, as it afforded (þ)-afzelechin and arabinose, by a direct comparison with an
authentic arabinose sample (Supplemental Figure S3).
Based on the above evidence and literature data on similar compounds bearing
arabinosyl moieties (Karl et al. 1982; Kim and Kinghorn 1987; Halabalaki et al. 2011), 2
was identified as (þ)-afzelechin-7-O-a-L-arabinofuranoside. Compound 2 represents the
first isolation of an arabinoside derivative of (þ)-afzelechin from a natural source.
The molecular formula of compound 3 was established as C20H22O9 on the basis of
HR-ESI-MS data (observed ion at m/z 405.1199, calcd. 405.1191 for C20H21O9). This
compound was displaying a negative optical rotation [a]20
D 100.2 (c 0.1, MeOH). The
1
H and 13C NMR spectroscopic data indicated that 3 has the same aglycone as 2
(Supplemental Table S3). The 1H NMR signals [dH 4.58 (1H, d, J ¼ 7.6 Hz, H-2), 3.89
(1H, m, H-3), 2.40 (1H, dd, J ¼ 8.2, 16.3 Hz, H-4a), 2.70 (1H, dd, J ¼ 5.2, 16.3 Hz, H-4e)],
and 13C NMR resonances [dC 81.0 (C-2), 66.0 (C-3), 28.0 (C-4)] were characteristic for
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Figure 1. Chemical structures of compounds 1–3.

flavan-3-ol compounds with trans-substitution (2R,3S) of ring C. Moreover, a pair of
meta-coupled aromatic proton signals [dH 5.89 (1H, d, J ¼ 2.1 Hz, H-8), 6.09 (1H, d,
J ¼ 2.1 Hz, H-6)] and a set of AA0 BB0 -system protons [dH 7.15 (2H, d, J ¼ 8.4 Hz, H-20 ,60 ),
6.73 (2H, d, J ¼ 8.4 Hz, H-30 ,50 )] suggested the 5,7,40 -trihydroxyflavan-3-ol skeleton of 3,
which was further confirmed by its 13C NMR spectroscopic data. In addition, an apiose
residue in furanose form was deduced from the carbon resonances [dC 106.9 (C-100 ),
75.9 (C-200 ), 78.5 (C-300 ), 74.0 (C-400 ), 62.3 (C-500 )] in the 13C NMR spectrum. In the HMBC
spectrum a correlation between a broad singlet at 9.46 ppm, originating from one of
the hydroxyl protons, and a carbon signal at 101.8 ppm, assignable to C-10 carbon
atom indicates that this broad singlet belongs to the OH-5 hydroxyl proton, suggesting the same linkage location as was observed for 2. An HMBC correlation of anomeric
proton signal of apiose (dH 5.32) to C-7 carbon signal of aglycone (dC 156.2) supported
this linkage to be at C-7 carbon atom of the aglycone. Moreover, a large J2,3 coupling
constant (J ¼ 7.6 Hz) confirmed the trans-arrangement of H-2 and H-3 (Hwang et al.
1989). Additionally the CD spectrum displayed a negative Cotton effect at 273 nm,
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indicating the R-configuration at C-2 (Slade et al. 2005). Thus the configuration of C-3
was established as S. Based on the above evidence and literature data 3 was identified
as (þ)-afzelechin-7-O-b-D-apiofuranoside (Karl et al. 1982; Kim and Kinghorn 1987;
Yao et al. 2012). The structures of afzelechin and its derivatives are presented
in Figure 1.
The HR-ESI-MS spectrum established the molecular formula of compound 4
as C20H22O10 (m/z 421.1142 for [M  H], calcd. 421.1140). The negative ion-ESI-MS
spectrum showed a [M  H] ion at m/z 421, which further fragmented into an aglycone ion at m/z 289 [M – H  132], indicating that 4 is a glycoside bearing a pentosyl
substituent. The UV spectrum exhibited maximum absorptions at 202 and 279 nm,
consistent with a flavan-3-ol skeleton (Cui et al. 1992).
The HR-ESI-MS spectrum established the molecular formula of compound 5
as C20H22O10 (m/z 421.1148 for [M  H], calcd. 421.1140). The negative ion–ESI–MS
spectrum showed a [M  H] ion at m/z 421, which further fragmented into an aglycone ion at m/z 289 [M – H  132], indicating that 5 is a glycoside bearing a pentosyl
substituent. The UV spectrum exhibited maximum absorptions at 202 and 279 nm,
consistent with a flavan-3-ol skeleton (Cui et al. 1992).
By comparing the MS spectra and sugar composition after compounds hydrolysis
with literature data, the other two known flavan-3-ols were characterised as
(þ)-catechin-7-O-a-L-arabinoside (4) and (þ)-catechin-7-O-b-D-apioside (5), previously
described by (Karl et al. 1982; Kim and Kinghorn 1987).
Finally, the UHPLC profile of polypody rhizome water extracts and of isolated
afzelechin derivatives (Supplemental Figure S4) clearly shows, that these compounds
are among the main components present in the investigated extracts. To the best
of our knowledge, this is the first report showing the presence of these compounds
in P. vulgare rhizomes.

3. Experimental
3.1. Plant material
P. vulgare rhizome was purchased from Alfred Galke GmbH (Gittelde, Germany) in
2016. Voucher specimens numbered PV-1/2016 and PV-2/2016 were deposited in the
Herbarium of Department of Pharmacognosy, Wroclaw Medical University.

3.2. Chemicals
LC–MS grade solvents were purchased from Merck (Darmstadt, Germany) and SigmaAldrich (St. Louis, MO, USA) while those of analytical grade were obtained from
Chempur (Piekary Sla˛skie, Poland) and POCh (Gliwice, Poland). Standards of sugars
were obtained from Merck (Darmstadt, Germany).

3.3. LC–MS conditions
The Thermo Scientific UHPLC Ultimate 3000 apparatus (Thermo Fisher Scientific,
Waltham, MA, USA) consisted of an LPG-3400RS quaternary pump with a vacuum
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degasser, a WPS-3000RS autosampler and a TCC-3000SD column oven. The ESI-qTOF
Compact (Bruker Daltonics, Bremen, Germany) was connected as the MS detector. The
instrument was calibrated with the TunemixTM mixture (Bruker Daltonics). The mass
accuracy for all isolated compounds was within 3 ppm. The analyses of the obtained
mass spectra were carried out using a Data Analysis (Bruker Daltonics) software. The
main instrumental parameters were as follows: scan range: 50–2200 m/z; dry gas: nitrogen; temperature: 200  C; potential between the spray needle and the orifice: 4.2 kV.
The separation was achieved on a Kinetex C-18 column (150  2.1 mm) of 2.6 lm
core–shell particle size (Phenomenex, Torrance, CA, USA). The gradient elution system
consisted of 0.1% HCOOH in water (mobile phase A) and 0.1% HCOOH in acetonitrile
(mobile phase B). At the flow rate of 0.3 mL/min, the following elution program was
used: 0!30 min (5!95% B), 30!40 min (95% B), 40!45 min (95!5% B), 45!50 min
(5% B). All analyses were carried out isothermally at 30  C. The injection volume for
samples solutions was 3 lL.

3.4. TLC analysis
TLC analysis was performed on Silica gel plates (Si60 F254; Merck) with a solvent system
consisting of ethyl acetate, methanol and water (100:13.5:10, V:V:V). Plates were
sprayed with vanillin–sulfuric acid reagent and heated at 120  C for spot visualisation.
Sample solutions (20 mL) were applied as 5 mm bands, 10 mm from the bottom edge,
and approx. 6 mm apart. Plates were developed in the sandwich configuration
Chromdes DS chamber (Lublin, Poland). Compounds were hydrolysed on TLC plates
with hydrochloric acid.

3.5. Preparative chromatography
Silica gel (100–200 mesh, Merck), C18 reversed-phase silica gel (40–63 lm, Merck),
Diaion HP-20 (Mitsubishi Chemical Corporation, Tokyo, Japan) were used for column
chromatography (CC). Preparative HPLC was performed on a LaPrep SIGMA LA 1200
(VWR, Radnor, PA, USA) preparative liquid chromatography system. Compounds were
separated on a Kinetex C18 (250  20 mm, 5 lm, Phenomenex) column with the flow
rate of 12.0 mL/min.

3.6. General NMR, polarimetry and CD procedures
1

H, 13C and 2D NMR spectra were obtained on a Bruker Avance 300 NMR spectrometer
(Bruker BioSpin, Rheinstetten, Germany), operating at 300 and 75.5 MHz respectively,
using standard pulse programs. Spectra were recorded in DMSO-d6 or in acetone-d6
€ttingen, Swiss) at 300 K.
(Armar AG, Do
Optical rotations were recorded in MeOH with a P-2000 polarimeter (Jasco, Tokyo,
Japan) equipped with a 100 mm microcell and a sodium lamp.
CD data were recorded in MeOH (c 1 mg/10 mL) on a J-1500 Circular Dichroism
Spectrophotometer (Jasco, Tokyo, Japan).
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3.7. Sample preparation for TLC and UHPLC analysis
For TLC screening and UHPLC evaluation, the dried polypody rhizomes were randomly
chosen and pulverised. Later on, 1.0 g of the powder was transferred to a flask and
extracted with 10 mL of distilled water for 24 h at room temperature. The aqueous
phase was separated, filtered into a 10 mL volumetric flask and filled up to 10 mL with
distilled water.

3.8. Extraction and isolation
Rhizomes of P. vulgare (0.6 kg) were pulverised into a coarse powder and extracted
with 1.2 L of distilled water three times (2 h each time). The combined water extracts
were applied and fractionated on Diaion HP-20 resin column. As a solvent pure water,
20% MeOH, 60% MeOH and methanol were used. The fraction eluted from the resin
column with 60% MeOH was evaporated under reduced pressure yielded 11.5 g of
residue. It was later partitioned between ethyl acetate and water. The ethyl acetate
extract (4.6 g after evaporation) was subjected to silica gel CC and eluted with gradient mixtures of ethyl acetate: methanol (9.5:0.5 to 0.5:9.5) to obtain eighteen fractions
(f.1–f.18). Fraction f.1 was collected and evaporated giving compound 1 (40 mg).
Fraction f.8 (628 mg), was purified by preparative ODS [MeOH–H2O (20% isocratic)] to
yield compound 5 (39 mg). Fraction f.9 (621 mg), was subjected to an ODS preparative
column chromatography [eluted with MeOH–H2O (20% isocratic)] to afford compounds
2 (45 mg), 3 (9 mg), and 4 (24 mg). All steps of the flavan-3-ols isolation were monitored by TLC and LC-MS chromatography. Identity of the isolated compounds was
determined by HR-ESI-MS and NMR spectra.

4. Conclusions
The rhizomes of the fern Polypodium vulgare L. (Polypodiaceae) exhibit a sweet taste,
and have a history of human consumption both for use as a food and medicinal
agent. Despite the fact that the chemistry of P. vulgare L. is quite well documented,
there is no information about the presence of afzelechin derivatives at common polypody. Earlier studies refer to the polypody rhizome as a source of catechin derivatives.
Therefore, by comparing the current results with literature data concerning the presence of flavan-3-ol derivatives in Polypody rhizome, we may conclude that the rhizomes are also a rich source of afzelechin and its derivatives. Moreover, the presence
of a new, previously unreported (þ)-afzelechin-7-O-a-L-arabinofuranoside may be considered as a chemotaxonomic marker or as a reference substance for common polypody standardisation. The presented structure elucidation of afzelechin derivatives
underlines the benefits of using solvents without mobile hydroxyl protons in the NMR
analysis, which enables the observation of the resonances originating from hydroxyl
groups of the studied compounds.
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