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A B S T R A C T

Ethnopharmacological relevance: Ethnopharmacological data and ancient texts support the use of black hellebore
(Helleborus odorus subsp. cyclophyllus, Ranunculaceae) for the management and treatment of epilepsy in ancient
Greece.
Aim of the study: A pharmacological investigation of the root methanolic extract (RME) was conducted using the
zebrafish epilepsy model to isolate and identify the compounds responsible for a potential antiseizure activity
and to provide evidence of its historical use. In addition, a comprehensive metabolite profiling of this studied
species was proposed.
Materials and methods: The roots were extracted by solvents of increasing polarity and root decoction (RDE) was
also prepared. The extracts were evaluated for antiseizure activity using a larval zebrafish epilepsy model with
pentylenetetrazole (PTZ)-induced seizures. The RME exhibited the highest antiseizure activity and was therefore
selected for bioactivity-guided fractionation. Isolated compounds were fully characterized by NMR and high-
resolution tandem mass spectrometry (HRMS/MS). The UHPLC-HRMS/MS analyses of the RME and RDE were
used for dereplication and metabolite profiling.
Results: The RME showed 80% inhibition of PTZ-induced locomotor activity (300 μg/ml). This extract was frac-
tionated and resulted in the isolation of a new glucopyranosyl-deoxyribonolactone (1) and a new furostanol saponin
derivative (2), as well as of 20-hydroxyecdysone (3), hellebrin (4), a spirostanol glycoside derivative (5) and de-
glucohellebrin (6). The antiseizure activity of RME was found to be mainly due to the new furostanol saponin (2) and
hellebrin (4), which reduced 45% and 60% of PTZ-induced seizures (135 μM, respectively). Besides, the aglycone of
hellebrin, hellebrigenin (S34), was also active (45% at 7 μM). To further characterize the chemical composition of
both RME and RDE, 30 compounds (A7-33, A35–37) were annotated based on UHPLC-HRMS/MS metabolite pro-
filing. This revealed the presence of additional bufadienolides, furostanols, and evidenced alkaloids.
Conclusions: This study is the first to identify the molecular basis of the ethnopharmacological use of black hellebore
for the treatment of epilepsy. This was achieved using a microscale zebrafish epilepsy model to rapidly quantify in
vivo antiseizure activity. The UHPLC-HRMS/MS profiling revealed the chemical diversity of the extracts and the
presence of numerous bufadienolides, furostanols and ecdysteroids, also present in the decoction.
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1. Introduction

Epilepsy is one of the oldest and most critical central nervous system
(CNS) disorders that affects more than 50 million people worldwide
(Megiddo et al., 2016; WHO, 2019). Despite the availability of over 25
antiseizure drugs (ASDs), one third of epileptic patients suffer from
pharmacoresistance and heavy side effects (Ngugi et al., 2010; Santulli
et al., 2016).

The intense manifestations of epilepsy in the form of seizures have
been described in numerous ancient texts dating to 2000 BC. Vivid
descriptions of epileptic seizures have been found in inscriptions from
Mesopotamia, ancient Egypt, the Babylonian and Roman empires, and
ancient Greece (Magiorkinis et al., 2010). In antiquity, epilepsy was
considered to have a divine emanation. Hippocrates of Kos (c. 460-370
BC) clearly identified the disease, contested its sacred nature and set the
foundation for a scientific approach to find a cure. Several treatments
for the prevention of seizures were proposed, such as shaving the head,
walking, exercising, vomiting, use of diuretics, phlebotomy, and even
sneezing (Magiorkinis et al., 2010).

The Hippocratic Corpus provided little insight for the treatment of
epilepsy, although about 1500 recipes are proposed against various
ailments (Totelin, 2009). Both Hippocrates and Theophrastus (372-287
BC) (Hort, 1916) acknowledged the purgative and potentially dan-
gerous properties of the roots of black hellebore, but none of them as-
sociated its use with conditions consistent with what we call today
“psychiatric disorders”. Explicit mentions of the therapeutic use of
black hellebore roots against epilepsy are found later in De materia
medica of Dioscorides (c. 40-90 AD). His descriptions revealed that in
fact, black hellebore was a popular treatment for epilepsy and “the
insane” (Beck, 2005). Black hellebore is also acknowledged by the
important Roman encyclopedist Celsus (25-50 AD), as effective against
“melancholia” or the “black bile disease” which could result in madness
(Spencer, 1935). The popular use of black hellebore as a treatment for
epilepsy is also evident in Greek myths that share one common char-
acteristic: the treatment of sudden outbursts of “madness”. In the myth
of Melampus, a famous clairvoyant and healer, black hellebore was
used to cure the daughters of King Proteus who were stricken by divine
“madness” and wandered in the wild believing they were cows (Olivieri
et al., 2017). In the myth of Heracles, the famous hellebore from An-
tikyra healed Heracles of the “madness” caused by Hera who drove him
to kill his wife and children. Hellebore growing in Antikyra, a fishing
village located in the Gulf of Corinth, was so renowned for its strong
pharmacological activity against mental disorders that it became part of
the proverb “Go to Antikyra!“, which means “You need a good dose of
hellebore!” (Maieron, 2018).

In modern pharmacology, the use of Helleborus species has been
cited for tooth pain relief (H. foetidus), abortion (H. orientalis), anti-
cystitis (H. thibetanus), skin diseases (H. odorus), and sore joints (H.
niger) (Maior and Dobrotă, 2013; Zhang et al., 2017). More recently, the
pharmacological effects of Helleborus species included anti-rheumatic,
anti-inflammatory, anti-cancer, anti-diabetic, anti-bacterial, and anti-
oxidant properties (Apetrei et al., 2011; Erdemoglu et al., 2003;
Lindholm et al., 2002; Puglisi et al., 2009; Seifarth et al., 2011). In
addition, the CNS antidepressant effect has been linked to saponins
(sarsasapogenin and its glycosylated form) contained in H. niger
(Olivieri et al., 2017; Ren et al., 2007). Nevertheless, all the above-
mentioned pharmacological properties of hellebore are overshadowed
by the high cardiotoxic and cytotoxic properties of most species (Gomes
et al., 2009; Moreno et al., 2013; Schmutz, 1949), whose dangerous
results have been known since antiquity.

Black hellebore, which was widely used in Greece during antiquity,
has now been clearly identified as Helleborus odorus subsp. cyclophyllus
(A. Braun) Maire & Petitm., Ranunculaceae) (Dimopoulos et al., 2013;
Strid, 2016). The plant is native to the Balkan peninsula, including
Greece (Tutin et al., 1993), while it is the only subtaxon of Helleborus
present in Greece (Dimopoulos et al., 2013, 2016). Previous

phytochemical investigation of the species reported palmitic/linoleic
acids, phospholipids, β-sitosterol, uridine, small phenolic analogs, bu-
fadienolides (hellebrin, hellebrigenin, deglucohellebrin), furostanols
(caucasicoside A, helleboroside B), ecdysteroids (20-hydroxyecdysone
and polypodine B), and flavonoid derivatives (Philianos, 1967;
Philianos et al., 1983; Tsiftsoglou et al., 2018).

The use of black hellebore in ancient Greece for the treatment and
soothing of various forms of “madness” has not yet been correlated with
modern pharmacological antiseizure assays. To address this, we used an
epilepsy assay based on zebrafish larvae (Danio rerio), whose homology
to humans (80% similarity of nucleotides with human), small size and
rapid development, make this vertebrate model very convenient to use
(Crawford et al., 2008). Zebrafish screening platforms are now well
established to rapidly detect antiseizure compounds. In this study, the
seizures were induced by the GABAA antagonist pentylenetetrazole
(PTZ) and the locomotor activity was quantified by behavioral analysis
(Afrikanova et al., 2013). This zebrafish epilepsy model was found well
adapted for the bioactivity-guided isolation of antiseizure natural pro-
ducts (Brillatz et al., 2018, 2020; Challal et al., 2014; Orellana-Paucar
et al., 2012).

Here, we describe the potential antiseizure activity of the extracts
and decoction of H. odorus subsp. cyclophyllus for the investigation of its
ancient use as a treatment for epilepsy. Besides, UHPLC-HRMS/MS
metabolite profiling of root methanolic extract (RME) and root decoc-
tion extract (RDE) was performed to obtain a more thorough descrip-
tion of the specialized metabolites composition.

2. Materials and Methods

2.1. Reagents

Hellebrigenin (S34) was purchased from Biopurify (Chengdu
Biopurify Phytochemicals Ltd., Chengdu, Sichuan, China), which esti-
mated its purity at 99.4% by LC-UV (296 nm).

2.2. General experimental procedure

NMR spectroscopic data were recorded on a Varian (Palo Alto, CA,
USA) Unity Inova 500 MHz spectrometer or on a Bruker Avance III HD
600 MHz NMR spectrometer equipped with a QCI 5 mm Cryoprobe and
a SampleJet automated sample changer (Bruker BioSpin, Rheinstetten,
Germany). Chemical shifts (δ) are measured in parts per million (ppm)
and coupling constants (J) are reported in hertz (Hz). Complete as-
signment was performed based on two-dimensional experiments
(COSY, NOESY, HSQC and HMBC). High resolution tandem mass
spectrometry (HRMS/MS) data were obtained on a Q Exactive Focus
quadrupole-orbitrap mass spectrometer (Thermo Scientific, Bremen,
Germany) using heated electrospray ionization (HESI-II) in the positive
and negative modes. Semi-quantitative analysis was carried out using a
CoronaTM VeoTM RS Charged Aerosol Detector (CAD) (Thermo
Scientific, Bremen, Germany). HRMS fingerprint data were obtained on
a Micromass LCT Premier Time-of-Flight (TOF) mass spectrometer from
Waters with an ESI interface (Waters, Milford, MA, USA). Ultra-high
performance liquid chromatography (UHPLC-PDA-ELSD) measure-
ments were performed using an Acquity UPLC system, coupled to a
photodiode array (PDA) and a Sedex 85 detector (Sedere, Alfortville,
France). Small scale pressurized liquid extraction was performed on an
accelerated solvent extraction ASE 300 apparatus (Dionex, Sunnyvale,
CA, USA) with 100 ml stainless steel vessels. Fractionation was per-
formed on a medium pressure liquid chromatography (MPLC) pre-
parative chromatographic system using Büchi sepacore system equip-
ment (Büchi, Flawil, Switzerland). Further purification was performed
on a semi-preparative HPLC equipment (Armen modular spot prep II,
Saint-Avé, France).
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2.3. Plant material extraction

Helleborus odorus subsp. cyclophyllus (A. Braun) Maire & Petitm.
(Dimopoulos et al., 2013; Strid, 2016) was collected at mount Dirfys,
Evia, Greece in May 2015. Botanical identification of the plant material
was performed by Dr. E. Kalpoutzakis and a voucher specimen (Eb015)
was deposited at the herbarium of the National and Kapodistrian Uni-
versity of Athens, Faculty of Pharmacy, Athens, Greece.

For the initial evaluation of the antiseizure activity of extracts, the

dried roots and the aerial parts of H. odorus subsp. cyclophyllus were
ground separately (20 g,< 1 mm particle size) and were subjected to a
small-scale pressurized liquid extraction with ethyl acetate and me-
thanol on an ASE system with 100 ml stainless steel vessels. The cell
was pressurized, heated, and extracted statically under the following
conditions: temperature 70 °C; pressure 120 bar; preheating time 1 min;
two extraction cycles of 5 min each; flush volume 100%; purge 2 min.
Methanol and ethyl acetate extracts of roots and aerial parts were dried
under rotavapor and submitted to the zebrafish epilepsy assay (Fig. 1;

Fig. 1. Effects of H. odorus subsp. cyclophyllus extracts on larval locomotor activity. (A) Ethyl acetate (EtOAc), methanol (MeOH) and decoction extracts of the
roots and EtOAc and MeOH extracts of the aerial parts. (B–F) PTZ-induced locomotor activity curves for a 30 min tracking period with 5 min average time periods
after 18 h pretreatment with each extract. Striped bars represent the average movement before the induction of seizure (- PTZ). PTZ was used at 20 mM as
proconvulsant agent (black bar/curve). Controls are described as "-" for the vehicle control and "+" for the positive control. Data are represented by the average
% ± SEM (n ≥ 5) against Veh + PTZ. Statistical analysis was performed by one-way ANOVA (bar graph) and two-way ANOVA (movement/time graphs) with
Dunnett's test to compare samples with positive control, with P value of< 0.05 (*),< 0.01 (**), < 0.0001 (****).

T. Brillatz, et al. Journal of Ethnopharmacology 259 (2020) 112954

3



Fig. 1S, Supplementary information). Extracts were concentrated under
vacuum until dryness to yield 2.5 g of root ethyl acetate extract (12.5%
w/w), 7.2 g of root methanolic extract (35.8% w/w), 1.1 g of aerial
parts ethyl acetate extract (5.5% w/w), and 5.5 g of aerial parts me-
thanolic extract (27.5% w/w).

A large-scale extraction was performed on 300 g of root powder by
solvents of increasing polarity (cyclohexane, dichloromethane, me-
thanol, and water) for the preparative isolation of the potential bioac-
tive compounds. All extracts were concentrated under vacuum until
dryness to yield 15.9 g of cyclohexane extract (5.3% w/w), 8.3 g of
dichloromethane extract (2.8% w/w), 42.0 g of methanol extract
(14.0% w/w), and 29.8 g of aqueous extract (9.9% w/w) and evaluated
in the zebrafish epilepsy assay (Fig. 2S, Supplementary information).

An aqueous decoction was prepared with 20 g of ground roots and
200 ml of distilled water, boiled during 2 min and left overnight at
40 °C, to yield 3 g of dry extract (15% w/w). This decoction is the
closest formulation of what could have been used traditionally to treat
epilepsy in ancient Greece (Beck, 2005).

2.4. Fractionation of the root methanolic extract and purification of
compounds

The root methanolic extract (RME) obtained at large-scale was
subjected to fractionation by preparative chromatography (Fig. 3S,
Supplementary information). To ensure the same chromatographic se-
lectivity, the extract was fractionated by MPLC-UV-ELSD after the use
of a geometrical gradient transfer from analytical HPLC to preparative
conditions (Challal et al., 2015). Fractionation of the RME (5 g) was
performed using a C18 Zeoprep column (460 × 49 mm I.D., 15–25 μm
spherical; Zeochem, Uetikon am See, Switzerland) with water (A) and
methanol (B) containing both 0.1% formic acid, following a linear
gradient of 5–100% of B in 263 min held during 65 min. The flow rate
was fixed at 30 ml/min. The UV detection was recorded at 210, 254,
280 and 366 nm and the ELSD set at 40 °C, 2.3 bar N2 and gain 1.
Fractionation of the RME resulted in 40 fractions combined in 16
fractions (F1–F16) according to their UV and ELSD signals. All fractions
were analyzed by UHPLC-PDA-ELSD and UHPLC-TOF HRMS and then
tested in the zebrafish epilepsy assay to localize the bioactive fractions
(Fig. 3S, Supplementary information). For the isolation, selected frac-
tions were further purified on a semi-preparative HPLC equipment
using a C18 X-bridge column (150 × 19 mm, 5 μm, Waters, Milford,
MA, USA), with water (A) and methanol (B) containing both 0.1%
formic acid. The purification was performed using: a step gradient for
F3 (20–25% of B in 40 min, then 25–100% of B in 5 min held during
10 min), a linear gradient for F7 (50% of B in 20 min, then 50–100% of
B in 5 min held during 10 min), a linear gradient for F8 (50% of B in
40 min, then 50–100% of B in 5 min held during 10 min) and a step
gradient for F10 (50–80% of B in 40 min, then 80–100% of B in 5 min
held during 10 min). The flow rate was fixed at 10 ml/min. The UV
detection was set at 210–366 nm and ELSD detection at 40 °C, 3.1 bar
N2 and gain 8. Using this method, fraction F3 yielded 1 (2.0 mg) and 2
(4.2 mg), F7 yielded 3 (5.1 mg), F8 yielded 4 (6.8 mg), F10 yielded 5
(2.1 mg) and 6 (1.2 mg).

2.5. Description of the isolated compounds

(4R,5S or 4S,5R)-4-hydroxy-5-((β-D-glucopyranosyloxy)methyl)di-
hydrofuran-2(3H)-one (1). White amorphous solid. [ ]D

25 -8.70 (c. 1.0,
MeOH); UV (MeOH) λmax 250 (2.87); 1H NMR (CD3OD, 600 MHz) δ
2.35 (1H, dd, J = 17.9, 2.2 Hz, H-3b), 3.03 (1H, dd, J = 17.9, 6.7 Hz,
H-3a), 3.15 (1H, dd, J = 9.2, 7.8 Hz, H-2′), 3.26 (2H, m, H-4′, H-5′),
3.33 (1H, m, H-3′), 3.65 (1H, m, H-6′b), 3.81 (1H, dd, J = 11.6, 3.4 Hz,
H-6b), 3.86 (1H, dd, J = 11.9, 1.8 Hz, H-6′a), 4.10 (1H, dd, J = 11.6,
3.4 Hz, H-6a), 4.28 (1H, d, J = 7.8 Hz, H-1′), 4.50 (1H, td, J = 3.4,
2.2 Hz, H-5), 4.52 (1H, dt, J = 6.7, 2.2 Hz, H-4); 13C NMR (CD3OD,
151 MHz) δ 39.0 (C-3), 62.7 (C-6′), 69.9 (C-4), 70.3 (C-6), 71.5 (C-4′),

75.1 (C-2′), 78.1 (C-3′, C-5′), 88.6 (C-5), 104.8 (C-1′), 178.9 (C-2); ESI
(−)-HRMS m/z 293.0880 [M-H]- (calcd. for C11H17O9

−, 293.0878,
Δppm = 0.67). Data for MS/MS spectra are available in the GNPS li-
brary spectrum as CCMSLIB00005716784.

Helleodoraside (2). Amorphous solid. [ ]D
25 -3.53 (c. 0.1, MeOH); UV

(MeOH) λmax 265 (2.56); 1H NMR (CD3OD, 500 MHz) δ 0.81 (3H, s, H-
18), 0.89 (1H, m, H-9), 0.91 (1H, m, H-7α), 0.95 (3H, s, H-19), 1.00
(3H, d, J = 7.0 Hz, H-21), 1.03 (1H, m, H-5), 1.11 (1H, m, H-14), 1.12
(1H, m, H-12α), 1.25 (1H, m, H-15β), 1.31 (2H, m, H-4β, H-11β), 1.35
(1H, m, H-6α), 1.40 (1H, m, H-2β), 1.42 (1H, m, H-6β), 1.47 (1H, m, H-
4α), 1.55 (1H, m, H-8), 1.66 (2H, m, H-7β, H-12β), 1.69 (1H, m, H-17),
1.81 (1H, m, H-23b), 1.90 (1H, m, H-23a), 1.95 (1H, m, H-15α), 2.12
(1H, m, H-24b), 2.19 (2H, m, H-2α, H-20), 2.21 (1H, m, H-24a), 2.64
(1H, dd, J = 14.2, 3.3 Hz, H-11α), 3.21 (1H, t, J = 8.7 Hz, H-2″), 3.25
(1H, m, H-5″), 3.28 (1H, m, H-4″), 3.35 (1H, t, J = 8.7 Hz, H-3″), 3.48
(2H, m, H-2′, H-4′), 3.49 (1H, m, H-5′b), 3.51 (1H, m, H-3), 3.56 (1H,
dd, J = 11.8, 4.5 Hz, H-1), 3.66 (1H, dd, J = 12.0, 5.5 Hz, H-6″a), 3.78
(1H, d, J = 2.5 Hz, H-3′), 3.86 (1H, m, H-6″b), 3.87 (1H, m, H-5′a),
4.11 (1H, d, J = 12.3 Hz, H-26b), 4.26 (1H, d, J = 3.1 Hz, H-1′), 4.28
(1H, d, J = 8.7 Hz, H-1″), 4.33 (1H, d, J = 12.3 Hz, H-26a), 4.34 (1H,
m, H-16), 4.93 (1H, d, J = 4.3 Hz, H-27b), 5.09 (1H, d, J = 4.3 Hz, H-
27a); 13C NMR (CD3OD, 126 MHz) δ 8.4 (C-19), 16.2 (C-21), 17.2 (C-
18), 24.4 (C-11), 28.8 (C-24), 29.7 (C-6), 32.3 (C-23), 33.0 (C-15), 33.4
(C-7), 37.0 (C-2), 37.5 (C-8), 39.3 (C-4), 41.2 (C-20), 41.6 (C-13), 41.6
(C-12), 42.2 (C-10), 43.9 (C-5), 56.2 (C-9), 57.7 (C-14), 62.9 (C-6″),
65.5 (C-17), 67.6 (C-5′), 68.8 (C-3), 70.2 (C-3′), 71.7 (C-4″), 72.7 (C-
26), 72.8 (C-4′), 74.6 (C-2′), 75.1 (C-2″), 78.0 (C-5″), 78.1 (C-3″), 82.0
(C-1), 82.5 (C-16), 101.3 (C-1′), 103.3 (C-1″), 112.3 (C-27), 113.6 (C-
22), 147.2 (C-25); ESI(−)-HRMS m/z 741.4054 [M-H]- (calcd. for
C38H61O14

−, 741.4067, Δppm = −1.72). Data for MS/MS spectra are
available in the GNPS library spectrum as CCMSLIB00005716785.

20-hydroxyecdysone (3). [ ]D
20 +58.9 (c. 0.3, MeOH); UV (MeOH)

λmax 246 (2.02) nm; For NMR spectra, see supplementary information.
Hellebrin (4). [ ]D

20 -23.4 (c. 0.02, MeOH); UV (MeOH) λmax (log ε)
300 (2.57) nm; For NMR spectra, see supplementary information.

(23S,24S)-21-hydroxymethyl-24-{[O-β-D-glucopyranosyl-(1→4)-β-
D-fucopyranosyl]oxy}-3β,23-dihydroxyspirosta-5,25(27)-diene-1β-yl
O-(α-L-rhamnopy-ranosyl)-(1→2)-O-[β-D-xylopyranosyl-(1→3)]-α-L-
arabinopyranoside (5). [ ]D

25 -38.8 (c. 0.5, MeOH); UV (MeOH) λmax 254
(3.61) nm; For NMR spectra, see supplementary information.

Deglucohellebrin (6). [ ]D
17 -0.245 (c. 0.001, MeOH); UV (MeOH)

λmax 299 (2.90) nm; For NMR spectroscopic data, see supplementary
information.

The purity of the isolated compounds was estimated by 1H proton
NMR, through visual estimation of the area integrals of the compound
signals compared to all detected signals (see Supplementary informa-
tion). With this method, the level of purity of 1 was at 70%, 2 at 70%,
3 at 60%, 4 at 80%, 5 at 85%, and 6 at 60%.

2.6. UHPLC metabolite profiling

2.6.1. UHPLC-PDA-ELSD, and UHPLC-TOF-HRMS analysis
Fractions fingerprinting data were acquired by UHPLC-PDA-ELSD

and UHPLC-TOF HRMS according to standard protocols of the labora-
tory (Brillatz et al., 2018). Detailed protocols are provided in supple-
mentary information (Annex A, Supplementary information).

2.6.2. UHPLC-PDA-CAD-HRMS/MS analysis
Metabolite profiling of the root methanolic and root decoction ex-

tracts was performed by UHPLC-PDA-CAD-HRMS/MS to obtain quali-
tative (PDA-HRMS/MS) and semi-quantitative (CAD) information in a
single analysis (Fig. 5; Fig. 4S, Supplementary information). The opti-
mized HESI-II parameters were as follows: source voltage, 3.5 kV (pos),
2.5 kV (neg); sheath gas flow rate (N2), 55 units; auxiliary gas flow rate,
15 units; spare gas flow rate, 3.0; capillary temperature, 266 °C (pos),
320 °C (neg); S-Lens RF Level, 45. The data-dependent MS/MS events
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were performed on the three most intense ions detected in full scan MS
(Top 3 experiment). After being acquired in a MS/MS scan, parent ions
were placed in a dynamic exclusion list for 1.0 s. The MS/MS isolation
window width was 1.5 Da, and the normalized collision energy (NCE)
was set to 15, 30 and 45 units. Full scans were acquired at a resolution
of 35 000 FWHM (at m/z 200) and MS/MS scans at 17 500 FWHM with
a maximum injection time of 119 ms and 55 ms, respectively. Separa-
tion was achieved on an Acquity BEH C18 column (2.1 × 100 mm I.D.;
1.7 μm).The temperature in the autosampler and column oven were
fixed at 10 and 40 °C, respectively. The mobile phase consisted of water
(A) and acetonitrile (B) both containing 0.1% formic acid; separation
was performed with a linear gradient from 2 to 100% of B in 30 min
followed by a 10 min isocratic step at 100% of B and then 10 min
isocratic step at 2% of B for column reconditioning. Injection volume
was set at 4 μL, the flow rate was fixed at 0.46 ml/min. In positive ion
mode, the di-isooctyl phthalate C24H38O4 [M+H]+ ion (m/z
391.28429) was used as an internal lock mass. An Acquity UPLC pho-
todiode array detector was used to acquire UV spectra which were
detected from 200 to 500 nm and extracted from 254 to 300 nm to
obtain the broadest peak resolution (Fig. 5A). UHPLC-CAD parameters
were set at 40 °C, split 9:1, 5 bar N2 and power function 1.

2.6.3. MZmine parameters
After conversion to .mzXML format with Proteowizard (Chambers

et al., 2012), MZmine (v2.51) was used to perform the UHPLC-HRMS/
MS data processing (Pluskal et al., 2010). During the mass detection
step, the ions kept were those above a noise level set at 4.0E4 for MS1
(and 0 for MS2). Chromatogram builder was employed with a minimum
height of 4.0E4 and m/z tolerance of 0.004 (15 ppm). The chromato-
gram deconvolution was performed using the wavelets ADAP algorithm
(Myers et al., 2017) with a single noise (S/N) threshold of 10, the
wavelet scales from 0.00 to 0.08 min and a peak duration range from
0.10 to 1.50; the MS2 scan pairing was set at m/z 0.001 Da (0.5 min).
The chromatograms were deisotoped using the isotope peak grouper
with an m/z tolerance of 0.01 or 10 ppm, a retention time (RT) toler-
ance of 0.1 min and a maximum charge of 1, while the representative
isotope used was the most intense. Peak alignment was applied using
the join aligner method with an m/z tolerance of 8 ppm, an RT absolute
tolerance at 0.03 min and a weight for m/z at 10. An adduct search in
both positive and negative ionization modes was performed on the peak
list with a RT tolerance set at 0.01 min (m/z 0.001 or 5 ppm) and the
maximum relative peak height at 50%. A complex search was per-
formed on the peak list as well, with an m/z tolerance of 0.001 (5 ppm),
an RT tolerance of 0.05 min, and the maximum complex peak height at
50%. The peak list was gap-filled using the “same RT and m/z range gap
filler” module with a m/z tolerance of 0.001 or 5.0 ppm. The peak list
was reduced to a minimum peak area of 4.0E4 for data processing. A
custom database of monocots and dicots (123 905 compounds) was
extracted and created from the Dictionary of Natural Products for de-
replication (DVD version 26:2) (Chapman, 2019).

2.6.4. Molecular network analysis
The MZmine files were exported in .mgf format for the processing of

the molecular network in the Global Natural Products Social (GNPS)
platform (Wang et al., 2016). To maintain the retention time and exact
mass information and to allow the isomer separation, the feature-based
molecular networks were created using the .mgf file resulting from the
MZmine pretreatment step detailed above (Nothias et al., 2019).
Spectral data were uploaded on the GNPS molecular networking plat-
form. A network was then created where edges were filtered to have a
cosine score above 0.65 and at least 6 matched peaks between the two
nodes. Furthermore, edges between two nodes were kept in the network
if and only if each of the nodes appeared in each other's respective top
10 most similar nodes. The spectra in the network were then searched
against GNPS spectral libraries. All matches kept between network
spectra and library spectra were required to have a score above 0.7 and

at least 6 matched peaks. All spectra were searched against the ISDB-
DNP database (Allard et al., 2016). A top 50 of the chemical structures
was provided for each node according to the in silico MS/MS frag-
mentation.

Secondly a taxonomic reweighting step allowed the candidate
structures to be re-ranked with a weight inversely proportional to the
distance between the candidate biological sources and the one of the
analyzed sample (family, Ranunculaceae; genus, Helleborus; species,
Helleborus odorus subsp. cyclophyllus) and a top 6 of candidates was
provided (Rutz et al., 2019). The output was visualized using Cytoscape
v3.7.0 (Shannon et al., 2003). Peak areas of the different analyses were
represented as pie chart-diagrams, where green was coded for root
methanolic extract, blue for root decoction extract and white for me-
thanol blank (Figs. 5–6S, Supplementary information). The size of the
nodes was proportional to the surface area of the peaks in the metha-
nolic extract. The full MS data set is uploaded and accessible on the
GNPS servers as Massive Data sets N° MSV000084842 (https://doi.org/
10.25345/C5K405).

2.7. Zebrafish seizure assay

The zebrafish seizure assay, based on the induction of epileptic
seizures in zebrafish larvae by the PTZ, was performed as previously
described (Afrikanova et al., 2013; Brillatz et al., 2018, 2020). Details
and adaptations can be found in the supplementary information (Annex
B, Supplementary information). The determination of the maximum-
tolerated concentration (MTC) in the zebrafish assay was performed for
each sample and is described in Annex B for extracts and isolated
compounds. In the zebrafish experiments, the antiseizure drug topir-
amate was used as reference standard (data not shown) and demon-
strated comparable reduction of PTZ-induced locomotor activity at si-
milar concentration reported by Afrikanova et al. (2013). The
Luxembourg Centre for Systems Biomedicine (LCSB) Zebrafish Core
Facility and the experiments involving zebrafish embryos and larvae
have been allowed, with regard to European Directive 2010/63/EU, by
the relevant agencies of the Government of Luxembourg, both the
“Ministère de la Santé et Ministère de l'Agriculture, de la Viticulture et
du Développement Rural (Arrêté ministériel du 20 Décembre 2012 et
20 Janvier 2016)”.

2.8. Statistical analysis

Data were expressed as mean ± SEM (n ≥ 3) for the zebrafish
epilepsy assay. Statistical differences among the data were assessed by
one-way (bar graphs) or two-way (movement/time graphs) ANOVA
with Dunnett's test to compare samples with positive control, with P
values of< 0.05 (*),< 0.01 (**),< 0.001 (***), and<0.0001 (****),
respectively. Analyses were performed using the statistical software
Prism v8.1.1 (GraphPad Software Inc., San Diego, CA, USA).

3. Results and discussion

This work was designed to provide an insight into the potential
antiseizure activity and a detailed survey of the chemical composition
of H. odorus subsp. cyclophyllus. To this end, a series of polar and non-
polar extracts of roots and aerial parts were prepared and evaluated for
antiseizure activity, and the chemical composition of the decoction was
investigated.

3.1. Preparation of extracts and decoction

Ethnopharmacological data indicated the use of black hellebore root
as an antiseizure remedy (Beck, 2005). In order not to miss possible
antiseizure compounds of this plant, which has never been studied for
this kind of activity, complementary polar and non-polar extracts of the
roots and aerial parts have been prepared in a first step to evaluate the
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activity of the largest possible range of compounds.

3.2. Antiseizure activity of extracts and decoction

The roots and aerial parts of H. odorus subsp. cyclophyllus were ex-
tracted with ethyl acetate and methanol and tested in the zebrafish
epilepsy assay (Fig. 1). The root methanolic extract (RME) demon-
strated a significant antiseizure activity with a reduction of 80% of PTZ-
induced locomotor activity (p < 0.01 at 300 μg/ml; Fig. 1A, C), while
the ethyl acetate root extract was toxic at this concentration but ex-
hibited a 45% reduction in seizures at 100 μg/ml (p < 0.05) (Fig. 1A
and B). The methanolic extract of the aerial parts reduced PTZ-induced
seizures up to 40% (300 μg/ml, p < 0.01) (Fig. 1A, F) but in this case,
the ethyl acetate extract was inactive (Fig. 1A, E). The root decoction
extract (RDE) was less potent than the RME and reduced seizures up to
45% (300 μg/ml, p < 0.05) (Fig. 1A, D), which is probably due to the
presence of inactive components such as sugars. The information found
on the use of hellebore in antiquity was not precise on how to admin-
ister the roots for the treatment of epilepsy (Beck, 2005). However, in
antiquity, it was usual practice to prepare herbal wines and decoctions,
which were an ideal method for physicians to control extraction
through temperature (decoction) and polarity (ethanol vs. water). In

this context, the mild antiseizure activity of the RDE and the significant
activity of the RME may suggest that wine-based preparations would be
more effective than decoctions. In this regard, the composition of the
RME, which highlights compounds that are extractable in alcoholic/
water solvents, is also documented in more detail in this study.

Based on these results, the activity of the RME was tested in an
independent series of measurements and confirmed the trend observed
for a potential antiseizure activity detected between 100 and 300 μg/ml
(Fig. 1S, Supplementary information). Furthermore, the RME was pre-
pared in large scale for further bioactivity-guided fractionation. In this
case the very lipophilic part was removed by preliminary extraction
with hexane and ethyl acetate. This enriched methanolic extract was re-
evaluated in the zebrafish assay and also displayed a similar antiseizure
activity trend (Fig. 2S, Supplementary information). Therefore, it was
submitted to a large-scale fractionation by MPLC and was profiled by
UHPLC-HRMS/MS.

3.3. Bioactivity-guided fractionation and isolation of compounds

Since the chemical composition of the plant is relatively well de-
scribed (Philianos, 1967; Tsiftsoglou et al., 2018), a rapid bioactivity-
guided fractionation was performed on the RME prepared at large scale

Fig. 2. Isolated compounds of the root methanol extract of H. odorus subsp. cyclophyllus. Compounds 1 and 2 are new chemical structures.
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to localize and isolate the potential bioactive compounds. To ensure the
same chromatographic selectivity, the extract was fractionated by
MPLC-UV-ELSD after the use of a geometrical gradient transfer from
analytical to preparative conditions (Fig. 3S, Supplementary informa-
tion) (Challal et al., 2015). Forty fractions were collected, profiled by
UHPLC-UV-ELSD and combined according to their common UV and
ELSD signals to give 16 fractions. These fractions were evaluated in the
zebrafish epilepsy assay and fraction F8 showed the most promising
activity and reduced PTZ-induced seizures up to 60% at 300 μg/ml
(Fig. 3S, Supplementary information). The UHPLC-ELSD analysis of F8
revealed the presence of a major compound, along with the trace of a
minor one, and was therefore subjected to semi-preparative HPLC for
further purification in order to yield 4, which was found responsible for
the activity (see 3.4). Fractions F3, F7 and F10 were also purified to
further support the comprehensive composition assessment of RME by
metabolite profiling (see 3.4).

This yielded four known compounds (3–6) previously reported in
Helleborus species as 20-hydroxyecdysone (3) (Vokac et al., 1998),
hellebrin (4) (Muhr et al., 1995; Tsiftsoglou et al., 2018), one spir-
ostanol glycoside derivative (5) (Zhang et al., 2016) and degluco-
hellebrin (6) (Kissmer and Wichtl, 1986). It should be noted that for
hellebrin (4), a consistent shift was observed with the original reference
(Muhr et al., 1995) but in good agreement with Tsiftsoglou et al.
(2018). Additionally, two new natural products were identified de novo
by NMR and HRMS as a glucopyranosyl-deoxyribonolactone (1) and a
furostanol saponin derivative (2) (Fig. 2).

Compound 1 was isolated as a white amorphous solid and had a
molecular formula of C11H18O9 (m/z 293.0880 [M-H]-, calcd. for
C11H17O9

−, Δppm = 0.67). Analysis of the 1H and HSQC NMR spectra
included typical resonances of a glucopyranosyl moiety at δH/δC 4.28/
104.8 (H/C-1′), 3.15/75.1 (H/C-2′), 3.33/78.1 (H/C-3′), 3.26/71.5 (H/
C-4′), 3.26/78.1 (H/C-5′), 3.65 and 3.86/62.7 (H/C-6′) (Table 1S;
Figs. 7–13S, Supplementary information). In addition to these signals,
two oxymethines were observed at δH 4.50 (1H, td, J = 3.4, 2.2 Hz, H-
5) and 4.52 (1H, dt, J = 6.7, 2.2 Hz, H-4), one oxymethylene was noted
at δH 4.10 (1H, dd, J = 11.6, 3.4 Hz, H-6a) and 3.81 (1H, dd, J = 11.6,
3.4 Hz, H-6b), and lastly one methylene was identified at δH 3.03 (1H,
dd, J = 17.9, 6.7 Hz, H-3a) and 2.35 (1H, dd, J = 17.9, 2.2 Hz, H-3b).
COSY correlations allowed to link H-3 to H-4, H-4 to H-5 and H-5 to H-
6. HMBC correlations of H-3, H-4 and H-5, with the carbonyl group at
δC 178.9 (C-2), indicated a lactonization to a dihydrofuranone. HMBC
correlation of the anomeric glucose proton (H-1) with C-6 linked the
dihydrofuranone to the glucose. The relative stereochemistry of 1 was
determined with the aid of NOESY experiment. NOE correlations be-
tween H-4 and H-6 indicated a cis configuration of these protons and
thus a trans configuration between H-4 and H-5. Thus, the structure of 1
was identified as (4R,5S or 4S,5R)-4-hydroxy-5-((β-D-glucopyr-
anosyloxy)methyl)dihydrofuran-2(3H)-one.

Compound 2 was isolated as a white amorphous solid and was as-
signed a molecular formula of C38H62O14 (m/z 741.4054 [M-H]-, calcd.
for C38H61O14

−, Δppm = −1.72). The 1H NMR showed the char-
acteristic signals of methyl protons at δH δ 0.81 (3H, s, H-18), 0.95 (3H,
s, H-19), 1.00 (3H, d, J = 7.0 Hz, H-21), and two exo-methylene pro-
tons at δH/δC 4.26/101.3 (H/C-1′) and 4.28/103.3 (H/C-1″) from which
a steroidal skeleton could be deduced (Table 2S; Figs. 14–20S Supple-
mentary information). The edited-HSQC showed the following type of
carbon substitutions: three methyl groups at δC 8.4 (C-19), 16.2 (C-21)
and 17.2 (C-18); nine methylenes at δC 24.4 (C-11), 28.8 (C-24), 29.7
(C-6), 32.3 (C-23), 33.0 (C-15), 33.4 (C-7), 37.0 (C-2), 39.3 (C-4), 41.7
(C-12); six methines at δC, 37.5 (C-8), 41.2 (C-20), 43.9 (C-5), 56.2 (C-
9), 57.7 (C-14) and 65.5 (C-17); three oxymethylenes at δC 62.9 (C-6″),
67.6 (C-5′) and 72.7 (C-26); ten oxymethines at δC 68.8 (C-3), 70.2 (C-
3′), 71.7 (C-4″), 72.8 (C-4′), 74.6 (C-2′), 75.1 (C-2″), 78.0 (C-5″), 78.1
(C-3″), 82.0 (C-1) and 82.5 (C-16); two anomeric carbons at δC 101.3
(C-1′) and 103.3 (C-1″); one exo-methylene carbon at δC 112.3 (C-27).
The HMBC correlations (Fig. 3A) from the methyl protons H3-19 to the
oxymethine C-1, the methines C-5 and C-9 and the quaternary carbon C-
10 at δC 42.2 indicated that the sterol is oxygenated in C-1. The COSY
correlation from H2-2 to H-1 and H-3 showed the presence of a hy-
droxyl in C-3. The presence of the furostanol is supported by the fol-
lowing HMBC correlations: i) the methyl H3-18 to C-12, C-14, C-17 and
C-13 at δC 41.6; ii) the methyl H3-21 to C-17, C-20 and C-22 at δC 113.6;
iii) the methylene H2-15 and methine H-17 to C-16. HMBC correlation
from the exo-methylene H2-27 to the methylene C-24, the oxymethy-
lene C-26 and the quaternary carbon C-25 at δC 147.2 showed the
presence of a double bond in the side chain. Based on this information,
a furostanol saponin was identified with hydroxylation at C-1, C-3, C-22
and C-26, and a C-25-C-27 double bond. A glucose and an arabinose
moiety were identified from the COSY correlations with the anomeric
protons, the coupling constants and the 13C chemical shift values (Fig.
S14-20, Supplementary information). HMBC correlations of the
anomeric protons (H-1’ for arabinose, H-1” for glucose) proved their
substitution to C-1 and C-26 respectively (Fig. 3A). The NOE correla-
tions from the methyl groups H3-19 to H-4β, H-6β, H-8, H-11β and H3-
18 to H-12β, H-8β, H-15β, H-20 suggested a β-orientation of these
protons (Fig. 3B). The NOE correlations from H-5 to H-1α, H-4α, H-9,
from H-3 to H-2α, H-4α, from H-16 to H-15α, H-17, and from H-17 to
the methyl C-21 indicated an α-orientation of these protons. The β
position of the side chain in C-22 was deduced based on the NOE cor-
relation between H-20 and H-23. Compound 2 was identified as a new
disaccharide tetrahydroxylated furostanol saponin and named helleo-
doraside (Fig. 3). Similar furostanol glycosides have been previously
isolated from Helleborus thibetanus (Zhang et al., 2016) and from Hel-
leborus macranthus (Tschesche et al., 1984).

Fig. 3. (A) HMBC and (B) NOE key-correlations of compound 2.
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3.4. Antiseizure activity of isolated compounds

Hellebrin (4), the main constituent of the active fraction F8 together
with the other isolated compounds 1–3, 5 were evaluated in the zeb-
rafish epilepsy assay, with the exception of 6 which was in insufficient
quantity to be tested. Hellebrin (4) demonstrated a potential antiseizure
activity by reducing 60% of pentylenetetrazole (PTZ)-induced seizures
at 135 μM (p < 0.01) (Fig. 4A, C). Since this compound is a glycoside
and is likely to be hydrolyzed when administered as a decoction, its
aglycone hellebrigenin (S34) has been tested to determine whether the
absence of the glycoside moiety influenced the antiseizure activity. This
compound (S34) was indeed able to reduce significantly PTZ-induced
locomotor activity up to 45% at 7 μM (p < 0.01) (Fig. 4A, E). All other
purified compounds were not active, except for 2 which decreased PTZ-
induced seizures by 40% at 135 μM (Fig. 4A–B). Compound 2 was a
minor constituent of the extract and its activity could not be highlighted
during the first biological evaluation of the combined fractions (Fig. 3S,
Supplementary information).

Although the compounds could only be partially purified as part of
the strategy followed, these results allowed the identification of the
class of compounds associated with the antiseizure activity detected in
the active extract. It should be noted that the maximum tolerated
concentration (MTC) was carefully determined for each isolated com-
pounds (Annex B, Supplementary information) to avoid false positive
results due to potential toxicity or sedative effects. This is consistent
with the locomotor activity of zebrafish larvae measured after the

incubation period of 18 h and prior to the addition of PTZ which is
depicted by striped bars in Figs. 1 and 4.

Hellebrin (4) and the new compound 2 belong to cardiac glycosides
which are known for their cardiotoxic and cytotoxic properties (Chen
et al., 2006; Moreno et al., 2013). It has been shown that the toxicity of
cardiac glycosides is attributed to their aglycones, while the glycoside
moieties enhance their pharmacokinetic properties and particularly
their solubility in aqueous media (Smith, 1985). The aglycone helleb-
rigenin (S34) was found active at a much lower concentration than 4
and 6, suggesting that S34 is also absorbed by zebrafish larvae despite
the absence of a glycoside moiety in its structure.

Most saponins are toxic to fish due to the complexes they form with
Δ5 sterol of epithelial cells, which cause irreversible cellular disruption
(Eeckhaut et al., 2015). Besides, cardiotonic bufadienolides such as
hellebrin and hellebrigenin have already been reported to be toxic
through the inhibition of the vital Na/K pump (Na+/K+-ATPase),
which results to an increase of intracellular calcium levels and, conse-
quently, an increase in cardiac muscle contractility (Clausen et al.,
2017; Gonçalves-de-Albuquerque et al., 2017). While this cardiotoxicity
could indirectly lead to a potential antiseizure activity, the samples
tested in this study were evaluated at their MTC, where no sedative or
toxic effects (including cardiotoxicity) were detected. However, the
observed antiseizure activity should be further confirmed by EEG
(Afrikanova et al., 2013) and calcium neuroimaging (Chen et al., 2013).

Despite their narrow therapeutic window, some cardiac glycosides
such as digoxin and ouabain are still approved drugs for atrial

Fig. 4. Larval locomotor activity of the new furostanol saponin (2), hellebrin (4) and hellebrigenin (S34) tested on the zebrafish epilepsy assay in a 30 min
tracking period. (A) Compounds 2, 4 and S34 have been tested at concentrations according to their MTC. (B–D) PTZ-induced locomotor activity curves for a 30 min
tracking period with 5 min average time periods after 18 h pretreatment with 2 (A, B), 4 (A, C) and S34 (A, D). Striped bars represent the average movement before
the induction of seizure (- PTZ). PTZ was used at 20 mM as proconvulsant agent (black bar/curve). Controls are described as "-" for the vehicle control and "+" for the
positive control. Data are represented as mean normalized value (%) + SEM (n ≥ 3) against Veh + PTZ. Statistical analysis was performed by one-way ANOVA (bar
graph) and two-way ANOVA (movement/time graphs) with Dunnett's test to compare samples with positive control, with P value of< 0.05 (*),< 0.01
(**),< 0.0001 (****).
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fibrillation and heart failure (Kanji and MacLean, 2012; Patel, 2016).
Besides, other cardiac glycosides were reported to possess neuropro-
tective activity (Wang et al., 2006), rendering the results of the present
study consistent. Hellebrin (4) and the corresponding aglycone hel-
lebrigenin (S34) share certain structural similarities with neuroactive
steroids (Biagini et al., 2010). For example, ganaxolone has been ap-
proved for infantile epileptic encephalopathy and has now reached
phase III clinical trials in orphan refractory epilepsy (Yawno et al.,
2017). Its mechanism of action is still unclear, though it involves al-
losteric modulation of GABAA receptor (Nohria and Giller, 2007).

It should be noted that the toxic effect of the black hellebore was
already known in ancient Greece and this was clearly demonstrated by
the presence of different cardiotonic glycosides (Tsiftsoglou et al.,
2018), as also revealed by this study. According to ancient texts, the use
of hellebore seems, however, to have been retained, among other

treatments, to treat extreme cases of epilepsy despite the known toxicity
(Beck, 2005). To obtain a more comprehensive view of the composition
of the plant and compounds potentially present in the ancient pre-
paration of black hellebore, a UHPLC-HRMS/MS metabolite profiling
was performed on RDE and RME.

3.5. Metabolite profiling of extracts

The active RME and the RDE were analyzed by UHPLC-PDA-CAD-
HRMS/MS to obtain qualitative (PDA-HRMS/MS) and semi-quantita-
tive information (CAD) in a single analysis (Fig. 5; Fig. 4S, Supple-
mentary information).

All HRMS/MS data were organized as a feature-based molecular
network (MN) (Figs. 5–6S, Supplementary information) (Nothias et al.,
2019). First, exact masses of the feature list were annotated against a

Fig. 5. UHPLC-PDA-CAD-HRMS/MS metabolite profiling of the root methanol extract of H. odorus subsp. cyclophyllus. (A) UHPLC-PDA chromatogram
extracted (254–300 nm). (B) UHPLC-Charged Aerosol Detector (CAD) chromatogram. (C) UHPLC-HRMS/MS analysis in positive and negative ionization modes.
Isolated compounds 1–6, hellebrigenin standard S34 and annotated features A7-33, A35–37 (in blue). (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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database built from the Dictionary of Natural Products (DNP, DVD
version 26:2) (tolerance < 20 ppm) and then restricted to mono-
cotyledon and dicotyledon (123 905 compounds) (Chapman, 2019).
Second, the fragmentation spectra of each node were compared against
a database composed of in silico fragmentation spectra of compounds
present in the DNP (ISDB-DNP) (Allard et al., 2016). A top 50 of 2D
chemical structures was provided for each node according to in silico
MS/MS fragmentation correspondence (initial rank) and a taxonomic
reweighting step allowed the candidate structures to be re-ranked with
a weight inversely proportional to the distance between the candidate
biological sources and that of the analyzed sample (family, Ranuncu-
laceae; genus Helleborus; species Helleborus odorus subsp. cyclophyllus)
and a top 6 of candidates was provided (final rank) (Rutz et al., 2019).
The chemical formula of the annotated structures (rank 1) was com-
pared with the ones calculated for each of the corresponding molecular
ion features. The annotation table reports only the rank 1 structures
that gave a taxonomically relevant output and/or for which there was a
structural consistency in the annotation of the corresponding clusters
(Table 1). The complete annotated molecular network with all the an-
notations, and in particular the first 6 levels, is available as an asso-
ciated file in the Mendeley Data repository (Cytoscape file) and on
GNPS servers as Massive Data set n° MSV000084842.

Previous phytochemical investigation showed that the Greek hel-
lebore H. odorus subsp. cyclophyllus contained mainly fatty acids, fur-
ostanol saponins, ecdysteroids, bufadienolides in the roots (Philianos,
1967; Tsiftsoglou et al., 2018), and phenolic analogs and flavonoids
derivatives in the aerial parts (Philianos et al., 1983). The annotation
results demonstrated that some of the most abundant compounds cor-
respond to those reported in the literature (Fig. 5B). In addition, this
approach allowed to observe the presence of analogs (bufadienolides,
furostanols, ecdysteroids) not yet described in this species and often
present in the genus (Fig. 5).

Both RME and RDE were analyzed in the same way and grouped in a
common MN (Figs. 5–6S, Supplementary information). The MN in po-
sitive ionization contained 1594 nodes organized in 230 clusters and
the one in negative ionization contained 966 nodes organized in 105
clusters. This data processing enabled to verify the occurrence of each
feature in both extracts. More than 96% of features of RME were
common to RDE in both ionization modes, showing that the vast ma-
jority of RME compounds are also found in RDE and were therefore
ingested after administration of the ancient hellebore preparation.

As expected, the RME and RDE were characterized by the presence
of the bufadienolide glycoside hellebrin (4), hellebrigenin (S34), de-
glucohellebrin (6), 5α-bufalone (A18), furostanols (A16, A19), and
ecdysteroids (3, A22) (Table 1) (Colombo et al., 1990; Rosselli et al.,
2009; Tsiftsoglou et al., 2018). These compounds were mainly present
into clusters 2 and 17 in the MN in positive mode (Fig. 5S, Supple-
mentary information). On the other hand, phenol glycoside (A7) (Diehl
et al., 1974), bufadienolides (A17, A27, A31, A36) (Bassarello et al.,
2008; Muzashvili et al., 2011; Watanabe et al., 2003; Yang et al., 2010),
furostanol derivatives (A15, A21, A23–25 A29, A34) (Bassarello et al.,
2008; Mimaki et al., 2010; Muzashvili et al., 2011; Rosselli et al., 2009),
and spirostanol derivatives (A33) (Watanabe et al., 2005) were pre-
viously described in the Helleborus genus but were observed for the first
time in this species.

The dereplication also led to the annotation of a cyclolanostanol
glycoside (A30) and a cardenolide (A35) not previously reported in the
Helleborus genus, although present in Ranunculaceae Cimicifuga simplex
and Adonis vernalis (Kusano et al., 1999; Poláková; Čekan, 1963). In
addition, the ribonolactone A8 was identified only in the RME but was
previously reported in Glaucidium palmatum (Kinoshita and Murase,
1973). Surprisingly, one cluster in the MN in positive mode contained
two compounds annotated as alkaloids, which were previously detected
in Ranunculaceae as thaliporphine (A12) and pallidine (A14) (Gözler
et al., 1990; Shamma et al., 1967), and a third alkaloid not reported in
the family and annotated as oureguattidine (A11) (Lebœuf et al., 1983)

(Fig. 5S, Supplementary information). To our knowledge, this is the first
report of alkaloids in the Helleborus genus while such type of alkaloids is
known to occur in the family (Table 1). The UHPLC-CAD analysis re-
vealed that such compounds were however present at trace levels.

Some other compound derivatives have been identified in both ex-
tracts as belonging to the structural families of furostanol (A26, A32,
A37) (Báthori et al., 2002; Huang et al., 2003; Krokhmalyuk and
Kintya, 1976), ecdysteroid (A13, A28) (Baltaev, 1995; Wang et al.,
2009), phenol glycoside (A9-10) (Breinholt et al., 1990; Kudo et al.,
1980) and pregnane steroid (A20) (Kennard et al., 1968). Finally, the
UHPLC-CAD analysis demonstrated that the isolated compounds 3, 4, 6
and the annotated compounds A17, A18, A24, A25, A31 are the major
constituents present in the RME and already reported in the genus and
the species.

4. Conclusion

In this work, we report for the first time a potential antiseizure
activity of the root extract of the black hellebore (Helleborus odorus
subsp. cyclophyllus), a plant used in the ancient Greek medicine to treat
epileptic seizures. The bioassay-guided fractionation led to the isolation
of the new furostanol saponin (2) and the bufadienolide hellebrin (4),
which both decreased PTZ-induced locomotor activity in the zebrafish
epilepsy assay. Hellebrigenin (S34), the aglycone of hellebrin (4), re-
duced the induced seizure activity more potently than the isolated
compounds. To our knowledge, the ancient and ethnopharmacological
use of the black hellebore as a seizure remedy is supported for the first
time by modern pharmacological evidence. In addition, the UHPLC-
HRMS/MS metabolite profiling documented in detail the chemical
composition of H. odorus subsp. cyclophyllus as a source of bufadieno-
lides, furostanols, spirofurostanols and alkaloids. Recent advances in
the therapeutic use of neurosteroids for epilepsy suggest that further
investigation is required on the constituents of the black hellebore to
elucidate their mechanism of action and the molecular targets involved
in the described antiseizure activity.
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