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Abstract

Petasites hybridus L. (butterbur, Asteraceae) is a well-known medicinal plant traditionally used
as a remedy for neurological, respiratory, cardiovascular, and gastrointestinal disorders.
Eremophilane-type sesquiterpenes (petasins) are considered to be the major bioactive constituents
of butterbur. However, efficient methods to isolate high-purity petasins in sufficient amounts for
further analytical and biological testing are lacking. In this study, various sesquiterpenes were
separated from a methanol rootstock extract of P. hybridus with liquid-liquid chromatography
(LLC). The appropriate biphasic solvent system was selected using the predictive thermodynamic
model COSMO-RS and shake-flask experiments. After the selection of the feed (extract)
concentration and operating flow rate, a batch LLC experiment was performed with n-hexane/ethyl
acetate/methanol/water 5/1/5/1 (v/viviv). For those LLC fractions containing petasin derivatives
with purities <95%, a preparative high-performance liquid chromatography purification step
followed. All isolated compounds were identified by state-of-the-art spectroscopic methods, i.e.,
liquid chromatography coupled with high-resolution tandem mass spectrometry and nuclear
magnetic resonance techniques. As a result, six compounds were obtained, namely 8p-
hydroxyeremophil-7(11)-en-12,8-olide, 2-[(angeloyl)oxy]eremophil-7(11)-en-12,8-olide, 8a/B-H-
eremophil-7(11)-en-12,8-olide, neopetasin, petasin, and isopetasin. The isolated petasins can be

further used as reference materials for standardization and pharmacological evaluation.

Keywords
Petasites hybridus; petasin, liquid-liquid chromatography; centrifugal partition chromatography;

NMR, LC-HR-MS/MS
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1. Introduction

Butterbur (Petasites hybridus L. “G.Gaertn., B.Mey. & Scherb”, bog rhubarb, pestwurz) is a
plant of the Asteraceae family distributed throughout Europe, Asia, and North America [1]. P.
hybridus is well known in traditional medicine for its therapeutic valences, e.g., antimigraine, anti-
asthmatic, and anti-allergic properties [2]. These activities have been demonstrated in numerous
clinical trials [3,4]. The best-established butterbur preparations are extracts of its leaves and
rootstocks obtained by subcritical COz extraction. These herbal preparations are recommended for
the treatment of seasonal allergies (leaf extracts) and migraine (rhizome extracts) [4,5]. Butterbur
extracts contain sesquiterpenes, pyrrolizidine alkaloids, flavonoids, phenolic acids, and volatile
constituents [1]. Eremophilane-type sesquiterpenes, especially petasin derivatives (e.g., petasin,
isopetasin, neopetasin, S-petasin, iso-S-petasin, neo-S-petasin, etc.), are considered to be the active
components of butterbur extracts. To date, individual petasin derivatives have been reported to
have anti-asthmatic (via inhibition of inflammatory mediators) [6], anticancer, and
immunomodulatory (via cytotoxicity induced in cancer cell lines and inhibition of reactive oxygen
species and leucocytes chemotaxis) [7,8], anti-inflammatory (via inhibition of cyclooxygenase-2)
[9], antimigraine (via desensitization of nociceptors by activation of transient receptor potential
cation channels Al and V1) [10], and hypotensive (via vasodilatory effects) [11] agents. However,
mechanistic data on the activity of individual petasin derivatives are lacking. This may be due to
the lack of efficient methods to isolate high-purity petasins with high yield and productivity. To
date, the isolation of P. hybridus compounds has been performed using conventional
chromatographic methods, such as preparative thin-layer chromatography [12] or semi-preparative
HPLC [13].

Liquid-liquid chromatography (LLC) is a preparative isolation technique increasingly used to

separate natural products [14-16]. It is more commonly known as centrifugal partition
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chromatography (CPC) or countercurrent chromatography (CCC). In LLC, the upper and lower
phases of a pre-equilibrated biphasic solvent system are used as the mobile and stationary phases;
one of the phases is held stationary by a centrifugal field. The different partitioning of the solutes
present in a feed mixture between the two phases results in migration with variable velocities along
the column. The separated compounds can be collected at the column outlet. LLC has many
advantages over conventional liquid-solid chromatography, such as the absence of irreversible
adsorption, which allows virtually complete recovery of the injected sample; lower solvent
consumption; relatively lower time expenditure and labor costs, as expensive solid stationary
phases or column packing procedures; or the ability to inject raw samples containing compounds
with a wide range of polarity [17]. LLC has been applied to isolate various natural products such
as polyphenols, alkaloids, terpenoids, coumarins, proteins and peptides [18].

To the best of the authors’ knowledge, LLC has not previously been used to isolate bioactive
compounds from the genus Petasites. Nevertheless, sesquiterpenes with structures similar to
petasins have been purified using LLC from other plant extracts. For example, two eremophilane-
type sesquiterpenes, 8p-H-eremophil-3,7(11)-dien-12,80(15,6a)-diolide and furanoeremophil-3-
en-15,6a-olide, were isolated from the Chinese medicinal plant Ligularia atroviolacea with n-
hexane/ethyl acetate/ethanol/water 4/1/4/1 (viviviv) [19]. Nootkatone is another example of a
sesquiterpene with an eremophilane-like skeleton. Nootkatone has been efficiently purified by LLC
with n-hexane/methanol/water 5/4/1 (v/v/v) in a batch process or with n-hexane/ethyl
acetate/methanol/water (HEMWat) 9/1/9/1 (v/v/viv) using advanced operating modes, such as the
trapping multiple dual mode process [20].

In the present work, LLC was used as the core separation technology to isolate sesquiterpenes
(petasin derivatives) from a P. hybridus extract. The biphasic solvent system was selected by

combining a computer-aided screening approach based on the predictive thermodynamic model

4
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COSMO-RS with shake-flask experiments [21,22]. After selecting the feed (extract) concentration
and flow rate, a batch LLC experiment was performed, leading to the separation of several petasin
derivatives. All isolated compounds were identified using state-of-the-art spectroscopic methods,
i.e., liquid chromatography with high-resolution tandem mass spectrometry (LC-HRMS/MS) and
nuclear magnetic resonance (NMR) techniques. Altogether, the computer-aided selection of the
biphasic solvent systems, the detailed design of LLC separations, and the use of integrative
analytical approaches allowed the fast and efficient separation, isolation, and structural elucidation

of sesquiterpenes with complex structures from P. hybridus rootstocks.

2. Material and methods

2.1.  Chemicals

Analytical grade n-hexane, ethyl acetate, 1-propanol, and methanol were purchased from
POCH (Gliwice, Poland), whereas chromatographic grade acetonitrile, methanol, and formic acid
were provided by J.T. Baker (Deventer, The Netherlands). Deuterated methanol-ds (99.96% D)
was purchased from Merck (Darmstadt, Germany). Water was purified using a Simplicity® water

purification system (Millipore, France).

2.2.  Plant material and extraction

Dried P. hybridus rootstocks were purchased from a pharmacy in Lublin (Poland) and
authenticated by one of the authors (L.K.). A voucher (01/2021) was kept in the Department of
Natural Products Chemistry, Medical University of Lublin. 30 g of the plant material was crushed,
ground, and extracted with methanol in a ratio of 1/10 (w/v) in an ultrasonic bath three times for 30
min (at room temperature). The extracts were filtered, pooled, and evaporated to dryness at low

pressure, yielding 4.61 g of dry extract (extraction yield 15.38%).
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2.3.  Biphasic solvent system preparation

The biphasic solvent systems used in this study consisted of n-hexane, ethyl acetate, 1-propanol,
methanol, and water in various volumetric compositions. To prepare the appropriate system
composition, the solvents were mixed in the required volume proportions, shaken vigorously, and
equilibrated for at least 2 h at room temperature. A separatory funnel was then used to separate the
upper and lower phases, which were transferred to individual glass bottles and then degassed for

15 min in an ultrasonic bath before use.

2.4.  Selection of the biphasic solvent system

To select the suitable biphasic solvent system, the partition coefficient values of petasin, the
representative sesquiterpene lactone from P. hybridus extract, were predicted with the
thermodynamic model Conductor-Like Screening Model for Realistic Solvents (COSMO-RS) and
then validated experimentally in shake-flasks [21,22]. For the COSMO-RS screening, the
conformers of all compounds were generated in COSMOconf (Version 4.0, COSMOlogic,
Leverkusen, Germany), while the partition coefficients were calculated with COSMOtherm
(Version C30 Release 16.01, COSMOlogic, Leverkusen, Germany). A detailed description of the
calculation of the partition coefficients with COSMO-RS has been given in previous publications
[21-23].

For the experimental validation of the best candidate solvent system indicated by the COSMO-
RS screening, several mixtures of n-hexane, ethyl acetate, 1-propanol, methanol, and water were
tested in shake-flask experiments. 5 mg of the P. hybridus methanolic extract was added to equal
volumes (2 mL) of the upper and lower phases of pre-equilibrated solvent systems and shaken
vigorously for 2 h in a tube shaker. Then, exactly 1 mL of the upper phase and 1 mL of the lower

phase of each solvent system were evaporated to dryness. The residues were then dissolved in 1
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mL of methanol and analyzed by HPLC. The partition coefficients of each compound (K;) were

calculated according to Eqg. (1):

UP
_G

Ki_ CiLP (1)

where C”" and C” represent the concentrations of the solute i in the upper and lower phases,

respectively, determined as described in section 2.8.

The separation factor («) between two compounds i and j was defined as the ratio of their partition

coefficients (Eq. 2):

aij:; ()

where Kj > K.

2.5.  Selection of the feed concentration

To select the feed concentration for the subsequent LLC experiments, the same procedure as
described in section 2.4 was followed with slight modifications. Briefly, increasing amounts (8, 20,
40, 100, 200, 300, 400, and 800 mg) of P. hybridus extract were added to equal volumes (2 mL) of
the upper and lower phases of the pre-equilibrated solvent system and shaken vigorously for 2 h.
Then, exactly 1 mL of the upper phase and 1 mL of the lower phase of each solvent system were
evaporated to dryness. The residues were then dissolved in 1 mL of methanol and analyzed by

HPLC.

2.6.  Liquid-liquid chromatography experiments

2.6.1. Apparatus
All LLC experiments were performed on a centrifugal partition chromatography (CPC) unit

(CPC250 Classic, Gilson, France) with a column volume of 250 mL. The unit was connected to an
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AP-MOD-250 mobile phase pump (Gilson, France), a TOY18DAD PDA scanning UV detector
(Ecom, Czech Republic), and a fraction collector FC 204 (Gilson, France). The maximum
achievable rotation speed is 3000 rpm, and the whole column can be operated at a maximum
pressure drop of 100 bar. The feed sample was introduced through a manual injection valve with a

volume of 10 mL.

2.6.2. Stationary phase retention experiments

The flow rate for the subsequent LLC experiments was selected after a series of stationary
phase retention experiments performed in descending mode (DSC), with mobile phase flow rates
in the range of 6-14 mL/min. For all measurements, the column was first filled with the upper phase
of the system under investigation without rotation. The rotation speed was then set to 1700 rpm,
and the lower phase was pumped through the column at the intended flow rate for at least one
column volume (250 mL). The remaining stationary phase in the column was then displaced by

pumping the mobile phase. Stationary phase retention (Sg) was calculated according to Eq. (3):

_Vy
Sk=7* 3)

where Vg, and V, represent the stationary phase volume and the total column volume, respectively.

A new experiment was performed for each flow rate according to the procedure described above.

2.6.3. LLC separation

The selected biphasic solvent system (HEMWat 5/1/5/1, viviviv) was prepared as described in
section 2.3. The experiment was performed in descending mode (DSC) (lower phase as mobile
phase). First, the column was filled with the stationary (upper) phase. Then the rotation was set to
1700 rpm, and the mobile (lower) phase was pumped through the column at a flow rate of 10

mL/min for 40 min. The injection loop was then loaded with the sample (dry extract dissolved in



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

the lower phase at a concentration of 40 mg/ml). The volume of the displaced stationary phase was
measured at the end of the experiment. The fractions were collected every 1 min. Then, exactly 1
mL of each fraction was evaporated to dryness, dissolved in 1 mL of methanol, and analyzed by

HPLC, as described in section 2.9.1.

2.7.  Preparative HPLC separation

Fractions containing compounds that could not be separated by LLC were pooled, evaporated
to dryness, and redissolved in methanol (at a concentration of 40 mg/mL) and further purified by
preparative HPLC performed on a Hitachi LaChrom 7000 HPLC system (Hitachi Ltd., Tokyo,
Japan) equipped with a D-7000 interface, an L-7150 pump, an L-7420 DAD detector, and an
Advantec SF-3120 fraction collector. Experiments were performed on a Cosmosil C18-AR-II
column (250 mm x 10 mm, 5 um) by injecting 50 pL of sample; the mobile phase consisted of 60%
acetonitrile for the fraction containing compounds P4, P5, and P6 and 70% methanol for the
fractions containing compounds P1 and P2; the flow rate was 3 mL/min, and the effluent was

monitored at 230 nm.

2.8.  Analytical methods

2.8.1. HPLC-DAD

The crude extract and all collected fractions were analyzed by HPLC-DAD. Separations were
performed on a Gemini 5 um, NX-C18, 110 A, 250 x 4,6 mm column using a mobile phase prepared
from water (A) and methanol (B) with the following gradient: 0 min, 70% B; 32 min, 70% B; 33
min, 100% B; 35 min 100% B; 36 min, 70% B; 45 min, 70% B. The flow rate was 1 mL/min, the
column temperature was 25°C, the injection volume was 10 pL, and the detection wavelength was
set at 230 nm. The concentration of each compound present in the samples was determined from

the response factors at 230 nm using a five-point calibration curve obtained with petasin standard

9
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(5-100 pg/mL, A=26939xc-127680, R?=0.9975); a similar response factor was assumed for all

compounds. All separations were performed in triplicate.

2.8.2. LC-HRMS/MS

LC-HRMS/MS experiments were performed on an Agilent 1200 HPLC (Agilent Technologies,
Santa Clara, CA, USA) coupled to an autosampler (G1329B), a binary pump (G1312C), a column
oven (G1316A), and a DAD detector (G1315D). The Agilent G6530B ESI-Q-TOF-MS was
equipped with a nitrogen generator, a compressed air generator, and a compressed air cylinder.
Separation was performed on a CORTECS T3 column (100 mm X 2.1 mm, 2.7 um) using a mobile
phase of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B)
with the following gradient: 0 min, 8% B; 53 min, 99% B; 55 min, 99% B; 55.01 min, 8% B; and
60 min, 8% B. The total analysis time was 60 min, the injection volume was 1 uL, the flow rate
was 0.4 mL/min, and DAD spectra were recorded from 200 to 400 nm. ESI-Q-TOF-MS analysis
was performed in positive ionization mode with the following settings: mass range 80-1200 m/z,
gas temperature 300 °C, nitrogen flow 10 L/min, nebulizer pressure 35 psi, skimmer 65 V, capillary

voltage 3500 V, fragmentor 120 V, and collision energies 20 and 40 eV.

2.8.3. NMR

The 1D and 2D NMR spectra (*H, **C DEPTQ, HSQC, H2BC, HMBC, H-'H COSY DQF,
NOESY, TOCSY, ROESY, 1D sel-TOCSY, 1D sel-ROESY) were recorded on a Bruker Avance
11 HD Ascend-500 spectrometer (Bruker BioSpin, Rheinstetten, Germany), equipped with a5 mm

1H{*®Ag—3'P} broad-band inverse (BBI) probe at 30 °C in deuterated methanol-ds (99.96% D).

10
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3. Results and Discussion

3.1.  Preliminary analysis of P. hybridus extract

The HPLC-DAD chromatogram of a crude methanol extract obtained from the rootstocks of P.
hybridus is shown in Fig. 1. Six petasin derivatives (labeled P1-P6) were monitored. Their content
in the crude extract was estimated from the elution peaks recorded at 230 nm, using the relative
response factors and the calibration curve obtained with petasin standard. Petasin P5 (11.58 + 1.60
wt.%) was the major compound, followed by P3 (7.90 = 1.03 wt.%), P1 (5.82 = 0.21 wt.%), P6

(5.28 + 0.17 wt.%), P2 (3.53 + 0.18 Wt.%), and P4 (2.08 + 0.64 wt.%).

3.2.  Selection of the biphasic solvent system

One of the most challenging steps in designing LLC separations is screening suitable biphasic
solvent systems. The almost infinite variety of possible solvent combinations that make up biphasic
liquid systems requires time- and labor-intensive experiments. In addition to traditional trial-and-
error or experimental solvent system screening strategies, computational approaches are gaining
increasing popularity [24,25]. For example, the conductor-like screening model for real solvents
(COSMO-RS) is a fully predictive thermodynamic model that requires only the molecular
structures of the solvents and target compounds as input information to calculate the partition
coefficients [17]. Several authors have already demonstrated the potential of COSMO-RS in
screening and selecting biphasic solvent systems to separate various model compounds or natural

products [21,23].

In this study, for simplicity, only the partition coefficients of petasin, the representative
derivative from P. hybridus extracts, were calculated with COSMO-RS in different biphasic solvent
systems. The screening aimed to find candidate solvent systems with partition coefficients for the

target compounds within or close to the preferred “sweet spot” range (0.4 < Kj < 2.5). According
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to the literature, this range provides optimal resolution, productivity, and solvent consumption in
LLC [26]. More than ten biphasic liquid systems containing different solvents typically used in
LLC (e.g., hexane, methanol, 1-propanol, acetonitrile, ethanol, ethyl acetate, water, etc.) were
screened. The COSMO-RS predicted partition coefficients for petasin were within the range 0.3-
1.3 for n-hexane/methanol/water 10/7/3-10/9/1 (v/vlv), 0.2-1.0 for n-hexane/ethyl
acetate/methanol/water 2/1/2/1-5/1/5/1 (viviviv) and 0.5-2.6 for n-hexane/1-propanol/water 10/7/3-
10/9/1 (viviv). For example, n-hexane/l-butanol/water 10/7/3-10/9/1 (v/vlv) or n-
hexane/ethanol/water 10/7/3-10/9/1 (v/viv) were rejected since the predicted values for these
systems were higher than 10 or less than 0.1, respectively.

Next, the partition coefficients of the six target petasin derivatives (P1-P6) were determined by
shake-flask experiments in three preselected solvent systems.

Table 1 shows that some solvent systems, especially HEMWat 5/1/5/1 (v/viviv), had partition
coefficient values for most of the target compounds within the preferred range. Next, the separation
factors (oij) were calculated according to Eq. (2). In general, separation factors higher than 1.5 are
targeted in LLC for a good resolution between two adjacent peaks [26]. However, it was found that
in all solvent systems, including HEMWat 5/1/5/1 (v/vIvIv), the separation factors a2, 023, and o34
were good, while oss and ase Were close to 1. Thus, petasins P1, P2, and P3 could be separated

from each other, while P4, P5, and P6 are expected to co-elute under the same peak.

3.3.  Selection of the feed concentration

For the selection of the feed (P. hybridus extract) concentration, the partition equilibria of the
unknown target petasins (P1-P6) were determined in shake-flask experiments. In Fig. 2, the x- and
y-axes represent the concentration of the target compounds in the lower and upper phases of the

HEMWat 5/1/5/1 (viviviv) solvent system, respectively; the total extract concentration in the

12



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

solvent system is shown as a label next to the point. The partition equilibria of the six petasins can
generally be considered linear (Ki values = constant) for a total extract concentration range of 2-75
mg/mL. At higher concentrations (75-200 mg/mL), the concentration of the target petasins in the
upper phase increased more than their concentration in the lower phase. Thus, at concentrations
>75 mg/mL, the partition equilibria of the target petasin derivatives tend to be nonlinear, and the
Ki values can no longer be assumed to be constant. Working with feed concentrations outside the
linear range can negatively affect the separation performance (e.g., loss of peak resolution and
stationary phase). These phenomena can occur due to perturbations in the thermodynamic and
hydrodynamic equilibria of the biphasic solvent system [27]. In this study, a concentration of 40
mg/mL was chosen for the subsequent LLC experiment with the P. hybridus extract. This
concentration is in the middle of the above-mentioned linear range of the partition equilibria of the

target petasin derivatives (2-75 mg/mL).

3.4.  Selection of the operating flow rate

A series of stationary phase retention experiments were performed with the biphasic solvent
system consisting of HEMWat 5/1/5/1 (v/v/viv); the flow rate range studied was between 8 mL/min
and 16 mL/min. As expected, the retention of the stationary phase, calculated according to Eq. (3),
decreased almost linearly with increasing mobile phase flow rate (Fig. 3). In general, better peak
resolution is obtained with higher stationary phase retention; values above 0.5 are usually preferred
[28]. In the current work, stationary phase retention values higher than 0.6 were achieved at all
flow rates investigated. In order to compensate for the loss of the stationary phase due to the
disturbance of the thermodynamic and hydrodynamic equilibrium in the column after the feed
(sample) injection, a flow rate of 10 mL/min was chosen for the subsequent LLC experiment, which

is a typical flow rate for the CPC unit used.
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3.5.  LLC separation

In this section, a batch LLC separation performed on a CPC unit (see section 2.6) was discussed.
The biphasic solvent system (HEMWat 5/1/5/1, viviviv), flow rate (10 mL/min), and feed
concentration (40 mg/mL of P. hybridus extract dissolved in the mobile phase) were selected
previously (sections 3.2-3.4). The absolute volume of the injection was 10 ml. Fig. 4 shows the
reconstructed LLC chromatogram derived from the offline analysis (HPLC-DAD) of the collected
fractions, while the online LLC chromatogram is shown in Fig. S1. For simplicity, only the
concentration profiles of the six target petasins are shown, although all impurities were monitored
by HPLC-DAD. Constituents P1, P2, and P3 were pooled into fractions p1 (15.85 mg), p2 (9.08
mg), and ps (7.40 mg), respectively. Compounds P4, P5, and P6 co-eluted in a single peak and
were pooled as fraction pss (17.35 mg). However, the purity of the petasin derivatives obtained
during the batch LLC process was below 95% as assessed by HPLC-DAD, except for P3 (Fig. S2)
obtained with HPLC-DAD purity >95%. Therefore, a subsequent step of prep-HPLC (section 2.7)
was followed to purify the obtained fractions. Thus, compounds P1 (3.17 mg), and P2 (0.54 mg)
were obtained with a HPLC-DAD purity >99%, while compounds P4 (0.42 mg), P5 (2.36 mg),
and P6 (1.94 mg) had individual purities of >95%. Overall, the yield of obtained compounds in
relation to the amount of these constituents in the extract was 23.4% for P3, 13.6% for P1, 3.8%

for P2, 5% for P4, 5.1% for P5, and 9.2% for P6.

3.6.  Structure identification

Structure identification of the isolated compounds (Fig. 6) was performed using LC-HRMS/MS
and NMR techniques. The LC-HRMS/MS analysis of the purified compounds was performed by
comparing the spectro-chromatographic data with databases (KNApSacK, PubChem) and relevant

literature [12,29-31]. The proposed identities, pseudomolecular ions ([M+H]"exp.), fragment ions

14
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(MS/MS), calculated mass error (A) in ppm, and proposed molecular formula (MF) are given in
Table 2, whereas the *H- and **C-NMR data of the compounds are shown in Table 3.

Compound P1 had the pseudomolecular ion at m/z 251.1657 (C15H2203) and fragment ions at
233.1562 (C15H2102*, the loss of H,0, 18 Da), 187.1660 (C14H1s*) and 177.0710 (C12H170%). Its
HSQC and HMBC NMR data (Table 3) showed a set of resonances typical for an eremophilane-
type sesquiterpene lactone — three CHs, five CHz, two CH, and five unprotonated C-atoms, which
was in good agreement with the published data of 83-hydroxyeremophilenolide [31]. As mentioned
previously [12], the 8B-epimers of eremophilane lactones can be distinguished from the 8a-epimers
by the difference in the chemical shifts of the H-atoms of the CH3(14) and CH3(15) groups (the
numbering of CH3(14) and CHs(15) follows the IUPAC recommendation RF-4.5 URL:
https://iupac.gmul.ac.uk/sectionF/RF45n6.html (April 26, 2023), the latter resonating at the higher
field than those of CHs(14) in skeletons with H,-C(8). Accordingly, the observed H-NMR
chemical shifts of CH3(15) (dn 1.07) and CH3(14) (6w 0.84) indicated the 8B-hydroxyeremophil-
7(11)-en-12,8a-olide structure of P1 (Figs. S3-S9).

Compound P2 had the pseudomolecular ion at m/z 333.2077 (C20H2804) and fragment ions at
233.1553 (CisH2102", the loss of angelic acid, 100 Da), 215.1459 (Ci4H1502%), 163.0772
(C10H1102"), and 101.0601 (CsHgO2", angelic acid fragment ion). The NMR data of P2 suggested
the presence of an 8f3-H-eremophil-7(11)-en-12,8-olide skeleton with methylated but-2-enoate as
a side chain, which was identified as an angeloyl (=(Z)-2-methylbut-2-enoyl) moiety located at C-
2 (Figs. S10-S20). As a result, after comparison with literature data [33], the identity of P2 was
determined as 8B-2-[(angeloyl)oxy]eremophil-7(11)-en-12,8a-olide (or 2-angeloyloxy-8p-H-
eremophilanolide).

The LC-HRMS/MS analysis of compound P3 revealed a pseudomolecular ion at m/z 235.1690

(C15H2202) and fragment ions at 217.1537 (C1sH230™, the loss of H20, 18 Da), 189.1496 (C14H19"),
15
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153.0173 (C11H21%), 135.0673 (C1oHi1s") and 107.0758 (CsHu1). Its HSQC (Fig. S24) and HMBC
(Fig. S26) NMR data showed two sets of resonances in the ratio of 63/37 (P3-major/P3-minor)
congruent with the structure of eremophil-7(11)-en-12,8-olide, differing mainly in the *H-NMR
chemical shifts of CHs(14) and CH3(15) (Figs. S21-S33). Therefore, the structure of P3-major was
proposed as 8B-H-eremophil-7(11)-en-12,8-olide (8p-H-eremophilanolide or eremophilenolide),
while P3-minor was proposed as 8a-H-eremophil-7(11)-en-12,8-olide (8a-H-eremophilanolide or
epieremophilenolide), reported previously in P. japonicus [34]. Compounds P1, P2, and P3 were
previously identified and isolated from P. hybridus rhizome extract [31].

The LC-HRMS/MS analysis of compounds P4, P5, and P6 showed similar fragmentation
patterns and pseudomolecular ions (at m/z 317.2104, 317.2091, and 317.2123, respectively),
suggesting the same molecular formula (C20H2803). Compounds P4 and P5 were identified as the
C-7 epimers neopetasin (P4) and petasin (P5) based on their NMR chemical shifts and nuclear
Overhauser effects (Figs. S34-S57). Neopetasin and petasin were previously isolated from the
rhizomes of P. japonicus [35]. On the other hand, the structure of compound P6 was confirmed as
isopetasin due to the characteristic set of resonances visible in the HSQC (Fig. S62) and HMBC

(Fig. S64) spectra [13].

4. Conclusion

Overall, the current study integrates in an efficient manner preparative chromatographic
techniques (i.e., liquid-liquid chromatography, preparative HPLC) with modern analytical
platforms (i.e., LC-HRMS/MS, 1D and 2D NMR), allowing the fast and rapid isolation and
structural characterization of valuable biologically active compounds from P. hybridus. The
isolation of six eremophilane sesquiterpenes (petasin derivatives) from a crude methanol rootstock

extract of P. hybridus using LLC as the core separation technology is reported herein for the first

16



357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

time. The biphasic solvent system (n-hexane/ethyl acetate/methanol/water 5/1/5/1, vivIviv) was
selected by combining a computational screening approach based on the predictive thermodynamic
model COSMO-RS with a reduced number of shake-flask experiments. The feed (extract)
concentration (40 mg/mL) was chosen by determining the partition isotherms of the six target
petasins in the mixture, while the operating flow rate (10 mL/min) was selected from a series of
stationary phase retention experiments. The batch LLC separation performed under the above-
specified conditions allowed the isolation of 8B-hydroxyeremophil-7(11)-en-12,8-olide (P1), 2-
[(angeloyl)oxy]eremophil-7(11)-en-12,8-olide (P2), and 8a/B-H-eremophil-7(11)-en-12,8-olide
(P3). However, the separation of neopetasin (P4), petasin (P5), and isopetasin (P6) required a
second separation step (prep-HPLC), which was also employed to achieve optimal purity for the
isolated compounds. The qualitative and quantitative analysis of the isolated petasins were
performed using state-of-the-art spectroscopic techniques (i.e., LC-HRMS/MS and NMR). This
approach allowed the preliminary determination of the content of monitored compounds, further
identification of the structures, and assessment of the efficiency of the isolation process.

The isolated compounds can be used as reference materials to standardize, authenticate, and
differentiate butterbur-based medicinal products. In addition, the six petasins, which were obtained
with high purities in a maximum of two steps (one LLC step and an optional prep-HPLC step), can
be tested in in vitro and in vivo experiments and expand the knowledge of the mechanisms of action
of butterbur extracts and its constituents. For production purposes, the process can be further

optimized and scaled up.
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Figure and Table captions

Figure 1. HPLC-DAD chromatogram of P. hybridus extract.

Figure 2. Liquid-liquid partition equilibria of target petasins (P1-P6) from P. hybridus extracts. Labels:
total extract concentration in mg/mL; Cyp, concentration of the target petasin in the lower phase; Cup,

concentration of the target petasin in the upper phase.

Figure 3. Influence of the flow-rate (8-16 mL/min) on the stationary phase retention (Sg) in descending

mode (DSC), with n-hexane/ethyl acetate/methanol/water (HEMWat) 5/1/5/1 (vivIviv).

Figure 4. LLC separation of P. hybridus extract

Figure 5. Chemical structures of the isolated petasins

Table 1. Partition coefficients and separation factors of target petasins (P1-P6) from P. hybridus extract.

Table 2. LC-HRMS/MS identification of isolated compounds from Petasites hybridus rhizomes.

Table 3. *H- and *C-NMR data of compounds P1-P6 at 500/125 MHz, resp., in methanol-d, at 30°C, § in

ppm, J in Hz.
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944 Table 1. Partition coefficients and separation factors of target petasins (P1-P6) from P. hybridus extract.

Solvent system Partition coefficients Separation factors
viv K1 Kz Ks Ks Ks Ks 012 023 O34 045 056
HPWat 10/3/7 824 >10 >10 >10 >10 >10 nc nc nc nc nc
10/4/6 6.72 >10 >10 >10 >10 >10 nc nc nc nc nc
10/5/5 462 >10 918 >10 >10 >10 nc nc nc nc nc
10/6/4 427 940 8.01 >10 >10 >10 2.2 09 nc nc nc
HMWat 10/7/3 0.08 083 161 429 526 6.93 104 19 27 12 13
10/7.5/25 0.06 0.49 093 261 285 3.63 8.2 19 28 11 13
10/8/2 005 034 064 138 142 1.39 6.8 19 22 10 1.0
10/8.5/1.5 0.05 0.23 041 090 0.90 0.90 4.6 18 22 10 1.0
10/9/1 0.05 0.19 0.28 0.67 0.67 0.77 3.8 15 24 10 11
HEMWat 2/1/2/1 044 176 176 431 486 4.84 4.0 10 24 11 1.0
5/2/5/2 026 1.02 122 295 3.04 3.08 3.9 12 24 10 1.0
3/1/3/1  0.19 0.67 0.82 204 213 218 3.5 12 25 10 1.0
4/1/4/1 0.15 054 0.74 166 169 1.76 3.6 14 22 10 1.0
5/1/5/1 0.10 036 049 105 108 1.16 3.6 14 21 10 11
545 Abbreviations: HMWat n-hexane/methanol/water; HEMWat n-hexane/ethyl acetate/methanol/water; HPWat n-hexane/1-
546 propanol/water; in bold the selected solvent system
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548

549

Table 2. LC-HRMS/MS identification of isolated compounds from Petasites hybridus rhizomes.

[M+H]*exp.  [M+H]*calca. A

No Compound (m/z) (m/z) (ppm) MF MS/MS (+)
8p-hydroxyeremophil-7(11)- 233.1562, 187.1660, 177.0710,
P1 o1 Bolide 251.1657 2511642  -5.97 CisH»Os 163.0857, 145.0711, 135.1250,
' 119.0491, 107.0932, 93.0773
254.6489, 233.1553, 215.1459,
2-[(angeloyl)oxy]eremophil- 205.1601, 187.1487, 165.0917,
P2 7(11)-en-12 8-olide 3332077 3332060 -5.10  CaoHzs0s 4651775 1510766, 133.0672.
121.0969, 115.0543, 101.0601
217.1537, 189.1496, 179.0939,
80/B-H-eremophil-7(11)-en- 165.0768, 161.1160, 153.0713,
P3 P 12,8-glide ¢ 2351690 2351693 128 CisHz202 1556697 125 0873, 119.0759.

107.0758, 95.0788, 81.0680
217.1648, 199.1497, 189.1662,
P4 Neopetasin 317.2104 3172111 221  CxoHxOs 175.1166, 161.1305, 147.0810,
133.1034, 119.0871, 95.0861
217.1508, 199.1362, 189.1572,
. 175.1012, 161.0883, 147.0720,
P5 Petasin 317.0091 3172111 630 CaHasOs  133'0576" 193 0771 119.0796,
101.0563, 95.0778

217.1606, 199.1414, 175.1126,
P6 Isopetasin 317.2123  317.2111  -3.78  CxoHzOs  161.0967, 147.0806, 135.1170,

123.0805, 119.0894, 95.0856
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550  Table 3. H- and **C-NMR data of compounds P1-P6 at 500/125 MHz, resp., in methanol-d4 at 30°C, § in ppm, J in Hz.

Position P1 P2 P3-major P3-minor P4 P5 P6
50 3(H) 50 5(H) 50O 3(H) 50O 3(H) 50) 3(H) 50O 3(H) 50 5
2.43 (ddd, J 2.41 (ddd, J
2.33 (m) =152,47, =152, 4.6,
1.80 (m) 2.68 (dddd, 2.8) 2.6)
1 274 o gmg 331 1.92 (dd, J 27.7 e Emg 295 o Emg 315 J=131, 316 2,62 (dddd, 311 2,58 (dddd,
: 212.0,50) ' ' 131,52, 12147, 1=152,
17) 14.7,53, 144,52,
1.9) 2.0)
153 (dddd, 153 (dddd,
1=143, =144,
4.98 (dddd, 11.6,11.6, 121,112,
145 (m) J=115, 147 (m) 147 (m) 45) 46)
2 27 1.45 (m) 704 115,51, 27 157 (m) 218 1,57 (m) & 2.34 (m) 328 2.23 (dddd, 329 2.21 (dddd,
5.1) 1=122, J=122,
49,49, 5.2, 4.4,
27) 26)
1.41 (ddd
1 (ddd, 5.05 (ddd, 5.01 (ddd, J 4.96 (ddd, J
3 318 1'421?1 Emg 371 o 1122'77') 319 1'[31‘11 Emg 301 igg Emg 749 12109, 745 =111, 747 =111,
: 7 12. ' : 10.9, 4.8) 111, 4.4) 111, 4.4)
1.82 (m)
1.6 (ddd
56 (ddd, 2.02 (dg, J 167 (dg, J 1.72 (dg, J
4 30.8 1.46 (m) 30.7 )= 1;.00), 313 1.46 (m) 39.8 1.60 (m) 449 2o 8.7 R o 476 e
5 414 . 403 : 412 ; 408 . 43 - 414 - 436 .
2.07 -
(dlqé é = 2.06 (dg, J (ddt, J = i'iolgdg* 1'9:51(2‘1"' J 2.22 (dd, J
6 359 1.6) 36.2 =142,16) 371 bl 27 348 1.6) 388 2.02 (m) 430 131, 06) 422 =138 0.8)
2.99(d, J = 11) 2.07 (m) 3.03(d,J=
2.84 (d, %) o 2.96 (d, J 2.07 (dd, J )
3= : Fadh, =138) =131, 47) :
136) =14
3.23(dd, J
7 1614 . 163.4 ; 164.3 : 166.2 - 515 3.14 (m) 515 PP 128.3 -
4.76 (ddg, 477 (dd, ( dg'gﬁ
8 105.8 . 81.8 J=111, 823 1=110, 80.0 2 2016 - 201.1 - 103.8 -
6.7, 1.4) 3.0) 115,78,
' 11)
195 155
(dd, 3= 1.64 (ddd, (ddd, 3=
13.4, 1=130, 127,
4.4) 13,0, 11.1) 1.74 (m) 115, 4.7) ) ) )
9 401 ! 36.8 2 36.3 208.m) 36.7 o 124.3 1251 1271
(dd, 3= 1=126, (ddd, 3=
13.4, 6.7,35) 127,68,
12.8) 25)
1.83 (br
10 411 1.88 (m) 420 1.95 (m) 414 1.74 (m) 376 d,31= 1713 . 1701 - 168.8 -
117)
1 1230 . 1216 ; 1211 ; 1222 . 145.0 - 144.7 . 145.7 .
A M 190 (0=
12 1746 . 177.1 ; 1773 ; 1773 . 114.2 T 1148 oty 223 1.4)
=15, 1.5) =15, 1.5)
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1.78 (dd, 1.76 (dd,

179 (d, 1.80 (dd, J € /€ 1.76 (dd, J 171 (dd, J 2.07(d, 3=
13 8.2 s 8.2 e 8.2 I=16, 7.9 I=17, 20.9 s 20.2 s 22.8 5
16) 17)
w168 0.84 (d, 163 0.91(d, I = 165 0.83 (d, 58 105 (dd. 120 101(d, = 100 0.99 (d, 3= 1o 103(d,J=
: 1=6.6) : 6.7) : 1=6.6) : 06 : 6.7) : 6.7) : 6.7)
0.82 (d, 3 130(d, 1= 109 (d, J =
15 219 107 (s) 218 112 (s) 219 107 (s) 251 2% 214 121 (s) 173 05 1756 05
I 169.1 ; - 169.0 . 169.1
2 1295 ; - 129.2 . 1292 -
, 6.07 (qq, J 6.12 (qq, J 6.12 (qq, J 6.12 (qq, J
3 138.2 =73, 16) =7.2,15) 1388 =72,15) 138.8 =7.2,16)
, 1.93 (dg, J 1.96 (dg, J 1.96 (dg, J 1.96 (dg, J
4 159 =72,16) =7.2,1.6) & =72,15) 159 =7.2,16)
, 1.84 (qd, J 1.88 (qd, J 1.88 (qd, J 1.88 (qd, J
5 206 = 16, 1.6) =16, 1.6) 207 = 15, 1.5) 207 = 16,16)

551 * The atom numbering of CHs(14) and CHs3(15) in this publication follows the IUPAC recommendation RF-4.5, URL:
552  https://iupac.gmul.ac.uk/sectionF/RF45n6.html
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