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A B S T R A C T

Irregular tissue outgrowths (called galls) in the inflorescences of three European Fraxinus species (F. angustifolia,
F. excelsior and F. ornus), were analyzed for their phytochemical composition for the first time. The main goal of
this study was to demonstrate the significance of Fraxinus galls as the new and abundant sources of drug can-
didate metabolites. The comparable quantitative results of nuclear magnetic resonance (NMR) spectroscopy and
high performance liquid chromatography (HPLC)-mass spectrometry (MS) analyses confirmed extraordinarily
high amounts of the valuable phenylethanoid glycoside (PhEG) acteoside (in the galls of F. angustifolia 86.7mg/g
– 139.9mg/g and F. excelsior 71.7mg/g – 161.2mg/g) and that of the coumarin glucoside cichoriin (in the galls
of F. ornus 143.0mg/g – 232.0 mg/g). Optimized, consecutive treatments of acteoside, in distilled water (100 °C,
300min) and acidic media (2M trifluoroacetic acid, 100 °C, 15min), resulted in an equilibrium of acteoside and
isoacteoside as well as that of desrhamnosyl acteoside and desrhamnosyl isoacteoside, following isomerization
and derhamnosylation, respectively. Three related PhEGs could thus also be isolated after optimized treatments,
in addition to acteoside, in the highest yield reported so far. Their structures were identified by NMR spectro-
scopy and high-resolution Orbitrap-MS/MS techniques, also confirming the distinction of the regioisomers
desrhamnosyl acteoside and desrhamnosyl isoacteoside by MS/MS. Molecular modeling was used to study the
mechanism of isomerization. Isolated PhEGs and cichoriin showed no cytostatic activity in non-human primate
Vero E6 cells and no hemolyis of human erythrocytes. Our results highlight the significance of Fraxinus galls in
the production of PhEGs and cichoriin as easily available, high-yield harvestable, new raw materials for these
pharmacologically important metabolites.

1. Introduction

Fraxinus angustifolia Vahl (narrow-leafed ash), F. excelsior L.
(European ash) and F. ornus L. (flowering ash) are the three European
representatives of the genus Fraxinus, belonging to the Oleaceae family.
These deciduous trees are of great significance as ornamental, industrial
and medicinal plants, and are cultivated in temperate regions

worldwide (Wallander, 2008). The bark and the leaves of F. excelsior
and F. ornus are recommended in European folk medicine, mainly
against rheumatism and fever. The fruit extract of F. ornus is also used
as an anti-diabetic agent. The dried leaf of F. angustifolia and F. excelsior
has an official place in the European Pharmacopoeia (Ph.Eur. 9.2.)
(Kostova, 2001; Kostova and Iossifova, 2007). The phytochemical
composition of Fraxinus’ organs, including bark, leaf, inflorescence and
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fruit, has been extensively studied. In fact, caffeoylquinic acids, cou-
marins, phenylethanoid glycosides (PhEGs) and secoiridoids have been
identified as the most valuable secondary metabolites of these trees
(Kostova, 2001; Kostova and Iossifova, 2007).

The inflorescences of Fraxinus trees frequently contain abnormal
outgrowths of plant tissues, known as galls. These galls can be caused
by the phytophagous mite Aceria fraxinivorus, which attacks the in-
florescences, resulting in sizable, irregular deformities formed mainly
from the flower stalks (Ripka and De Lillo, 1997). High-yield harvesting
of galls from infected Fraxinus trees is feasible, without damaging the
plants (Supplementary material, Figs. S1, S2). As the characteristic
metabolites of the European Fraxinus species are present in all the or-
gans investigated so far, we hypothesized the accumulation of these
metabolites in the gall tissues also. The galls of the Fraxinus species
might thus be a novel, abundant source of valuable secondary meta-
bolites; however, to the best of our knowledge, there is no published
data about their phytochemical composition. Our preliminary analyses
of these galls suggested a high-level accumulation of the PhEG acteo-
side (AO) and that of the coumarin glucoside cichoriin.

Acteoside (syn. verbascoside) is constructed from a centrally posi-
tioned β-D-glucose that is connected via glycosidic bonds to hydro-
xytyrosol and α-L-rhamnose units, as well as via an ester bond to a
caffeic acid molecule at the C1−OH, C3−OH and C4−OH positions,
respectively (Fig. 1). Acteoside was already identified in different or-
gans of European Fraxinus species (Lamaison et al., 1993). In addition
to Fraxinus trees, more than 200 plant species contain AO (Alipieva
et al., 2014). A regioisomer of AO, the isoacteoside (IsAO, syn. iso-
verbascoside), which is esterified with caffeic acid at the C6−OH po-
sition (Fig. 1), and the corresponding desrhamnosyl derivatives of AO
and IsAO, desrhamnosyl AO (DeAO, syn. calceolarioside A) and desr-
hamnosyl IsAO (DeIsAO, syn. calceolarioside B), are also present in
some AO containing plants as minor compounds. The rarely occurring
coumarin glucoside cichoriin (Fig. 1) is known in some plants belonging
to the Asteraceae and Oleaceae families (Kostova, 2001).

These PhEGs and the coumarin glucoside cichoriin may be pro-
mising medicinal agents, as all four PhEGs have significant antioxidant
(Harput et al., 2012; Bardakci et al., 2015; Li et al., 2018), anti-
proliferative (Nagao et al., 2001; Harput et al., 2012) and antiviral
(Kernan et al., 1998; Kim et al., 2002; Brandão et al., 2013) effects. AO
and IsAO also exhibited neuroprotective (Li et al., 2018), anti-in-
flammatory (Díaz et al., 2004) immune-enhancing (Huang et al., 2009)
and xanthine oxidase inhibitory (Chen et al., 2018) activities and ci-
choriin expressed hepatoprotective (Xu et al., 2016) and antibacterial
(El-Bassuony and Abdel-Hamid, 2006) effects.

Prior to performing further efficacy studies with these PhEGs and
cichoriin, their in vitro cytotoxic side effects on mammalian cells, such
as the hemolytic activity on human erythrocytes and cytostatic activity
on Vero E6 cell line, should also be investigated. Vero E6 cells are
kidney epithelial cells isolated from Cercopithecus aethiops and often
used in microbiology as a host cell model for a class of intracellular
pathogens (such as slow growing viruses and bacteria). In this model,
promising drug candidates should have no cytotoxic or cytostatic effect
against the Vero E6 cells and no hemolytic effect against human red

blood cells, as we have previously reported (Horváti et al., 2017). Re-
cently, AO alone was tested for its cytotoxicity against Vero E6 cells
among four PhEGs and cichoriin, and its non-toxicity in the con-
centration range applied (0–200 μg/mL) was confirmed (Brandão et al.,
2013).

The isomerization of AO into IsAO (Mazzutti et al., 2017) and the
derhamnosylation of AO and IsAO (Nagao et al., 2001) during heat
treatments performed in water and acidic media, respectively, and the
mass fragmentation patterns of AO, IsAO, DeAO and DeIsAO, were also
described (Keefover-Ring et al., 2014; Tóth et al., 2014; Chen et al.,
2018), however the regioisomer pairs AO - IsAO and DeAO - DeIsAO
were not distinguished from each other by their specific fragment ions.
Conversion procedures (isomerization and hydrolysis) were not opti-
mized regarding yields (avoiding unwanted decompositions) and time
consumption.

The aim of this research was to 1) determine the main secondary
plant metabolites in the galls of the three European Fraxinus species (F.
angustifolia, F. excelsior and F. ornus), 2) confirm the high-level accu-
mulation of AO and cichoriin using comparative techniques, i.e., HPLC-
MS and quantitative nuclear magnetic resonance (qNMR) spectroscopy,
3) optimize the heat treatments of AO in water and acidic media, in
order to obtain IsAO, DeAO and DeIsAO at the highest yield possible,
allowing the isolation of all four related compounds by one-step pre-
parative HPLC, 4) interpret the isomerization process at the atomic
level using a computational method, 5) analyze MS fragment profiles in
order to determine diagnostic ions suitable for the distinction of re-
gioisomers AO and IsAO as well as DeAO and DeIsAO, 6) determine the
in vitro toxicity (against Vero E6 cells) and the hemolytic activity (in
human erythrocytes) of AO, IsAO, DeAO, DeIsAO and cichoriin, 7)
evaluate the real potential of Fraxinus galls for the high-yield isolation
of PhEGs.

2. Materials and methods

2.1. Plant material and reagents

Gall samples of Fraxinus angustifolia Vahl, F. excelsior L. and F. ornus
L. were collected from different Hungarian locations in July and August
2015. These galls were caused by the phytophagous mite Aceria frax-
inivorus (Ripka and De Lillo, 1997).

The voucher specimens (FrAng-2015-01–05, FrExc-2015-01-05 and
FrOrn-2015-01-05) were deposited in the Department of Plant
Anatomy, Eötvös Loránd University, Budapest, Hungary. The materials
and reagents applied in the isolation and analysis of gall metabolites,
such as acetonitrile (ACN), distilled water (DW), formic acid, methanol
(Reanal, Hungary), methanol-d4 (99.80% D), deuterium oxide (D2O
-99.96% D) (VWR chemicals, Belgium), dimethyl sulfoxide (DMSO),
maleic acid standard for qNMR, 3-(trimethylsilyl)-1-propanesulfonic
acid-d6 sodium salt (DSS-d6), aesculin, chlorogenic acid (Sigma-Aldrich,
USA) and trifluoroacetic acid (TFA; Serva, Germany) were all of ana-
lytical reagent grade of the highest purity available.

Fig. 1. Chemical structures of acteoside and cichoriin.
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2.2. Preparation of gall extracts

Lyophilized and pulverized gall samples (100.0 mg) were extracted
three times consecutively with 5mL of methanol at 60 °C, via a reflux
condenser, for 30min, to prepare 15.0 mL stock solutions. These stock
solutions were used after their dilution with methanol for HPLC-UV-
HR-MS analyses (Section 2.4.1.). Dried aliquots (5.0 mL) of the stock
solution prepared from F. angustifolia gall sample 1 and F. ornus gall
sample 3, were dissolved in 1.0mL of methanol (for the isolation of AO
and cichoriin by preparative HPLC, Section 2.4.2), DW (for performing
heat treatments, Section 2.3.2.) and methanol-d4 (for performing NMR
analyses (Section 2.4.3).

2.3. Performing heat treatments in DW and TFA media

2.3.1. Treatment optimization of isolated acteoside
0.624mg amounts of isolated AO were dissolved in 1.0 mL DW,

0.2 M TFA, 0.6M TFA and 2M TFA (in 4mL screw-capped vials). These
solutions were heated for 7, 15, 30, 60, 120, 300 and 600min at either
50 °C or 100 °C. The samples were dried using a vacuum evaporator (at
30–40 °C). The dried samples were analyzed after their dissolution in
methanol by HPLC-UV-HR-MS (Section 2.4.1.).

2.3.2. Optimized treatments of gall extracts for isolation purposes
Dried aliquots (5.0 mL) of the stock solution prepared from F. an-

gustifolia gall sample 1, were dissolved in 1.0 mL DW to isolate IsAO,
DeAO and DeIsAO. This solution was heated at 100 °C for 300min (as
optimum condition) to prepare the IsAO. A two-step heating procedure
was applied to prepare the DeAO and DeIsAO. The first step was the
same as that for IsAO preparation, and then TFA (0.181mL) was added
to the DW solution to prepare 2M TFA medium. In the second step of
treatment, this acidified solution was heated at 100 °C for 15min (as
optimum condition). After heat treatment, the samples were dried using
a vacuum evaporator (at 30–40 °C). The dried samples were dissolved
in methanol before isolations performed using preparative HPLC
(Section 2.4.2.).

2.4. Instruments

2.4.1. Analytical HPLC hyphenated with UV and high-resolution Orbitrap
mass spectrometric detections

A Dionex Ultimate 3000 UHPLC system (3000RS diode array de-
tector (DAD), TCC-3000RS column thermostat, HPG-3400RS pump,
SRD-3400 solvent rack degasser, WPS-3000TRS autosampler), hyphe-
nated with a Orbitrap Q Exactive Focus Mass Spectrometer equipped
with electrospray ionization (ESI) (Thermo Fischer Scientific, Waltham,
MA, USA) was used for chromatographic separation and high resolution
mass spectral analysis. The HPLC separations were performed on a
Kinetex C18 column (75× 3.0mm; 3.5 μm) (Phenomenex, USA). The
mobile phase consisted of 0.1% v/v formic acid (A) and acetonitrile (B).
Linear gradient: 0.0 min, 20% B; 12.0min, 60% B; flow rate: 0.3 mL/
min; column temperature: 25 °C; injected volume: 1.0 μL. The ESI
source was operated in negative ionization mode and operation para-
meters were optimized automatically using the built-in software. The
working parameters were as follows: spray voltage, 2500 V (-); capillary
temperature 320 °C; sheath-, auxiliary- and spare-gases (N2): 47.52,
11.25 and 2.25 arbitrary units, respectively. The resolution of the full
scan was of 70,000 and the scanning range was between 100–1000 m/z
units. MS/MS scans were acquired at a resolution of 35,000 in the range
of 80–1000 m/z units, using collision energy of 10, 20, 30 and 45 eV.
DAD spectra were recorded between 250 and 600 nm.

2.4.2. Preparative HPLC
A Pharmacia LKB HPLC (Uppsala, Sweden) system (2248 pumps,

VWM 2141 UV detector) was connected to a preparative HPLC column:
Nucleosil100, C18 (10 μm), 15×1 cm (Teknokroma, Sant Cugat del

Vallès, Barcelona, Spain). The eluents, gradient program and detection
were the same as described above, except for the flow rate and injected
amount, which were 3.0mL/min and 200 μL, respectively.

2.4.3. Nuclear magnetic resonance (NMR) spectroscopy
NMR spectra of the isolated compounds were recorded in methanol-

d4 at 25 °C on a Varian DDR spectrometer (599.9MHz for 1H and
150.9MHz for 13C) equipped with a dual 5mm inverse detection gra-
dient (IDPFG) probe-head.

For the qNMR experiments, three parallel dried gall extracts of F.
ornus (sample 3) and F. angustifolia (sample 1) were dissolved in 1.0ml
methanol-d4 and 530 μL of these solutions were transferred into 5mm
NMR tubes. Approximately 5mM of DSS-d6 solution, prepared in D2O,
was placed in a coaxial insert tube and used as external reference. The
apparent, precise concentration of the DSS-d6 peak was determined as
the average of three additional NMR measurements using maleic acid
standard solutions prepared in methanol-d4 in three different con-
centrations (NMR methods are detailed in the Supplementary material).

2.5. Compound quantification by HPLC-MS

In order to quantify compounds by HPLC-MS, extracted ion chro-
matograms (EICs) of their molecular ions were recovered from the total
ion current chromatograms, and an external standard method was ap-
plied by using EICs. Linear regression analysis of the isolated AO, IsAO,
DeAO and DeIsAO, as well as that of the standard aesculin and
chlorogenic acid, was performed in the range of 0.057–10.0 ng of their
injected amounts, resulting in appropriate r2 values (Supplementary
material Table S1). Amounts of cichoriin and methoxy-dihydrox-
ycoumarin-glucoside were calculated using the calibration curve for
standard aesculin.

2.6. Computational method

All computations were carried out with the Gaussian09 program
package (Gaussian Inc., USA, Wallingford CT, 2009) (Frisch et al.,
2016) using standard convergence criteria of 3.0× 10−4, 4.5× 10−4,
1.2× 10−3 and 1.8× 10−3, for the gradients of the root mean square
(RMS) force, maximum force, RMS displacement, and maximum dis-
placement vectors, respectively. Computations were carried out at the
B3LYP level of theory (Becke, 1993) using /6–31 G(d,p) basis set. The
explicit-implicit solvent model was also included using the IEFPCM
method (radii=UFF) (Tomasi et al., 2005) and seven explicit water
molecules to model the aqueous media properly (Mucsi et al., 2005).
The vibrational frequencies were computed at the same levels of theory,
in order to properly confirm all structures as residing at the minima on
their potential energy hypersurfaces (PESs). The thermodynamic func-
tions U, H, G and S were computed at 298.15 K.

2.7. In vitro activity of PhEGs and coumarins on non-human primate Vero
cell cultures and human erythrocytes

The cytostatic effect of isolated PhEGs, cichoriin and standard aes-
culin was measured on Vero E6 cells (non-human primate origin;
Cercopithecus aethiops, kidney, epithelial cells; ATCC No. CRL-1586)
(Emeny and Morgan, 1979). The Vero E6 cells were kindly provided by
Bernadett Pályi (National Biosafety Laboratory, National Public Health
Institute, Hungary). Cells were maintained in DMEM (Lonza™) as de-
scribed earlier (Palyi et al., 2018). Prior to treatment, cells were plated
(5000 cells, 100 μl/well) in a flat-bottom 96-well plate. Stock solutions
of the compounds were prepared with DMSO (50mM) and two-fold
serial dilution series were prepared using serum free DMEM (final
concentration: 0.8–100 μM). Cells were incubated with the compounds
for 24 h. Control cells were treated with serum free medium only, or
with DMSO containing serum free medium (cDMSO=0.1% v/v) at
37 °C. A membrane-active cationic peptide (Transportan) was used as a
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cytostatic positive control (Horváti et al., 2017). After incubation, cells
were washed twice with serum free medium (centrifugation: 1000 rpm,
5min). To determine the in vitro cytostatic effects, the cells were cul-
tured for a further 72 h in serum containing medium. The cell viability
was determined using the classic endpoint assay (4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT)-assay described by
Mossman (Mosmann, 1983) and modified (Horváti et al., 2017). In each
case two independent experiments were carried out with four parallel
measurements. The 50% inhibitory concentration (IC50) values were
determined from the dose-response curves.

4 v/v % red blood cell (RBC) suspensions were prepared for he-
molytic activity assay (Horváti et al., 2017). Stock solutions of the
compounds were diluted with DMSO (50mM) and two-fold serial di-
lution series were prepared (final concentration: 0.8–100 μM). RBC
suspensions (100 μl/well, 4 v/v %) were placed into a 96-well U-bottom
cell culture plate and mixed with 100 μl solutions of compounds. The
plates were incubated for 1.5 h at 37 °C. After centrifugation (2000 rpm,
5min), 50 μl of the supernatant was transferred to a flat-bottom mi-
crotiter plate and absorbance was measured at λ=414 and 450 nm
using the ELISA plate reader. A cationic membrane active peptide
(CM15) was used as hemolytic positive control (Horváti et al., 2017).
The percentage hemolysis was graphically presented and the con-
centration of compound at which 50% hemolysis occurred (HC50 value)
was determined.

3. Results and discussion

3.1. Identification of gall compounds

The HPLC-UV-HR-MS separations of F. angustifolia, F. excelsior and
F. ornus gall extracts show similar metabolite compositions (Fig. 2).
Based on HR-MS data, compounds appearing with comparable reten-
tions in the chromatograms of gall extracts of the three species are
identified by identical molecular formulas (Table 1). Comparing this
data with that obtained for already identified compounds of Fraxinus
species, a coumarin glucoside (Fa-1, Fe-1, Fo-1) and its methoxy deri-
vative (Fa-3, Fe-3, Fo-3), four PhEGs that differ from each other by the
presence (Fa-5, Fa-7, Fe-5, Fe-7, Fo-5, Fo-7) or absence (Fa-4, Fa-6, Fe-
4, Fe-6, Fo-4, Fo-6) of a rhamnosyl moiety, as well as an isomer of
caffeoylquinic acid (Fa-2 and Fe-2), were presumed to be present in F.
angustifolia (Fa-1 – Fa-7), F. excelsior (Fe-1 – Fe-7) and F. ornus (Fo-1 –

Fo-7) gall extracts (Fig. 2).
Since these compounds may all be present as regioisomers, further

analyses, (i.e., NMR, HPLC-HR-MS/MS as well as conversion studies)
were conducted in order to determine their constitutions. Accordingly,
the NMR spectral data of whole methanol extract of F. ornus gall con-
firmed the identity of the main compound Fo-1 as cichoriin (7-O-glu-
coside of dihydroxycoumarin, Fig. 1) (Supplementary material Fig. S3)
(Kisiel and Michalska, 2002).

Unlike F. ornus gall, the galls of the other two Fraxinus species
contained only a minor compound (Fa-1 and Fe-1, Fig. 2, Table 1),
which can be identified using the molecular formula C15H16O9 and a
retention time identical with that of cichoriin, however the UV spectral
data of cichoriin (Fo-1) and Fa-1/Fe-1, demonstrating characteristic
differences in their wavelengths of absorption maxima (λmax, Fo-1:
288 nm, 340 nm; Fa-1 and Fe-1: 293 nm, 334 nm), confirmed Fa-1 and
Fe-1 to be the 6-O-glucoside of dihydroxycoumarin, as aesculin (Fig. 1)
(Harborne, 1984). Methoxy-dihydroxycoumarin-glucosides Fa-3, Fe-3
and Fo-3 were also identified by HPLC-HR-MS, although without con-
firming their conformation.

The mass spectra of the molecular ion of the caffeoylquinic acid
isomer (m/z 353; Fa-2, Fe-2), obtained by HPLC-HR-MS/MS, exhibited
a base peak at m/z 191.06 and two low intensity peaks (< 5%, relative
to the base peak) at m/z 179.03 and m/z 135.04. This result is con-
sistent with recent experience (Clifford et al., 2005), confirming the
presence of 5-caffeoylquinic acid (chlorogenic acid) in F. angustifolia
and F. excelsior galls. As a further confirmation, standard chlorogenic
acid was also analyzed by HPLC-HR-MS/MS, resulting in comparable
mass fragmentation and retention properties to those for compounds
Fa-2 and Fe-2.

The PhEG Fa-5, identified as the main compound in F. angustifolia
gall, was isolated using preparative HPLC for its precise identification.
Solutions of Fa-5 prepared in DW or TFA, were heated at 100 °C for
different periods of time and analyzed by HPLC-HR-MS/MS (Figs. 3 and
4). In fact, the heating of Fa-5 in DW and TFA resulted in the formation
of compounds appearing with longer (Fa-7, Fig. 3C, DW treated sample)
and shorter retentions (Fa-4, Fig. 3D, TFA treated sample) relative to
Fa-5, respectively. The molecular formula of Fa-7 was determined as
C29H36O15, based on HPLC-HR-MS results, which was the same as that
of Fa-5 (Table 1). The chromatographic and mass spectral data for Fa-5
and Fa-7 was comparable to that reported in the literature for AO and
IsAO, respectively, thereby confirming the identity of Fa-5 and Fa-7 as

Fig. 2. HPLC separation of the extracts
prepared from F. angustifolia gall
sample 1 (A, A’, A’’), F. excelsior gall
sample 1 (B, B’, B’’) and F. ornus gall
sample 1 (C, C’, C’’). Full chromato-
grams (A, B, C) were recorded using UV
detection (λ280 nm), and trace chro-
matograms (A’, A’’, B’, B’’, C’, C’’) were
obtained by MS detection, monitoring
the extracted ion current for m/z 623
(A’, B’, C’) and m/z 477 (A’’, B’’, C’’)
corresponding to phenylethanoid gly-
cosides. Peaks: Fa-1, Fe-1 aesculin; Fo-1
cichoriin; Fa-2, Fe-2 chlorogenic acid;
Fa-3, Fe-3, Fo-3 methoxy-dihydrox-
ycoumarin-glucoside; Fa-4, Fe-4, Fo-4
desrhamnosyl acteoside; Fa-5, Fe-5, Fo-
5 acteoside; Fa-6, Fe-6, Fo-6 desrham-
nosyl isoacteoside; Fa-7, Fe-7, Fo-7
isoacteoside.
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these PhEG type regioisomers. As further confirmations, i) computa-
tional calculations interpreting the isomerization of AO into IsAO at
atomic level, (Section 3.2), and ii) NMR analysis of whole methanol
extract of F. angustifolia gall sample, confirming the identity of AO
(Supplementary material Fig. S4), were also performed.

The difference between the molecular formulas of AO (Fa-5,
Table 1) and Fa-4 (Table 1) is consistent with the loss of a rhamnosyl
moiety (C6H10O4), and thus the formation of Fa-4 from AO during TFA
treatment can be explained by the hydrolysis of glycosidic bond be-
tween rhamnose and glucose units of AO, forming the corresponding
desrhamnosyl derivate of AO. A DW treated sample containing com-
parable amounts of AO and IsAO (Fig. 3C), was also heated in TFA
medium, resulting in the derhamnosylation of both compounds. DeAO
and DeIsAO were thus equally detected (Fig. 3E).

Starting with a sample containing AO, the other three related
PhEGs, IsAO, DeAO and DeIsAO, can also be prepared by consecutive
DW and TFA treatments, however treatment conditions, temperature,

time and acid concentration, need to be optimized in order to minimize
unwanted decomposition. Acteoside treatment processes were therefore
performed using DW and different concentrations of TFA (0.2 M, 0.6M
and 2M) at 50 °C and 100 °C, applying various heating times from 7min
to 600min. To demonstrate the conversion characteristics of com-
pounds on a comparable basis, their amounts are given in mM values as
shown in Fig. 4A–D.

At 50 °C, AO remained intact, and its conversion products could not
be identified either in DW or in TFA treated samples. However, at
100 °C, characteristic conversions occurred as a result of simultaneous
isomerization, derhamnosylation and undefined degradation processes
(Fig. 4A–D). The isomerization of AO into IsAO was detected in DW at
100 °C, accompanied by negligible derhamnosylation and significant
undesired degradation of AO and IsAO. The highest IsAO yield was
determined after heating for 300min (0.35 mM, Fig. 4A). Comparing
the ratios of IsAO and AO amounts between samples heated in DW at
100 °C for different periods of time, a maximum value of 1.2 was

Table 1
High resolution mass-spectral (negative ion mode) data for compounds detected in F. angustifolia (Fa-1 – Fa-7), F. excelsior (Fe-1 – Fe-7) and F. ornus (Fo-1 – Fo-7) gall
extracts.

Ret. time Gall sample Formula Detected formula Detected ion Calculated m/z Found m/z diff (ppm)

F. ang.c F. exc.d F. ornus
Compounds

2.66a Fa-1 C15H16O9 [M-H]− C15H15O9 339.07106 339.07233 3.750
2.65a Fe-1 339.07221 3.396
2.62a Fo-1 339.07233 3.750
3.44a Fa-2 C16H18O9 [M-H]− C16H17O9 353.08671 353.08817 4.139
3.43a Fe-2 353.08795 3.516
– – – –
3.76a Fa-3 C16H18O10 [M-H]− C16H17O10 369.08162 369.08301 3.758
3.75a Fe-3 369.08279 3.162
3.75a Fo-3 369.08298 3.676
6.00b Fa-4 C23H26O11 [M-H]− C23H25O11 477.13914 477.14038 2.603
5.99b Fe-4 477.14043 2.708
5.99b Fo-4 477.14047 2.792
6.10b Fa-5 C29H36O15 [M-H]− C29H35O15 623.19705 623.19879 2.797
6.10b Fe-5 623.19863 2.541
6.10b Fo-5 623.19861 2.509
6.25b Fa-6 C23H26O11 [M-H]− C23H25O11 477.13914 477.14026 2.353
6.25b Fe-6 477.14036 2.561
6.25b Fo-6 477.14031 2.456
6.50b Fa-7 C29H36O15 [M-H]− C29H35O15 623.19705 623.19850 2.332
6.50b Fe-7 623.19838 2.140
6.51b Fo-7 623.19852 2.364

a HPLC-UV.
b HPLC-MS retention times (min) of compounds correspond to those in Fig. 2.
c F. angustifolia.
d F. excelsior.

Fig. 3. HPLC-UV (λ280 nm) chroma-
togram (A) and extracted ion chroma-
tograms (B – E) for m/z 623+m/z 477
corresponding to phenylethanoid gly-
cosides (PhEGs), obtained from the in-
tact acteoside sample (A, B), and from
the acteoside sample after distilled
water - DW (C, 100 °C, 120min) and
trifluoroacetic acid - TFA (D, 100 °C,
15min) treatments, as well as from the
acteoside sample after consecutive
treatments performed in DW (100 °C,
120min) and 2M TFA (100 °C, 15min)
media (E).
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calculated after heating for 600min (0.31 mM/0.26mM=1.2;
Fig. 4A). This result is in good accordance with data obtained using the
computational method (as detailed in Section 3.2.), indicating that IsAO
is slightly more stable in DW than AO.

In addition to isomerization and undesired degradation, the acid
treatment at 100 °C led to intense derhamnosylation, resulting in the
formation of DeAO as a main product. Its highest yield was determined
in a 2M TFA solution heated for 15min (0.70mM, Fig. 4D). Similarly,
when AO and IsAO were equally present (as the result of DW heating at
100 °C for 300min), their 2M TFA treatment (100 °C, 15min) resulted
in the formation of comparable amounts of DeAO and DeIsAO, as
shown in Fig. 3E. The following optimum treatment conditions were
thus applied for the preparative isolation of selected PhEGs: i) DW
heating (100 °C, 300min) for IsAO, and ii) consecutive heating in DW
(100 °C, 300min) and 2M TFA (100 °C, 15 min) for DeAO and DeIsAO
isolation.

Additional NMR spectral data for AO, IsAO, DeAO and DeIsAO,
isolated from their optimum sources, was comparable to that reported
in the literature for these PhEGs, thereby unambiguously confirming
their identity (Schlauer et al., 2004; Oh et al., 2005). In accordance
with the literature (Keefover-Ring et al., 2014; Chen et al., 2018),
identical fragment ions were observed for the regioisomer pairs AO -
IsAO and DeAO - DeIsAO (Table 2), however based on our results, the
difference in the relative ion intensities of two key fragment ions m/z
179 and m/z 315, corresponding to the deprotonated caffeic acid and
hydroxytyrosol glucoside moieties, allowed the discrimination of DeAO
and DeIsAO. Analyzing the fragment ion spectra generated from the
molecular ions of DeAO and DeIsAO using a collision induced dis-
sociation (CID, 30 eV), calculated ion abundance ratios m/z 179/315 as
8.0 and 0.27 for DeAO and DeIsAO, respectively (average results,

calculated from the relative ion intensities of three different injected
amounts of DeAO and DeIsAO) (Table 2).

3.2. Computational modeling of the isomerization of AO into IsAO

The isomerization of AO into IsAO is an intramolecular acyl transfer
reaction (Mucsi et al., 2005, 2008a, 2008b; Kovács et al., 2018), where
the caffeoyl ester moiety of AO migrates from the C4−OH position to
the neighboring C6-hydroxyl group, resulting in the formation of IsAO
(Fig. 1, Supplementary material Fig. S5). The thermodynamic (driving
force) and kinetic (reaction rate) aspects of this transformation were
both studied using theoretical methods at the B3LYP/6–31 G(d,p)
(Becke, 1993) level of theory, with the IEFPCM solvent model (Tomasi
et al., 2005) by Gaussian 09 (Frisch et al., 2016).

From a thermodynamic point of view, the transformation is slightly
exothermic, as the enthalpy (ΔH) and Gibbs free energy (ΔG) decrease
equally by -1.0 kJ mol–1 and -2.8 kJ mol–1, respectively (Supplementary
material Fig. S5). These values suggest an equilibrium process with an
equilibrium constant (K) of 0.4 between AO and IsAO. As we confirmed
previously, acyl transfer reactions can also be characterized by the
change of the carbonylicity percentage (CA%) value (Mucsi et al.,
2008a, 2008b; Kovács et al., 2018). In fact, the increase of this value
means a beneficial process. The calculated CA% values of AO and IsAO
proved to be comparable, 52.8% and 53.0%, respectively, confirming
the absence of the internal driving force for the transformation, as was
also confirmed by the enthalpy (ΔH) change. The overall cause of the
transformation thus comes from the beneficial entropy change (ΔS,
+6.0 J mol–1 K–1) derived from the sterically less hindered and more
freely rotating side-chain.

The reaction mechanism was also studied to estimate the reaction
rate of the isomerisation, using an explicit-implicit solvent model
(Supplementary material Fig. S6, Tables S2, S3) (Mucsi et al., 2005).
According to this model, isomerization consisting of two elementary
steps allows a relatively fast reaction rate.

3.3. Amounts of compounds found in the galls of F. angustifolia, F. excelsior
and F. ornus

The quantitative HPLC-MS analyses of 15 gall samples collected
from five different habitats of F. angustifolia, F. excelsior and F. ornus,
showed extraordinarily high amounts of AO (86.7–139.9 mg/g and
71.7–161.2 mg/g in galls of F. angustifolia and F. excelsior, respectively)
and cichoriin (143.0–232.0mg/g in galls of F. ornus) (Table 3). To
confirm these remarkable results, triplicate parallels of methanol

Fig. 4. Comparison of the composition of phenylethanoid glycosides in isolated
acteoside samples that were heated at 100 °C with distilled water - DW (A),
0.2M trifluoroacetic acid - TFA (B), 0.6M TFA (C) and 2M TFA (D), for dif-
ferent periods of time (from 0min to 600min). Corresponding chromatograms
of samples treated with DW for 120min and 2M TFA for 15min, are shown in
Fig. 3C and D, respectively.

Table 2
Relative intensities of selective fragment ions, generated from the molecular
ions of phenylethanoid glycosides (PhEGs) by collision induced dissociation
(CID, 30 eV), followed by HPLC-high-resolution Orbitrap-MS/MS analyses of
three injected amounts of PhEGs.

Phenylethanoid
glycosides

Injected
amounts
(ng)

Selective fragment ions (SFIs), m/z

135 161 179 315 461
Relative intensities (%)a

acteoside 10.0 4.7 67.0 1.4 1.8 6.9
5.0 4.7 67.3 2.0 1.5 7.2
1.0 6.1 69.2 1.2 1.4 7.7

isoacteoside 10.0 4.5 57.6 2.2 1.5 11.5
5.0 4.2 58.2 2.0 1.9 11.1
1.0 6.5 57.6 1.7 2.0 10.7

desrhamnosyl
acteoside

6.4 5.0 63.2 12.6 1.5 –
3.2 5.0 61.9 11.9 1.5 –
0.64 5.1 71.0 14.0 1.9 –

desrhamnosyl
isoacteoside

5.7 4.6 66.2 1.6 6.3 –
2.85 4.0 71.6 1.6 6.5 –
0.57 4.9 70.9 2.3 7.2 –

a Expressed as percentages of the total product ion current (Full MS2).
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extracts of F. angustifolia (sample 1) and those of F. ornus (sample 3)
galls were also analyzed using quantitative HPLC-MS and qNMR spec-
troscopy. The differences were characterized by the relative standard
deviation percentages (RSD%) of the three parallel tests: i) 128.0 mg/g
(2.38 RSD%) and 119.3 mg/g (2.96 RSD%) AO in F. angustifolia (gall
sample 1); and ii) 193.2 mg/g (3.02 RSD%) and 185.8 mg/g (2.24 RSD
%) cichoriin in F. ornus (gall sample 3) were determined using HPLC-MS
and qNMR analyses, respectively. Based on these comparable results
(128.0 vs. 119.3 mg/g AO and 193.2 vs. 185.8mg/g cichoriin) obtained
using the two different quantitation methods (HPLC-MS and qNMR),
the high-yield accumulation of AO and cichoriin in Fraxinus galls was
clearly confirmed.

Based on literature review, AO is a minor compound in many spe-
cies, but its abundant sources were also determined, such as the dried
leaves of Sesamum indicum (129mg/g) and Ligustrum purpurascens
(13–73mg/g) (Li et al., 2012; Fuji et al., 2018,). Our research group
also recently determined high levels of AO in the different organs of
Euphrasia rostkoviana (25.6 mg/g), Syringa vulgaris (24.8mg/g) and Olea
europaea (17.2mg/g) (Tóth et al., 2014, 2015, 2016). However, the
highest amount of AO, which could be isolated from 100mg plant
material (dried leaves of Stachys sieboldii), was only 2.5 mg (corre-
sponds to 2.5% isolated yield of AO) (Nishimura et al., 1991). The
average AO contents in the galls of F. angustifolia (113.7 mg/g) and F.
excelsior (115.2 mg/g) (Table 3) correspond to those reported as the
highest in the plant kingdom, and the average cichoriin content in galls
of F. ornus (180.8 mg/g) is six times higher than its highest amount
found to date (30mg/g, F. ornus flower) (Kostova, 2001), thus high-
lighting the significance of Fraxinus galls in the production of these
valuable metabolites.

The conventional taxonomic classification of F. angustifolia, F. ex-
celsior and F. ornus trees (Wallander, 2008) showed close correlations
with the phytochemical composition of their galls: i) the high-level
accumulation of AO and the absence of cichoriin in the two re-
presentatives of the section Fraxinus (F. angustifolia, F. excelsior), and ii)
the presence of cichoriin in F. ornus belonging to section Ornus, were
found to be characteristic.

3.4. Practical utility of Fraxinus galls in the isolation of PhEGs

F. angustifolia gall sample 1 was used in order to isolate PhEGs, as its
AO content (124.0mg/g, average of HPLC-MS and NMR quantitations)
represents a mean value among F. angustifolia and F. excelsior galls
(Table 3). Accordingly, 12.4 mg AO could be isolated as the theoretical
maximum yield (TMY) from methanol extract of 100.0 mg gall sample
1. The isolation procedure could be regarded to be effective, according
to a comparison of the TMY of AO (12.4 mg) with the amount of AO
isolated by preparative HPLC from 100.0 mg sample 1 (8.5 mg), re-
sulting in the highest isolated yield of AO (8.5%) among plants, thus
confirming the significance of Fraxinus galls in AO production.

Starting from the 100.0mg sample 1: i) 4.7mg IsAO after optimized
DW treatment (100 °C, 300min), and ii) 0.97mg DeAO and 1.3mg
DeIsAO after consecutive, optimized DW (100 °C, 300min) and TFA
(2M TFA, 100 °C, 15min) treatments, were isolated. A review of the
content of these three PhEGs among plants found that 37.3 mg/g of
IsAO (Gómez-Aguirre et al., 2012), 0.8 mg/g of DeAO (Taskova et al.,
2005) and 2.5mg/g of DeIsAO (Jensen, 1996) were the highest
amounts, in Castilleja tenuiflora (dried root culture), Isoplexis sceptrum
(fresh leaf) and Nematanthus wettsteinii (fresh plant), respectively. The
amounts of IsAO, DeAO and DeIsAO isolated from F. angustifolia galls,
were 1.3, 12.1 and 5.2 times higher than those reported as the highest
for these compounds in the plant kingdom to date.

An evaluation of the harvestable gall yield is also needed to confirm
the practical significance of Fraxinus galls in the large-scale production
of these valuable metabolites. Since gall production is the result of a
mite infection, the occurrence of galls is not guaranteed on all Fraxinus
trees, however if this frequently occurring infection is present, extra-
ordinarily high numbers of galls may be collected, without harming the
host plant itself. In fact, the maximum yields harvested, from ≈1m3

crown of F. angustifolia, F. excelsior and F. ornus, 0.6 kg, 0.9 kg and
0.4 kg galls, respectively, suggest the potential for the industrial-scale
isolation of PhEGs and that of cichoriin.

Table 3
Composition of the dried gall samples of three Fraxinus species, determined by HPLC-MS.

Fraxinus species Gall samples (GSs)a Amounts of compounds in the dried gall samples (mg/g)b

Aesculin or cichoriinc CA MeDCG AO IsAO DeAO DeIsAO

F. angustifolia GS-1 14.2 38.6 13.5 128.0 1.06 8.09 0.556
GS-2 6.05 30.1 8.52 101.3 2.25 3.34 0.482
GS-3 13.3 30.6 11.3 112.4 0.985 4.63 0.494
GS-4 10.3 24.9 7.18 86.7 0.706 4.82 0.400
GS-5 18.0 41.0 15.5 139.9 1.86 8.08 0.822
average 12.4 33.0 11.2 113.7 1.37 5.79 0.551

F. excelsior GS-1 12.1 39.8 15.2 161.2 1.73 15.0 1.15
GS-2 17.9 24.8 18.8 122.5 0.996 21.3 1.04
GS-3 10.8 18.3 9.50 88.7 0.887 20.7 2.01
GS-4 4.65 6.43 15.9 71.7 2.79 15.6 4.95
GS-5 16.0 24.2 16.3 132.1 0.991 15.0 1.01
average 12.3 22.7 15.1 115.2 1.48 17.5 2.03

F. ornus GS-1 165.3 – 20.2 20.1 0.396 25.7 3.85
GS-2 143.0 – 33.3 13.5 0.569 17.4 5.85
GS-3 193.2 – 11.2 9.29 0.311 28.0 3.17
GS-4 232.0 – 13.1 24.8 0.204 7.93 0.996
GS-5 170.7 – 10.1 8.59 0.374 31.2 2.99
average 180.8 – 17.6 15.3 0.371 22.0 3.37

CA: chlorogenic acid, MeDCG: methoxy-dihydroxycoumarin-glucoside, AO: acteoside, IsAO: isoacteoside, DeAO: desrhamnosyl acteoside, DeIsAO: desrhamnosyl
isoacteoside.

a GSs 1–5 were collected from different localities of Fraxinus trees.
b Values are the averages of three separate extractions. Differences could be characterized by the relative standard deviation (RSD) values, ranging from 2.38%

(AO in F. angustifolia GS-1) to 4.78% (CA in F. excelsior GS-2).
c GSs of F. angustifolia and F. excelsior contain aesculin and GSs of F. ornus contain cichoriin.
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3.5. In vitro activity of isolated PhEGs (AO, IsAO, DeAO and DeIsAO) and
cichoriin as well as standard aesculin on non-human primate Vero E6 cell
culture and on human erythrocytes

In vitro profiling of four PhEGs and two coumarins started with the
assay on Vero E6 cells and human red blood cells (erythrocytes). No
cytostatic activity occurred on Vero E6 cells after treatment with all
PhEGs and coumarins in the concentration range of 0.8–100 μM. A
cationic membrane active peptide (Transportan) was applied as a po-
sitive control, which demonstrated relevant cytostatic activity on the
Vero E6 culture (IC50= 33.9 ± 5.5μM), (Supplementary material Fig
S7). This is the first report of the non-cytostatic activity of IsAO, DeAO,
DeIsAO, aesculin and cichoriin on this cell type.

The hemolytic activity of PhEGs and coumarins was tested on
freshly prepared human red blood cells as described earlier (Horváti
et al., 2017). The PhEGs and coumarins showed no hemolytic activity in
the tested concentration range (0.8–100 μM). In contrast, the cationic
membrane-active peptide (CM15), which was used as positive control
in this study, was hemolytic at HC50= 45.2 ± 2.3 μM concentration
(Supplementary material Fig S7). According to our results, further in
vitro efficacy tests against intracellular pathogens can be carried out
with all these PhEGs and coumarins, using Vero E6 cells as the host cell
model.

4. Conclusions

Analysis of the gall composition of the three European Fraxinus
species confirmed an extraordinarily high amount of the valuable
phenylethanoid glycoside AO (in the galls of F. angustifolia and F. ex-
celsior) and of the coumarin cichoriin (in the galls of F. ornus).
Optimized, consecutive DW and TFA treatments of AO resulted in its
isomerization, forming an equilibrium of AO and IsAO and the der-
hamnosylation of AO and IsAO into DeAO and DeIsAO thus, allowing
the high-yield isolation of these four PhEGs. HPLC-HR Orbitrap-MS/MS
fragmentation studies of isolated PhEGs confirmed that the regioi-
somers DeAO and DeIsAO are distinguished based on the ion intensities
of two key fragment ions m/z 179 and m/z 315. PhEGs (AO, IsAO,
DeAO and DeIsAO) and coumarins (aesculin and cichoriin) showed no
cytostatic activity on Vero E6 cells and no hemolytic activity on human
red blood cells; therefore further in vitro profiling on different systems
(such as against intracellular pathogens) can be carried out for all these
compounds. Our results highlight the significance of Fraxinus galls in
the production of PhEGs and cichoriin as easily available, high-yield
harvestable, new raw materials of these valuable metabolites.
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