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Abstract: A comparative phytochemical study on the phenylethanoid glycoside (PhEG) composition
of the underground organs of three Plantago species (P. lanceolata, P. major, and P. media) and that of the
fruit wall and seed parts of Forsythia suspensa and F. europaea fruits was performed. The leaves of these
Forsythia species and six cultivars of the hybrid F. × intermedia were also analyzed, demonstrating the
tissue-specific accumulation and decomposition of PhEGs. Our analyses confirmed the significance
of selected tissues as new and abundant sources of these valuable natural compounds. The optimized
heat treatment of tissues containing high amounts of the PhEG plantamajoside (PM) or forsythoside
A (FA), which was performed in distilled water, resulted in their characteristic isomerizations. In
addition to PM and FA, high amounts of the isomerization products could also be isolated after
heat treatment. The isomerization mechanisms were elucidated by molecular modeling, and the
structures of PhEGs were identified by nuclear magnetic resonance spectroscopy (NMR) and high-
resolution mass spectrometry (HR-MS) techniques, also confirming the possibility of discriminating
regioisomeric PhEGs by tandem MS. The PhEGs showed no cytostatic activity in non-human primate
Vero E6 cells, supporting their safe use as natural medicines and allowing their antiviral potency to
be tested.

Keywords: Forsythia; Plantago; forsythoside; plantamajoside; acteoside; isomerization; Vero cells

1. Introduction

To determine the novel plant sources of valuable phenylethanoid glycosides (PhEGs)
showing no cytotoxicity against normal cells [1], we investigated various tissues of Plantago
and Forsythia species.

From the large genus of Plantago (order Lamiales, family Plantaginaceae), comprising
about 200 species, Plantago lanceolata L. (ribwort plantain), P. major L. (broadleaf plantain),
and P. media L. (hoary plantain) were involved in this study. Among them, P. lanceolata
and P. major are widely distributed around the world, while P. media is common in Europe
and Asia but also locally in the USA [2]. These herbaceous perennial plants develop an
underground rhizome that bears roots, a solitary, erect flower stem, and leaves forming a
rosette [3]. Among these three plant species, P. lanceolata and P. major are amongst the most
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commonly used medicinal herbs in the world. Various extracts of their aerial parts exhibit
many beneficial effects on human health, including wound-healing, anti-inflammatory,
antioxidant, and chemopreventive effects [2]. Based on the therapeutic significance of the
P. lanceolata leaf, it is listed as an official drug in the European Pharmacopoeia (Ph. Eur.,
10th edition). Furthermore, the leaves of P. lanceolata [4] and P. major [5] are edible and can
be used as vegetables. Despite being readily available in the nature, these two plantain
species are also crops cultivated in many countries [4,6].

The genus Forsythia (order Lamiales, family Oleaceae) consists of about 10 species
native to eastern Asia, with the single exception of F. europaea Degen & Bald, which is
native to southeastern Europe. Forsythia plants are deciduous shrubs with opposite leaves
and yellow flowers blooming in early spring before the appearance of leaves. The fruit, if
formed, is a capsule that, at maturity, splits open to release its numerous seeds [7]. Two
Forsythia species, F. suspensa Vahl and F. viridissima Lindl., and particularly their hybrid
F. × intermedia, are widely cultivated as ornamentals for their flowers in temperate zones
worldwide. On the contrary, F. europaea is not commonly cultivated and can only be found
in special plant collections outside its habitat [7]. In our study, among the Forsythia species,
F. europaea, F. suspensa, and F. × intermedia, which are also available in botanical gardens
in Europe, were studied. The fruits and leaves of F. suspensa have been used for centuries
in eastern medicine: the fruits as anti-inflammatory and diuretic agents and the leaves as
health tea for colds [8]. The fruits are also listed as an official drug in the Chinese, Japanese,
and Korean Pharmacopoeias [9].

The PhEG acteoside (AO) is a chemotaxonomic marker compound of the order Lami-
ales [10]. Thus, this compound is also present in many species of the genera Plantago and
Forsythia. Structurally, AO consists of a centrally positioned β-D-glucose that is linked
at its C1, C3, and C4 hydroxyl groups to hydroxytyrosol, α-L-rhamnose, and caffeic acid
units, respectively. Some Lamiales plants also contain (i) isomers of AO, such as isoacteo-
side (IsoAO), forsythoside A (FA), forsythoside H (FH), and forsythoside I (FI), whose
rhamnosyl and caffeoyl units are linked at C3 and C6 (IsoAO), C6 and C4 (FA), C6 and
C2 (FH), or C6 and C3 (FI) positions, and (ii) closely related compounds of AO, such as
plantamajoside (PM) and isoplantamajoside (IsoPM), which contain a glucosyl unit instead
of the rhamnosyl units of AO and IsoAO, respectively (Figure 1).
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Figure 1. Chemical structures of phenylethanoid glycosides analyzed in Plantago and Forsythia plants.

Representatives of these PhEGs were confirmed to be characteristic and active com-
pounds for our selected plants, i.e., PM, AO, and IsoAO in Plantago species [2] and FA, FH,
FI, AO, and IsoAO in Forsythia species [11–13].
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As to the accumulation of AO in Lamiales plants, our research group determined its
high levels in different tissues of Fraxinus [1], Euphrasia [14], Syringa [15], and Olea [16]
plants. The isolation of a significant amount of pure AO can be performed easily from these
plant tissues through a one-step preparative high-performance liquid chromatography
(HPLC) separation. Optimized heat treatment of AO, performed in distilled water, resulted
in its isomerization into IsoAO, forming an equilibrium mixture of AO and IsoAO. The
high-yield isolation of IsoAO can also be performed from this mixture through preparative
HPLC [1].

Since AO and IsoAO are already readily available, we focused on the analysis and
isolation of PM, IsoPM, FA, FH, and FI being present in Plantago and Forythia plants.
Plantamajoside has been identified in 34 plant species belonging to the order Lamiales [17].
The highest amounts of PM were detected in the root cultures of P. lanceolata [18] and in
the roots of P. lanceolata [19] and P. media, which were grown in vitro [20]. However, no
data are available regarding the PhEGs of underground organs of wild-grown Plantago
species. Isoplantamajoside is a rarely occurring PhEG, which is determined as a minor
compound only in five Lamiales species, including one representative of the genus Plantago
(P. asiatica) [21].

When analyzing the PhEG composition of Forsythia plants, FA was determined to be
the main compound in the fruits of F. suspensa and F. europaea as well as in the leaves of
F. suspensa and F. × intermedia [11,22–24]. However, in the leaves of F. europaea, FA [11,25]
and AO [26] were also confirmed as the main PhEGs. Two isomers, FH and FI, were deter-
mined as minor metabolites being present exclusively in the fruit of F. suspensa [12,27]. In ad-
dition to PhEGs, Forsythia species also accumulate the flavonoid glycoside rutin [22–24,28].

The identification of PhEGs was mainly based on their multistep isolation followed
by spectroscopic analyses. However, the isomers, which can be identified using identical
molecular formulas C29H36O16 (PM and IsoPM) or C29H36O15 (AO, IsoAO, FA, FH, and FI),
were not distinguished from each other by their mass fragmentation properties. Further-
more, there is no HPLC method for the complete separation of all isomers AO, IsoAO, FA,
FH, and FI, being present side by side. Consequently, the on-line HPLC-MS identification
of PhEG isomers remains incomplete.

The effect of heat treatment on isolated FA in a water medium has been analyzed by
HPLC-MS, showing the characteristic conversion of FA into FH and FI [29]. Considering
this result, a heat treatment of selected tissues containing FA may allow the high-yield
isolation of FH and FI; however, the identity of the conversion products FH and FI needs
to be confirmed.

The main PhEG compounds of Plantago and Forsythia plants might be responsible, at
least partly, for their medicinal activity detailed above. Accordingly, the wound healing
activity of PM and anti-inflammatory activity of FA were confirmed. Furthermore, their
antiproliferative, antibacterial, and antioxidant properties have also been described [17,30].
The bioactivity of the minor PhEGs IsoPM, FH, and FI has been less frequently studied
due to their limited availability. The antioxidant properties of these metabolites [31–33]
as well as the antibacterial effects of FH and FI [31,32], and the antihypertensive [34]
and cardioprotective [35] effects of IsoPM, have already been confirmed. The remarkable
antiviral activity of FA against influenza [36] and avian bronchitis viruses [37], and that
of AO against the respiratory syncytial virus [38] and Dengue virus 2 [39] has also been
confirmed, highlighting the relevance of testing all PhEGs for their antiviral potency against
other viruses such as SARS-CoV-2. However, prior to performing further efficacy studies
with these PhEGs, their non-toxicity against normal cell lines should also be investigated.

The aims of this research are as follows:

(1) Determine the PhEG composition in the underground organs (i.e., in roots and rhi-
zomes) of wild-grown P. lanceolata, P. major, and P. media,

(2) Compare the PhEG profiles in the leaves of F. × intermedia (represented by six cul-
tivars), F. suspensa, and F. europaea and follow the accumulation of PhEGs in the
separated fruit parts (i.e., fruit wall and seed) of F. suspensa and F. europaea during
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fruit ripening with an ultra high-performance liquid chromatography (UHPLC)-MS
method allowing the complete, baseline separation of AO, IsoAO, FA, FH, and FI,

(3) Conduct a mass fragmentation study of PhEGs to distinguish the isomers by their
MS/MS profiles,

(4) Develop a heat treatment procedure for PM and FA conversion to obtain their isomers
at the highest yield possible, allowing the isolation of IsoPM (from selected Plan-
tago tissues) as well as FH and FI (from selected Forsythia tissues) through one-step
preparative HPLC,

(5) Confirm the structures of the conversion products by NMR and computational calcu-
lations interpreting the isomerization processes,

(6) Confirm the practical utility of the selected Plantago and Forsythia tissues in the
high-yield isolation of PhEGs, and

(7) Determine the in vitro toxicity of all isolated PhEGs against normal cells (Vero E6).

2. Results and Discussion
2.1. Identification of Compounds

The UHPLC-UV-HR-MS separation of the extracts, prepared from the rootstock of
P. major and from the unripe fruit wall of F. suspensa, confirmed the presence of four
compounds in Plantago (P1–P4, Figure 2A–C) and six compounds in Forsythia (S1–S6,
Figure 3A–C) samples.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 19 
 

 

(1) Determine the PhEG composition in the underground organs (i.e., in roots and rhi-
zomes) of wild-grown P. lanceolata, P. major, and P. media,  

(2) Compare the PhEG profiles in the leaves of F. × intermedia (represented by six culti-
vars), F. suspensa, and F. europaea and follow the accumulation of PhEGs in the sepa-
rated fruit parts (i.e., fruit wall and seed) of F. suspensa and F. europaea during fruit 
ripening with an ultra high-performance liquid chromatography (UHPLC)-MS 
method allowing the complete, baseline separation of AO, IsoAO, FA, FH, and FI,  

(3) Conduct a mass fragmentation study of PhEGs to distinguish the isomers by their 
MS/MS profiles,  

(4) Develop a heat treatment procedure for PM and FA conversion to obtain their iso-
mers at the highest yield possible, allowing the isolation of IsoPM (from selected 
Plantago tissues) as well as FH and FI (from selected Forsythia tissues) through one-
step preparative HPLC,  

(5) Confirm the structures of the conversion products by NMR and computational cal-
culations interpreting the isomerization processes,  

(6) Confirm the practical utility of the selected Plantago and Forsythia tissues in the high-
yield isolation of PhEGs, and  

(7) Determine the in vitro toxicity of all isolated PhEGs against normal cells (Vero E6). 

2. Results and Discussion 
2.1. Identification of Compounds 

The UHPLC-UV-HR-MS separation of the extracts, prepared from the rootstock of P. 
major and from the unripe fruit wall of F. suspensa, confirmed the presence of four com-
pounds in Plantago (P1–P4, Figure 2A–C) and six compounds in Forsythia (S1–S6, Figure 
3A–C) samples. 

 
Figure 2. UHPLC-UV (λ = 330 nm) chromatograms (A,D) and extracted ion chromatograms 
(B,C,E,F) for m/z 639 (B, E) and m/z 623 (C,F) corresponding to the phenylethanoid glycosides 
plantamajoside (P1, P1′), isoplantamajoside (P3, P3′), acteoside (P2, P2′), and isoacteoside (P4, P4′), 
which were obtained from the intact P. major rhizome sample (A–C) and from the P. major rhizome 
sample after 120 min of heat treatment (D–F). 

Figure 2. UHPLC-UV (λ = 330 nm) chromatograms (A,D) and extracted ion chromatograms (B,C,E,F)
for m/z 639 (B,E) and m/z 623 (C,F) corresponding to the phenylethanoid glycosides plantamajoside
(P1, P1′), isoplantamajoside (P3, P3′), acteoside (P2, P2′), and isoacteoside (P4, P4′), which were
obtained from the intact P. major rhizome sample (A–C) and from the P. major rhizome sample after
120 min of heat treatment (D–F).
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Figure 3. UHPLC-UV (λ = 330 nm) chromatograms (A,D) and extracted ion chromatograms (B,C,E,F)
for m/z 623 (B,E) and m/z 609 (C,F) corresponding to the phenylethanoid glycosides forsytho-
side I (S1, S1′), forsythoside H (S3, S3′), forsythoside A (S4, S4′), acteoside (S5, S5′) isoacteoside
(S6, S6′), and the flavonoid glycoside rutin (S2, S2′), obtained from the intact unripe fruit wall
sample of F. suspensa (A–C) and from the unripe fruit wall sample of F. suspensa after 300 min of heat
treatment (D–F).

Based on their HR-MS data, identical molecular formulas were determined for P1 and
P3 (C29H36O16) as well as for P2, P4, S1, and S3–S6 (C29H36O15) (Table 1).

Table 1. High-resolution mass-spectral (negative ion mode) data for compounds detected in Plantago major rhizome (P1–P4)
and Forsythia suspensa fruit wall (S1–S6) extracts.

Ret. Time a
Plant Sample

Formula Detected
Formula

Detected
Ion

Calculated
m/z Found m/z Diff (ppm)P. major b F. suspensa c

Compounds

7.02 S1 C29H36O15 [M-H]− C29H35O15 623.19705 623.19733 0.455

7.49 P1 C29H36O16 [M-H]− C29H35O16 639.19196 639.19336 2.188

7.89 S2 C27H30O16 [M-H]− C27H29O16 609.14501 609.14557 0.918

8.04 S3 C29H36O15 [M-H]− C29H35O15 623.19705 623.19739 0.551

8.38 S4 C29H36O15 [M-H]− C29H35O15 623.19705 623.19745 0.647

8.94 S5 C29H36O15 [M-H]− C29H35O15 623.19705
623.19757 0.840

8.98 P2 623.19849 2.316

9.75 P3 C29H36O16 [M-H]− C29H35O16 639.19196 639.19324 2.001

10.46 S6 C29H36O15 [M-H]− C29H35O15 623.19705
623.19763 0.936

10.44 P4 623.19812 1.722
a HPLC-MS retention times (min) and names of compounds (P1–P4, S1–S6) correspond to those in Figures 2 and 3. b Data refer to the
P. major rhizome sample marked with collection number 2. c Data refer to the F. suspensa unripe fruit wall sample marked with collection
number 1.
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Compound S2 can be identified using the molecular formula C27H30O16. The UHPLC
chromatograms show P1 and S4 to be most abundant compounds in the Plantago and
Forsythia extracts, respectively (Figure 2A–C and Figure 3A–C). Comparing molecular
formulas, elution properties, and quantitative relationship data with those obtained for
already identified compounds of Plantago and Forsythia species, four PhEGs [PM (P1) IsoPM
(P3), AO (P2), and IsoAO (P4)] in Plantago extract and five PhEGs [FI (S1), FH (S3), FA (S4),
AO (S5), and IsoAO (S6)] and a flavonoid glycoside [rutin (S2)] in the Forsythia extract,
were presumed to be present. Standard AO, IsoAO (isolated recently in our laboratory, [1]),
and rutin (purchased from Sigma) were also analyzed by UHPLC-HR-MS/MS, resulting in
comparable mass fragmentation and retention properties to those for compounds P2/S5,
P4/S6, and S2, respectively. This result confirms the identity of P2 and S5 as AO, P4 and
S6 as IsoAO, and S2 as rutin.

Conversion studies were conducted to confirm the structures of other PhEGs. Tissue
suspensions, prepared from powdered plant tissues (i.e., rootstock of P. major and unripe
fruit walls of F. suspensa) by adding water, heated at 100 ◦C for 300 min, and analyzed by
UHPLC-UV-HR-MS. The main compounds in the intact tissues of P. major (PM, Figure 2A,
peak P1) and F. suspensa (FA, Figure 3A, peak S4) showed characteristic conversions during
the heating procedure. Heat treatment resulted in the formation of one compound from
PM (Figure 2D, peak P3′) and two compounds from FA (Figure 3D, peaks S1′ and S3′).
The conversion products and their corresponding precursors could be characterized by
identical molecular formulas, which were determined as C29H36O16 for P3′ and PM and
C29H36O15 for S1′, S3′, and FA. These data confirm an isomeric relationship between PM
and its conversion product P3′, as well as between FA and its conversion products S1′ and
S3′. In addition to computational calculations interpreting the isomerization of PM into
P3′ and FA into S1′ and S3′ (Section 2.5), NMR analyses and mass fragmentation studies
of these isolated PhEGs (as detailed below) confirmed the structures of the conversion
products P3′, S1′, and S3′ as IsoPM, FI, and FH, respectively, and their corresponding
precursors as PM and FA. Based on these results, compounds appearing with comparable
retentions in the chromatograms of intact extract and heat-treated extracts were confirmed
to be identical.

Our results confirm for the first time (1) the convertibility of PM into IsoPM and (2) the
isomerization of FA into FH and FI that takes place in plant tissue containing FA suspended
in a hot water medium. Additional NMR spectral data for PM, IsoPM, FA, FI, and FH,
isolated from their optimum sources, were comparable to that reported in the literature for
these PhEGs, thereby unambiguously confirming their identity (Supplementary material,
NMR data) [12,21,40].

Fragment ion spectra of PM, IsoPM, FA, FI, FH, AO, and IsoAO, generated from the
deprotonated molecular ions of these compounds (i.e., from ion m/z 623 of FA, FI, FH,
AO, and IsoAO and from ion m/z 639 of PM and IsoPM) using various collision-induced
dissociation (CID) energies (ranging from 20 to 35 eV) were also compared. In accordance
with the literature [1,22,23,41], identical fragment ions were confirmed for isomers FA, FI,
FH, AO, and IsoAO as well as for isomers PM and IsoPM (Table 2). However, the difference
in the relative ion intensities of two key fragment ions m/z 461 and m/z 179, corresponding
to the deprotonated hydroxytyrosol–rhamnosylglucoside and caffeic acid moieties, allowed
the discrimination between forsythoside isomers (FA, FI, FH) and acteoside isomers (AO,
IsoAO). The abundance ratios between ions m/z 461 and m/z 179 were calculated to be less
than 1 for forsythoside isomers (0.80, 0.54, and 0.97 for FA, FI, and FH, respectively) whilst
exceeding 5 for acteoside isomers (5.42 for AO and 5.97 for IsoAO) (Table 2).
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Table 2. Relative intensities of selective fragment ions, generated from the molecular ions of isolated
phenylethanoid glycosides (PhEGs) by collision-induced dissociation (CID a), followed by HPLC-
HR-MS/MS analyses of three amounts of injected PhEGs.

PhEGs b
Injected
Amounts,

ng

Selective Fragment Ions (SFIs), m/z
161 179 315 461 477 623 639

Relative Intensities (%) c

PM
1 54.9 1.54 0.72 - 17.6 - 12.5
5 56.7 1.64 0.97 - 18.4 - 12.7

10 57.2 1.53 1.10 - 17.8 - 13.3
56.3 1.57 0.93 - 17.9 - 12.8

IsoPM
1 31.0 0.31 0.65 - 15.1 - 33.2
5 35.0 0.78 0.66 - 15.0 - 34.1

10 34.7 0.90 0.71 - 15.6 - 33.8
33.6 0.66 0.67 - 15.2 - 33.7

FA
1 53.6 10.4 - 8.22 - 15.0 -
5 52.8 10.8 - 8.45 - 14.6 -

10 57.7 10.0 - 8.20 - 16.4 -
54.7 10.4 - 8.29 - 15.3 -

FI
1 41.7 11.8 - 7.10 - 15.8 -
5 43.5 12.1 - 6.24 - 15.7 -

10 45.6 13.3 - 6.73 - 17.2 -
43.6 12.4 - 6.69 - 16.2 -

FH
1 48.9 8.71 - 8.51 18.7 -
5 50.3 8.67 - 8.57 - 19.2 -

10 48.8 8.54 - 8.00 - 17.8 -
49.3 8.64 - 8.36 - 18.6 -

AO
1 72.7 2.20 1.15 11.6 - 6.22
5 68.7 1.96 1.17 11.0 - 6.00 -

10 67.2 1.92 1.20 10.4 - 5.59 -
69.5 2.03 1.17 11.0 - 5.94 -

IsoAO
1 57.4 2.51 0.89 14.3 - 13.7 -
5 60.6 2.61 1.00 15.6 - 14.1 -

10 56.3 2.32 1.03 14.5 - 14.0 -
58.1 2.48 0.97 14.8 - 13.9 -

Italic printed data are average results, calculated from the relative ion intensities of the three different injected
amounts (1, 5, and 10 ng) of PhEGs. a A CID energy of 30 eV for the fragmentation of plantamajoside (PM)
and isoplantamajoside (IsoPM) and that of 35 eV for the fragmentation of FA, FI, FH, AO, and IsoAO, were
used. b PhEGs plantamajoside, isoplantamajoside, forsythoside A, forsythoside I, forsythoside H, acteoside, and
isoacteoside are marked with PM, IsoPM, FA, FI, FH, AO, and IsoAO, respectively. c Intensities are expressed as
percentages of the total product ion current (Full MS2).

Furthermore, the members of the isomer pairs AO–IsoAO and PM–IsoPM can also be
discriminated, as the relative intensities of the deprotonated molecular ions in the spectra
of IsoAO and IsoPM were significantly higher than those of the spectra of AO and PM.
Namely, the intensity ratios of the ion m/z 623 between IsoAO and AO and that of the ion
m/z 639 between IsoPM and PM, were calculated as being 2.34 (Table 2, 13.9 divided by
5.94) and 2.63 (Table 2, 33.7 divided by 12.8), respectively. These data confirm that IsoPM
and IsoAO are more stable against fragmentation processes generated by CID than PM
and AO.

By analyzing the elution profiles of PhEG isomers FA, FH, FI, AO, and IsoAO char-
acterized by identical m/z values, we have confirmed for the first time that these PhEGs
can be separated from each other using our RP-HPLC method (Supplementary Material
Figure S1).

2.2. PhEG Composition in the Underground Organs of Plantago Plants

The underground organs of several year-old Plantago plants can be separated into
rhizome and root parts by manual dissection, allowing the comparison of their PhEG
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compositions. Since the rhizomes of young plants are undeveloped, only their root systems
were analyzed. The PhEG PM was determined as the main compound in the underground
organs of P. major, reaching its highest level in the rhizomes (Table 3).

Table 3. Composition of the dried underground organ samples of three Plantago species, determined by UHPLC-MS.

Species Organ Sample a Coll. No b
Amounts of Compounds in the Dried

Samples (mg/g) c

PM IsoPM AO IsoAO

Pl
an

ta
go

m
aj

or

root, young plants 1 60.5 3.64 7.34 1.24
2 37.5 0.48 6.26 0.38

rhizome, several-year-old plants
1 80.6 2.17 1.56 0.99
2 82.8 2.09 6.00 0.58
3 66.3 1.25 7.64 0.53

root, several-year-old plants
1 20.2 3.24 14.1 1.97
2 16.6 2.02 10.1 2.11
3 18.0 0.29 10.4 0.55

Pl
an

ta
go

la
nc

eo
la

ta root, young plants
1 7.75 0.91 29.2 1.13
2 10.8 0.87 43.0 2.20
3 8.35 0.25 38.0 2.30

rhizome, several-year-old plants
1 15.1 1.68 30.3 3.73
2 11.6 0.99 28.6 2.40
3 8.09 0.13 13.9 0.52

root, several-year-old plants
1 11.4 1.59 16.3 4.59
2 6.98 0.79 9.45 2.21
3 10.4 0.25 19.3 2.49

Pl
an

ta
go

m
ed

ia

root, young plants 1 7.99 2.73 83.9 14.1
2 10.7 3.56 73.5 10.1

rhizome, several-year-old plants
1 17.0 3.56 86.8 16.1
2 9.90 1.65 99.7 21.9
3 5.22 2.07 53.0 18.1

root, several-year-old plants
1 18.7 5.79 86.5 33.0
2 18.8 6.76 86.7 30.5
3 5.83 4.54 54.7 30.4

a Root system of young plants (which do not develop rhizomes) and separately collected roots and rhizomes of several-year-old plants
were analyzed. b Samples marked with collection numbers 1–3 were harvested from different localities of Plantago plants. c Values are
the averages of three separate extractions. Differences could be characterized by the relative standard deviation (RSD) values, ranging
from 3.2% (PM in P. major root of young plant, Coll. No 2) to 6.8% (IsoAO in P. major rhizome of several year-old plant, Coll. No 2). PM:
plantamajoside, IsoPM: isoplantamajoside, AO: acteoside, IsoAO: isoacteoside.

The average PM content of these rhizomes (76.6 mg/g) corresponds to that reported
as being the highest in the plant kingdom (30–80 mg/g, determined in the in vitro root
culture of P. lanceolata) [18], thus highlighting the significance of P. major rhizomes in the
production of this valuable natural PhEG. The amounts of AO were significantly higher
than those of PM in all analyzed underground organ samples of P. lanceolata and P. media.
However, previous studies have confirmed the dominance of PM in the roots of these
plants when grown in vitro [19,20]. Since the PhEG biosynthesis could be influenced by
various stress stimuli (e.g., microbial attack) [18], we assume that interactions between
wild-grown Plantago roots and microorganisms result in the change in the quantitative ratio
of AO and PM, which are characteristic for roots grown in vitro under sterile conditions.

2.3. PhEG Composition of Forsythia Plants

The hybrid F. × intermedia is known to have many precisely defined cultivars (e.g.,
‘Lynwood’, ‘Melisa’, ‘Minigold’, ‘Primulina’, ‘Spectabilis’, and ‘Week End’). As F. × in-
termedia cultivars generally do not form fruits in temperate climates, more attention has
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been paid to the analysis of their leaf compounds [42]. However, only unspecified cultivars
have been previously analyzed, confirming the co-occurrence of the PhEG compounds
FA and AO in their leaves [11,42]. The ratios of the amounts FA and AO, calculated from
HPLC quantitation data (49 mg/g FA and 15 mg/g AO, dry weight) [11] and isolated
yields (0.16 mg/g FA and 0.11 mg/g AO, dried leaf) [42], were 3.3 (49 mg/g FA divided by
15 mg/g AO = 3.3) and 1.5 (0.16 mg/g FA divided by 0.11 mg/g AO = 1.5), respectively.
We compared the metabolite composition in the leaves of six specified F. × intermedia culti-
vars, confirming for the first time that the PhEGs FA and AO were the main compounds
in the leaves of each cultivar (Supplementary Material, Table S1). The amounts of the
main PhEGs FA and AO were found to be highly variable between the cultivars as well as
between individuals of the same cultivars. However, the ratios of the amounts FA and AO
in the leaf samples proved to be nearly constant, varying between 1.5 (cultivar ‘Melisa’,
individual 1, 43.7 mg/g FA divided by 28.4 mg/g AO = 1.5) and 2.7 (cultivar ‘Primulina’,
individual 2, 66.4 mg/g FA divided by 24.6 mg/g AO = 2.7). These ratios of FA and AO
are in good accordance with those obtained from the literature (3.3 and 1.5, as detailed
above), indicating that the dominance of FA over AO is characteristic of the leaves of
F. × intermedia cultivars (Supplementary material, Table S1).

The literature data show that the main PhEG compound in the leaf and fruit samples
of F. europaea collected from two Far Eastern and one European botanical garden is FA (in
the Far Eastern leaf and fruit samples) [11,43] or AO (in the European leaf sample) [26]. The
results of our study performed on Hungarian F. europaea leaves (Supplementary material,
Table S1) and fruits (as detailed below) confirmed AO as the main compound in these
organs. These data suggest a chemical diversity between F. europaea plants, living in
different habitats, as FA and AO were found to be the main compounds in the Far Eastern
and European F. europaea plant tissues, respectively.

Based on the literature results, FA was determined as being the main PhEG compound
in the fruit and leaf samples of F. suspensa. Great attention was paid to the determination
of PhEGs accumulated by the unripe and ripe fruits of F. suspensa. The FA contents of the
unripe fruits were 5 or 15 times higher than those of the ripe fruits [23,24]. Furthermore,
high levels of FA were determined in the separated seeds obtained from the unripe fruits of
F. suspensa (47 mg/g, dry weight) [23], highlighting the need to follow PhEG accumulation
in both separated fruit parts (i.e., fruit wall and seed) of F. suspensa and F. europaea during
fruit ripening. In accordance with previous results [11,22], our F. suspensa leaf samples
contained high levels of FA (88.3 mg/g, dry weight, average of leaf samples collected
from two individuals) (Supplementary material, Table S1). While analyzing the metabolite
composition of both fruit parts (i.e., seed and fruit wall) during the fruit ripening of
F. europaea and F. suspensa, a fruit part specific accumulation and decomposition of PhEGs
was confirmed for the first time. In fact, the unripe fruit walls of F. europaea and F. suspensa
accumulated high amounts of AO (71.4 mg/g, dry weight) and FA (80.4 mg/g, dry weight),
respectively (data are the average of unripe fruit wall samples (StA) collected from two
individuals) (Table 4).

However, the amounts of these PhEGs were negligible in the corresponding fruit
walls obtained from the fully ripe fruits (marked with StC in Table 4), confirming that the
decomposition of AO and FA takes place in the fruit walls during their ripening processes.
In addition to the unripe fruit wall of F. suspensa, the seeds of this plant, isolated from the
unripe and ripe fruits, were also rich in FA (ripe seed: 61.7 mg/g, marked with StC in
Table 4; unripe seed: 58.7 mg/g, marked with StA in Table 4, average data of seed samples
collected from two individuals). Thus, FA was found to be stable in the seeds of F. suspensa
during fruit ripening. Based on these results and taking into account that (1) Forsythia fruits
consist of nearly equal amounts of fruit wall and seed parts, and (2) the ripe fruits split
open to release their seeds, we can explain the differences between the ratios of the FA
amounts determined in the unripe and ripe fruits of F. suspensa (literary results, as detailed
above: 5 vs. 15 times higher FA contents in the unripe fruit than in the ripe fruits) [23,24].
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Table 4. Composition of the dried seed and fruit wall parts of F. suspensa and F. europaea fruits harvested at different maturity
stages (StA, StB, and StC), determined by UHPLC-MS.

Species Tissue a Maturity Stage b Coll. No c Amounts of Compounds in the Dried Tissues (mg/g) d

FA FI FH AO IsoAO Rutin

Fo
rs

yt
hi

a
su

sp
en

sa Fruit wall

StA
1 87.0 5.93 0.41 2.72 3.33 0.82
2 73.8 5.90 0.30 1.69 2.06 0.52

StB 1 20.6 1.25 - 0.17 1.18 0.14

StC
1 1.44 - - - 0.15 0.11
2 1.88 - - - 0.062 0.023

Seed

StA
1 58.2 3.68 0.13 0.32 2.00 1.00
2 59.1 3.04 0.089 0.37 1.33 1.22

StB 1 53.7 4.15 0.11 0.60 3.69 0.86

StC
1 59.2 5.15 0.14 0.25 3.95 1.18
2 64.1 4.03 0.074 - 1.35 1.51

Fo
rs

yt
hi

a
eu

ro
pa

ea

Fruit wall
StA

1 - - - 77.3 11.6 2.14
2 - - - 65.5 9.2 1.04

StC
1 - - - 2.52 0.62 1.43
2 - - - 2.31 0.58 0.44

Seed
StA

1 - - - 19.3 1.81 4.76
2 - - - 10.4 0.89 4.66

StC
1 - - - 1.97 0.13 2.43
2 - - - 1.13 0.08 0.69

a Fruit wall and seed parts of the fruits were manually separated. b Maturity stages (StA, StB, StC) correspond to unripe, green, closed
fruits (StA), ripe, yellow-brown, closed fruits (StB), and ripe, yellow-brown, opened fruits (StC). c Collection numbers 1 and 2 correspond to
two different individuals of Forsythia plants we sampled. d Values are the averages of three separate extractions. Differences could be
characterized by the relative standard deviation (RSD) values, ranging from 2.0% (FA in F. suspensa seed at maturity stage StA, Coll. No 1)
to 9.3% (IsoAO in F. suspensa fruit wall at maturity stage StC, Coll. No 2). FA: forsythoside A, FI: forsythoside I, FH: forsythoside H, AO:
acteoside, IsoAO: isoacteoside.

Based on our results, the FA content ratios between the unripe and ripe fruits should be
a relatively small value if all the FA-bearing seeds remained in the ripe fruit. We calculated
this ratio to be 2.2. However, the value of this ratio might also be extremely high, reaching
a value of around 40, as the result of a complete seed loss.

2.4. Practical Utility of Plantago and Forsythia Tissues in the Isolation of PhEGs

The PhEGs IsoPM, FH, and FI were minor metabolites in the intact tissues investigated
(Tables 3 and 4 and Supplementary Material Table S1), and thus, their isolation from these
tissues is a challenging task, requiring multistep purification procedures and the extraction
of high amounts of plant tissues. However, from selected intact Plantago and Forsythia
tissues containing high amounts of PM and FA, the other related minor PhEGs, IsoPM, FH,
and FI, can also be prepared in high yield, using a heat treatment procedure followed by
one-step preparative HPLC isolation. However, optimum starting tissues and treatment
periods need to be defined to avoid the presence of contaminants that are not separable
from PhEGs, prepare conversion products at the highest yield possible, and minimize
the unwanted decomposition of PhEGs. Based on our comparative analysis of Plantago
and Forsythia tissues, P. major rhizomes (marked with collection number 2 in Table 3) and
F. suspensa unripe fruit walls (marked with collection number 1 of sample StA in Table 4)
were selected due to their extremely high PM and FA contents, respectively, to isolate
PM, FA, and their corresponding isomers after an optimized heat treatment procedure.
The leaves of F. suspensa also contained extremely high amounts of FA (88.3 mg/g, as
detailed above) along with remarkable levels of rutin (5.22 mg/g, dry weight, average
of leaf samples collected from two individuals) (Supplementary Material, Table S1). The
flavonoid glycoside rutin and the PhEG FH were identified by UHPLC as being close-
eluting compounds and thus, FH isolated by one-step preparative HPLC may contain rutin
as an impurity. An additional reason for selecting F. suspensa unripe fruit walls was their
low rutin content measured among Forsythia samples (0.67 mg/g, dry weight, average of
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fruit wall samples collected from two individuals, Table 4), allowing the isolation of FH
with the lowest possible amount of rutin impurities.

Accordingly, tissue suspensions, prepared from these selected powdered plant tissues
(i.e., the rootstock of P. major and unripe fruit wall of F. suspensa) by adding water, were
heated at 100 ◦C for different periods of time and analyzed by UHPLC-UV-HR-MS. As
detailed in the previous Section 2.1, the heating of these suspensions resulted in the
conversion of PM and FA into their corresponding isomers IsoPM, FI, and FH. Heat
treatments performed for different periods of time confirmed a simultaneous isomerization
and undefined degradation processes of PhEGs (Figures 4 and 5).

As a result of these processes, an equilibrium mixture of IsoPM and PM was formed
(with 85% IsoPM and 15% PM contents) as well as that of FI, FH, and FA (with 31% FI,
35% FH, and 34% FA contents) (Figures 4 and 5). These results are in agreement with
data obtained using the mass fragmentation analysis and computational methods (as
detailed in Sections 2.1 and 2.5), indicating the greater stability of IsoPM than PM and
a comparable stability of forsythoside isomers (FA, FH, and FI). These equilibria were
formed after 300 min of heat treatments of the Plantago and Forsythia samples. Longer
heat treatments resulted in undefined degradations of all PhEGs without any effects on
equilibrium compositions.

Consequently, to isolate the minor PhEGs IsoPM, FI, and FH at the highest yield
possible by preparative HPLC, the suspensions of P. major rhizomes and F. suspensa unripe
fruit walls were heated for 300 min. Thus, starting from 1.0 g plant tissues (i) 24.0 mg
IsoPM of 86% purity from P. major rhizome and (ii) 4.6 mg FI and 5.6 mg FH of 96% and 85%
purity, respectively (and 3.6 mg FA of 92% purity) from the F. suspensa unripe fruit wall,
were isolated (Supplementary Material, Figure S1). A review of the contents of these PhEGs
among plants showed that 0.67 mg/g of IsoPM (in P. asiatica, whole plant [21]), 0.22 mg/g
of FI, and 0.012 mg/g of FH (in F. suspensa, ripe fruit [27]) were the highest amounts
recorded. The amounts of IsoPM, FI, and FH isolated after optimized heat treatments
were 36, 21, and 470 (!) times higher than those reported to date as being the highest for
these compounds in the plant kingdom. Since the equilibrium mixture, prepared through
300 min heating of the P. major rhizome suspension, contained a relatively small amount of
PM (15% PM vs. 85% IsoPM), the untreated intact P. major rhizome was used to isolate PM.
Thus, 56.1 mg PM of 96% purity could be isolated from 100.0 mg of the P. major rhizome.
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These results highlight the significance of selected plant tissues, i.e., F. suspensa un-
ripe fruit walls and P. major rhizomes, in the isolation of PhEGs (FA, FH, FI, PM, and
IsoPM) after optimized heat treatments, as easily available, new raw materials for these
pharmacologically important metabolites.

As a further result of our comparative analysis of the Plantago and Forsythia tissues, a
high-level accumulation of AO was also detected. The average AO contents in the under-
ground organs of P. media (78.1 mg/g, Table 3) and in the leaves (73.6 mg/g, Supplementary
material, Table S1) and unripe fruit walls (sample StA: 71.4 mg/g, Table 4) of F. europaea are
the highest reported in the plant kingdom [1], thus highlighting the significance of these
plant tissues in the production of the valuable PhEG-type metabolite AO.

2.5. Computational Modeling of the Isomerization of PM into IsoPM and FA into FI and FH

In our previous study, the isomerization of AO into IsAO in a hot water medium
was confirmed as an intramolecular acyl transfer reaction [1]. The in silico study of the
thermodynamic (driving force) and kinetic (reaction rate) aspects of this transformation
confirmed a slightly greater stability of IsoAO relative to AO. This computational result
explained the formation of the equilibrium mixture consisting of 54% IsoAO and 46% AO,
which was determined after heating of AO in a water medium [1].

The isomerization of PM into IsoPM and that of FA into FI and FH is also an intramolec-
ular acyl transfer reaction, involving the migration of the caffeoyl ester moiety from the C4
position to the close hydroxyl groups (Supplementary Material, Figures S2 and S3) [44–46].
Both the thermodynamic (driving force) and kinetic (reaction rate) aspects of these transfor-
mations were studied by theoretical methods at the B3LYP/6-31G(d,p) level of theory [47]
with an IEFPCM solvent model [48] by Gaussian 16 [49]. From a thermodynamic point
of view, the transformation of PM into IsoPM is a significantly exothermic process, as the
enthalpy (∆H) and Gibbs free energy (∆G) decrease by –24.2 kJ mol–1 and –26.2 kJ mol–1,
respectively. These values indicate a definite conversion process toward IsoPM, which is
also supported by the beneficial entropy change (∆S, +6.7 J mol–1 K–1) (Supplementary
Material, Figure S2). This entropy factor can originate from the formation of a sterically
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less hindered, more freely rotating side chain. Another isomer can also be considered as a
possible product of PM isomerization (Supplementary Material, Figure S2, IsoPM-2). How-
ever, in this case the computed enthalpy value is significantly endothermic, thus excluding
the existence of this product. From a thermodynamic point of view, the transformations of
FA into FI and FI into FH are almost thermoneutral, as the enthalpy and Gibbs free energy
changes are near zero (Supplementary Material, Table S2). These values refer to a chemical
equilibrium between the three isomers.

Acyl transfer reactions can be characterized by the change of the carbonylicity per-
centage (CA%), where the increase of this value (∆CA% > 0) during the reaction implies
a beneficial exothermic process [44–46]. The comparable CA% values of PM (52.2%) and
IsoPM (52.9%) as well as those of FA (52.9%), FI (53.0%), and FH (52.5%) confirm the
absence of an internal driving force for the transformations (Supplementary Material,
Figure S2, Table S2).

We also studied the reaction mechanisms of PM and FA isomerizations by an explicit–
implicit solvent model (Supplementary Material, Figure S4, Table S3) [50]. This model
confirmed that these isomerization processes consist of two elementary steps, allowing a
relatively fast reaction rate at elevated temperature (Supplementary Material, Table S3).

These computed data support the isomer proportions of 85:15 for IsoPM and PM, and
that of 31:35:34 for FI, FH, and FA, determined experimentally in a water medium after
300 min of heating.

2.6. In Vitro Activity of Isolated PhEGs on Non-Human Primate Vero E6 cells

Recently, the non-toxicity of PM on hamster ovary cells [51] and FA on canine kid-
ney [36] and chicken embryo kidney cells [37] has been confirmed. However, IsoPM, FH,
and FI had not yet been tested against normal healthy cells such as kidney epithelial cells
isolated from Cercopithecus aethiops (Vero E6). Thus, the in vitro activity of PM, IsoPM, FA,
FH, and FI, isolated from their optimum sources, was analyzed on Vero E6 cells for the
first time. In the concentration range tested (0.04–100 µM), none of these PhEGs expressed
cytotoxicity on Vero E6 cell cultures. In contrast, treating Vero E6 cells with 100 µM chloro-
quine for 24 h resulted in 30% cytotoxicity, while after a 48 h treatment, most of the cells
died (cytotoxicity = 86%) at this concentration (Figure 6).

To perform in vitro antiviral tests, Vero E6 cells are often used as a host cell model for
growing viruses. In this model, promising antiviral drug candidates should not exhibit
cytotoxicity on Vero E6 cells. Consequently, based on our results confirming the absence
of cytotoxicity of the PhEGs on Vero E6 cells, the antiviral tests of PhEGs against the
SARS-CoV-2 virus can be performed using Vero E6 cells.
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3. Materials and Methods
3.1. Plant Material and Reagents

The underground organs of three Plantago species (P. lanceolata L., P. major L., and
P. media L.) were collected from different Hungarian locations in June of 2018. Leaf and
fruit samples of the Forsythia species (F. europaea Degen & Bald, F. suspensa Vahl, and
F. × intermedia cultivars ‘Lynwood’, ‘Melisa’, ‘Minigold’, ‘Primulina’, ‘Spectabilis’, and
‘Week End’) were collected from the Botanical Garden of Szent István University (Budapest,
Hungary, Villányi street 29–43): the leaves and unripe, green fruits in July of 2018 and the
ripe, yellow-brown, closed fruits as well as the ripe, yellow-brown, opened fruits in October
of 2018. The collected samples were immediately lyophilized on the day of collection. The
voucher specimens of all dried samples are deposited in the Department of Plant Anatomy,
Eötvös Loránd University, Budapest, Hungary. The materials and reagents applied in
the analysis and isolation of plant metabolites, such as acetonitrile (ACN), distilled water
(DW), formic acid, dimethyl sulfoxide (DMSO), methanol (Reanal, Budapest, Hungary),
DMSO-d6, and methanol-d4 (VWR chemicals, Leuven, Belgium) were all of analytical
reagent grade of the highest purity available.

3.2. Performing Heat Treatments

Lyophilized and pulverized plant tissues (100.0 mg) were suspended in 2.0 mL of DW
in 5 mL screw-capped vials. These suspensions were heated at 100 ◦C for 30, 60, 120, 180,
300, and 420 min. After heating, the samples were lyophilized.

3.3. Preparation of Plant Extracts

Lyophilized and pulverized intact plant tissues (100.0 mg), as well as heat-treated and
lyophilized tissues, were extracted three times consecutively with 5 mL of methanol at 60 ◦C
in 25 mL screw-capped vials for 30 min to prepare 15.0 mL stock solutions. These stock
solutions were used after their dilution with methanol for UHPLC-UV-HR-MS analyses
(Section 3.4.1). Dried stock solutions, prepared from the intact and from the 300 min heat-
treated P. major rhizome samples (marked with collection number 2) and those from the
300 min heat-treated F. suspensa unripe fruit wall sample (marked with collection number
1), were dissolved in 2.0 mL of methanol for the isolation of PM, IsoPM, and forsythoside
isomers (FA, FI, FH) by preparative HPLC, respectively (Section 3.4.2).

3.4. Instruments
3.4.1. Analytical UHPLC Hyphenated with UV and High-Resolution Orbitrap Mass
Spectrometric Detections

A Dionex Ultimate 3000 UHPLC system (3000RS diode array detector (DAD), TCC-
3000RS column thermostat, HPG-3400RS pump, SRD-3400 solvent rack degasser, WPS-
3000TRS autosampler), hyphenated with an Orbitrap Q Exactive Focus Mass Spectrometer
equipped with electrospray ionization (ESI) (Thermo Fischer Scientific, Waltham, MA,
USA) was used for analysis. The UHPLC separations were performed on a Kinetex XB-
C18 column (50 × 3.0 mm; 1.7 µm) (Phenomenex, Torrance, CA, USA). Mobile phases:
0.1% (v/v) formic acid (A) and 8:2 ACN:0.1% (v/v) formic acid (B). Separation: 0 min:
10% B, 4 min: 20% B (linear gradient), then isocratic (20% B) from 4 to 8 min followed
by a linear gradient to 70% B over 5 min; flow rate: 0.3 mL/min; column temperature:
25 ◦C; injected volume: 1.0–5 µL. DAD spectra were recorded between 250 and 600 nm.
MS parameters: negative ionization mode; parameters were optimized automatically using
the built-in software 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.
Full-scan resolution: 70,000 in the scanning range of m/z 100–1000. MS/MS scan resolution:
35,000 in the scanning range of m/z 80–1000 m/z; collision energies: 20, 25, 30, 35, and 45 eV.

To quantify compounds, extracted ion chromatograms (EICs) of the molecular ions
were recovered from the total ion current chromatograms, and an external standard method
was applied using EICs. Linear regression analyses of the isolated compounds (PM, IsoPM,
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FA, FI, and FH) and the standard flavonoid glycoside rutin were performed in the range of
0.2–10.0 ng of their injected amounts, resulting in appropriate r2 values (higher than 0.9997
for each compound). Additionally, the quantification of AO and IsoAO was performed
according to their previous calibrations, as determined in our recent work [1].

3.4.2. Preparative HPLC

A Pharmacia LKB HPLC (Uppsala, Sweden) system (2248 pumps, VWM 2141 UV
detector) was connected to a preparative HPLC column: Gemini NX-C18 (5 µm), 25 × 1 cm
(Phenomenex, Torrance, CA, USA). The eluents were the same as described above. Separa-
tion: isocratic, 20% B; flow rate: 3.0 mL/min; injected amount: 300 µL.

3.4.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectra of the isolated compounds were recorded in methanol-d4 or DMSO-
d6 at 25 ◦C on a Varian DDR spectrometer (599.9 MHz for 1H and 150.9 MHz for 13C)
equipped with a dual 5 mm inverse detection gradient (IDPFG) probe head. Standard
pulse sequences and parameters were used to obtain 1D 1H, and various 2D COSY, [1H-
13C] HSQC, and [1H-13C] HMBC spectra. Chemical shifts were referenced relative to the
solvent resonances.

3.5. Computational Method

All computations were carried out with the Gaussian16 program package (Gaussian
Inc., Wallingford, CT, USA, 2016) [49] as described in our previous publication [1].

3.6. In Vitro Activity of Compounds on Vero E6 Cell Cultures

The cytotoxic effect of PhEGs isolated from Forsythia and Plantago tissues was mea-
sured on Vero E6 cells (non-human primate origin; Cercopithecus aethiops, kidney, epithelial
cells; ATCC No. CRL-1586) [52] obtained from the National Biosafety Laboratory, National
Public Health Institute, Hungary [53]. The cells were maintained in a DMEM medium
(Lonza) containing 10% FBS (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and
supplemented with 2 mM of L-glutamine (Lonza), 1% non-essential amino acids (Gibco),
1 mM sodium pyruvate (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin–streptomycin
(10,000 units penicillin and 10 mg streptomycin/mL, Gibco), and seeded into 96-well plates
(5500 cells per well in 100 µL of medium).

Stock solutions of the compounds (20 mM) were prepared with DMSO and diluted
with serum-free DMEM, resulting in a final concentration of 0.04–100 µM. The cells were
incubated with the compounds, while the control cells were treated with a serum-free
medium or serum-free medium containing DMSO (0.5% v/v) at 37 ◦C in a humidified
atmosphere containing 5% CO2. A well-known antiviral agent, chloroquine diphosphate
salt, was used at the same concentration range as a positive control. After a 24 or 48 h
incubation period, the cells were washed with a serum-free medium (three times, cen-
trifugation: 1000 rpm, 5 min); then, cell viability was determined by alamarBlue assay.
For this, 20 µL alamarBlue (Resazurin sodium salt, Sigma-Aldrich, St. Louis, MO, USA)
solutions (0.15 mg/mL, dissolved in PBS, pH = 7.4) were added to each well. Following
a 4 h incubation period, the fluorescence was measured using a Synergy H4 multi-mode
microplate reader (BioTek, Winooski, VT, USA) (λex = 530/30 and at λem = 610/10 nm).

All measurements were performed in quadruplicates, and the mean cytotoxicity
percentage values, together with the standard error of the mean (SEM), were represented
on the graphs.

4. Conclusions

The PhEG composition of underground organs of P. lanceolata, P. major, and P. media,
the leaves of F. suspensa, F. europaea, and F. × intermedia, as well as the fruit wall and seed
parts of F. suspensa and F. europaea fruits collected at different ripening stages were analyzed.
The comparative analysis confirmed a tissue-specific accumulation and decomposition
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of selected PhEGs, resulting in the determination of optimum sources for their isolation.
Optimized heat treatment of P. major rhizomes and F. suspensa unripe fruit walls containing
extraordinarily high amounts of PM and FA, respectively, resulted in the isomerization
of these PhEGs, also allowing the isolation of their conversion products, IsoPM, FH, and
FI, in the highest yield reported so far in the plant kingdom. To confirm their structures,
NMR analyses of isolated PhEGs and molecular modeling interpreting the isomerization
processes in silico were conducted. The UHPLC-HR-MS/MS study of the closely related
isomers also confirmed their on-line discrimination, since baseline separation could be
achieved for all isomers and characteristic differences could be observed between some key
ion intensities in their MS/MS spectra. The PhEGs, PM, IsoPM, FA, FH, and FI, isolated
from their optimum sources, showed no cytotoxic activity on non-human primate Vero E6
cells, supporting the safe use of these compounds as natural medicines and allowing to
test their antiviral potency against the SARS-CoV-2 virus.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22083880/s1, Table S1. Composition of the dried leaf samples of Forsythia × intermedia
(represented by six cultivars), F. europaea and F. suspensa, determined by UHPLC-MS, Table S2.
Computed enthalpies (∆H), Gibbs free energies (∆G), entropies (∆S) and carbonylicity percentage
(CA%) of the isomers of FA, FI and FH, Table S3. Computed enthalpies (∆H) of structures A, B,
C and D and activation enthalpies (∆H‡) of transition stages TS1 and TS2 in the isomerisation of
PM and FA, Figure S1. UHPLC-UV (λ = 330 nm) chromatogram of isolated plantamajoside (A),
isoplantamajoside (B), forsythoside I (C), forsythoside H (D), forsythoside A (E) and that of the
mixture of these compounds (F), Figure S2. The acyl transfer reaction of PM producing IsoPM. The
enthalpy (∆H, in kJ mol–1), Gibbs free energy (∆G, in kJ mol–1), entropy (∆S, in J mol–1 K–1) and
carbonylicity percentage (CA%) values are illustrated, Figure S3. The acyl transfer reaction of FA
producing FI and FH. The corresponding enthalpy, Gibbs free energy, entropy and carbonylicity
percentage values are shown in Table S2, Figure S4. The generalized reaction mechanism of the acyl
transfer isomerization of PM, determined by computational method using an explicit-implicit solvent
model with 7 water molecules. Computed enthalpies of structures A, B, C and D and activation
enthalpies of transition stages TS1 and TS2 can be found in the Table S3.
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