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Preface

It is with great pleasure that we present this Reprint of “Plant-Based Bioactive Substances
Identification, Extraction, and Application”, a Special Issue of Plants (MDPI) which brings together
nine scholarly works.

This compilation highlights recent advances in the exploration and application of plant-derived
natural products with biological activity, reflecting the growing interest in the use of sustainable
alternatives in agriculture, medicine, and environmental management. Given the well-established
bioactivity of allelochemicals—natural compounds that influence the growth and development of
other organisms—and the diverse pharmacological potential of natural epoxides, one study focuses
on synthesizing four novel epoxy sesquiterpene lactones and the related derivatives based on
dehydrocostus lactone, a sesquiterpene known for its broad spectrum of biological effects. The
herbicidal activities of these compounds were evaluated, with the goal of identifying effective and
environmentally friendly agents for weed management.

Another investigation assessed the anticancer potential of Cymbopogon citratus (lemongrass)
essential oil against several human cancer cell lines (A375, RPMI-7951, MCF-7, and HT-29),
conducting a comparative analysis with citral, its main component, as well as exploring the essential
oil’s molecular mechanisms of action using in silico modeling tools.

In the realm of agrochemical formulation, binary mixtures of bioactive compounds with
herbicidal or biopesticidal properties were developed using emulsifiers to stabilize their volatile
constituents. Aiming to develop multi-target natural herbicides with minimal environmental impact,
these formulations were tested for their physicochemical stability and herbicidal activity, including
their impact on Photosystem II, wheat germination, and seedling development.

Aquatic plant-microcrustacean interactions were also explored, with one contribution studying
the effects of three submerged macrophytes (Ceratophyllum demersum, Myriophyllum aquaticum, and
Stuckenia pectinata) and their exudates on the population dynamics, feeding, and reproduction of
Daphnia cf. pulex and Simocephalus cf. mixtus, providing essential insights for understanding aquatic
ecosystem functioning.

The influence of developmental stages and environmental conditions on Gladiolus resistance to
western flower thrips (WFTs) was evaluated through metabolomic profiling across three growth
stages in two cultivars—Robinetta (resistant) and Charming Beauty (susceptible). The study’s
findings underscore the importance of developmental timing in integrated pest management
strategies.

The pharmacological exploration of Wikstroemia indica, a medicinal plant from southeastern
China, led to the identification of daphnane diterpenoids—compounds previously undocumented
in this species—using LC-MS/MS, opening new avenues for drug discovery.

Finally, researchers quantified the content of argentatins and isoargentatins A and B in the leaves
and stems of three Parthenium argentatum (guayule) accessions under different irrigation conditions,

contributing to ongoing efforts to optimize phytochemical yields in industrial crops.

Elson S. Alvarenga and Wei Li
Guest Editors
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Exploring Sesquiterpene Lactones from Saussurea lappa:
Isolation, Structural Modifications, and Herbicide
Bioassay Evaluation

Elson S. Alvarenga !"*, Francisco A. Macias 2, Stephani S. Ferreira !, Juan C. G. Galindo ? and José M. G. Molinillo 2

1 Department of Chemistry, Universidade Federal de Vicosa, Vicosa 36570-900, MG, Brazil;
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Puerto Real, 11510 C4diz, Spain; famacias@uca.es (F.A.M.); juancarlos.galindo@uca.es (J.C.G.G.);
chema.gonzalez@uca.es (J.M.G.M.)

*  Correspondence: elson@ufv.br

Abstract: Considering the resistance of weeds to different herbicides with different mecha-
nisms of action, the search for new, more selective compounds with low toxicity to other
species in nature has been very important for the development of agriculture. Because of
that, considering the biological activity of allelochemicals and natural epoxides, four new
epoxy compounds derived from dehydrocostus lactone were synthetized and evaluated for
their potential herbicide activity against three species of seeds, Allium cepa (onion), Lepidium
sativum (garden cress), and Lactuca sativa (lettuce). In assays with A. cepa, compound 4
inhibited radicle length by 80% at 100 M. Notably, for L. sativum, compound 4 showed
significant inhibition, reducing stalk and radicle lengths by 80% at 100 uM, surpassing the
performance of the commercial herbicide Logran. However, diol 5 notably inhibited radicle
growth by 28% at 100 M, making the most significant observed effect. One of the notewor-
thy lactones studied is epoxide 4. This highlights the importance of the epoxide functional
group in affecting both radicle and shoot lengths of seeds. Therefore, the synthesis of these
compounds has proven advantageous and holds great potential for the development of
new herbicides.

Keywords: sesquiterpene lactone; herbicide; coleoptile; dehydrocostus lactone; DHC;
epoxide

1. Introduction

The constant search for efficient herbicides is of the utmost importance for the agri-
cultural industry. This is due to the presence of pests, which substantially affect global
agricultural production, negatively interfering with the productivity of the crop, the fi-
nal quality of the products, and consequently the production costs, mainly because of the
relationship of competition of the culture with the plants for water, light, and nutrients [1,2].

Since the 20th century, synthetic herbicides have been used to control these unwanted
plants; however, the constant and excessive use of herbs with the same mechanism of
action (MoA) in large areas of cultivation, has resulted in the slow evolution and resistance
of these pests against the exploited agrochemicals [1]. Thus, there is a growing demand
for new, efficient herbicides with alternative mechanisms of action and low environmental
impact [3,4].

In this context, natural products can be considered a viable option to replace tradi-
tional synthetic agrochemicals [5,6]. This is because they can be synthesized by living

Plants 2025, 14, 1111
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organisms, as well as produced through complex synthetic pathways that lead to molecules
employing mechanisms of action different from those used by current agrochemicals [7].
Furthermore, herbicides like phosphinothricin and phosalacin, derived from natural prod-
ucts, underscore the feasibility of studying and evaluating these compounds as potential
future herbicides [8].

The sesquiterpenic lactones, one of the largest families of natural products, are com-
pounds widely distributed in plants and more than 7000 structures of this class have
already been described [9,10]. In addition, studies referring to these compounds indicate
that they have a broad biological potential, standing out in terms of cytotoxic, antitumoral,
antibacterial, anti-inflammatory, antimalaric, and antifungal activities [11-14].

These natural compounds can be isolated mainly from the aerial parts of certain plants
of the Asteraceae family, also being found in families such as Umbelliferae, Lauraceae, or Mag-
noliaceae [7]. Sesquiterpenes also represent an important group of secondary metabolites of
the Asteraceae family [15-17].

Sesquiterpenic lactones also have great potential for application in the agricultural
sector [16,18]. Studies show that some secondary metabolites can affect the germination
and growth of certain plant species, but the nature and the extent of the effects produced
depend on several factors, such as the structure of the lactone tested, its concentration, and
the species on which it will act [19-21].

This effect, called allelopathy, is of great importance in agriculture for pest control,
provided that a correct association is established between the species producing allelopatic
substances and the cultivated species [22,23]. Sesquiterpene lactones such as estafiatin, ar-
glabin, arborescin, and heliangine serve as examples of compounds with allelopathic effects,
producing chemicals that negatively impact the growth and development of competing
plants [20] (Figure 1).

T,

Qi

¢} .
heliangine (I) estafiatin (II)

.,///,////
,:////////

‘\\\\\\H
H;C HyC iy

o) (0]
arglabin (I1I) arborescin (IV)

Figure 1. Sesquiterpene lactones: heliangine (I), estafiatin (II), arglabin (III), and arborescin (IV).

The compounds arglabin and arborescin, guaianolides structurally related to estafi-
atin [24], are isolated natural epoxides of Artemisia glabella and Artemissa arborescens, respec-
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tively [25,26]. The stereoselective syntheses of these natural products are described in the
literature [25,26]. As for the compound heliangine, it is an epoxide of a germacranolide
with plant physiological activity, isolated from Helinthus tuberosus L., which can act as a
regulator of plant growth [27,28].

Studies suggest that the x-methylene-butirolactone group, present in many natural
sesquiterpene lactones (SLs), plays an important role in the bioactivity of these com-
pounds [29,30]. This group has been proposed as one of the structural aspects that can
determine their allelopathic activity, as well as their biological activity in general [29-31].

The activity of SLs is linked to their c-methylene-butirolactone component, which
serves as a potent and selective alkylating agent for nucleophilic substrates. In fact, the
primary determinant of SL cytotoxicity is the presence of an «,3-unsaturated keto group,
which is not necessarily associated with the lactone’s carbonyl group [7,32]. Additionally,
another study found that the absence of this system does not significantly diminish the
growth of weeds [7]. The spatial arrangement of the carbon skeleton has been linked to
the lower activity of sesquiterpene lactones. The eudesmanolides reynosin and santamarin
feature a backbone that closely resembles the spatial arrangement found in germacrano-
lides and also possess an «,3-unsaturated carbonyl system. Compounds with a “double
crown”-like spatial configuration (such as germacranolides and eudesmanolides) resemble
strigolactones and can fit into the receptor’s cavity. However, the observed activity of
compounds lacking the unsaturated double bond in the lactone ring remains unexplained.
Further research exploring precise biochemical pathways is needed, reinforcing its potential
as a sustainable resource for enhancing herbicidal activity and well-being [33-36].

Thus, given the well-documented biological activity of allelochemicals—natural com-
pounds that influence the growth and development of other organisms—and natural
epoxides, which are known for their diverse bioactive properties, our research is directed
toward the synthesis of four novel epoxy sesquiterpene lactones and other derivatives.
These derivatives are designed from dehydrocostus lactone, a sesquiterpene lactone that has
already been recognized for exhibiting multiple biological activities [37,38]. The primary
objective of this study is to evaluate the potential herbicidal activity of these newly synthe-
sized compounds, assessing their effectiveness in inhibiting plant growth and exploring
their possible application as natural herbicides in agricultural weed management.

2. Results and Discussion
2.1. Synthesis

For the study of the herbicidal activity of sesquiterpene lactones, new epoxy deriva-
tives were synthesized from dehydrocostus lactone (DHC, V), yielding derivatives (1),
(2), (3), (4), and (5). These compounds were obtained from the reaction of DHC with
meta-chloroperbenzoic acid (MCPBA) in anhydrous DCM, with yields of 3%, 64%, 16%,
21%, and 6%, respectively, as shown in Figure 2.

As expected, compounds 1-3 exhibited similar spectrometric data, as they differ
only in the positions and relative stereochemistry of the epoxide moieties and hydroxyl
groups attached to the new components. The IR spectra display peaks in the range of
1765-1770 cm !, indicating the presence of lactone carbonyl groups, and a band near
1260 cm ™!, attributed to C-O stretching. Additionally, compound 5 shows a peak at
3472 cm~ !, indicating the presence of a hydroxyl group [39].

The 'H NMR and *C NMR spectra were crucial for the identification of the com-
pounds, providing detailed information about their molecular structure, including the
chemical environment of hydrogen and carbon atoms. These spectra allowed for the ac-
curate determination of functional groups, the number of protons and carbons, as well as
their connectivity within the molecule.
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Figure 2. Epoxidation reaction of dehydrocostus lactone (V).

In the '3C NMR spectra, signals between 6 = 168.0 and 169.5 ppm observed in all five
spectra correspond to a carbonyl group. Signals from sp?-hybridized carbon and carbon
bonded to electronegative atoms, such as those in epoxides and hydroxyl-bonded carbons
in molecule 5, are exhibited in the deshielded regions of the spectrum.

In the 'H NMR spectra, the signals corresponding to hydrogens bonded to sp? carbons
are found in the deshielded regions of the spectrum due to the anisotropic effect occur-
ring in double bonds. An example is the signal of hydrogen H13 at 6 = 6.06-6.07 ppm
in molecule 1, appearing as a doublet of doublets (] = 0.4, 2.8 Hz), as shown in
Figure S9 in the Supplementary Information (SI). This technique also aids in the analy-
sis of hydrogen bonded to sp® carbons, resulting in signals in more shielded regions of
the spectrum, such as the signal of hydrogen H8 at 6 = 1.29-1.36 ppm in molecule 2. This
signal, integrated for one hydrogen, appears as a multiplet in Figure S13 (SI).

The analyses of COSY (correlation spectroscopy), HMBC (heteronuclear multiple bond
coherence), and HMQC (heteronuclear multiple quantum correlation) were also equally
important for the complete assignment of the signals [40].

To determine the relative configuration of the molecules by NMR spectroscopy, the
spatial distances between the hydrogen atoms of the molecules were measured using Over-
hauser nuclear effect (NOE) experiments. These experiments provide crucial information
about through-space interactions between nuclei, allowing for the identification of prox-
imity relationships within the molecular structure. By analyzing NOE enhancements, it is
possible to infer the three-dimensional arrangement of atoms, which aids in distinguishing
between different stereochemical configurations. This approach is particularly useful for
rigid molecules in solution, where direct bond connectivity alone may not be sufficient to
establish the full spatial arrangement [41].

As previously described, compound 5 was also utilized in the synthesis of 5x-hydroxy-
isozaluzanine C (6) through a dihydroxylation reaction. This transformation was carried
out using DHC as the starting material, with selenium oxide and tert-butyl hydroperoxide
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serving as the key oxidizing agents. The reaction conditions were carefully controlled to
promote selective oxidation, leading to the formation of the hydroxylated product. This
method provides an efficient approach to modifying the molecular structure, potentially
enhancing its biological activity. The reaction pathway and structural changes involved in
this transformation are illustrated in Figure 3.

Seo2 HOUmne
tert-BuOOH
: DCM :
0 0
(0] (0]
DHC (V) (6)

Figure 3. Dihydroxilation of dehydrocostuslactone.

The formation of 13-oxo-epi-costuslactone (7) involved a two-step synthetic process
starting with the reaction of DHC with aqueous sodium carbonate in hexamethylphospho-
ramide (HMPA). Following this transformation, the primary alcohol underwent oxidation
using Dess-Martin periodinane, a mild and selective oxidizing agent commonly employed
for converting primary alcohols to aldehydes. This oxidation step was crucial for achieving
the desired structural modification, ultimately leading to the formation of 13-oxo-epi-
costuslactone (Figure 4).

1) HMPA, DCM,
Na,COj;, 90°C

2) Dess - Martin
periodinane

Ol
Qi

o) o)
DHC (V) )

Figure 4. Michael addition of a nucleophilic hydroxyl group to DHC and Dess—-Martin periodi-
nane oxidation.

2.2. Coleoptile Bioactivity

The study of coleoptile bioactivity provides valuable information about the mecha-
nisms of action of bioactive substances and their potential agricultural applications. The
wheat coleoptile bioassay is used to evaluate plant growth stimulation and assess the
potential of natural products, synthetic compounds, or agricultural chemicals as herbicides.

Tests using etiolated wheat coleoptiles have been employed to assess the herbicidal
potential of compounds prepared by microwave irradiation of costunolide [42], extracts
from the leaves of Origanum majorana L. [43], steroidal saponins [44], furanocoumarins
isolated from the aerial parts of Ducrosia anethifolia [45], and many other sources.
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Seven compounds were obtained from DHC and subjected to a bioassay using etiolated
wheat coleoptiles. Six dilutions (1000, 600, 300, 100, 30, and 10 pmol L~1) were used in
the assay. The etiolated wheat coleoptile bioassay was chosen as a preliminary method
to evaluate the bioactivity of compounds 1-7 due to its sensitivity to a broad spectrum of
bioactive substances.

The results shown in Figure 5 indicate that all compounds exhibited high inhibitory
activity at a concentration of 1000 M, with compounds 1 and 2 standing out. A decrease in
inhibitory activity was observed as the concentration was reduced. Notably, even at lower
concentrations, compounds 1 and 2 remained the most active, confirming that compounds
1 and 2 were the most effective in the coleoptile bioassay.

1 2 3 4 5 6 7  Logran
Compound identification

o

-2

o

|
~
(=]

-6

(=]

-8

S

Coleoptile development

-100

-120

® 1000 yM ®m600 uM =300 uM 100 yM ®m30puM ®m10 uM

Figure 5. Bioactivity evaluation of compounds 1-7 and Logran on coleoptile development.

2.3. Herbicide Activity

In this study, the efficacy of compounds 2, 4, 5, 6, and 7 (Figure 6) in stimulating or
inhibiting root and shoot development was evaluated using three plant species: Allium
cepa (onion), Lepidium sativum (garden cress), and Lactuca sativa (lettuce). These species
were selected due to their well-documented sensitivity to growth-regulating compounds,
making them suitable bioindicators for assessing potential stimulatory or inhibitory effects.

The experimental process involved exposing seeds of each species to different con-
centrations of the selected compounds under controlled conditions. After the germination
period, the seedlings were carefully analyzed and measured to determine variations in
growth parameters. The collected data were then presented in graphical form, illustrating
percentage differences compared to the control group.

In this analysis, the value of zero corresponds to the control, indicating no change in
growth under water treatment. Positive percentage values denote stimulation, reflecting an
increase in root or shoot development, while negative percentage values indicate inhibition,
representing a reduction in growth compared to the control. These results provide insights
into the bioactivity of the tested compounds, contributing to a better understanding of their
potential applications in plant growth regulation [46,47].
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Figure 6. Compounds employed in the seed’s bioassay.

As illustrated in Figure 7, compounds 4 and 6 demonstrated the most significant in-
hibitory effects on the shoot length of A. cepa when compared to the other tested compounds.
The data indicate that compound 4 exhibits inhibitory effect, achieving 51% inhibition
at a concentration of 100 pM and an even higher 60% inhibition at 60 uM, suggesting a
potent dose-dependent response. Similarly, compound 6 also displayed notable activity,
with an inhibition percentage of 40% at 100 uM. These findings highlight the promising
potential of these compounds as effective plant growth inhibitors, reinforcing their role in
herbicidal applications.

40

20

a llﬂ

-60
-80

-100
2 4 5 6 7 Logran

H100 m60 W30 m15 m5

Figure 7. Effect of compounds 2 and 4-7 on the shoot length of A. cepa. Shoot length of seedlings from
onion seeds exposed to aqueous 0.1% (v/v) DMSO solutions of compounds at different concentrations.
Controls consisted of deionized water with the same concentration of DMSO. Values are expressed as
percentage difference from the negative control, calculated as: shoot length (%) = [(length — length of
negative control)/length of negative control] x 100. Error bars represent the standard deviation.

Regarding the inhibition of radicle length in A. cepa, compound 4 stands out as the
most effective among all the tested compounds, exhibiting an impressive 80% inhibition at
100 uM and 77% inhibition at 60 uM (Figure 8). This indicates a strong inhibitory effect
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even at a slightly lower concentration. Furthermore, all other tested compounds also
demonstrated notable inhibitory activity, with inhibition percentages exceeding 40% at
100 uM. These results emphasize the high efficacy of these compounds, particularly at a
concentration of 100 uM, in suppressing root elongation.
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Figure 8. Effect of compounds 2 and 4-7 on the radicle length of A. cepa. Radicle length of
seedlings from onion seeds exposed to aqueous 0.1% (v/v) DMSO solutions of compounds at
different concentrations. Controls consisted of deionized water with the same concentration of
DMSO. Values are expressed as percentage difference from the negative control, calculated as: shoot
length (%) = [(Ilength — length of negative control)/length of negative control] x 100. Error bars
represent the standard deviation.

Compound 4 once again demonstrates remarkable biological activity, this time in the
inhibition of L. sativum stalk length (Figure 9). At a concentration of 100 uM, this compound
exhibits an impressive inhibition rate of 80%, which is twice as effective as the commercially
available herbicide Logran, used as a reference compound in this study. This significant
difference highlights the potential of compound 4 as a potent growth inhibitor.

As illustrated in Figure 10, all the tested compounds demonstrated a stimulatory effect
on the growth of the radicle of garden cress. This suggests that, at certain concentrations,
these compounds may play a role in promoting root elongation and overall seedling devel-
opment. However, an exception was observed for compound 4, which, at a concentration of
100 uM, significantly inhibited the root growth of L. sativum by 80%. This indicates a strong
suppressive effect at this specific concentration, potentially interfering with root elongation
and development. Such findings highlight the varying influence of different compounds
on plant growth, depending on their concentration and the species under study.

No significant changes were observed for the compounds tested when compared
to the length of the stem of L. sativa. However, upon further analysis, as illustrated in
Figure 11, it was verified that compound 5 had a notable inhibitory effect on radicle growth.
Specifically, at a concentration of 100 uM, compound 5 reduced radicle length by 28%,
making it the most significant change observed among all tested compounds. This suggests
that compound 5 exhibits a measurable impact on early seedling development, potentially
affecting root elongation more than stem growth. Compounds 4, 6, and 7 presented
stimulatory effect on the growth of lettuce. These three compounds stimulated almost 40%
the growth of the radicle of L. sativa.



Plants 2025, 14,1111

40
40

]
20 _ii T

-20
-40
-60
-80
-100 2 4 5 6 7 Logran

m100pM ®M60pM ®W30pM m15uM M5 pM

Figure 9. Effect of compounds 2 and 4-7 on the stalk length of L. sativum. Shoot length of seedlings
of garden cress seeds exposed to aqueous 0.1% (v/v) DMSO solutions of the tested compounds at
different concentrations. Controls consisted of deionized water with the same concentration of DMSO.
Values are expressed as percentage difference from the negative control, calculated as: shoot length
(%) = [(length — length of negative control)/length of negative control] x 100. Error bars represent
the standard deviation.
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Figure 10. Effect of compounds 2 and 4-7 on the radicle length of L. sativum. Radicle length of
seedlings from garden cress seeds exposed to aqueous 0.1% (v/v) DMSO solutions of compounds
at different concentrations. Controls consisted of deionized water with the same concentration of
DMSO. Values are expressed as percentage difference from the negative control, calculated as: shoot
length (%) = [(length — length of negative control)/length of negative control] x 100. Error bars
represent the standard deviation.
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Figure 11. Effect of compounds 2 and 4-7 on the radicle length of L. sativa. Radicle length of
seedlings from lettuce seeds exposed to aqueous 0.1% (v/v) DMSO solutions of compounds at
different concentrations. Controls consisted of deionized water with the same concentration of
DMSO. Values are expressed as percentage difference from the negative control, calculated as: shoot
length (%) = [(Ilength — length of negative control)/length of negative control] x 100. Error bars
represent the standard deviation.

3. Materials and Methods

General experimental procedures. The Saussurea lappa extract (100 g) was subjected
to chromatographic separation using silica gel column chromatography. The column used
for this process measured 30 cm in height and 10 cm in diameter. The separation was
carried out using a mobile phase consisting of hexane and ethyl acetate in a 95:5 (v/v)
ratio, ensuring effective elution of the desired compounds. After fractionation and purifica-
tion, pure dehydrocostus lactone (DHC) (5.0 g) was successfully isolated. The structural
identity and purity of the isolated DHC were confirmed using various spectroscopic tech-
niques, including 'H and '3C nuclear magnetic resonance (NMR) spectroscopy, as well
as two-dimensional (2D) high-resolution NMR analyses (Table 1). The detailed spectral
data supporting this identification are provided in Figures S2-S7 in the Supplementary
Information (SI).

Table 1. Nuclear magnetic resonance data of DHC.

o Hydrogen COSY dc Carbon
0.82-0.72 8 8 x8,9x%x8,7x8 30.7 8
1.60-1.46 28,9 9 x 14,7 x8,8 x8,9 x9,1x2 304 2

1.98 9 8,9,7,14 32.8 3

211 7 6x77x%x87x8,7x13,7x13 364 9
2.41-2.20 1,3,3',5 (m) 1x2,1x2,3%x2,3x2,1x14 447 7

3.48 6 (t, ] =8 Hz) 6x7,5x%x6 47.5 5

4.60 14,14’ (m) 1x14,9 x 14,9 x 14 52.1 1

4.87 13/ (d, ] =4 Hz) 13/ x 7,13 x 13/ 84.4 6

5.07 15" (m) 15" x 5,15 x 3,15 x 3 109.7 15

5.46 15 (m) 15 x 5,15 x 3,15 x 3 112.0 14

6.11 13 (d,J=4Hz) 13 x 7,13 x 13/ 118.8 13

140.7 4
149.6 10
151.4 11
169.2 C=0
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Epoxide derivatives—(3aS$,95,9bS)-3,6-dimethylenedecahydro-2H-spiro[azuleno[4,5-
b]furan-9,2’-oxiran]-2-one (1), (3aS,9R,9bS)-3-methylenedecahydro-2H-spiro[azuleno[4,5-
b]furan-9,2’-oxiran]-2-one (2), (3aS,6R,9bS)-3,9-dimethylenedecahydro-2H-spiro[azuleno[4,5-
b]furan-6,2"-oxiran]-2-one (3), (2R,3a’S,9'R,9b’S)-3'-methyleneoctahydrodispiro[oxirane-
2,6'-azuleno[4,5-b]furan-9’,2"-oxiran]-2'(3'H)-one (4) and the diol (3aS,95,9bS)-9-hydroxy-
9-(hydroxymethyl)-6-methylenedecahydroazuleno[4,5-b]furan-2(3H)-one (5)—were pre-
pared by epoxidation reaction of DHC with meta-chloroperbenzoic acid. All the structures
were confirmed by high resolution NMR spectroscopy (the compounds were separated by
HPLC, analytic column, refractive index detector, and characterized by 1H and 13C NMR,
n.O.e experiments, HSQC and HMBC).

3.1. Synthetic Procedures

Epoxidation of DHC. meta-chloroperbenzoic acid (0.79 g, MW 172.57 g/mol,
4.58 mmol) in 15 mL anhydrous dichloromethane (DCM) was added to an ice cooled
suspension of DHC (0.50 g, MW 230 g/mol, 2.17 mmol), anhydrous sodium acetate (0.46 g,
MW 82.03 g/mol, 5.61 mmol), and powder molecular sieves (2 g) in anhydrous DCM
(10 mL). The ice bath was removed, and the reaction mixture was stirred for 3 h. The
mixture was fractioned through a neutral alumina column and eluted with DCM (100 mL)
and a mixture of hexane—ethyl acetate 20% (500 mL). The fractions were combined and
concentrated under reduced pressure to afford clear yellow oil (0.270 g). The oily residue
(4 mg) was dissolved in hexane—ethyl acetate 60% (0.2 mL) and injected in the HPLC with
semi-preparative column eluting with hexane—ethyl acetate 60%. The reaction yield was
calculated employing the chromatogram obtained.
(3aS,95,9bS)-3,6-dimethylenedecahydro-2H-spirolazuleno[4,5-b] furan-9,2'-oxiran]-2-one (1)
[¢]p = 10.1 (methanol). IRT ecm~1: 2931, 1768, 1638, 1259, 1140, 999. '"H NMR (400 MHz,
C¢Dg): 6 6.06 (dd, ] = 0.4, 2.8 Hz, H13), 4.81 (dd, ] = 0.4, 2.8 Hz, H13'), 4.64 (d, ] = 4.8 Hz,
H14), 4.61 (d, ] = 4.8 Hz, H14'), 3.31 (d, ] = 4.8 Hz, H15), 3.23 (dd, ] = 8.8, 11.0 Hz, H6), 2.76
(q,] =8 Hz, H1), 2.57 (d, ] = 4.8 Hz, H15'), 1.71-1.94 (m, H2, H3, H5, H7, H9), 1.38-1.56 (m,
H2/, H3/, H8, HY'), 0.67-0.77 (m, H8'). 13C NMR (100 MHz, C¢Dg): 6 28.7 (C2), 29.6 (C8),
31.7 (C3), 33.1 (C9), 45.5 (C7), 47.02 (C1), 49.6 (C15), 53.4 (C5), 65.8 (C4), 81.0 (C6), 113.5
(C14), 118.6 (C13), 140.5 (C10), 148.6 (C11), 168.7 (C=0).
(3aS,9R,9bS)-3-methylenedecahydro-2H-spirolazuleno[4,5-b] furan-9,2'-oxiran]-2-one (2)
[a]p = —20.0 (methanol). IR 7 cm™': 2930, 1767, 1635, 1260, 1130, 995. 'H NMR
(400 MHz, C¢Dg): 6 6.03 (d, ] = 3.2 Hz, H13), 4.88 (m, H14), 4.82 (d, ] = 3.2 Hz, H13/), 4.74
(m, H14'), 3.80-3.83 (m, H6, d, ] =12 Hz, H15), 3.31 (d, ] =12 Hz, H15), 2.22-2.29 (m, H1),
2.12 (dt, J=4, 12 Hz, H7), 1.87-1.96 (m, H5, H3'), 1.63-1.77 (m, H2/, H3), 1.40-1.54 (m, H2,
H9, HY'), 1.29-1.36 (m, H8), 0.60-0.77 (m, H8'). 13C NMR: (100 MHz, C¢Dg): 6 24.4 (C8),
26.7 (C2), 32.4 (C3), 35.5 (C9), 44.3 (C7), 45.4 (C1), 49.4 (C15), 50.3 (C5), 57.1 (C4), 83.4 (C6),
108.9 (C14), 118.9 (C13), 140.4 (C10), 151.4 (C11), 168.9 (C=0).
(3aS,6R,9bS)-3,9-dimethylenedecahydro-2H-spiro[azuleno[4,5-b]furan-6,2'-oxiran]-2-one (3)
[a]p = —7.80 (methanol). IR & cm™~: 2933, 1765, 1257, 1149, 999. 'H NMR (400 MHz,
CgDg): 6 5.32-5.33 (m, H15), 4.92-4.95 (m, H15'),4.84 (d, ] = 2.8 Hz, H13/),3.41 (dd, ] =8,
10 Hz, He6), 2.32-2.37 (m, H5), 2.00-2.15 (m, H7, H3, H3’, H14), 1.88-1.96 (m, H1, H14'),
1.27-1.53 (m, H2, H2/, H8, H9), 1.12-1.18 (m, HY’), 0.59-0.69 (m, H8). 13C NMR (100 MHz,
CgDg): 6 24.5 (C2), 26.6 (C8), 32.3 (C3), 35.4 (C9), 44.2 (C7), 45.3 (C1), 49.3 (C14), 50.5 (C5),
57.1 (C10), 83.4 (C6), 108.8 (C15), 119.1 (C13), 140.3 (C11), 151.4 (C4), 169.1 (C=0).
(2R,3a’S,9'R,9b’S)-3'-methyleneoctahydrodispiro[oxirane-2,6'-azuleno[4,5-blfuran-9',2'-oxiran]-
2'(3'H)-one (4)
[a]p = 15.5 (methanol). IR 5 cm™!: 2935, 1767, 1256, 1130, 999. 'H NMR (400 MHz,
Cg¢Dg): 6 6.10 (d, ] = 2.8 Hz, H13), 4.82 (d, ] = 2.8 Hz, H13’), 3.63 (dd, ] = 9.2, 10 Hz, H6),

11



Plants 2025, 14,1111

3.12(d, ] =44 Hz, H15),2.71 (dd, | =2, 4.4 Hz, H14),2.35 (d, | = 4.8 Hz, H15"), 2.06-2.17
(m, H5, H14’, H15’), 1.86-1.91 (m, H1, H7), 1.54-1.65 (m, H2, H3), 1.36-1.49 (m, H2’, H9),
1.21-1.30 (m, H8), 1.12-1.18 (m, H3’, HY"), 0.50-0.61 (m, H8"). 13C NMR (100 MHz, C¢Ds): &
224 (C2),27.1(C8),32.7 (C3), 38.6 (C9), 43.6 (C5), 44.1 (C7), 47.3 (C14), 47.4 (C1), 48.4 (C15),
56.2 (C10), 64.6 (C4), 80.4 (C6), 119.3 (C13), 139.5 (C11), 168.9 (C=0).

(3aS,95,9bS)-9-hydroxy-9-(hydroxymethyl)-6-methylenedecahydroazuleno[4,5-b]furan-2(3H)-
one (5)

[a]p = 19.2 (methanol). IRT em~!: 3472, 2937, 1770, 1257, 1131, 996. 'H NMR (400 MHz,
CoDg): 64.07 (d, ] = 3.6 Hz, H13), 4.89-4.90 (m, H14), 4.83 (d, ] = 3.6 Hz, H13), 4.77-4.78 (m,
H14'),3.88 (t, ] = 9.6 Hz, H6), 3.01 (d, ] = 4.8 Hz, H15), 2.36 (d, ] = 4.8 Hz, H15'), 2.22-2.27
(m, H1), 1.96 (t, ] = 9.2 Hz, H5), 1.74-1.85 (m, H2, H3, H9), 1.42-1.66 (m, H2/, H3/, H8, HY'),
0.71-0.81 (m, H8'). 13C NMR (100 MHz, C¢Dg):  29.4 (C2), 31.0 (C8), 33.4 (C3), 38.5 (C9),
44.3 (C7), 46.3 (C1), 47.6 (C15), 49.0 (C5), 64.3 (C4), 81.0 (C6), 112.5 (C13), 118.9 (C14), 139.9
(C11), 149.3 (C10), 169.1 (C=0).

Synthesis of Sa-hydroxy-isozaluzanine C (11). Selenium oxide (2 eq. molar) and tert-
butylhydroperoxide (2 eq. molar) were added to a solution of DHC (0.50 g, MW 230 g/mol,
2.17 mmol) in anhydrous DCM (50 ML) and stirred for 4 h under nitrogen atmosphere.
Hydroxy-isozaluzanine C was fractioned in a column of silica gel and purified by HPLC
(semi-preparative column; hexane—ethyl acetate 8:2) in 35% yield according to the previ-
ously reported conditions [48].

Synthesis of 13-oxo-epi-costuslactone. Aqueous sodium carbonate (20%) was added
dropwise to a solution of DHC (0.200 g) in HMPA (20 mL) until it became turbid (around
16 mL). The reaction mixture was magnetically stirred and heated at 90 °C for 6 days.
The mixture was extracted with ethyl acetate (4 x 10 mL) and the combined organic
phases were washed with 2M aqueous hydrochloric acid (3 x 10 mL), 20% aqueous
sodium carbonate (2 x 10 mL), and brine (2 x 10 mL). The organic phase was dried
with anhydrous sodium sulphate, filtered, and concentrated under reduced pressure. The
mixture of 13-hydroxycostuslactone and 13-hydroxy-epi-costuslactone was oxidized to
the corresponding aldehyde using Dess—Martin periodinane according to the previously
reported conditions [49].

3.2. Coleoptile Bioassay

Wheat seeds (Triticum aestivum) were sown in 15 cm diameter Petri dishes lined with
moist filter paper and incubated in darkness at 25 °C for three days [50]. Coleoptiles
measuring 25-35 mm in length were selected under a green safelight. A 3 mm section
from the tip was removed and discarded, while the next 4 mm segment was used for the
bioassay. After cutting, coleoptiles were soaked in distilled water for one hour before
being randomly selected and placed in vials containing the test solutions. The commercial
herbicide Logran (Novartis), containing 2-(2-chloroethoxy)-N-[[(4-methoxy-6-methyl-1,3,5-
triazin-2-yl)amino]carbonyl] benzene-sulfonamide (Triasulfuron), was used as an internal
positive reference.

Fractions were tested at concentrations of 1000, 600, 300, 100, 30, and 10 uM in a
buffered nutritive aqueous solution (citric acid-sodium hydrogen phosphate buffer, pH
5.6; 2% sucrose). Stock solutions were prepared in DMSO and diluted with the buffer to
achieve the desired concentrations, ensuring a final DMSO concentration of no more than
0.5% v/v. The control consisted of nutritive aqueous solution containing DMSO 0.5% v/v.
Subsequent dilutions maintained the same buffer and DMSO concentrations.

Bioassays were conducted in 10 mL test tubes, with each tube containing five coleop-
tiles immersed in 2 mL of test solution. Three replicates were prepared for each test solution,
and all experiments were performed in duplicate. The test tubes were placed in a roller
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tube apparatus and rotated at 6 rpm for 24 h at 22 °C in darkness. Results are displayed as
percentage differences from the control in bar charts. A value of zero represents the control,
while positive values indicate stimulation of the measured parameters, and negative values
indicate inhibition [15].

3.3. Seed Germination Bioassay

The bioassays consisted of the germination of 25 seeds in the absence of light at
25 °C on 5 cm Petri plastic plates containing Whatman N° 1 filter paper, and 5 mL of the
test or control solution. The stock solutions were prepared using DMSO (0.1% v/v) and
the test solutions were obtained from the dilution of that stock solution. The commer-
cial herbicide Logran (Novartis), containing 2-(2-chloroethoxy)-N-[[(4-methoxy-6-methyl-
1,3,5-triazin-2-yl)amino]carbonyl] benzenesulfonamide (Triasulfuron), was used as an
internal reference.

Controls consisted of deionized water containing 0.1% (v/v) DMSO. Three repetitions
of each treatment were carried out with concentrations of 100, 60, 30, 15, 5 mM and control.
The species tested were as follows (incubation time between parentheses): Allium cepa
L. (onion, monocotiledone, 5 days), Lactuca sativa L. (lettuce, dicotyledone, 5 days), and
Lepidum sativum L. (garden cress, dicotyledone, 3 days). The statistical analysis of the data
was carried out using Welch’s test. The significance levels were set at 0.01 and 0.05, meaning
that differences were considered statistically significant if the probability of obtaining the
observed results by chance was less than 1% (p < 0.01) or 5% (p < 0.05) [51].

4. Conclusions

In this study, five novel compounds were successfully synthesized from dehydrocostus
lactone, a bioactive sesquiterpene lactone known for its diverse biological properties. A total
of seven compounds were systematically evaluated for their coleoptile activity, assessing
their potential effects on the elongation and growth of the coleoptile, an essential structure
in seedling development. Additionally, five of these compounds were further tested for
their herbicidal activity against three distinct plant species: Allium cepa (onion), Lepidium
sativum (garden cress), and Lactuca sativa (lettuce). These plant species were selected due to
their rapid germination and sensitivity to growth inhibitors, making them ideal models for
herbicidal screening.

Among the lactone derivatives evaluated in this study, compound 4, which was
synthesized through the epoxidation of dehydrocostus lactone (DHC), emerged as the
most potent inhibitor of plant growth. This compound demonstrated the highest inhibitory
activity, significantly reducing the growth of L. sativum. Specifically, it exhibited an 80%
inhibition of stalk length and an even greater 88% inhibition of radicle length of garden
cress, indicating a strong growth-suppressing effect. In contrast, the majority of the other
tested compounds stimulated the growth of L. sativum, further emphasizing the unique
and powerful inhibitory nature of compound 4. These findings suggest that this compound
holds promising potential as a natural herbicidal agent, capable of effectively limiting
plant development.

A possible explanation for the enhanced biological activity of compound 4 lies in the
presence of two epoxide functional groups within its molecular structure. Epoxides are
well known for their high electrophilicity, making them highly reactive toward nucleophilic
attack by biomolecules, including plant enzymes. This reactivity allows epoxides to interact
with key enzymatic pathways involved in plant growth and development, potentially
leading to enzyme inhibition or disruption of metabolic processes essential for cell division
and elongation. Consequently, the presence of two epoxide groups in compound 4 may
significantly enhance its herbicidal potency, as it provides multiple reactive sites that
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increase its likelihood of interfering with plant biochemical mechanisms. This structural
feature likely accounts for the superior inhibitory effects observed in the growth of L.
sativum when compared to other tested compounds.

Future studies should focus on evaluating the stability of the synthesized compounds
in environmental conditions, particularly in soil and water, to assess their biodegradability.
Understanding the degradation pathways and persistence of these compounds is essential
for determining their environmental impact and ensuring their suitability for agricultural
applications. Additionally, bioassays should be conducted to assess the effects of the
synthesized compounds on beneficial organisms, such as natural enemies of pests and
pollinators, including ladybirds and bees. Evaluating their impact on these non-target
species is crucial for determining the ecological safety of the compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants14071111/s1, Figures S1-540; Tables S1-511.
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Abstract: This study aims to assess the potential anticancer activity of lemongrass essential
oil (LEO) using in vitro and in silico methods. The steam hydrodistillation of the aerial
parts yielded 3.2% (wt) LEO. The GC-MS analysis of the LEO revealed the presence of o-
citral (37.44%), -citral (36.06%), linalool acetate (9.82%), and d-limonene (7.05%) as major
components, accompanied by several other minor compounds. The antioxidant activity,
assessed using the DPPH assay, revealed that LEO exhibits an ICs, value of 92.30 pug/mL.
The cytotoxic effect of LEO, as well as LEO solubilized with Tween-20 (LEO-Tw) and PEG-
400 (LEO-PEG), against a series of cancer cell lines (A375, RPMI-7951, MCF-7, and HT-29)
was assessed using the Alamar Blue assay; the results revealed a high cytotoxic effect
against all cell lines used in this study. Moreover, neither one of the tested concentrations of
LEO, LEO-PG, or LEO-TW significantly affected the viability of healthy HaCaT cells, thus
showing promising selectivity characteristics. Furthermore, LEO, LEO-PG, and LEO-TW
increased ROS production and decreased the mitochondrial membrane potential (MMP) in
all cancer cell lines. Moreover, LEO treatment decreased all mitochondrial respiratory rates,
thus suggesting its ability to induce impairment of mitochondrial function. Molecular
docking studies revealed that LEO anticancer activity, among other mechanisms, could
be attributed to PDK1 and PI3K«, where the major contributors are among the minor
components of the essential oil. The highest active theoretical inhibitor against both
proteins was 3-caryophyllene oxide.

Plants 2025, 14, 1341 https://doi.org/10.3390/plants14091341
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1. Introduction

Anticancer treatments have advanced significantly in recent decades, with novel
emerging therapies triggered by the inherent challenges to conventional agents such as
multidrug cell resistance and severe side effects [1]. Although providing superior clinical
outcomes, such new strategies come with high costs and challenges of their own (i.e.,
ability to evade the immune response, development of efficient and biocompatible delivery
systems, etc.) [2]. Given that cancer retains high incidence and mortality worldwide,
making it a leading cause of death [3], there is continuous pressure to develop new agents
able to provide more effective and selective alternatives for cancer treatment. Plants
have provided numerous molecular scaffolds with anticancer efficacy but also various
compounds valuable as adjuvants during chemotherapy, able to synergize with antitumor
drugs in terms of acting as drug sensitizers, reducing resistance to drugs or alleviating
drug side effects [4].

Essential oils are mixtures of volatile secondary metabolites of plant origin that have
developed as part of the plant’s chemical defense system against external threats such as
herbivores, insects, or microorganisms, and they exhibit intrinsic pharmacological proper-
ties. They have been used extensively for the prevention and treatment of various diseases,
including cancer [5]. Essential oils display a complex chemical composition containing
up to 300 different molecules, among which phenols, alcohols, and aldehydes were found
to induce the strongest antitumor properties by means of various mechanisms including
cancer prevention, direct effects against cancer cells, and the tumor microenvironment [6].

Lemongrass essential oil (LEO) from Cymbopogon flexuosus was tested as an anticancer
agent against colon, lung, cervix, oral, prostate, and leukemia cancer cells and showed
strong cytotoxic effects through dose-dependent apoptosis; the in vitro effects correlated
with the in vivo dose-dependent inhibition of tumor growth in the animal models of solid
tumors [7]. LEO, as well as its main constituents citral and geraniol, were identified as ef-
fective antiproliferative agents in MCF7 breast cancer cells through the inhibition of HSP90
chaperone protein [8]; additionally, citral exhibits selective cytotoxic activity against breast
cancer cells [9]. Citral induces multiple anticancer molecular mechanisms that include the
accumulation of ROS in cancer cells with subsequent DNA damages and the inhibition of
tubulin polymerization and aldehyde dehydrogenase isoform ALDH1A3, which favors
cancer proliferation and chemoresistance [10]; moreover, other minor components in lemon-
grass essential oil induce cytotoxic effects through various mechanisms. However, despite
the numerous papers reporting the direct correlation between the anticancer activity of
LEO and its citral content, one study published in 2020 by Viktorova et al. revealed that
neither the anticancer nor the antimicrobial activity of LEO are caused by the presence
of citral; the authors concluded that the natural mixture of compounds identified in LEO
presumably induce synergistic effects, and their use as a whole is more beneficial that the
use of pure citral [11].

The current study aims to assess the potential of LEO, extracted from Cymbopogon
citratus L., to act as an anticancer agent against a series of cancer cell lines (A375, RPMI-7951,
MCEF-7, and HT-29); the comparative assessment with pure citral was conducted as well.
Additionally, the underlying molecular mechanisms were investigated by in silico methods.
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2. Results
2.1. Chemical Composition of LEO

The steam hydrodistillation of the aerial parts of Cymbopogon citratus L. yielded 3.2%
(wt) of a pale yellow to light greenish-yellow oil with a characteristic citrus-like lemony
odor. The GC-MS analysis of the LEO revealed the presence of «-citral (37.44%), [3-citral
(36.06%), linalyl acetate (9.82%), d-limonene (7.05%), and (3-caryophyllene (6.73%) as major
components, accompanied by several other minor compounds, as shown in Table 1.

Table 1. Chemical composition of LEO determined through GC-MS.

No Compound Name RT RICale AI é;;: %
1 Terpinolene 5.61 975 0.05
2 d-Limonene 5.96 994 1024 7.05
3  Eucalyptol 6.19 1005 0.12
4  p-Cymene 7.28 1063 1020 0.23
5  6-Methyl-5-hepten-2-one 8.61 1133 1.20
6  Citronellal 11.45 1283 1148 2.06
7 o-Cubebene 11.76 1299 1387 0.18
8 1,2,5,5-Tetramethyl-1,3-cyclopentadiene = 12.07 1316 0.11
9  Triluoroacetyl-lavandulol 12.22 1324 0.18
10  Ethenyl-cyclohexane 12.74 1351 0.27
11 Linalyl acetate 13.30 1381 1254 9.82
12 B-Caryophyllene 13.86 1410 1418 6.73
13 Humulene 15.27 1484 0.93
14 B-Citral 15.53 1498 1316 36.06
15  «-Citral 16.48 1548 1338 37.44
16 Neryl acetate 16.80 1565 1359 243
17 B-Caryophyllene oxide 20.83 1778 0.66

2.2. Determination of the Antioxidant Activity of LEO

LEO antioxidant scavenging activity was determined by employing 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and [2,2/-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)] (ABTS)
radical scavenging assays. Pure ascorbic acid (AA) and butylated hydroxyanisole (BHA)
were used as positive controls in the DPPH assay. For the ABTS assay, 1 mg/mL solutions
of AA and BHA were used as standard references to determine percentage inhibition. The
results are presented in Table 2.

Table 2. Scavenging antioxidant activity of LEO determined by DPPH and ABTS scavenging assays.

Sample ICs5p (ug/mL) ABTS (Inh%)
LEO 92.30 + 18.00 78.20 + 0.040
AA 12.67 +5.28 88.84 + 0.002
BHA 6.36 + 13.56 88.79 £+ 0.002
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2.3. LEO Effect on Cell Viability

LEO presented diverse effects depending on the cell line and tested concentration.
The HaCaT cells did not show a significant decrease in viability after LEO, LEO-PEG, and
LEO-Tw treatments, even at the highest tested concentrations (200 pg/mL) (Figure 1A).
The viability of all the cell lines treated for 48 h with PEG-400 and Tween 20 alone did
not significantly differ from the control. Meanwhile, cellular viability was significantly
affected in the cancer cell lines. A dose-dependent drop in viability was observed in
the case of A375 cells, in which stimulation with 100 pg/mL and 200 pg/mL LEO re-
sulted in 32.3 & 6.1% and 16.5 £ 5.9% cell viability vs. control (100%); treatment with 100
pg/mL and 200 ug/mL LEO-PEG decreased the viability to 19.7 &+ 12.3% and 14.6 & 3.1%;
and treatment with 100 pg/mL and 200 pg/mL LEO-Tw reduced the viability to 23.7
£ 3.9% and 9.2 + 0.8% vs. 200 ng/mL citral (28.43 & 6.65%) and vs. control (100%)
(Figure 1B). Compared to A375, in the other melanoma cell line, RPMI-7951, citral, LEO,
and LEO formulations decreased viability vs. control; however, it was to a lesser degree
than in A375 as follows: 54.21 4 7.13% (citral), 56.22 4= 3.11% (LEO 100 nug/mL), 46.42 +
5.05% (LEO 200 pg/mL), 42.91 & 5.51% (LEO-PEG 100 pg/mL), 35.13 = 5.41% (LEO-PEG
200 png/mL), 40.88 £ 4.90% (LEO-Tw 100 ug/mL), and 31.17 & 5.38% (LEO-Tw 200 pg/mL)
(Figure 1C). Similarly, HT-29 colorectal cancer cells were affected in a dose-dependent
manner: 40.6 & 5.1% and 27.8 &£ 6.4% of the cells remained viable after 100 ug/mL and 200
ng/mL LEO treatment, respectively; the viability decreased to 43.7 £ 3.9% and 16.4 £ 7.1%
after 100 pg/mL and 200 pg/mL LEO-PEG treatment and to 28.2 £ 6.0% and 21.6 & 6.4%
after 100 pg/mL and 200 pg/mL LEO-Tw treatment. Citral decreased HT-29 cell viability
to 46.24 £ 3.60% (Figure 1D). In MCEF-7 cells, treatment with 200 ng/mL citral decreased
cell viability to 46.20 £ 6.04%, whereas treatment with 100 pg/mL and 200 pg/mL LEO,
LEO-PEG, and LEO-Tw decreased cell viability to 46.58 £ 6.90% and 36.52 & 7.08% (LEO),
39.33 4 6.38% and 22.72 £ 4.04% (LEO-PEG), and to 40.25 + 8.91% and 25.57 + 4.72%
(LEO-Tw) (Figure 1E).

The morphology of HaCaT cells remained unaltered following treatment with LEO,
LEO-PEG, and LEO-Tw, showing preserved cell shape, adherence, and increased conflu-
ence, as observed in Figure 2. In contrast, all tested compounds induced marked cytotoxic
effects in the cancer cell lines A375, RPMI-7951, MCF-7, and HT-29; the morphological
assessment revealed characteristic signs of cell death, including loss of adherence, cell
shrinkage, and rounding (Figure 2).

2.4. LEO Increases ROS Production

The ROS production in A375, RPMI-7951, MCEF-7, and HT-29 cell lines after 24 h
treatment with LEO, LEO-PEG, and LEO-Tw (100 pg/mL) was measured using the 2/,7'—
dichlorofluorescein diacetate (DCFDA) assay. Tert-butyl hydroperoxide (TBHP, 50 uM)
was used as a positive control. The results show that in A375 cell lines, treatment with
LEO alone and formulated with PEG-400 and Tween 20 can significantly increase ROS
production vs. control (100) as follows: 162.2 4= 10.11 (LEO), 178.7 & 9.61 (LEO-PEG), and
179.8 £+ 14.87 (LEO-Tw) (Figure 3A). A similar increase in ROS production vs. control
was also observed after the treatment with LEO, LEO-PEG, and LEO-Tw in RPMI-7951
(135.4 £17.25, 145.1 + 13.73, and 143.2 &+ 8.58), MCEF- 7 (152.5 £ 16.55, 162.0 £ 14.94,
and 159.7 £ 8.35), and HT-29 (127.6 + 9.60, 134.9 £ 13.14, and 125.1 £ 11.51) cell lines
(Figure 3B-D).
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Figure 1. Cellular viability of HaCaT (A), A375 (B), RPMI-7951 (C), MCF-7 (D), and HT-29 (E) cells
after 48 h stimulation with 100 pg/mL and 200 pg/mL simple LEO water dispersion, LEO-PEG,
and LEO-Tw. The results are defined as cell viability percentage compared to control (100%) and
expressed as mean values =+ SD of three individual experiments (*** p < 0.001).

2.5. LEO Decreases Mitochondrial Membrane Potential

In healthy mitochondria, the monomer form (green fluorescence) of the JC-1 dye
enters the mitochondria and forms JC-1 aggregates that emit red fluorescence; in con-
trast, in dysfunctional mitochondria where the normal MMP is disrupted (depolarization),
the JC-1 cannot enter the mitochondria, and the aggregate/monomer ratio (red/green
form) decreases. Thus, the changes in the MMP were evaluated by measuring the aggre-
gate/monomer ratio in A375, RPMI-7951, MCF-7, and HT-29 cells exposed for 24 h to
100 pg/mL LEO, CEO-PEG, and CEO-Tw (Figure 4). Treatment with LEO, LEO-PEG, and
LEO-Tw decreased the aggregate/monomer ratio in all tested cell lines, thus suggesting
that LEO essential oil can induce MMP depolarization. Specifically, the strongest effect was
observed in the A375 cell line as follows: 0.49 + 0.08 (LEO), 0.47 + 0.10 (LEO-PEG), and
0.42 & 0.06 (LEO-Tw) (Figure 4A). In comparison, in RPMI-7951, the effects were less pro-
nounced, with LEO decreasing the aggregate/monomer ratio to 0.79 & 0.03, LEO-PEG to
0.69 £ 0.05, and LEO-Tw to 0.65 = 0.07 (Figure 4B). In HT-29, the aggregate/monomer ratio
decreased to 0.60 + 0.05 (LEO), 0.54 4+ 0.09 (LEO-PEG), and 0.56 + 0.07 (LEO-Tw), whereas
in MCF-7, the values were 0.52 + 0.05 (LEO), 0.45 + 0.09 (LEO-PEG), and 0.41 4+ 0.06
(LEO-Tw) vs. control (1) (Figure 4C,D).
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Figure 2. HaCaT, A375, RPMI-7951, MCE-7, and HT-29 cell line morphologies after 24 h treatment
with LEO (1%), LEO-PEG, and LEO-Tw (200 pug/mL) vs. control.

22



Plants 2025, 14, 1341

A A375 B RPMI-7951
400-
g g
E g
=] =}
g g
wn wn
<]
g g

ROS production
ROS production

Figure 3. Assessment of ROS production in A375 (A), RPMI-7951 (B), MCE-7 (C), and HT-29 (D) cells
exposed for 24 h to 100 ug/mL LEO, CEO-PEG, and CEO-Tw. Tert-butyl hydroperoxide (TBHP, 50 uM)
was used as a positive control. The data represent the results of three independent experiments and
are presented as the mean &+ S.D (* p < 0.05, ** p < 0.01, and *** p < 0.001).

2.6. LEO Effect on Mitochondrial Function

The mitochondrial respiratory rates of permeabilized A375, RPMI-7951, MCF-7, and
HT-29 cancer cells after treatment with 1% LEO was assessed using high-resolution
respirometry. In all tested cancer cell lines, LEO significantly decreased all oxygen con-

sumption rates (Figure 5, Table 3).

2.7. Molecular Docking of LEO Components

In the current study, a molecular docking-based method was employed to determine
possible cancer-related protein targets for the 17 LEO components. The theoretical inhibition
of these protein targets by LEO components could be related to the LEO in vitro anticancer
cytotoxic activity. Subsequently, we docked the aforementioned compounds into the
binding site of druggable protein targets whose overexpression is often correlated with
carcinogenesis, increased cell proliferation, and survivability within various types of cancer;
the chosen protein targets for the in silico experiment were the vascular endothelial growth
factor receptor 2 (VEGFR?2), the epidermal growth factor receptor 1 (EGFR1), dual specificity
mitogen-activated protein kinase 1 (MEK1), phosphoinositide-dependent kinase-1 (PDK1),
phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform (PI3K«),
phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit gamma isoform (PI3K ),
mammalian target of rapamycin (mTOR), protein kinase B (AKT/PKB), apoptosis regulator
Bcl-2 (Bcl-2), and apoptosis regulator Bcl-XL (Bcl-XL). The obtained docking scores for
compounds 1-17 and the native ligands (NLs) for each target, used as positive controls, are

given in Table 4.

23



Plants 2025, 14, 1341

1.59

Aggregate/monomer ratio g¥

Aggregate/monomer ratio 5>

[
n
1
[
0
1

[
(=]
1
[
(=]
1

0.5+

=
0]
1

Aggregate/monomer ratio @)
Aggregate/monomer ratio J
%
*

54
=

Figure 4. MMP, expressed as the JC-1 aggregate/monomer ratio of A375 (A), RPMI-7951 (B), MCEF-
7 (C), and HT-29 (D) cells exposed for 24 h to 100 ng/mL LEO, CEO-PEG, and CEO-Tw. FCCP
(50 uM) was used as a positive control. The results are expressed as mean £ SD; n = 3 per group,
**p <0.01, and ** p < 0.001.

Docking scores were recorded as binding affinity values (kcal/mol), which implies
that the lower the negative value, the greater the inhibitory potential of that compound.
Neither of the docked compounds showed lesser binding affinities than the NLs, which
served as positive controls. Nonetheless, to compare the 17 compounds’ combined effect
against a specific protein target, all collected docking results were computed as a percentage
of their respective NL's docking result; these values were plotted as a radar graph, with
each corner representing one of the 10 protein targets used. If an overall inhibitory tendency
towards certain proteins is present, the graph should show lines (indicating affinity values)
that are orientated closer to one or more corners (proteins) of the graph. In this situation,
the compounds’ affinity lines are drawn closer to PDK1 and PI3K« (Figure 6A). We divided
the first graph into two subgraphs representing the major (compounds 2, 11, 12, 14, and
15) and minor components to see if the affinity trend holds in both situations. Figure 6B,C
shows that there is a consistent preference for PDK1 and PI3K« among LEO components.
Having said that, among the major constituents, only compound 12 (f3-caryophyllene)
has a fairly substantial inhibitory potential for PDK1, scoring 85% of the native ligand’s
docking score. However, the cumulative contribution towards PDK1 and PI3K« is, to
a higher degree, attributed to the effect of minor components such as compound 17 (3-
caryophyllene oxide), 13 (humulene), or 7 («-cubebene). 3-caryophyllene oxide (BCO) was
the most active theoretical inhibitor of both PDK1 and PI3K«, excluding the NLs. This
aspect is clearly visible from the graphs, where the line corresponding to compound 17 is
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depicted in dark red (Figure 6B,C). Moreover, apart from the case of PI3Ky, Bcl-XL, and
mTOR, the same structure was overall ranked as the highest theoretically active compound.
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Figure 5. Mitochondprial respiratory rates of permeabilized A375 (A), RPMI-7951 (B), MCF-7 (C), and
HT-29 (D) cells after treatment with 1% LEO. Results are expressed as mean values £ SD of three
independent experiments (* p < 0.05, ** p < 0.01, and ** p < 0.001).
Table 3. The mean mitochondrial respiratory rates [pmol/(sec x million cells)] after the treatment of
RPMI-7951, HT-29, A431, and NCI-H460 cells with eugenol and LEO.
State 2 OXPHOSCI OXPHOSCI +1I State 4 ETSC[ +1I ETSCI
A375 Control 8.58 249 41.58 10.97 51.53 32.84
LEO 3.64 ** 13.97 * 25.03 *** 5.443 ** 34.36 *** 23.32 **
Control 5.21 18.75 31.12 6.505 39.18 24.04
RPMI-7951 LEO 284 1356+ 2057 331+ 28,79 %+ 15.54
MCE-7 Control 9.69 30.45 50.02 17.49 62.03 44.67
) LEO 5.32% 16.07 *** 32.53 *** 9.66 ** 38.88 *** 27.89 **
HT-29 Control 6.603 31.56 44.90 8.40 51.60 29.32
) LEO 3.57 * 24.88 ** 33.62 *** 4.35 ** 40.72 *** 2291 **

(*p <0.05,**p <0.01, and *** p < 0.001).

In the case of PDK1, p-caryophyllene oxide interacts with the binding site of the
target protein exclusively through hydrophobic interactions with amino acids such as
LEUS88, VAL96, ALA109, LEU159, and LEU212 (Figure 7). The same compound exhibits a
similar binding pattern when docked into the PI3K« binding site. The molecule establishes
multiple hydrophobic interactions with adjacent amino acids (TRP780, ILES800, TRP836,
VALS50, VALS851, MET922, PHE930, ILE932), but it also interacts with the binding site via a
hydrogen bond with VAL851. The interaction binding pattern is depicted in Figure 8.
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Table 4. Recorded docking scores (binding affinity) for the 17 LEO components.

Protein Targets

Compound Egfrl  Vegfr2 Mekl Akt PI3Kex mTOR Bcl-2 Bd-XL PI3Ky PDK1

Binding Affinity (kcal/mol)

NL —-10.9 —12.1 —94 —94 —8.8 —11.2 —-11.3 —10.8 —-9.3 —8.7
1 —6 -7 —6.3 —6.3 -5.8 —6.3 -59 -59 -59 —-6.5
2 -59 —6.5 —6.6 —6 -57 —6 -5.5 —6 —6 —6.2
3 —-59 —-59 —-54 -5 =51 —4 —-55 —6.2 52 -5
4 —-5.7 —6.6 —6.6 -59 —-5.7 -59 —5.8 —-5.9 —6.1 —6.2
5 —5.1 —5.7 52 —4.9 —51 —4.9 —4.8 —5.2 —52 —4.8
6 —55 —6.1 —-54 -5 —-5.6 —-55 —=5.1 —54 —-59 -5.6
7 -7.1 —6.5 —6.4 —6.3 —6.5 -59 —6.6 —7.8 —6.9 -7.3
8 —5.6 —6.1 —5.8 -59 —5.6 —5.7 =51 —-55 —54 57
9 -7 —6.9 —6.7 —-5.8 —6.8 -5.8 —6.8 —6.9 —6.8 —6.4
10 —51 —5.6 —5.5 —-53 —4.9 -5 —4.9 —5.2 =51 -5
11 —6.3 —6.8 —-57 -52 -59 -55 —5.6 —-5.7 —6.4 -5.6
12 —7.2 —7.1 —6.6 —6.2 —6.6 —6.8 —6.9 -7 —6.5 —74
13 —6.9 —6.7 —6.7 —5.8 —6.3 —57 —6.8 —7.2 —6.2 —7.5
14 —5.5 —6.2 —-5.5 -55 -59 -53 —-52 —5.6 —6 —-5.6
15 —55 —6.3 —-54 -53 —-57 —5.8 —55 —55 —6.2 —-54
16 —6.8 -7 —6.1 -59 —6 —6 —5.3 -59 —6.5 —6
17 —7.1 -7.3 —6.8 —6.4 —6.5 —6.3 —7.1 -7 —6.5 -79
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mTOR kinase mTOR kinase mTOR kinase

Figure 6. Radar graphs illustrating the docking scores of all docked components of LEO (A), its major
constituents (B), and its minor components (C). The graph lines represent percentage values of each
compound’s docking score relative to their respective NL docking score.
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ALA109

Figure 7. Compound 17 (-caryophyllene oxide) docked into the binding site of PDK1 (PDB ID:
2PE1); hydrophobic interactions are depicted as purple dotted lines.

VAL851

TRP780

Figure 8. Compound 17 (3-caryophyllene oxide) docked into the binding site of PI3K « catalytic
subunit (PDB ID: 6GVF); hydrophobic interactions are depicted as purple dotted lines, while hydrogen
bonds are depicted as green dotted lines.

3. Discussion

Cancer represents one of the main causes of mortality worldwide. Although 36 types
of this pathology have been identified, the majority of cancer-related deaths are being
caused by melanoma, breast, and colorectal cancer [12-14]. Melanoma represents the
deadliest form of skin cancer due to metastasis formation and rapid development of drug
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resistance [12,15]. Similarly, the treatment of breast and colorectal cancer is often inefficient
due to the appearance of chemoresistance and immunoresistance [16-18]. As a result, there
is a search for new and advanced methods of treatment that would surpass the problem
of drug resistance. In this context, medicinal plants have come forth as a new promising
alternative [19]. In recent years, there have been several in vitro and in silico studies
of plants and their products regarding anticancer effects [20]. Lemongrass emerged as a
potential source of antitumor compounds due to its essential oil content, with 1-10% in plant
floral tops and leaves, thus making lemongrass superior to other plants in terms of essential
oil quantity [21,22]. The extraction method was chosen to suitably meet our purpose and
infrastructure needs. The composition of the obtained essential oil was highly similar to
other ones reported in terms of citral composition; other less occurring oil components
may vary depending on several variables [21,23,24]. Even if other extraction methods such
as microwave-assisted hydrodistillation (MAHD) or supercritical fluid extraction (SED)
produce higher oil yields, the citral content does improve significantly and is dependent on
other extraction factors [25]. The same study suggests that our chosen extraction method is
the least expensive and environmentally harmful method for extracting lemongrass oil on
a large scale. MAHD is appropriate for smaller operations, since it offers energy economy
and shorter extraction times. Although SFE produces high-quality oil, it is more expensive
and only works well in specific applications [25].

On the same note, DPPH scavenging activity of the LEO was not superior to the ones
recorded for ascorbic acid or BHA but is in the same range as other values reported and
can be mostly attributed to the high citral concentration [23,24]. LEO showed very close
ABTS radical inhibition to both controls at a concentration of 1 mg/mL. This implies that
LEO might be more efficient in scavenging ABTS radicals than DPPH radicals, possibly
due to their difference in solubility and reactivity. A previous study showed that the major
component, cital, showed higher free radical scavenging ability in the ABTSe+ assay than
in the DPPHe assay [26]. Thus, citral’s antioxidant activity is more effectively determined
by the ABTS method and is related to the same behavior exhibited by the LEO in the
same scenario. The use of LEO could bring benefits to cancer therapies because of its
biocompatibility, natural origin, and low cost [21]. Nevertheless, one of the disadvantages
that essential oils have is their low solubility in water [22]. Therefore, in order to increase
the homogeneity of essential oil-culture media mixture prepared in this study, we used
Tween 20 and polyethylene glycol (PEG) 400. Tween 20 is a non-ionic surfactant with a
HLB value of 16.7, thus forming emulsions with a suitable viscosity for drug formula-
tions [27]. Also, there are multiple cytotoxic studies where Tween 20 was used for essential
oil emulsification [27,28]. Likewise, PEGs are biocompatible non-toxic polymers often used
as cosurfactants in pharmaceutical applications, PEG-400 being the most used subtype
in self-emulsifying drug delivery systems [29-32]. After cell stimulation, it was observed
that Tween and PEG-400 do not have any toxic effects on healthy and malignant cells,
confirming their suitability for cytotoxic assays.

One of the main problems regarding cancer therapy is the poor selectivity for cancerous
cells, with many side effects being caused by the toxic effects of the drug on healthy
cells. Therefore, researchers aim to uncover highly selective molecules with anticancer
properties [33]. In our case, neither one of the tested concentrations of LEO, LEO-PG,
or LEO-TW significantly affected the viability of healthy keratinocytes, thus showing
promising selectivity characteristics. Similar results were obtained by Al-Ghanayem et al.,
who reported that the cell viability of HaCaT cells was above 90% after treatment with
Cymbopogon flexuosus essential oil (160 pug/mL, in culture media), the ICsy value being
1250 ug/mL [34]. On the contrary, the concentrations of LEO (0.5% and 1% v/v) that did
not affect HaCaT cells showed toxic effects when tested on human dermal fibroblasts, the

28



Plants 2025, 14, 1341

activity being dose-dependent [35]. This could be explained by the fact that different cell
lines present different susceptibilities to tested compounds; also, the total concentration of
citral (>89%) in the essential oil tested on fibroblasts was higher compared to our study
(73.5%) [8,35].

On the other hand, all tested concentrations of LEO-CM, LEO-PEG, and LEO-TW
presented cytotoxic effects on the colorectal adenocarcinoma, breast cancer, and melanoma
cell lines. It was observed that higher concentrations (1% and 200 pg/mL) exhibited a
stronger toxic effect compared to lower concentrations (0.5% and 100 pg/mL), with the
anticancer activity being dose-dependent. A similar study was conducted by Sharma
et al., who tested the effects of a LEO that was different in terms of chemical composition
(Cymbopogon flexuosus) on HT-29 cells and other colon cancer cells (HCT-15, SW-620, and
502713). In agreement with our results, the study showed that lemongrass essential oil
has a toxic effect on this type of cancer, with ICsy values of 42.4 pg/mlL, 60.2 pg/mlL, 28.1
ng/mL, and 4.2 ug/mL, respectively [7]. Whilst both oils shared some common compo-
nents (linalool, citronella, and caryophyllene oxide), the major constituents in Sharma’s
case were isointermedeol (24.97%), geraniol (20.08%), and geranyl acetate (12.20%) [36],
while in our case, x-Citral (37.44%), 3-Citral (36.06%), and linalool acetate (9.82%) were
identified; despite their different compositions, both essential oils showed cytotoxic activity
supporting the notion that multiple constituents have effects on cancerous cells [21,25].
Similar results were also described by Wang et al. [37], who revealed that Lemon myrtle
(Backhousia citriodora FMuell.) essential oil, rich in citral, (accounted for 74.9% of the con-
tent) had an ICsg value of 68.91 & 4.62 on the HT-29 cell line. In a more recent study, the
cytotoxic effect of LEO on HT-29 cells was attributed to citral and geraniol, compounds
that were able to induce intrinsic apoptosis in malignant cells while leaving healthy cells
unharmed [38]. «-citral, also known as geranial, and (-citral, known as neral, are aldehyde
monoterpenes that form a racemic mixture (citral) which is considered an indicator of
essential oil quality [21]. In recent years, there have been many studies that have focused
on citral’s anticancer activity [39]. For example, Sheikh et al. revealed that citral has a
dose-dependent toxicity on HT-29 (ICsy was 181.21 uM) and HCT116 (ICsp was 145.32 uM)
after 24 h stimulation; moreover, the authors reported that cell death was induced through
increased ROS levels and p53 activation caused by citral [13].

On melanoma cells, another study showed that citral has a cytotoxic effect, with ICs
values of 11.7 uM (SK-MEL-147) and 13.4 uM (UACC-257). The UACC-257 cell line, as
well as the A375 line used in our study, harbors the BRAF mutation; the authors indicated
that citral could reduce the effects of this mutation by interfering with the MAPK pathway
and therefore interfere with carcinogenesis [15]. Aside from citral, other major components
found in the LEO were researched for their anticancer potential. Several studies reported
that linalool presents cytotoxic effects, the tested cell lines being those of colon cancer
(WiDr, HCT-15, SW480 and RKO), lung cancer (A549), and ovarian cancer (HeyAS8, A2780,
and SKOV3ipl) [40]. While many studies have reported citral’s and linalool’s cytotoxic
effects, it was often observed that essential oils have stronger activity compared to their
individual constituents, possibly due to the synergistic relationship between the associated
compounds [21]. These reports consolidate our findings, where the concentration of
200 pg/mL citral was less effective compared to the same concentration of LEO in all
investigated scenarios. Research that confirms this observation was made by Gaonkar et al.,
who studied the effects of both Cymbopogon flexuosus essential oil and its components, citral
and geraniol, in MCF-7 and HEK-293 cells. The authors also reported that the cell lines
presented variant levels of sensitivity to tested compounds, with the MCF-7 cell line being
more sensitive [8]. It is, therefore, safe to assume that anticancer activity is exerted through
several molecular mechanisms shared by two or more individual components, with the
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association of complementary pathways being able to converge towards a synergistically
improved overall anticancer outcome.

We investigated the underlying mechanisms of the LEO’s biological effects and identi-
fied its stimulatory activity on ROS production in all tested cancer cells. The induction of
ROS by lemongrass oil was previously hypothesized by Lee et al., who assessed its antifun-
gal activity [41]; in fact, its main component, citral, exhibited a similar ROS generation effect
which was indicated as responsible for the significant anti-melanoma effects [15]. However,
the intimate mechanism is more complex—on one hand, all stages in melanoma develop-
ment involve oxidative stress and on the other, citral exerts cytotoxic effects through the
induction of oxidative stress, as revealed by ROS generation. It is therefore safe to assume
that the cytotoxic activity implies not only the generation of ROS but also a modulation of
the intracellular pathways related to DNA damage, cellular proliferation, and death. In
MCE-7 cells, our study revealed a stronger inhibitory effect on cell viability compared to
previous data [42]; however, a more recent study reported significant anticancer activity
against MCE-7 cells through mitochondrial depolarization and ROS generation [43]. Our re-
sults are in agreement with such studies, since we found a strong mitochondrial membrane
depolarization in the A375, MCF-7, and HT-29 cells and at a lower degree in RPMI-7951,
which is indicated as an important step of apoptosis. Changes in the mitochondrial mor-
phology as a result of ROS production were previously noted in a different cell line of colon
cancer, SW1417, where LEO induced mitochondrial fission in a dose-dependent manner,
finally leading to apoptosis [44].

The increase in ROS production after LEO treatment can be further understood by
evaluating the mitochondrial function, as the mitochondria are the primary site of ROS
generation, specifically at the level of the complex I (CI) and complex III (CIII) of the
electron transport chain (ETC) [45]. Increased ROS production in cancer cells has been
associated with mitochondrial dysfunction, and the disruption of the mitochondrial ETC
has been shown to lead to an increased ROS production in various cancer cell lines [46—49].
Our findings are similar; treatment with LEO increased ROS production and, at the same
time, decreased all mitochondrial respiratory rates, suggesting that LEO can induce the
impairment of mitochondrial function/mitochondrial dysfunction. Indeed, other studies
have demonstrated that citral, the major component of LEO, has the ability to induce
mitochondrial dysfunction by disrupting the tricarboxylic acid cycle (TCA) pathway and
by damaging the mitochondrial membrane permeability of Penicillium digitatum cells [50].
Another study revealed that on the same P. digitatum cells, citral drastically affects all the
mitochondrial complexes involved in oxidative phosphorylation, namely CI-CV. Moreover,
citral significantly decreased intracellular ATP and the mitochondrial membrane MMP
while increasing the accumulation of ROS [51]. In a similar manner, the current study
showed that LEO induced mitochondrial dysfunction, increased ROS production beyond
the threshold that cancer cells can tolerate, and decreased the MMDP, ultimately leading to
cell death. This dual nature, both promoting ROS production and being associated with
antioxidant activity, is not unique to LEO and appears to be dependent on the cellular
context and redox state. As revealed in the review by Bezzera et al. and in one of our recent
studies, eugenol, the main component of clove essential o0il, has similar antioxidant and
pro-oxidant activities, acting as antioxidant in normal cells while displaying pro-oxidant
cytotoxic effects in cancer cells depending on the cellular redox environment [52,53]. As
previously mentioned, our experimental findings indicate that LEO exhibited superior
cytotoxicity against cancer cells compared to citral. We also employed an in silico method
to examine if the anticancer impact of LEO might be partially ascribed to the hypothesized
suppression of active target proteins that promote carcinogenesis when overexpressed.
Our docking results showed that among all the targets tested, PDK1 and PI3K o were the
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preferred targets by the majority of LEO components. Minor components, rather than
both citral isomers, were primarily responsible for the inhibition of these proteins. The
strongest inhibitory potential for both proteins was attributed to CPO. Sadly, there are no
experimental data regarding the biological inhibition of PDK1 by CPO. However, there
is evidence that this compound targets PI3K. The results of Park et al. showed that CPO
causes apoptosis by increasing mitochondrial ROS production in addition to inhibiting the
constitutive activation of the PI3K/AKT/mTOR/S6K1 signaling pathway in PC-3 human
prostate and MCF-7 breast cancer cells [54]. The inhibition activity of CPO may be closely
related to its showcased binding pattern, which is similar to that of other PI3K« inhibitors.
Sapanisertib and a few other PI3K« inhibitors, described in the study by Ouvry et al.,
form an essential hydrogen bond with the hinge region amino acid VAL851 [55]. The
same interaction is present in the CPO-PI3Ka docked complex, which contributes to the
compound’s high inhibition score among all other LEO constituents.

Thus, all presented findings indicate that LEO’s cytotoxicity could be attributed to the
combined activity of its components and multiple modes of action. Effects on melanoma
and colorectal cancer cells, along with good selectivity and possible reduction in drug
resistance, all show that lemongrass essential oil has a potential as an anticancerous agent.

4. Materials and Methods
4.1. LEO Extraction and GC-MS Analysis

The dried plant material was received as a gift from “King Michael I” University of
Life Sciences (Timisoara Romania Herbarium, voucher number VSNH.BUASTM-128). The
dried plant was grounded and then was subjected to steam hydrodistillation for 4 h at
100 °C by means of a Craveiro-type apparatus [56,57]. As previously described [58], the
steam was generated by heating a 3000 mL glass boiler equipped with electrical resistance
and previously filled with water. The boiler was refilled whenever necessary. The steam
was then transferred to the bottom of the glass extraction vessel (1000 mL). A water-cooling
system was used to condense the steam and vaporized oil after it had passed through
the plant material, which was placed on a perforated plate a few centimeters from the
base of the extraction tank. Lastly, to prevent the creation of artifacts from overheating,
LEO and hydrosol (aqueous phase) were collected in a 250 mL glass receiver fitted with
a water-cooling jacket and a hydrosol overflow outlet. Following separation, the oil was
treated with anhydrous sodium sulfate in order to remove water traces and stored at
—18 °C in sealed vials for future analysis. The extraction yield was calculated according to
the following formula: oil weight/dried plant weight x 100 (wt).

The sample was analyzed by gas chromatography using a GC Hewlett Packard HP
6890 Series gas chromatograph coupled with a Hewlett Packard 5973 Mass Selective
Detector. Briefly, 1 uL of diluted sample (1:100 in hexane) was injected into the gas
chromatograph under the following parameters: DB-WAX capillary column (30 m length,
0.25 mm internal diameter, 0.25 pm film thickness), a 50 °C to 250 °C temperature range
with a rate of 6 °C/minute, and 4 min solvent delay. The mass spectrometer was set
to 230 °C with the MS Quad at 150 °C and helium gas flow at 1 mL/min. The analyzed
compounds ranged in mass from 50 to 600 amu. The resulting spectra were assessed against
data from NIST 02 library (USA National Institute of Science and Technology software),
and area percentage was determined. The retention indexes were calculated based on the
retention times and areas of C9 to C18 alkanes; also, the Adams Indexes were used for
comparation with literature.
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4.2. DPPH Antioxidant Scavenging Activity Determination

The antioxidant activity of the samples was evaluated using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging assay, as described by Radulescu et al. [59].
A DPPH stock solution was prepared by dissolving 5 mg of DPPH in 5 mL of ethanol.
Serial dilutions were then made in ethanol to generate a calibration curve with concentra-
tions ranging from 7.81 pug/mL to 0.5 mg/mL. For comparative analysis, positive controls,
ascorbic acid (AA), and butylated hydroxyanisole (BHA) were prepared in a concentration
range between 0.06 ug/mL and 1.2 mg/mL.

The plant extract was diluted 1:10 in ethanol and mixed with a 0.25 mM DPPH
ethanolic solution in a 1:4 (v/v) ratio. The reaction mixture was incubated in the dark
at 25 °C for 30 min. Absorbance was measured at 515 nm using a Tecan Infinite 200Pro
spectrophotometer (Tecan Group Ltd., Mdnnedorf, Switzerland) with i-control software
(version 1.10.4.0).

The percentage of DPPH radical inhibition (Inh%) was calculated using the following
formula:

Inh% = [(Ag — As)/Ap] x 100

where A is the absorbance of the control (DPPH solution without the sample) and Ag is the
absorbance of the sample. The inhibition values were plotted against sample concentrations
to determine the ICsy (half-maximal inhibitory concentration) using the calibration curve
equation specific to each sample and control. The IC5( values, expressed in ug/mL, provide
a quantitative measure of the sample’s antioxidant capacity, with lower values indicating
higher antioxidant activity.

4.3. ABTS Radical Scavenging Assay

The ABTS [2,2-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)] radical scavenging
activity was assessed using a modified method [58,60]. To generate the ABTS cation
(ABTS+e), a solution of ABTS (7.29 mM) was mixed in a 1:1 (v/v) ratio with Ky,S,0Og
(2.47 mM) in an amber-colored bottle and kept in the dark at 25 °C for 14 h. The resulting
ABTS+e solution was then diluted with ethanol to achieve an absorbance of 0.745 4 0.047
at 734 nm. Next, 400 pL of the ABTS+e solution was combined with 100 puL of 1:10 diluted
sample extract and incubated at room temperature in the dark for 30 min. The absorbance
was subsequently measured at 734 nm using a 1 mg/mL solution of ascorbic acid (AA)
and butylated hydroxyanisole (BHA) as reference compounds. The following equation
was used:

%ABTS+e inhibition = (Acontrol — Asample) X 100/ Acontrols

where A oniro] Measures the absorbance of the ABTS+e solution mixture without adding
the sample and Agample measures the absorbance of the sample with ABTS+e solution
mixture.

4.4. Cell Culture

Cell lines used for this study were immortalized human keratinocytes HaCaT, obtained
from CLS Cell Lines Service GmbH (Eppelheim, Germany), and human melanoma cells
A375 and human colorectal adenocarcinoma cells HT-29, both obtained from American Type
Culture Collection (ATCC, Lomianki, Poland). HaCat and A375 cell lines were cultured in
DMEM (Dulbecco’s Modified Eagle Medium) High Glucose, with the addition of 10% FBS
(fetal bovine serum) and a 1% penicillin/streptomycin mixture (100 IU/mL), whereas HT-
29 was cultured in McCoy’s 5A Medium, with 10% FBS and a 1% penicillin/streptomycin
mixture (100 IU/mL). Cells were incubated in 5% CO, atmosphere at 37 °C.
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4.5. Cell Viability Assessment

Cell viability was determined using the Alamar Blue assay. Cell lines were seeded in
96-well culture plates (10* cells/ plate) and kept in an incubator at 37 °C and 5% CO,. After
reaching 80-90% confluence, the old media was removed and the cells were stimulated
using three methods as follows: (1) water dispersion method: lemongrass essential oil
was mixed with culture media (LEO) to obtain 100 and 200 pg/mL that were used for cell
treatment; (2) PEG method: lemongrass essential oil was mixed with PEG-400 (LEO-PEG)
to obtain a 10 mg/mL mixture that was sonicated and thereafter diluted with culture media
to obtain a 1 mg/mL concentration, and the respective mixture was diluted once more in
culture media to obtain the final concentrations of 100 ng/mL and 200 pug/mL used for cell
treatment; and (3) the Tween method, where Tween 20 (LEO-Tw) was used instead of PEG-
400, with the remainder of the method being identical to the others. After 48 h of incubation
with the test compound, the old medium was removed from the wells and the new medium
containing Alamar Blue was added (final concentration 1.5%). Cells were incubated in
standard conditions for another 4 h. Subsequently, the absorbance was measured at 570 nm
using the xMark™ Microplate Spectrophotometer, Bio-Rad. Citral analytical standard, the
main component of LEO, was purchased from Merck (Merck KGaA, Darmstadt, Germany)
and also tested in the same conditions mentioned above at a concentration of 200 pg/mL.

4.6. Assessment of Cellular ROS Production

ROS production was evaluated using the cell permeant 2’,7’-dichlorodihydrofluorescein
diacetate (H2DCFDA) kit (ab113851, Abcam, Cambridge, UK). After 24 h of treatment with
100 pg/mL citral, LEO, LEO-PEG, and LEO-Tw, the ROS production in A375, RPMI-7951,
MCE-7, and HT-29 cell lines was quantified at Ex/Em at 485/535 nm using the BioTek
Synergy HTX multimode microplate reader (Agilent Technologies, Santa Clara, CA, USA),
following the protocol described by the manufacturer [61].

4.7. JC-1 Assay

The mitochondrial membrane potential was assessed using the JC1 Kit (JC1- Mitochon-
drial Membrane Potential Assay Kit ab113850, Abcam, Cambridge, MA, USA), according to
the manufacturer’s specifications [62]. The JC-1 cationic dye exhibits a potential-dependent
accumulation in mitochondria, as observed by the shift in fluorescence emission from green
to red. The stained A375, RPMI-7951, MCF-7, and HT-29 cells treated with 100 ng/mL
citral, LEO, LEO-PEG, and LEO-Tw were analyzed (Ex/Em: 535/590 nm) using a mul-
timode microplate reader (BioTek Synergy HTX multimode microplate reader, Agilent
Technologies, Santa Clara, CA, USA).

4.8. High-Resolution Respirometry

High-resolution respirometry was used to assess the mitochondrial function at 37 °C by
means of the Oroboros high-resolution respirometer (Oxygraph-2k Oroboros Instruments
GmbH, Innsbruck, Austria). A modified substrate uncoupler—inhibitor-titration (SUIT)
protocol previously described by Petrus et al. was used to determine the mitochondrial
respiratory rates [63]. A375, RPMI-7951, HT-29, and MCEF?7 cells were cultured until
reaching confluence, trypsinized, counted, and resuspended (1 x 10°/mL cells) in a special
mitochondrial respiration medium (EGTA 0.5 mM, 3 mM KH2PO4, taurine 20 mM, K-
lactobionate 60 mM, MgCl, 10 mM, D-sucrose 110 mM, HEPES 20 mM, and BSA 1 g/L,
pH 7.1). The cells were added to the device chambers after 15 min in order to allow for
the stabilization of the oxygen flux. In the first step, digitonin (20-35 ug/1 x 10° cells) was
added to permeabilize the cell membrane, followed by glutamate (10 mM) and malate
(5 mM) as the complex I (CI) substrates that allowed for the measurement of endogenous
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ADP-dependent basal respiration, also known as State 2. In the second step, ADP (5
mM) was added in order to enable the measurement of the CI (OXPHOSCI)-dependent
active respiration, followed by the addition of succinate (10 mM) as the complex II (CII)
substrate, thus enabling the measurement of active respiration dependent on both CI
and CII (OXPHOSCI + II). Complex V was then inhibited with oligomycin (1 ng/mL),
which resulted in the measurement of CI- and CII-dependent leak respiration (State 4).
P-(trifluoromethoxy) phenylhydrazone carbonyl cyanide—FCCP—was further titrated in
steps (1 pM/step) in order to achieve and measure the maximal respiratory capacity of
the electron transport system (ETSCI + II). A CI inhibitor, rotenone (0.5 uM,), was then
added to obtain the ETS dependent solely on CI. In the final step, antimycin A (2.5 uM)
was added as a CIII inhibitor for the purpose of inhibiting the mitochondrial respiration
and allowing for the measurement of the residual oxygen consumption (ROX). The final
values were recorded following ROX correction.

4.9. Molecular Docking

Molecular docking studies were conducted following a previously described work-
flow [52]. Briefly, the protein target structures were searched in the RCSB Protein Data
Bank [64] and optimized as docking targets by using Autodock Tools v1.5.6 (The Scripps
Research Institute, La Jolla, CA, USA) (Table 5). The SDF structure files corresponding to
the essential oil components were retrieved from PubChem [65] and converted into 3D
structures by means of PyRx’s Open Babel module [66]. PyRx v0.8 [66] virtual screening
software (The Scripps Research Institute, La Jolla, CA, USA) was employed in order to
achieve molecular docking by using Vina’s encoded scoring function [67]. The validation
of the docking protocol was conducted by the re-docking of the native ligands into their
original protein binding sites. The root mean square deviation (RMSD) between the pre-
dicted and experimental docking pose of the native ligand was calculated in order to use
the determined values to identify cases where molecular docking should be performed (a
RMSD value not exceeding 2 A was used as a threshold). The docking grid box coordinates
and size were selected to best fit the active binding site (Table 5). Docking scores were
calculated as AG binding energy values (kcal/mol). Protein-ligand binding interactions
were analyzed using Accelrys Discovery Studio Visualizer 4.1 (Dassault Systems BIOVIA,
San Diego, CA, USA).

Table 5. Docking parameters used for the molecular docking of LEO components.

Protein Grid Box Center

(PDB ID) Coordinates Grid Box Size References

X = —23.4872 x = 14.6340

VEGFR2 (4ASD) y = —1.3964 y =19.2181 [68]
z=-11.0618 z =15.7983
x = 19.4479 x =18.8523

EGFR1 (1XKK) y =33.9295 y = 18.8523 [69]
z = 38.3514 z = 18.8523
x = 38.8352 x = 13.0549

(1;/[55;) y = —14.6371 y =19.2181 [70]
z =0.0462 z =11.5471
X = —6.2833 x =11.6743

(I;%I;l) y =44.2844 y =14.1528 [71]
z =44.0516 z =11.6743
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Table 5. Cont.

Protein Grid Box Center . .
(PDB ID) Coordinates Grid Box Size References

x = —19.9894 x = 14.2711

Aﬁg\%lg y = 33152 y = 13.5948 [72]
7 =11.0426 7 = 15.4926
x = —17.2065 x = 14.8956

(12251‘;‘) y = 1475732 y = 14.8956 [55]
z=29.1217 z =14.8956
x = 44.2130 x = 13.5948

g;’}:g) y = 13.1865 y = 13.5948 [73]
7 =29.7323 z = 13.5948
x = 50.4459 x = 14.2711

r(iggg y = —2.0684 y = 13.5948 [74]
z = —48.5963 z=15.4926
x = —9.7398 x = 17.9927

B(%X);)L y = —16.3876 y = 26,4869 [75]
z =8.8381 z=15.9145
x =7.6196 x = 16.5597

ZE\L/}Z) y = —3.0737 y =26.5085 [76]
7 = —10.3894 7 = 20.6849

4.10. Statistical Analysis

In order to determine the statistical differences compared to the control, the cell
viability, ROS, and LP assay results were analyzed statistically using a one-way ANOVA
followed by the Dunnett post-test. The high-resolution respirometry study results were
analyzed using a two-way ANOVA with Bonferroni’s multiple comparison post-test. All
the differences were considered to be statistically significant if p < 0.05 (* p < 0.05, ** p < 0.01,
and *** p < 0.001).

5. Conclusions

The current study highlights the significant in vitro anticancer potential of LEO, ex-
hibiting its cytotoxic efficiency against multiple cancer cell lines while maintaining its
selective effect on non-cancerous cells. Further investigations showed that the cytotoxic
effect of LEO was mediated through increased ROS production, mitochondrial membrane
depolarization, and impaired mitochondrial function. Moreover, molecular docking analy-
sis revealed that minor components, namely (3-caryophyllene oxide, may play a significant
role in targeting key proteins such as PDK1 and PI3Kc. These findings support that LEO’s
anticancer activity is a cumulative effect attributed to several components as opposed
to the major component, citral. While LEO represents a promising candidate for further
investigations as an alternative or complementary anticancer therapy, future work encom-
passes in vivo anticancer efficiency validation and formulation strategies to enhance its
bioavailability and therapeutic efficacy.
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Abstract: Numerous studies have shown the potential effect of bioactive agents against
weeds. In this study, we developed two binary formulations with nonanoic acid, citral, or
thymoquinone as herbicides and evaluated their physicochemical properties. The presence
of the bioactive compounds in the formulations was confirmed through FTIR spectroscopy.
A dynamic light scattering study was conducted to characterize the emulsified formulations
and the size and distribution of the aggregates. In addition, thermogravimetric analysis was
performed to ensure the thermal stability of the formulations. The herbicidal activity against
Amaranthus hybridus, Lolium multiflorum, and Brassica rapa weeds was evaluated, and each
species showed different levels of sensitivity with half maximal inhibitory concentration
doses from 0.07 to 5 mM. The binary formulations negatively affected the photosynthetic
system reducing Fv/Fm values at 5 days after treatment. Lastly, the phytotoxic effect of the
formulations was tested on wheat germination, and they did not inhibit plant germination
and seedling growth at <5 mM after 14 days of application. The development of new
formulations with natural compounds as bioactive ingredients would allow control of a
wide spectrum of weeds through a multitarget-site effect.

Keywords: binary formulations; bioactive compounds; herbicide; natural compounds; weeds

1. Introduction

The world population growth projections indicate that higher levels of food production
will be required [1]; therefore, agricultural best management practices represent a critical
aspect of production systems. Amaranthus hybridus, Lolium multiflorum, and Brassica rapa are
common weed species in Argentina and are present in 40% of crop fields [2]. A. hybridus is
an annual Amaranthaceae weed found in tropical and subtropical regions and produces a
large quantity of seeds easily dispersed, B. rapa is an annual Brassicaceae weed found in all
continents, L. multiflorum is an annual weed found in large part of the Pampas region, and
the three species have evolved herbicide resistance [2-7]. Anyway, the management of these
weeds continues to be based on chemical control [2]. However, the increase in herbicide
usage has been associated with environmental and human health risks [8]. Currently,
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some herbicides such as atrazine have been listed as restricted in some countries [9]. An
alternative to weed control is the use of plant-based compounds. These are considered
of minimum risk due to their low toxicity, easy degradability in the environment, and
non-restricted use [9].

Numerous studies have shown the potential effect of botanical agents, such as fatty
acids, aldehydes, ketones, terpenes, and others, against weeds [10,11]. The phytotoxic
effect of essential oils (EOs) and their pure components have been studied. For example,
the herbicidal activity of pure terpenes inhibits the germination and seedling growth in
Sinapis arvensis, Amaranthus retroflexus, Centaurea solstitialis, Raphanus raphanistrum, Rumex
nepalensis, and Sonchus oleraceus. Kordali et al. [12] and Azirak and Karaman [13] reported
that the herbicidal effect of pure terpenes was higher than that of the commercial herbicide
2,4-D isooctyl ester. The effect of these terpenes has been attributed to their interference
with plant cell processes, including mitosis inhibition and decreased cellular respiration
and chlorophyll content [11].

Nonanoic acid is a saturated fatty acid derived from Pelargonium spp. EO, and it is
used as a post-emergent weed control agent [14]. Citral (geranial and neral) is an aldehyde
terpene found in the EOs of several aromatic plants, such as Cymbopogon citratus, Citrus sp.,
and Lippia sp. [15,16], and is a weed germination inhibitor [17,18]. Thymoquinone is one of
the main active compounds of the EO from black cumin (Nigella sativa) and exhibits a wide
range of activities such as pharmacological and biopesticide activities [19,20]. These active
compounds are also used in the food industry as natural antimicrobials and additives for
food preservation [21].

The objective of the current work was to develop binary formulations based on
bioactive compounds with herbicidal or biopesticide activities. An emulsifier was used
due to the volatility of the compounds [18]. In addition, physicochemical properties and
herbicidal activity against weeds were evaluated. Thus, the effect of the binary formulations
on PSII was tested. Lastly, the phytotoxic effect of the formulations was evaluated on
wheat germination and seedling growth. Therefore, the development of new formulations
with different bioactive ingredients would allow control of a wide spectrum of weeds
through a multitarget-site effect and new modes of action while causing a low impact on
the environment.

2. Materials and Methods
2.1. Plant Materials

Amaranthus hybridus and Brassica rapa seeds were collected from weed populations
naturalized in crop fields from Tres Arroyos, Argentina (Figure 1A,B). Both species are
the most relevant herbicide-resistant weeds in Argentina; they have evolved resistance to
multiple herbicides (glyphosate and acetolactate synthase inhibiting herbicides) [2] and
frequently reach high density in crop fields (Figure 1A,B). Lolium multiflorum was supplied
by Barenbrung, Pergamino, Buenos Aires, Argentina. Seeds of Lactuca sativa L. var. crispa
and Solanum lycopersicum L. var. platense were used as model plants and obtained from
Facultad de Ciencias Agrarias y Forestales, Universidad Nacional de La Plata, Argentina.
Wheat seeds of var. Tero were provided by Illinois, Argentina.
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Figure 1. Multiple herbicide-resistant weed populations harvested to obtain seeds employed in the
experiments: (A) Amaranthus hybridus in soybean crop and (B) Brassica rapa in oat crop.

2.2. Chemical Compounds

The bioactive compounds nonanoic acid (96%, catalog number 807167), citral (96%,
catalog number 8024890250), and thymoquinone (98%, catalog number 274666) were
analytical grade and purchased from Sigma-Aldrich Chemical Co. (Steinheim, Germany)
(Table 1). The soy lecithin emulsifier (35% p/p) and atrazine (positive control, 90%) were
provided by YPF S.A., Capital Federal, Buenos Aires, Argentina

Table 1. Bioactive compounds and physicochemical properties.

. - . o Solubility in Water at
Chemical Structures Boiling Point (°C) Log P 25°C (g/L)
o” 7 7 225 3.17 0.08
citral
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Table 1. Cont.

Solubility in Water at

Chemical Structures Boiling Point (°C) Log P 25°C (g/L)

(o]

\/\/\/\)LD” 254 3.43 0.21

nonanoic acid

230-232 2.33 0.87

o]

thymoquinone

2.3. Formulations

Two binary formulations (F1 and F2) were developed as bioherbicides. F1 contains
nonanoic acid and citral (1:1), while F2 contains nonanoic acid and thymoquinone (1:1).
Due to the physiochemical properties of the bioactive agents [22] (Table 1), an emulsifier
was added.

2.4. Chemical Characterization
2.4.1. Fourier Transform Infrared Spectrometry (ATR-FTIR)

A molecular interaction study was conducted using ATR-FTIR. Spectra were recorded
with a Nicolet™ iS™10 (Thermo Scientific, Madison, WI, USA). The spectrum of each

sample was the average of three successive scans in the 4000-400 cm !

wavenumber range
and recorded as the absorbance (calculated as the logarithm of the reflectance reciprocal).

To analyze F1 and F2 binary formulations, a drop was placed on the diamond ATR crys-
tal using a top plate and pressure arm accessories (Smart iTX accessory, Madison, WI, USA).

A spectral analysis was performed with the software Omnic version 9 (Thermo Scientific).

2.4.2. Dynamic Light Scattering (DLS) Measurements

The emulsified formulations, size, and size distribution of aggregates were deter-
mined through DLS as a function of temperature using a Zetasizer Nano-Z2590 (Malvern
Panalytical, Malvern, UK). Samples were properly dispersed in distilled water at room
temperature before their analysis to avoid multiple scattering effects. The experiments
were performed with emulsified formulations dispersed in distilled water at 25, 35, and
45 °C, typical summer temperatures in Argentina.

2.4.3. Thermogravimetric Analysis (TGA)

To ensure thermal stability, TGA was performed using a TGA Discovery 5500 analyzer
(TA Instruments, New Castle, DE, USA), under nitrogen flux (20 mL min~!), in platinum
pans heated up to 150 °C with a 10 °C min~! rate and isothermal steps at 25, 35, and 45 °C,
typical summer temperatures in Argentina.

2.5. Herbicide Activity
2.5.1. Weed Germination Inhibition Test

The herbicidal activity of F1 and F2 was tested against weed and model plant seeds
following the methodology described by Sosa et al. [23] with some modifications. Briefly,
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4 mL of aqueous emulsions containing F1 or F2 at 0.07 to 5 mM were tested, and an
emulsifier was added to the formulation at 0.2% v/v [24]. The extracts were placed onto
9 cm diameter paper disks in Petri dishes. Then, 10 seeds of each species were placed
onto paper disks. Subsequently, the dishes were closed under the following experimental
conditions: room temperature, 26.0 £ 1.8 °C; relative humidity, 50 £ 9.7%; and photoperiod,
12:12. At 7 days after sowing, the seeds were considered germinated if their roots were
longer than 1 mm [25]. Emulsions without the addition of the bioactive formulation were
used as a negative control, whereas atrazine was used as a positive control because it targets
a broad spectrum of weeds (monocotyledons and dicotyledons) [24,26]. The assays were
performed in triplicates for each concentration. Half maximal inhibitory concentrations
(IC50) were determined after 7 days of exposure and were calculated using POLO PLUS
2002-2007 LeOra Software [27].

2.5.2. Effect of Binary Formulations on Photosystem II (PSII)

The damage on PSII of the formulations was evaluated on seedlings of A. hybridus,
because it is a main weed in a wide variety of crops worldwide [28], following the method-
ology described by Pooja et al. [29] with modifications. Briefly, 25 seedlings with 7 days
post-emergence were placed onto paper filters into plastic trays (15.5 cm x 11 cm X 4 cm).
Then, 10 mL of aqueous emulsions containing F1 or F2 at 0.07 to 5 mM and an emulsifier
incorporated into the extracts at 0.2% v/v were added into boxes. Aqueous extracts without
the addition of the bioactive formulation were used as a negative control, whereas atrazine
(5 mM) was used as a positive control. In order to avoid possible chlorosis symptoms
due to a lack of nutrients, 5 mL of nutritive solution (5.0 mM Ca (NO3) 2, 5.0 mM KNOs3,
2.0 mM MgSQOy, 1.0 mM KH,POy, 20.0 uM FeNa EDTA, 5.0 uM H3BO3, 0.9 uM MnCl,,
0.8 uM ZnCly, 0.3 pM CuSOy y 0.01 pM NapyMoOy, pH 5.5-6.5) was added to each tray. The
boxes were placed in a culture chamber at 22 + 2 °C and 50 umol photons m~2 s~! with
a photoperiod of 16 h. The chlorophyll fluorescence measures (Fv/Fm) were carried out
with a MINI-PAM Il ©Walz fluorimeter (Effeltrich, Germany) at 1, 2, 5, 7, and 12 days after
application. The seedlings were darkened 30 min before measurements were taken.

For the experiments, three repetitions per treatment were used: Both experiments had
four treatments. Each experiment was replicated three times. The treatments were assigned
randomly to each box following a completely randomized design. The statistical analysis
for Fv/Fm data was performed using InfoStat 2008 Software through Generalized Mixed
Linear Models [30].

2.5.3. Effect of Binary Formulations on Wheat Germination and Seedling Growth

Effects of F1 and F2 on wheat germination and seedling growth were evaluated. The
experiments were conducted according to Peschiutta et al. [31] with some modifications.
F1 and F2 were added to Petri dishes at 2 and 5 mM and after 1, 7, or 14 days. Ten wheat
seeds were placed in the Petri dishes. A negative control (H,O) treatment was performed
without the addition of any active compound, and the seeds were placed onto paper disks
at the same time intervals. Then, the dishes were closed under the same experimental
conditions mentioned above. The number of germinated seeds per dish was recorded
7 days after sowing. The seeds were considered germinated if their roots were longer
than 1 mm. At that time, the leaf length of the wheat seedlings was measured. The assay
was performed in triplicates. Data were analyzed to assess normality using the Shapiro—-
Wilk test, and homogeneity of the variances was determined using Levene’s test before
performing ANOVA. Tukey’s tests were used to compare the means for germination and
leaf length of seedlings between treatments through Infostat Software [30].
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3. Results

3.1. Chemical Characterization
3.1.1. Fourier Transform Infrared Spectrometry (ATR-FTIR)

Figures 2 and 3 show the typical FTIR spectra of components corresponding to her-
bicidal formulations called F1 and F2, respectively. The characteristic band at 3343 cm !
(grey area) that appears for all formulations is attributed to the O-H stretching vibration
from the nonanoic acid and emulsifier. In addition, another band from the emulsifier is
located at 3008 cm ! (blue area) for F1 (Figure 2), related to asymmetric and symmetric
C-H stretching vibrations, whereas the band for F2 has two origins, emulsifier and the
thymoquinone, related to =C-H stretching vibrations (Figure 3). The spectrum shows the
characteristic bands at 2923.2 cm ™! (orange area) associated with the C-H ester stretching
vibration, the band at 1675.5 cm ™! (red area) is due to the stretching vibration of the ketone
and aldehyde C=O group, and the band at 1117 cm~! (green area) is attributed to the ether
(C-O) groups. The last three bands mentioned are present in all the F1 and F2 components.
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Figure 2. FTIR spectra of components (nonanoic acid, citral, and emulsifier) corresponding to for-
mulation F1. The colored areas represent the bands of the oxygenated organic compound functional
groups of interest: grey, OH; grey, =C-H; orange, C-H; red, C=0O; and green, C-O.
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Figure 3. FTIR spectra of components (nonanoic acid, thymoquinone, and emulsifier) corresponding
to formulation F2. The colored areas represent the bands of the oxygenated organic compound
functional groups of interest: grey, OH; grey, =C-H; orange, C-H: red, C=0; and green, C-O.

3.1.2. Dynamic Light Scattering (DLS) Measurements

To characterize the emulsified formulations, hydrodynamic diameters were deter-
mined for each sample through DLS. F1 and F2 showed unimodal size distributions,
whereas a multimodal distribution was observed for soy lecithin emulsifier (Figure 4A).
Thus, for the temperature range involved in the experiments, the average sizes were from
800-1300 nm for the emulsifier, while F1 and F2 showed dispersion sizes of 250-550 and
170-260 nm, respectively.
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Figure 4. (A) DLS size distribution for emulsifier (E, blue), formulation 1 (F1, orange), and formulation
2 (F2, grey) at 25 (line), 35 (slashed), and 45 °C (dotted). (B) Temperature effect on averaged diameter
(d) for emulsifier (E, blue), F1 (orange), and F2 (grey).

The presence of nonpolar analytes (active compounds) in the formulation turned the
E dispersions into clear emulsions with unimodal distributions and lower polydispersity
indexes. In contrast, the observed change in F1 and F2 size distributions with temperature
was in line with the expected values for stable colloidal systems, with no flocculating
aggregates under our experimental conditions (Figure 4B).

3.1.3. Thermogravimetric Analysis (TGA)

TGA was used to assess the thermal stability of the formulations. Thermograms of pure
active compounds (thymoquinone, citral, and nonanoic acid), emulsifier, F1, and F2 were
obtained for comparison. Weight losses of less than 10% were observed at temperatures
under 100 °C for pure active compounds, except thymoquinone, which lost 17.5% of its
weight. According to previously reported thermal assays (Figure 5A), this behavior can
be the result of evaporation processes, considering the boiling point of these compounds
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and the constant Ny flux (Table 1). In contrast, Figure 5A shows that the formulation
composition did not affect significantly the recorded weight losses. In these cases, the
presence of water was responsible for the considerable weight losses at temperatures under
100 °C, and the final weight loss corresponded to the remaining amount of the sample,
consisting of active compounds and the emulsifier in the formulations. Lastly, the active
compounds showed adequate thermal stability at all temperatures tested.
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Figure 5. TGA thermograms: (A) pure active compounds (nonanoic acid, citral, thymoquinone, and
emulsifier) and (B) formulations (F1 and F2).

3.2. Herbicide Activity
3.2.1. Weed Germination Inhibition Test

Germination inhibition of weeds induced by F1 and F2 formulations is shown in
Table 2. F1 and F2 caused phytotoxic effects on all weeds; however, A. hybridus and L.
multiflorum species were the most sensitive. F1 was more active than F2 for all weeds tested,
and both formulations showed greater herbicidal activity than atrazine (positive control).
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Table 2. Germination inhibition of seeds after 7 days of exposure to bioactive formulations.

A. hybridus B. rapa L. multiflorum L. sativa S. lycopersicum
Treatments 1 .
IC59 (mM) ! (95% Confidence Interval)
F1 0.07 (0.03-0.09) 2 1.5(1.3-1.7)2 0.24 (0.09-0.319) @ 2.54 (2.21-2.9) % 1.33 (0.89-1.63) 2
F2 0.07 (0.04-0.08) 2 2.3(1.7-2.9) b 0.14 (0.08-0.27)*  4.60 (3.36-10.00)®  0.99 (0.37-1.38) 2

Atrazine  41.0 (25.1-54.1)¢ 300 (189.1-368.8) ¢  38.9 (25.1-56.1) ¢  383.5 (307.1-454.8) ¢ 37.5 (15.3-49.1) €

! Inhibition concentration (ICso) values between treatments were considered significantly different if their confi-
dence limits did not overlap. Different letters indicate significant differences. The experiment was performed
in triplicates.

3.2.2. Effect of Binary Formulations on Photosystem II (PSII)

The effect of formulations F1 and F2 on PS II at 5 mM is shown in Figure 6. At a
concentration lower than 5 mM, no significant differences among treatments were found.
At 1 and 2 days after application, Fv/Fm values were lower for F1 and F2 compared to the
controls. At 5 days after treatments, the Fv/Fm was zero due to the seedlings exhibiting
severe damage symptoms in response to F1 and F2. However, the seedlings” exposure to
atrazine showed a gradual decline in values of Fv/Fm from 5 to 12 days after treatment.
In contrast, the control without herbicide did not show damage to PSII during the period
evaluated (Figure 6).
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Figure 6. Effect of binary formulation F1 and F2 on PSII on seedling of A. hybridus.

3.2.3. Effect of Binary Formulations on Wheat Germination and Seedling Growth

The effect of F1 and F2 on wheat germination and seedling growth is shown in
Figures 7 and 8. F1 and F2 were toxic 1 day after application for both concentrations.
However, at 7 and 14 days after application, no significant differences were observed in
the germination percentages for F1 at 2 mM and F1 at 5 mM compared to the control.
Both formulations applied at 2 and 5 mM did not affect wheat germination 14 days after
application (Figure 7A,B). Regarding leaf growth, both F1 and F2 at 5 mM produced growth
inhibition at 7 and 14 days after application. Less growth was observed 7 days after
application for both formulations at 2 mM, and no significant difference was observed
14 days after application (Figure 8A,B).
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Figure 7. Percentage of germination of wheat seeds in response to different treatments (F1, orange;
F2, grey and H,O, blue) at 2 mM (A) and 5 mM (B) at 1, 7, and 14 days after application. Different
letters indicate significant differences (p < 0.05).
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Figure 8. Leaf growth of wheat seedlings in response to different treatments (F1, orange; F2, grey and
H,0O, blue) at 2 mM (A) and 5 mM (B) at 1, 7, and 14 days after application. Different letters indicate
significant differences (p < 0.05).

4. Discussion
4.1. Chemical Characterization

The presence of active compounds and the emulsifier in herbicidal formulations (F1,
F2) was confirmed by FTIR spectroscopy through the databases [32-35].

These emulsified formulations showed narrow dispersion sizes evidencing their stabil-
ity between 25 and 45 °C; however, a multimodal distribution was observed for emulsifiers
through DLS measurements. Current results are consistent with the complex chemical
nature of soy lecithin emulsifier, which is composed of a vast mixture of amphiphilic com-
pounds of diverse structures, mainly phospholipids and triglycerides, enabling different
assembly options [32-37]. Soy lecithin has been successfully used as a natural emulsifier to
improve the accessibility of different lipophilic nutrients or bioactives, showing a similar
behavior [38]. Emulsification of active compounds is a key strategy in the food, cosmetic,
and pharmaceutical industries [39]. The current results obtained from F1 and F2 suggest
microphase reorganization into new colloidal arrangements [40]. The goal of this approach
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is to form stable dispersions of nonpolar additives in a polar medium (it can also be used
in the opposite way) that can be properly dozed in commercial products [41].

TGA showed adequate thermal stability for nonanoic acid, citral, and thymoquinone
in F1 or F2 at all temperatures tested. From these experiments, it can be observed that
decomposition profiles depended on the chemical nature of active molecules; for example,
citral and thymoquinone are volatile compounds and evaporate at a temperature between
45 and 165 °C, while nonanoic acid evaporates at 100 °C and above [33,42,43]. Despite
ambient conditions involving the presence of atmospheric O,, our experiments were con-
ducted under N flux. At high temperatures, oxygen may react with active compounds [44],
but at temperatures tested, the oxidation reactions with small amounts of atmospheric
oxygen should have a minimum impact; therefore, our results can be considered a useful
approximation to actual thermal stability [33,42,43].

4.2. Herbicide Activity

The herbicide activity of F1 and F2 was evidenced on A. hybridus, B. rapa, L. multiflorum,
L. sativa, and S. lycopersicum during the germination process, and IC50 values were from
0.07 to 4.6 mM according to the bioactive formulation and species (Table 2). F1 was more
active than F2 in B. rapa and L. sativa. No differences between formulations were detected
in the sensitivity of A. hybridus, L. multiflorum, and S. lycopersicum to both formulations.
Previous studies reported by Sosa et al. [23] showed the action of plant-derived bioactive
molecules on ryegrass (L. multiflorum) and lettuce (L. sativa) with IC50 of 0.6 and 0.7 mM,
respectively. In agreement with our results, Dudai et al. [17] found different levels of
sensitivity to citral obtained from Cymbopogon citratus EO (42.6% geranial and 32.1% neral)
depending on the plant species (IC50 from 0.00008 to 0.000116 mM).

F1 was prepared with two bioactive agents, citral and nonanoic acid, and previous
research reported that citral reduces cell division, disrupts mitotic microtubules and cell
plates, and inhibits cell elongation by damaging cortical microtubules, whereas nonanoic
acid causes loss of membrane integrity and rapid cell death [18,44-46]. Meanwhile, F2
consists of nonanoic acid and thymoquinone, and the mechanism of action of thymoquinone
as an herbicide has not been determined. Herrera et al. [19] have reported insecticidal
activity of this bioactive through acetylcholinesterase inhibition. The structure-activity
research showed that topological and/or physicochemical properties can be related to
the biological effects on pests. Herrera et al. [47] proposed that electronic descriptors of
terpenes, such as the orbital electronegativity of the carbonyl group, are associated with
enzyme inhibition in pests. Hence, F1 and F2 may be developed as promising herbicides
against weeds and used in organic farming systems.

Current work demonstrates that the injuries caused by F1 and F2 on the photosynthetic
apparatus of A. hybridus were greater than those caused by atrazine treatment (Figure 6).
The measurement of Fv/Fm has been used to estimate the damage to the PSII [29,48,49]. In
non-senescent and mature leaves, the values of Fv/Fm are about 0.8 [50]. For the genus
Amaranthus, values of 0.72 were found for unstressed leaves [51]. In this study, the maxi-
mum values of Fv/Fm for the control treatment were about 0.7, and it was 0.1 1 day after the
F1 or F2 treatment (Figure 6). Concerning the effects of EOs and their pure compounds on
plant physiology, several studies reported a reduction in the chlorophyll content [11,18,52].
The studies of fluorescence emission analysis of photosynthetic apparatus have been used
to determine the mode of action of new herbicides [53,54].

Several studies found that some EO compounds can be phytotoxic against crops [55,
56]; however, crop selectivity is a desirable trait in the development of herbicides, and
the effects of F1 and F2 on wheat germination and seedling growth were approached in
the current work. Both formulations were tested in pre-planting treatments, and they did
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not affect wheat germination when the sowing took place 7 or 14 days after application,
depending on the formulation and concentration (Figure 7A,B). Regarding leaf growth, both
F1 and F2 at 5 mM produced growth inhibition of wheat seedlings at 7 and 14 days after
application. Less growth was observed at 7 days after application for both formulations at 2
mM, and no significant differences were observed at 14 days after application (Figure 8A,B).
It is necessary to know the EO potential effect on food crops to determine the planting time
at which phytotoxicity does not affect the crop. In this sense, Synowiec et al. [57] reported
that caraway or peppermint EOs can selectively inhibit the growth of Echinochloa crusgalli
but not that of maize plants. Ibafiez and Blazquez [58] pointed out that oregano EO is
the most harmful for cucumber and tomato seedlings, whereas rosemary EO is the least
harmful for seed germination in these seedlings. This study, conducted on a laboratory
scale, showed the stability and persistence of the formulations over time. We determined
that after 14 days of application, the formulations did not inhibit wheat germination or
growth of seedlings.

5. Conclusions

Two herbicidal formulations were developed on plant-based compounds. We demon-
strated that the functional groups of the active compounds in both binary formulations
were maintained, showing unimodal size distributions and thermal stability at the tem-
peratures tested. The formulations were non-selective and controlled a broad spectrum
of species (monocotyledons and dicotyledons); however, A. hybridus and L. multiflorum
were the most sensitive. The binary formulations of nonanoic acid/citral and nonanoic
acid/thymoquinone negatively affected the photosynthetic system of A. hybridus. The
phytotoxic effect of the formulations was tested on wheat germination, and they did not
inhibit plant germination and seedling growth after 14 days of application. However,
further research should consider the validation of the effectiveness of F1 and F2 at the field
scale. New herbicide formulations developed with different bioactive ingredients would
control a wide spectrum of weeds through multitarget-site effects, new modes of action,
and a low impact on the environment.
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Abstract: Macrophytes and cladocerans represent the main antagonistic groups that regulate phy-
toplankton biomass; however, the mechanism behind this interaction is unclear. In laboratory
conditions, we separately evaluated the effects of three submerged macrophytes (Ceratophyllum demer-
sum, Myriophyllum aquaticum, and Stuckenia pectinata), as well as their exudates, and plant-associated
microbiota (POM < 25 um) + exudates on the population growth of Daphnia cf. pulex and Simocephalus
cf. mixtus. Living Ceratophyllum, exudates, and POM < 25 um + exudates exhibited the most robust
positive effects on Simocephalus density and the rate of population increase (r). Subsequently, we
examined the effects of Ceratophyllum on the filtration and feeding rates of Simocephalus and Daphnia,
revealing significant (p < 0.001) promotion of filtration and feeding in Simocephalus but not in Daphnia.
To elucidate the specific effects of this macrophyte on Simocephalus demography, we assessed selected
life table variables across the same treatments. The treatments involving exudates and living Cer-
atophyllum resulted in approximately 40% longer survivorship and significantly (p < 0.01) enhanced
fecundity. Our findings indicate that exudates from submerged macrophytes positively influence
Simocephalus demography by increasing filtration rates, survivorship, and fecundity. This synergy
suggests a substantial impact on phytoplankton abundance.

Keywords: exudates; feeding rates; life table; population growth rate; zooplankton

1. Introduction

During recent decades, a significant increase in urbanization, agriculture, livestock,
deforestation, and wastewater discharges has been observed. These activities have expe-
dited the eutrophication process in numerous water bodies around the world, leading to
substantial alterations in biological communities and ecosystem dynamics [1]. Due to this
environmental deterioration and global warming, eutrophication is one of the main prob-
lems facing marine and freshwater ecosystems [2]. This phenomenon drives an increase
in phytoplankton biomass with associated toxic potential and reduces aquatic diversity,
diminishing ecosystem services” availability [3,4]. For this reason, several methods have
been proposed to mitigate this problem. These include physical methods such as algae
harvesting, dredging, water diversion, shading of lake areas, and the use of ultrasonic
waves to disrupt algae cells. Chemical methods include the application of substances
that kills algae, flocculants, and growth regulators [5-7]. However, many of these are
ineffective, have harmful side effects, or are too expensive to implement [8]. In this sense,
biomanipulation is a restoration method mainly applied in lakes and reservoirs, allowing
for improving water quality in short periods at relatively low costs [3,8].

Plants 2024, 13, 1504. https:/ /doi.org/10.3390/plants13111504 57 https://www.mdpi.com/journal /plants



Plants 2024, 13, 1504

Submerged macrophytes have been widely used in ecological restoration projects
since they are a key element in shaping aquatic communities [3,9,10]. They establish
antagonistic interactions with phytoplankton by enhancing sedimentation rates, engaging
in competition for light and nutrients, providing refuge for herbivores [11], and producing
allelopathic compounds that reduce phytoplankton abundance [12]. Several works have
shown that the allelopathic potential is more remarkable in certain species of submerged
macrophytes such as Myriophyllum spp., Chara spp., Potamogeton spp., and Ceratophyllum
demersum [13], with different kinds of identified compounds as major chemical mediators of
this phenomenon [12,13]. These substances are released and diffused as dissolved organic
carbon (DOC) into the environment, rapidly degraded by heterotrophic bacteria and
thereby stimulating the microbial food web [14]. However, there is not much information
at an experimental level about how these processes occur and their effect on higher trophic
levels, as is the case of primary consumers such as cladocerans [15].

This interaction between macrophytes and cladocerans is relevant in biomanipulation
projects since macrophytes also help to reduce phytoplankton biomass by providing shelter
for zooplankton against predation, which increases herbivory rates [9]. However, the
outcome of the macrophyte—cladoceran interaction is unclear since different responses have
been reported in cladocerans at a demographic, physiological, and behavioral level [16-19].
Furthermore, most of these studies have been carried out in temperate systems, and several
works have shown that ecological interactions in tropical and subtropical systems may
differ from those observed in temperate systems [20]. Burns and Dodds [16] documented
contrasting impacts of Nitella hookeri exudates on the filtration rates of Daphnia carinata,
revealing both positive and negative effects depending on seasonal variations. Burks
et al. [17] found that Elodea canadensis exudates caused a delay in maturation time and
decreased egg production in Daphnia magna. Later, Cerbin et al. [18] mentioned that Myrio-
phyllum verticillatum induced a reduction in first reproduction size and clutch size in D.
magna, although no discernible adverse effects were observed from its exudates. Repel-
lence effects from cladocerans towards macrophytes have also been documented [19,21].
Conversely, Espinosa-Rodriguez et al. [22] observed an enhancement in the longevity and
fecundity of three Simocephalus species following exposure to exudates from Egeria densa.
Montiel-Martinez [23] indicated that exudates from the floating macrophyte Eichhornia
crassipes influenced behavior and caused positive effects on demographic parameters of
littoral cladocerans, specifically Simocephalus vetulus and Chydorus brevilabris.

According to this, macrophytes may exert negative effects on pelagic cladocerans such
as Daphnia, whereas littoral cladocerans that coevolve with macrophytes, such as those
belonging to the Simocephalus genus, may experience positive effects. However, empirical
evidence supporting these hypotheses is lacking. Consequently, the impact of submerged
macrophytes, their exudates, and associated microbiota on the demographic characteristics
and filtration rates of littoral and pelagic cladocerans remains uncertain. The hypothesized
mechanism that explains the negative effect of macrophytes on cladocerans is associated
with the release of allelopathic substances [9]; nevertheless, the chemical composition of
these substances varies among macrophyte species, and their effects depend on the recipient
species’ sensitivity [12,13]. On the other hand, the hypothesis suggesting a positive impact
of macrophyte exudates on cladocerans relies on the fact that these substances, in the form
of dissolved organic carbon (DOC), are readily decomposed by heterotrophic bacteria,
which utilize them as an energy source [24]. This decomposition process activates the
microbial food web, which serves as a food source for zooplankton [25], so the nature and
quantity of these substances will influence bacterial production, and this will depend on the
macrophyte species involved and prevailing environmental conditions [14,26]. In this study,
we aimed to assess (a) the effect of three submerged macrophytes (Ceratophyllum demersum,
Myriophyllum aquaticum, and Stuckenia pectinata), as well as their exudates and associated
particulate organic matter smaller than 25 um (POM > 25 um), on the population growth of
Daphnia cf. pulex and Simocephalus cf. mixtus; (b) the influence of C. demersum and S. pectinata
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on the feeding and filtration rates of D. cf. pulex and S. cf. mixtus; and (c) the effects of
C. demersum on the survivorship and fecundity of S. cf. mixtus.

2. Materials and Methods
2.1. Test Organisms

The plankton species used for the tests (Chlamydomonas sp., Daphnia cf. pulex, and
Simocephalus cf. mixtus) were isolated from the urban Lake Mexcalpique within Cantera
Oriente. For Chlamydomonas sp., we directly collected the sample from the surface layer
using a 50 mL Falcon tube; cladocerans were qualitatively sampled from the same layer
with a zooplankton net of 64 um mesh size. La Cantera Oriente is a place situated in the
protected natural area known as “Reserva del Pedregal de San Angel” (REPSA), Mex-
ico City, with the coordinates ranging between 19°18'47" and 19°19’15” N and between
99°10’17" and 99°10'22” W. This region encompasses a spring and 4 shallow lakes ex-
hibiting distinct trophic levels; therefore, it could be used as a model for assessing lake
restoration strategies [27]. In these lakes, Chlamydomonas spp. blooms have been recorded
during the cold season (November to March), while the chosen cladocerans represent the
largest filter-feeding species present in these lakes. The selected aquatic plant species are
distributed across several water bodies in central Mexico. Myriophyllum aquaticum and
Stuckenia pectinata were isolated from the Salazar reservoir in the State of Mexico, whereas
Ceratophyllum demersum was isolated from the channels of Xochimilco in Mexico City.

2.2. Culture and Maintenance of Organisms

Chlamydomonas sp. was isolated in 1.5% bacteriological agar Petri dishes with Bold basal
medium as per the method described by Andersen et al. [28]. It was then transferred to a
liquid Bold basal medium for scaling up and cultured in 500 mL transparent glass bottles at
a controlled temperature of 21 & 2 °C under aeration and constant, diffuse fluorescent light
conditions. Following an incubation period of 8 days, the algae were harvested, centrifuged at
3000 RPM for 5 minutes, and resuspended in EPA medium [29]. Algal concentrations were de-
termined using a hematocytometer. Cladoceran cultures were initiated from parthenogenetic
females and maintained for 8 months in EPA medium prepared with 96 mg of NaHCO;3,
60 mg of CaSOy, 60 mg of MgSO,, and 4 mg of KClin 1 L of deionized water [29], at a tem-
perature of 21 & 2 °C under a 12:12 photoperiod, with Chlamydomonas sp. (at approximately
1 x 10° cells mL.~!) provided as the food source. The culture medium was replaced twice
weekly. Macrophytes were collected from the field and underwent a week-long quarantine
period with daily dechlorinated tap water changes to minimize associated biota. Following
quarantine, they were placed in a 10% Bold basal medium under aeration, at the same temper-
ature and photoperiod as the other organisms. To prepare the exudates and particulate organic
matter less than 25 um (POM < 25 pum), each macrophyte was rinsed with EPA medium and
placed in a 5 L aquarium at a density of 1.2 g dry weight L~! in 4 L of EPA medium + 10%
Bold basal medium 48 h before the start of the experiment. Aquarium conditions, including
light, photoperiod, and aeration, were maintained identical to those for the algae to ensure an
oxygenic environment and prevent gradients. Water levels were replenished daily with EPA
medium + 10% Bold basal medium.

2.3. Experimental Design

Four treatments were established for each macrophyte and they were evaluated sepa-
rately for each cladoceran species. The treatments were (1) macrophyte exudates, (2) macro-
phyte exudates + associated microbiota and detritus less than 25 um (POM < 25 um),
(3) living macrophytes at a density of 1.2 g dry weight L~1, and (4) control. All treatments
had basal Bold medium 10% served as the nutrient source. Each treatment was replicated
four times, resulting in a total of 96 experimental units (2 cladocerans x 3 macrophytes
X 4 treatments x 4 replicates). For the treatments, each macrophyte was maintained as
described previously. Exudates were collected by filtering the conditioned medium from
each plant through 0.45 um nitrocellulose filters. For POM < 25 pum, water containing
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exudates from each macrophyte was filtered through a sieve with a mesh opening size of
25 um. In the control treatment, only EPA medium + basal Bold medium 10% was utilized.

2.4. Population Growth

Population growth experiments were conducted over 23-24 days. Each experimental
unit comprised 100 mL transparent containers with 50 mL of medium with a concentration
of 0.5 x 10° cells mL~! of Chlamydomonas sp. as the primary food source. Within each
container, 10 parthenogenetic females (0.2 ind. mL~!) from each cladoceran species were
introduced, considering cohorts consisting of 5 neonates, 3 juveniles, and 2 adults. Once the
experiments began, the daily population abundance of surviving organisms was quantified,
and they were subsequently transferred using a Pasteur pipette to another container
corresponding to their treatment group. Based on these abundance data, population
growth graphs were generated, and the daily population growth rate (r) was calculated
using the Krebs exponential equation [30]:

r=(In Nt — In No)/t

where r represents the population increase rate per day, No denotes the initial population
density, Nt is the final population density, and t represents the time in days. The population
growth rate was calculated considering the time from the beginning of the experiment until
the first point of maximum abundance in the curves for all tests. Following this calculation,
growth rates were compared between treatments using a one-way ANOVA, and a post
hoc Tukey test was employed using Sigmaplot 14.0 (Systat Software, Erkrath, Germany) to
identify significant differences when they were observed [31].

2.5. Filtration and Feeding Rates

From the population growth experiments, we selected C. demersum and S. pectinata
because these macrophytes had a more significant impact on the population growth curves
of cladocerans. To assess the impact of Ceratophyllum demersum and Stuckenia pectinata
exudates on the filtration and feeding rates of two cladoceran species, we established
two transparent containers of 2 L filled with 1.5 liters of EPA medium at a controlled
temperature of 21 £ 2 °C under a 12:12 photoperiod, with Chlamydomonas sp. provided
as the food source, consistent with regular culture maintenance practices. Ceratophyllum
demersum was added to one container at a density of 1.2 g dry weight L1, while the other
container received Stuckenia pectinata at the same density. Each container was populated
with a separate cohort of either Simocephalus cf. mixtus or Daphnia cf. pulex, introduced
72 h before the experiments for acclimatization. Controls were maintained under identical
conditions in two separate containers for each cladoceran species but without any plants,
resulting in a total of six containers.

Prior to experimentation, cladocerans were starved for 30 min, after which five adults
of D. cf. pulex (2371 £ 155 um) and S. cf. mixtus (1781 = 163 pm) were selected for each
experimental unit, represented by transparent containers with 50 mL of the respective
treatment medium with a concentration of 0.5 x 10° cells mL~! of Chlamydomonas sp.
In total, 40 containers were set up (2 macrophytes x 2 cladocerans x 2 treatments X
5 replicates) with an additional 5 control containers only with Chlamydomonas sp. cells.

After 30 min of feeding, all experimental units were fixed with Lugol’s solution 1%,
and the remaining Chlamydomonas sp. cells were counted using a hemocytometer in a
microscope Axiostar (Carl Zeiss, Jena, Germany). Filtration rates (F) and feeding rates (f)
were calculated according to Rigler [32] as follows:

F = (InCO — InCt) + W/t * N

where CO0 is the initial cell density, Ct is the final cell density, W is the medium volume in
milliliters, t is the feeding time in min, and N is the number of individuals per recipient.
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(f) = V(CO — Ct)/t — N

where V is the medium volume, CO is the initial cell density, Ct is the final cell density, t is
the time, and N is the number of individuals per recipient.

Statistical comparisons were conducted independently for each cladoceran species in
the presence and absence of C. demersum and S. pectinata. Thus, the results were statistically
compared using one-way ANOVA and a post hoc Tukey test with Sigmaplot 14.0 (Systat
Software, Erkrath, Germany) when differences were registered [31].

2.6. Life Table

For a detailed analysis of the observed effects on survivorship and fecundity registered
in the population growth experiments and filtration and feeding rates, we conducted life
table experiments using the same treatments outlined previously, focusing only on Cerato-
phyllum demersum and Simocephalus cf. mixtus given the pronounced effect of macrophytes
on cladocerans registered in this combination. In each experimental unit, 10 neonates
younger than 24 h were introduced each day; the number of survivors was quantified,
with neonates being removed from the original cohort each day and transferred to another
container corresponding to their treatment group. Life table parameters including sur-
vival (Iy) and fecundity (m,) were used to calculate average lifespan (ALS), life expectancy
(LE), gross (GRR) and net reproductive rate (NRR), generation time (GT), and the rate of
population increase (RPI) per day following the methodology described by Krebs [30]:

Average lifespan:

Life expectancy:

T = Ny +n
eg=—,Ty = ZLXer = x ¥ i
Ny 0 2
Gross reproductive rate:
[e°)
)
0
Net reproductive rate:
e}
Ro = lemx
0
Generation time:
Yo lemy x x
T==""—F"—
Ro
Population growth rate (r):
[e9)
e lomy =1
x=0

where Ty is the number of individuals per day, 7y is the number of living organisms at
the beginning, [, is the probability of an organism surviving at an age class (x), my is the
fecundity at a specific age, Ry is the average number of neonates per female, and r is the
rate of population increase. Differences between treatments were compared using one-way
ANOVA, followed by a post hoc Tukey test with Sigmaplot 14.0 (Systat Software, Erkrath,
Germany) to detect significant differences when they were registered [31].

3. Results
3.1. Population Growth

The population growth curves (Figure 1) showed that treatments incorporating ex-
udates, POM, and living macrophytes of Ceratophyllum demersum resulted in an increase
in Simocephalus abundance by close to 5 ind. mL~!, compared to control groups that
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reached densities close to 2 ind. mL~L Conversely, for Daphnia, the presence of liv-
ing C. demersum led to slightly higher abundances (2.37 4- 0.24 ind. mL~!) compared
to other treatments (POM = 2.04 + 0.35 and exudates = 2.22 + 0.11 ind. mL~!) and
the control (2.07 & 0.33 ind. mL~!); however, the control group’s abundance declined
earlier. Similarly, experiments with M. aquaticum also showed higher abundances in treat-
ments for living macrophytes for both Simocephalus (1.98 + 0.29 ind. mL~') and Daphnia
(1.93 + 0.14 ind. mL~!) compared to other treatments, although the differences among
treatments and densities were less pronounced. When Simocephalus was exposed to living
Stuckenia, its population density reached 5.28 4 0.45 ind. mL~!, significantly higher than
the control (1.21 & 0.09 ind. mL~!), while treatments with exudates and POM had slightly
higher densities than the control, with 1.27 £ 0.14 ind. mL~!and 1.52 + 0.55 ind. mL !,
respectively. In contrast, for Daphnia, no clear differences were observed in the abundance
among all treatments, ranging between 1.92 and 2.4 ind. mL~!; nevertheless, the treatment
with living macrophytes showed a longer lag phase.

Population growth
6 _
Simocephalus Daphnia C. demersum

M. aquaticum

V.SV

25 ﬁ_‘v'v
«

Population density (ind.mL'1)

S. pectinata

51 —@— Control

—O— Exudates

—v— POM < 25 um
—A— Alive macrophyte

3 6 9 12 15 18 21 24

Time (Days)
Figure 1. Population growth curves of Simocephalus cf. mixtus and Daphnia cf. pulex under the
influence of exudates, particulate organic matter smaller than 25 um (POM < 25 um) + exudates, and

living macrophytes derived from Ceratophyllum demersum, Myriophyllum aquaticum, and Stuckenia
pectinata. Mean + SE data are shown based on four replicates.
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Overall, the r values ranged from 0.05 to 0.18 for Simocephalus and from 0.14 to 0.31 for
Daphnia, as depicted in Figure 2. Regarding Simocephalus, all treatments involving exudates,
POM, and living macrophytes yielded higher r values. However, for Daphnia, lower r values
were generally observed in treatments with macrophytes or their derivates. In the ANOVA
tests conducted with Ceratophyllum and Simocephalus, statistically significant differences
(p < 0.001) were noted between the control group and the other treatments, with the highest
r values for this cladoceran observed in the treatment involving exudates. Conversely, for
Daphnia, no statistical differences (p > 0.05) were observed among the treatments. When
using M. aquaticum, the lowest r values were observed for both cladocerans; however,
only Simocephalus exhibited statistical differences (p < 0.01) between the control group and
treatments with alive macrophytes. For Daphnia, no significant differences (p > 0.05) were
detected. In the experiments with Stuckenia, statistical differences (p < 0.001) were observed
between the control group and treatments with living macrophytes for Simocephalus, while
for Daphnia, living Stuckenia significantly reduced (p < 0.001) its rate of population increase.

Population growth rate
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Figure 2. Population growth rates (r) per day of Simocephalus cf. mixtus and Daphnia cf. pulex under
the influence of exudates, particulate organic matter smaller than 25 um (POM < 25 um) + exudates,
and living macrophytes derived from Ceratophyllum demersum, Myriophyllum aquaticum, and Stuckenia
pectinata. Mean + SE data are shown based on four replicates. Bars with equal letters are not
statistically significant (p > 0.05, Tukey test).
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3.2. Filtration and Feeding Rates

The filtration and feeding rate values for Simocephalus significantly increased (p < 0.001)
in the presence of C. demersum and S. pectinata, while Daphnia did not show statistical
differences (p > 0.05; Table 1).

Table 1. Filtration and feeding rates of Simocephalus cf. mixtus and Daphnia cf. pulex in the presence
and absence of Ceratophyllum demersum and Stuckenia pectinata. Means + SE are based on five
replicates. Data with equal letters are not statistically significant (p > 0.05, Tukey test).

Simocephalus Daphnia

cf. mixtus cf. pulex
Filtration rates Control 1.01 £0.192 214+0.242
(mLind. h=1) C. demersum 4.07 +£052° 199 £0.322
S. pectinata 3.02+0.30°¢ 1.88£0.152
Feeding rates Control 0.81 +£0.15° 1.63 £0.172
X10° (cells ind. h™")  C. demersum 2.87 £031P 152+022°
S. pectinata 222 4+020°¢ 145+0.25%

3.3. Life Table

Life table experiments showed that the survivorship (Iy) of Simocephalus notably
increased in the presence of exudates and living C. demersum, with individuals living up
to 54 and 52 days, respectively, compared to 38 days in the POM < 25 pum treatment, and
33 days in the control group. The maximum fecundity (1) values were relatively similar
between the control and POM treatments, averaging 3.5 and 3.4 neonates per female !,
respectively, and cumulated fecundity around 30 neonates per female !. In contrast,
treatments with exudates and living macrophytes exhibited higher values of 4.6 and
6.33 neonates per female ! as well as a cumulated fecundity of 36 and 52 neonates per
female ™!, respectively (Figure 3).

Table 2 displays selected life table variables for Simocephalus, comparing exudates,
POM, and alive C. demersum. The average life span was similar (p > 0.05) between control
and POM treatments, while exudates and alive C. demersum showed statistically different
values (p < 0.01 and p < 0.001 respectively) compared to the control group. Both gross
and net reproductive rates exhibited a similar trend, with similar lower values in the
control group compared to the other treatments; however, exudates and POM showed no
significant difference (p > 0.05). Notably, alive C. demersum resulted in statistically higher
values (p < 0.001) compared to the other treatments. Furthermore, generation time was
significantly higher for alive C. demersum (p < 0.01) and lower for POM; although, the latter
was similar to the control group (p > 0.05). Concerning the rate of population increase,
treatments with exudates and alive Ceratophyllum were significantly higher (p < 0.01 and
p < 0.05 respectively) compared to the control group, while POM showed no statistical
differences (p > 0.05).

Table 2. Selected life table variables of Simocephalus cf. mixtus under the influence of exudates,
particulate organic matter smaller than 25 pum + exudates (POM < 25 um), and living Ceratophyllum
demersum. Mean =+ SE data are shown based on four replicates. Data with equal letters are not
statistically significant (p > 0.05, Tukey test). ALS = Average life span; GRR = gross reproductive rate;
NRR = net reproductive rate; GT = generational time; RPI = rate of population increase.

Treatments Variable Simocephalus
Control ALS (days) 26.6 + 0.33 @
Exudates 37.9+245b
POM < 25 um 28.7 +0.872
Alive C. demersum 39.0 +£1.43b
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Table 2. Cont.

Figure 3. Survivorship (left) and fecundity (right) of Simocephalus cf. mixtus under the influence
of exudates, particulate organic matter smaller than 25 pm (POM < 25 um) + exudates, and living
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Ceratophyllum demersum. Mean + SE data are shown based on four replicates.
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4. Discussion

Population growth experiments with cladocerans have shown that submerged macro-
phytes indeed increased Simocephalus abundance as hypothesized, while the abundance of
Daphnia was only marginally affected. Previous studies have presented varied responses of
cladocerans to submerged macrophytes; however, the majority of research has focused on
life table variables and the behavior of pelagic Daphnia [9,16-18,21], with limited attention
given to Simocephalus and population growth responses [22,23,33].

The chemical properties of exudates derived from different macrophytes can vary
significantly, leading to diverse effects on organisms [34]. For instance, Myriophyllum spica-
tum exhibits strong negative effects on cyanobacteria and green algae species through the
exudation of allelopathic compounds like tellimangrandin II and ellagic acid. Similarly,
Ceratophyllum demersum releases allelopathic sulfur compounds targeting diatoms [12,13].
In a meta-analysis examining the inhibition mechanisms of submerged macrophytes on al-
gae, Liu et al. [35] found that the inhibition of algae by submerged plants is species-specific,
with Ceratophyllum demersum demonstrating the strongest allelopathic effect on algae.

When assessing the impact of macrophytes on cladocerans, Gutierrez and Mayora [15]
emphasized variations in phenols and chromophoric dissolved organic matter (DOM)
exudates among different macrophyte species, resulting in changes in the avoidance behav-
ior of cladocerans and copepods. Additionally, various species of zooplankton exhibited
divergent responses to the same species of macrophyte. Moreover, additional research
indicates that the association between macrophytes and cladocerans varies depending on
the particular species involved [15,36]. Therefore, the effect of macrophyte exudates relies
on both the specific macrophyte species and the susceptibility of plankton.

Most research on macrophyte—Daphnia interactions has revealed negative impacts of
macrophytes on Daphnia, attributed to physical and chemical factors such as accelerated
sedimentation of food particles due to macrophyte structure, macrophytes acting as barriers
to swimming [18], and Daphnia avoiding macrophytes due to heightened predation risk
from fish [15,19,21]. Additionally, numerous studies indicate that allelopathic substances
exuded by macrophytes can reduce fecundity, delay maturation, and diminish Daphnia
growth [9]. However, the effects of DOM exudated from macrophytes on cladocerans have
been poorly assessed in laboratory conditions [15].

Burks et al. [17] found that Daphnia exposed to chemical exudates from macrophytes
experienced delayed maturation and reduced fecundity, implying indirect costs to Daphnia
due to the allelopathic inhibition of their algal food source. However, in our investigation,
distinct negative impacts on the cladoceran population were not evident; instead, we
observed a prolonged lag phase in the growth population of Daphnia exposed to Stuckenia
pectinata; consequently, the growth rate was diminished, even though the abundances
across all treatments remained similar.

On the other hand, the advantageous impacts of macrophyte exudates on Simocephalus
spp. were evidenced by the enhancement of lifespan, survivorship, and fecundity through
allelochemicals released by Egeria densa [22]. These findings align with our own, revealing
a positive influence of submerged macrophyte exudates on Simocephalus demography and
filtration rates. Notably, age-specific survivorship showed a 40% increase, accompanied
by elevated average lifespan and reproductive rates in treatments involving exudates
and alive plants. Additionally, positive effects on the population density of Macrothrix
triserialis, Diaphanosoma birgei, Simocephalus mixtus, and Daphnia mendotae from Egeria densa’s
allelochemicals were reported as well [33].

Despite these advancements, our understanding of the effects of macrophyte exudates
and secondary metabolites on aquatic herbivores remains limited [37]. Some explanations
attribute these outcomes to hormesis, occurring under low-stress conditions where reduced
toxicity promotes reproduction, longevity, and survival [38]. These conditions are often
found in littoral vegetated areas, potentially explaining the high zooplankton abundances
observed there. Moreover, allelochemicals released by macrophytes have both negative

66



Plants 2024, 13, 1504

and positive effects on different species of algae [39], suggesting a similar dual impact
on zooplankton.

From an eco-evolutionary perspective, Simocephalus has coevolved in the littoral with
presence of macrophytes [40], where allelopathic exudates are prevalent. Consequently,
this has shaped the conditions of its habitat, leading to lower fitness in the absence of
such conditions, as observed in the control group. While the survivorship and fecundity
of Simocephalus increased in the presence of exudates and live Ceratophyllum, a longer
generation time indicated a trade-off between these variables. The presence of phenolic
compounds and tannins negatively affected herbivores’” feeding rates, yet some secondary
metabolites, including tannins, exhibited beneficial effects against pathogens and stressors,
akin to their roles in terrestrial herbivores [37]. Additionally, phenolic compounds are
recognized as antioxidant compounds [41], and recent studies have identified anticancer
phenolic compounds in C. demersum [42], underscoring macrophytes as a rich source
of beneficial substances. However, our knowledge regarding the benefits of secondary
metabolites exuded from macrophytes in aquatic systems remains sparse [37]. Thus,
identifying and studying these beneficial secondary metabolites in macrophyte exudates
presents a critical opportunity to understand processes in freshwater ecology.

Macrophyte exudates constitute a substantial portion of total dissolved organic matter
(DOM) in vegetated habitats [15], and numerous studies elucidate their role in enhancing
primary and secondary productivity [43]. Mesocosm experiments conducted by Balzer
et al. [44] delineate how allochthonous DOM stimulates autotrophs and mixotrophs, play-
ing a pivotal role in zooplanktonic secondary production. The DOM generated by sub-
merged macrophytes primarily comprises protein-like substances exhibiting high activity,
with discernible variations observed among different aquatic plants. Some investigations
have documented that DOM significantly influences alterations in microbial community
composition [43]. In our population growth experiments, the treatments involving par-
ticulate organic matter smaller than 25 um (POM < 25 pm) were statistically comparable
to exudates concerning Simocephalus and Daphnia. This suggests that the microbiota and
detritus associated with macrophytes may not serve as a substantial nutritional food source
for cladocerans under these conditions.

Feeding behavior in daphnids is characterized by a generalist approach, wherein the
largest ingestible particle size is determined by the frontal opening of the carapace, while the
smallest particles are limited by the mesh size of the filtration setules in the thoracopods [45].
Mesh sizes vary among different cladoceran species, ranging from 0.16 pwm for Diaphanosoma
to 4.7 um in Sida. For Daphnia species, mesh size ranges from 0.23 to 0.45 um for D. cucullata
up to 0.56 to 1.8 um for D. hyalina [46]; however, data for Simocephalus mixtus are currently
unavailable. Despite their ability to ingest a wide range of particle sizes, the optimal food
size range for cladocerans typically spans from 3 to 20 pm [45]. Larger cladocerans such as
D. pulex exhibit up to threefold higher filtration efficiency on 20 pm algal particles compared
to bacteria, which are usually smaller than 2 um, thereby safeguarding picoplankton from
extensive grazing by large cladocerans [45,47]. Consequently, the bacteria associated
with submerged macrophytes and produced through exudated dissolved organic matter
(DOM) may not be efficiently consumed by the relatively large Simocephalus cf. mixtus
(1781 £ 163 um) and Daphnia cf. pulex (2371 £ 155 pm) utilized in our experiments.

Detritus represents another crucial component of POM. For littoral Simocephalus, the
fatty acid composition aligns with that of littoral particulate matter, underscoring its rel-
evance as a resource for littoral species. In contrast, Daphnia primarily derives nutrients
from phytoplankton [48]. Cladocerans typically recycle DOM through the microbial loop,
wherein they readily consume flagellates and certain ciliates that prey on bacteria [46].
However, our observations in the aquarium containing C. demersum revealed predomi-
nantly amoebas and hypotrich ciliates among the protozoans, which are less susceptible to
consumption by filtering cladocerans due to their surface association [49].

In terms of filtration and consumption rates, D. cf. pulex demonstrated higher cell
consumption and water filtration compared to S. cf. mixtus in control conditions, consistent
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with findings from previous research [50]. This discrepancy can be attributed to the
larger size of Daphnia relative to Simocephalus [51]. The filtration rates of cladocerans are
influenced by factors such as food quality and quantity, particle size, and the size of the
cladoceran itself [48]. Therefore, we anticipated higher filtration rates in Daphnia compared
to Simocephalus, as reflected in our control data. However, Simocephalus exposed to exudates
from Ceratophyllum and Stuckenia showed a statistically significant increase in filtration
rates, approaching the maximum reported values for its size [51]. In contrast, the filtration
rates of Daphnia were not statistically affected by macrophyte exudates and remained
consistent with previous reports [52].

Despite the crucial role of filter feeders and the filtration process in maintaining water
clarity [53], there is limited information available regarding the effects of macrophyte exu-
dates on cladoceran filtration and feeding rates. Typically, the filtration rates of cladocerans
range from 0.9 to 135 mL per individual over a 24-h period [48], which aligns with our
data for both Daphnia and Simocephalus. In summary, the presence of macrophytes and
their exudates can influence the filtration and consumption rates of Simocephalus, but not
Daphnia. This has significant implications for managing algal blooms and preserving water
quality in aquatic ecosystems.

5. Conclusions

In this study, we investigated the effects of three submerged macrophytes, their
exudates, and associated particulate organic matter on the population growth and filtration
rates of Simocephalus and Daphnia, highlighting the complexity of interactions between
aquatic plants and zooplankton. Our results reveal significant differences in the responses
of different cladoceran species to macrophyte exudates, emphasizing the importance of
considering species-specific responses in ecological studies and biomanipulation trials.
Submerged macrophytes had positive effects on the abundance and rate of population
increase of Simocephalus cf. mixtus through the exudation of chemical substances, with
Ceratophyllum demersum showing the strongest positive effect on survivorship, average
lifespan, and reproductive rates of S. cf. mixtus, with no clear negative effects on Daphnia
cf. pulex. This differential response underscores the specificity of interactions between
zooplankton and macrophyte exudates. The increase in filtration and feeding rates in the
presence of macrophyte exudates may partially explain the positive effects registered on
demographic parameters. The findings of this study have implications beyond individual
species dynamics, encompassing ecological consequences. The influence of macrophyte
exudates on cladoceran populations may have cascading effects on water quality and
the control of algal proliferation. Understanding these complex interactions is crucial for
effective ecosystem management and restoration efforts.

In summary, our study provides valuable insights into the ecological importance of
macrophyte exudates in freshwater ecosystems. By elucidating the underlying mechanisms
of zooplankton responses to macrophyte-derived compounds, we lay the groundwork for
future research.
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Abstract: The defense mechanisms of plants evolve as they develop. Previous research has identified
chemical defenses against Western flower thrips (WFT) in Gladiolus (Gladiolus hybridus L.). Conse-
quently, our study aimed to explore the consistency of these defense variations against WFT across
the various developmental stages of Gladiolus grown under different conditions. Thrips bioassays
were conducted on whole plants at three developmental stages, using the Charming Beauty and
Robinetta varieties as examples of susceptible and resistant varieties, respectively. Metabolomic
profiles of the leaves, buds and flowers before thrips infestation were analyzed. The thrips damage in
Charming Beauty was more than 500-fold higher than the damage in Robinetta at all plant develop-
ment stages. Relative concentrations of triterpenoid saponins and amino acids that were associated
with resistance were higher in Robinetta at all plant stages. In Charming Beauty, the leaves exhibited
greater damage compared to buds and flowers. The relative concentrations of alanine, valine and
threonine were higher in buds and flowers than in leaves. The Metabolomic profiles of the leaves
did not change significantly during plant development. In addition, we cultivated plants under
different environmental conditions, ensuring consistency in the performance of the two varieties
across different growing conditions. In conclusion, the chemical thrips resistance markers, based on
the analysis of vegetative plants grown in climate rooms, were consistent over the plant’s lifetime

and for plants grown under field conditions.

Keywords: plant development stages; Frankliniella occidentalis; climate- and field-grown plants;
Gladiolus; eco-metabolomics

1. Introduction

Plant defenses are not fixed throughout a plant’s life. Major changes occur depending
on growing conditions, plant development and the level of biotic and abiotic stress. For
breeders, such changes may present a problem when they want to detect robust chemical
markers for resistance in their breeding programs.

Plant resistance to herbivores has mostly been studied under controlled conditions
in growth cabinets or climate rooms to minimize the effects of external variables on the
plant metabolome. Under laboratory conditions, photoperiod, light intensity, temperature
and humidity are controlled, whereas in the field, those conditions are highly variable.
These external variables may thus cause variation in the levels of defense compounds
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Plants 2024, 13, 687

and consequently affect plants’ resistance to herbivores. For instance, the concentration of
triterpenoid saponins in plants is affected by habitat, season, plant age, light, temperature
and water [1]. Amino acid levels were reported to depend on light conditions [2]. Also,
drought affects amino acid contents and, through this, herbivore feeding performance [3].

During a plant’s lifetime, major changes in its defense system occur. This can be
the result of aging tissues [4], or these changes can be associated with developmental
switches such as from seedling to vegetative stage or from vegetative to flowering stage [5].
Generally, it is assumed that plant parts that most strongly contribute to s fitness are de-
fended best [6]. For instance, young leaves are, in general, better protected from generalist
herbivores than older leaves [7], and buds and flowers are better protected than leaves [8].
The ultimate choice of herbivores will be determined by both the nutritional value of the
tissue and its level of defense. While for herbivores, such as thrips, young flowers with
pollen can have high nutritional value [9], they may at the same time be better protected
and have accumulated higher defense levels than other plant tissues such as leaves [9]. The
effect of developmental stage or plant age on resistance has been well studied for a number
of insect herbivores, including Western flower thrips (Frankliniella occidentalis, WFT). The
WET preference pattern is not fully consistent across plant species. In a greenhouse study
with Impatiens walleriana, the rank order of WFT preference was 1. plants with flower
buds, 2. plants with fully opened flowers with pollen, 3. plants with fully opened flowers
without pollen and 4. plants with foliage without flowers [10]. In Calystegia sepium, WFT
numbers increased during bud development and opening and reached a peak just before
flowers started to wilt [11]. In both Impatiens wallerana and Calystegia sepium, WFT preferred
flowers over leaves [10,11]. In tomato [12] and in Senecio [13], WFT damage was greater in
older leaves. In tomato, this difference became stronger after external application of JA.
Although from an evolutionary point of view, it makes sense that tissues that contribute
less to fitness are not optimally defended, this presents a problem to growers. While high
infestation levels on older leaves may not reduce flower or seed production, they may
lead to unmarketable products or higher levels of virus infections as, e.g., in the case of
thrips [14].

For plant breeders, potential changes in the plant’s defense system during plant
development presents a problem because selection in breeding programs is based on the
analyses of early life stages. The question is whether or not predictions of resistance in
young plants are good indicators of resistance later in life. Especially, for herbivores that
show a clear preference for particular plant organs such as buds, flowers or seeds this
question is highly relevant. In this paper we studied the defenses of Gladiolus against
WEFT at three developmental stages and under different growing conditions. WFT is one
of the most serious pests of agricultural and horticultural crops worldwide [15], causing
losses of millions of euros. WFT is highly polyphagous, invading fruit, vegetables and
ornamentals [16]. Thrips have piercing-sucking mouthparts which allow them to feed on
different types of plant cells [17]. After sucking up the cell’s content, these fill with air,
leading to the characteristic silver damage. Moreover, they are vectors of viral diseases [14].

In Gladiolus too, thrips infestation presents a severe problem. Plant breeders are in
need of morphological or chemical markers to assist their breeding programs and to make
full use of the natural variation that is present in Gladiolus with respect to thrips resistance.
In earlier work, we investigated the differences in WFT resistance of various Gladiolus
varieties [18] grown under climate room conditions. We detected, in a multivariate analysis
of NMR data, signals related to thrips resistance. These were a signal at 6 0.90 ppm linked
to triterpenoid saponins and the amino acids alanine and threonine. Subsequent correlation
analyses gave significant relationships with the signal of 0.90 ppm, linked to triterpenoid
saponins, alanine and threonine. All these signals were highly correlated among each
other and with density of papillae [18]. Most likely these defence compounds are produced
and/or stored in the extra cuticular papillae.

The objective of this study was to investigate the effect of plant developmental stages
and environmental conditions on plant resistance to WFT. For this we investigated Gladiolus

72



Plants 2024, 13, 687

plants grown under natural field conditions of a plant breeder, plants transferred from the
field (to a climate room and plants grown during the whole experiment in a climate room).
The vegetative life stage comprises about 80% of the total life cycle of Gladiolus. However,
success in later developmental stages of the plants is crucial for bulb and flower production.
We, therefore, compared metabolomic profiles and WFT infestation for three developmental
stages: vegetative, generative stage with buds and generative stage with flowers.

For our experiments we used the Gladiolus varieties Robinetta and Charming Beauty
which in the vegetative stage were shown to be highly resistant and susceptible to WFT,
respectively [18]. We specifically addressed the following questions:

e Do Robinetta and Charming Beauty show consistent differences in WFT resistance
over all development stages?
Does WFT damage differ between plant organs?
Does WFT damage to leaves differ among plant development stages?
Are differences between the metabolomic profiles of Robinetta and Charming Beauty
consistent across developmental stages?

e Do the concentrations of defence compounds related to WFT resistance differ among
plant organs?

e Do the concentrations of compounds that were related to WFT resistance alter with
the development stages of the plant?
Are the metabolic profiles of the plants dependent on the environmental conditions?
And if so: Is there a change in the concentration of compounds related to thrips
resistance?

2. Results
2.1. Thrips Whole Plant Bioassay

Differences in total WFT damage between the two varieties. While Charming
Beauty showed considerable damage on flowers and leaves (Figure 1), hardly any damage
occurred in Robinetta at all developmental stages. Total WFT damage differed significantly
between Charming Beauty and Robinetta (U = 55.000, df = 1, p = 0.000) (Figure 2). The
average total damage across all three developmental stages was: 565.22 & 77.4 mm? in
Charming Beauty and 3.3 4+ 1.9 mm? in Robinetta.

(A) (B)

Figure 1. Plant silver damage in Charming Beauty on flowers (A) and leaves (B).

WFT Damage in Different Plant Organs. In Charming Beauty damage to buds
accounted for 35% of the total damage in the bud stage. Damage to flowers accounted for
16% from the total damage in this stage, while no damage to buds occurred in this stage. In
Robinetta damage to all plant organs was low and in buds and flowers it was even zero
(Figure 2).
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Figure 2. Plant silver damage (mm?) in Charming Beauty and Robinetta at three plant development
stages: vegetative, generative with buds and generative with flowers as measured by a whole plant
Western Flower Thrips non-choice bioassay. Bars represent total plant damage, patterns within bars
represent different plant organs. Differences in total plant damage within the three developmental
stages were tested with one-way ANOVA (Charming Beauty) and Kruskal-Wallis (Robinetta). Data
represent mean and standard errors for three to four replicates. Different letters above the bars refer to
significant differences within development stages at the 0.05 level. *** Indicate significant differences
between the varieties (p < 0.000).

WFT Damage on Leaves at Different Plant-Stages. WFT damage on leaves differed
significantly among the three plant development stages in Charming Beauty (F = 16.593,
df =2, p =0.023) (Figure 2). Damage in the vegetative stage was two times higher than in the
generative stage with buds or flowers. In Robinetta WFT damage at all three developmental
stages were close to zero and did not differ significantly developmental stages (H = 2.333,
df =2, p = 0.311) (Figure 2).

2.2. Metabolomic Profiling

Differences in Metabolite Profiles of Leaves Between Varieties. PCA is an unsu-
pervised method which enables to identify the differences or similarities among samples.
Charming Beauty and Robinetta differed in their leaf metabolomic profiles at all plant
stages although the differences in flowers were relatively small (Figure 3A). The separation
was mainly due to PC1 which explained 41% of the variation in leaf metabolites. The
loading plot showed that the signals in the region between 6 1.92-0.80 ppm had a low score
and thus were associated with Robinetta the WFT resistant variety (Figure 3B). The signals
at 5 1.28 (signal A) and 0.90 ppm (signal B) were related to triterpenoid saponins. In this
region we could further identify signals related to the amino acids valine (6 1.06) alanine
(5 1.48), and threonine (5 1.32). Signals with a high score on the loading plot, that thus were
associated with Charming Beauty, were in the sugar region $ 5.0-3.0 ppm (Figure 3B). How-
ever, the relative concentrations of the sugars we could identify, sucrose (5 5.40), x-glucose
(6 5.20) and B-glucose (6 4.60) did not differ significantly between Charming Beauty and
Robinetta (F =1.284, df =1, p =0.272; F=0.351,df =1, p = 0.561 and F = 0.219, df = 1,
p = 0.645, respectively) (Figure 4). The relative concentrations of the triterpenoid saponins
that were related to signal A and signal B were significantly higher in Robinetta (H = 16.323,
df =1, p=0.000 and H = 14.449, df = 1, p = 0.000, respectively) than in Charming Beauty
(Figure 4). The relative concentrations of alanine, valine and threonine were about three
to four times higher in Robinetta than in Charming Beauty (F = 73.702, df = 1, p = 0.000;
F=334.108,df =1, p = 0.000; F = 584.607, df = 1, p = 0.000, respectively) (Figure 4).
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Figure 3. PCA score plot (A) and loading plot (B) for two varieties, Robinetta (green) and Charming
Beauty (red) based on TH NMR spectra with (e) buds, (M) flowers (A) leaves at vegetative stage,
(V) leaves at generative stage with buds (#) leaves at generative stage with flowers. Metabolites
are labeled as triterpenoids saponins (1 and 2), alanine (3), valine (4), threonine (5), sucrose (6) and
glucose (7).

Differences in Metabolite Profiles between Plant Organs. The PCA analysis of the
metabolomic profiles of the three plant organs showed clear differences for Charming
Beauty (Figure 5A). PC1, which explained 42% of the variation, separated the flowers
from the leaves and buds. The loading plot for PC1 showed that the region between
5 5.40-3.00 ppm which represents sugar compounds was responsible for this separation
(Figure 5B). In Robinetta too plant organs were separated by their metabolomics profiles
in the PCA (Figure 6A). The separation was mainly due to PC1 which explained 57% of
the variation in plant metabolites. Signals with low values on the loading plot, and thus
associated with buds and leaves belonged to the region 6 2.5-0.80 ppm. These signals
were related to amino acids and saponins. Other signals with a negative value on the
loading plot in the region & 4.20-3.20 ppm, which we identified as being from sucrose,
were associated with buds and leaves. Signals with positive values on the loading plot and
thus associated with flowers, in the range from 6 4.00-3.28 ppm (Figure 6B) were identified
as glucose.
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Figure 4. Relative concentration, as proportion of the internal standard, in 'H NMR spectra of

triterpenoid saponins (signal A and signal B), alanine, valine, threonine, sucrose, x-glucose and

-glucose in leaves of three plant development stages (Vegetative (V), Generative with buds (GB),

Generative with flowers (GF)) of Charming Beauty and Robinetta. Data present the mean + SE

of four to six for replicates of leaves at the vegetative, generative with buds and generative with

flower stages. Differences in relative concentrations of triterpenoid saponins and amino acids within

variety and between the two varieties were analyzed by a Kruskal-Wallis test and a one-way ANOVA,

respectively. Differences in the relative concentrations of sucrose, x-glucose and 3-glucose between

the two varieties and within variety were analyzed by one-way ANOVA. Different letters refer to

significant differences among development stages within varieties at the 0.05 level. *** indicate

significant differences between varieties (p < 0.000).
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Figure 5. PCA score plot (A) and loading plot PC1 (B) for Charming Beauty based on 'H NMR
spectra with (e) buds (M) flowers and (A) leaves from plants at the generative stage. Metabolites are
labeled as sucrose (6) and glucose (7).

The relative concentration of signal A did not show significant differences among
plant organs in Charming Beauty (H =2.333, df =2, p = 0.311). The relative concentration
of signal B was slightly higher in buds compared to flowers and leaves (H = 6.706, df =2,
p = 0.035). Threonine, alanine and valine were two times higher in buds and flowers in
Charming Beauty than in leaves (F = 5.335, df = 2, p = 0.039; F = 29.535, df = 2, p = 0.000;
F =16.347, df =2, p = 0.002, respectively) (Figure 7). The concentrations of «- and (3-glucose
were about two times higher in flowers than in leaves and buds (F = 31.846, df = 2, p = 0.000
and F =27.131, df =2, p = 0.001, respectively) (Figure 7). However, the relative concentration
of sucrose (6 5.40 ppm) was lower in flowers than in leaves and buds (F = 5.502, df = 2,
p = 0.020) (Figure 7).

In Robinetta signals A and signal B were about 50% higher in leaves and buds than in
flowers (F =63.507, df =2, p = 0.000 and F = 14.969, df = 2, p = 0.005, respectively). Threonine
was higher in leaves and buds than flowers (F = 61.767, df = 2, p = 0.000). Alanine was
similar in concentration in all plant organs (F = 3.056, df = 2, p = 0.122). Valine concentration
was about 50% higher in leaves and buds (F = 7.368, df = 2, p = 0.004) than in flowers
(Figure 7). Relative concentrations of - and 3-glucose were about two times higher in
flowers than in leaves and buds (F = 5.543, df =2, p = 0.043 and F = 404.909, df = 2, p = 0.000,
respectively) (Figure 7). In contrast, sucrose was lower in flowers than in leaves and buds
(F = 10.648, df = 2, p = 0.011) (Figure 7).
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Figure 6. PCA score plot (A) and loading plot (B) for Robinetta based on IH NMR spectra with (e)
buds, (M) flowers and (A) leaves from plants in the generative stage. Metabolites are labeled as signal
A (1), signal B (2), alanine (3), valine (4), threonine (5), sucrose (6) and glucose (7).

Differences in Metabolite Profiles of Leaves between Plant Development Stages.
The PCA analysis of metabolomic profiles did not separate the leaves of the three de-
velopmental stages in both Charming Beauty and Robinetta. In addition, the relative
concentrations of the two triterpenoid saponins (signal A and signal B), the amino acids
and the sugars did not differ among the leaves from different plant developmental stages.

Differences in Metabolite Profiling between Environmental Conditions. Visual in-
spection of the NMR-metabolomic profiles of plants grown under different environmental
conditions (field, field transition and climate room) clearly showed differences between
varieties and among growing conditions (Figure 8). To further analyze these results mul-
tivariate data analysis was applied. First principal component analysis (PCA) was used.
However, there was no clear clustering of the different samples within each variety. Ap-
parently, the variability of the samples was too high to give a clear separation. Using the
three growing conditions we then applied PLS-DA, for each variety. The climate room
grown samples clearly separated from the other two groups of field grown plants and
plants transferred from the field to the climate room. The latter two overlapped in the
PLS-DA scoring plots of both Charming Beauty (Figure 9A) and Robinetta (Figure 9B). The
first component explained 80% and 81% of the variance in the dataset in Charming Beauty
and in Robinetta, respectively. The climate chamber-grown plants were clustered at the
negative side of PC1.
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Figure 7. Relative concentrations, as proportions of the internal standard, in "H NMR spectra of
triterpenoids, threonine, valine, alanine, a-glucose and 3-glucose in different plant organs (Leaves (L),
Buds (B), Flowers (F)) of Charming Beauty and Robinetta. Data present the mean of four to six for
replicates of plants in the generative stage & SE of the mean. Differences in relative concentrations of
triterpenoid saponins and amino acids within variety and between the two varieties were analyzed
by Kruskal-Wallis test and one-way ANOVA, respectively. Different letters refer to significant
differences among plant organs within varieties at the 0.05 level. Differences between varieties were

not significant at the 0.05 level.
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The important question one may ask is if there is a consistent difference between
the two varieties independent of the environmental conditions. All compounds known
to be associated with thrips resistance in Gladiolus [18] were higher in Robinetta, the
resistant variety, for all three environmental conditions (Figure 10). Between environmental
conditions there were some metabolomic differences, with a trend for triterpenoids to be
lower under climate room conditions. A similar trend seemed to be present for the amino
acids alanine, valine and threonine and sucrose (Figure 10). In contrast the concentrations
of kaempferol were significantly higher when plants were grown in the climate room.
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Figure 10. Relative concentrations, as proportions of the internal standard, in "HNMR spectra of
signal A, signal B, alanine, valine, threonine, sucrose and kaempferol related to different environ-
mental conditions of the thrips susceptible variety Charming Beauty (CB) and the resistant variety
Robinetta (R). Data present the mean of four to six replicates & SE of the mean. Signal A, signal B,
threonine and kaempferol were analyzed by Kruskal-Wallis test. Alanine, valine and sucrose were
analyzed by one-way ANOVA. Different letters refer to significant differences between varieties in
each environmental condition at the 0.05 level.

All compounds known to be associated with susceptibility to thrips [18] were higher in
Charming Beauty, the susceptible variety, for all three environmental conditions (Figure 11).
Concentrations of x-glucose and 3-glucose were lower in the climate room whereas con-
centrations of gallic acid and epigallocatechin were higher while the concentration of
epicatechin was not affected by environmental conditions.
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Figure 11. Relative concentrations, as proportions of the internal standard, in "HNMR spectra of
a-glucose, B-glucose, epicatechin, epigallocatechin and gallic acid as the metabolites associated
with the kaempferol related to different environmental conditions of the thrips susceptible variety
Charming Beauty (CB) and the resistant variety Robinetta (R). Data present the mean of four to six
replicates + SE of the mean. x-glucose and (3-glucose were analyzed by one-way ANOVA while
epicatechin, epigallocatechin, gallic acid and kaempferol were analyzed by Kruskal-Wallis test.
Different letters refer to significant differences between varieties in each environmental condition
at the 0.05 level, while * indicate significant differences between environmental conditions at the

0.05 level.

Other metabolites that changed due to different environmental were luteolin and
apigenin (Figure 12) as well as the organic acids formic- and malic acid (Figure 12). Con-
centrations of luteolin and apigenin were significantly higher in field grown plants while
concentrations of formic- and malic acid were higher in the climate chamber.
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Figure 12. Relative concentrations, as proportions of the internal standard, in "HNMR spectra
of formic acid, malic acid, luteolin and apigenin kaempferol related to different environmental
conditions of the thrips susceptible variety Charming Beauty (CB) and the resistant variety Robinetta
(R). Data present the mean of four to six replicates &= SE of the mean. Formic acid and malic acid were
analyzed by one-way ANOVA while luteolin and apigenin were analyzed by Kruskal-Wallis tests.
Different letters refer to significant differences between varieties in each environmental condition at
the 0.05 level. *** Indicate significant differences between environmental conditions (p < 0.000).

3. Discussion

Robinetta and Charming Beauty showed consistent differences in WFT resistance over
all development stages. Robinetta as the resistant variety exhibited more than 500-fold less
silver damage at all plant development stages compared to Charming Beauty. Metabolomic
profiles differed between the two varieties throughout all three plant stages. They revealed
triterpenoid saponins and amino acids as metabolites associated with the resistant variety
as shown in our earlier study [18]. Those compounds were consistently higher in Robinetta
overall plant stages. Threonine was 10 times higher and triterpenoid saponins, valine and
alanine were about five times higher in Robinetta. With the exception of valine all these
compounds were observed to be negatively correlated with thrips resistance.

In Charming Beauty leaves were more damaged compared to buds and flowers: 50%
of all damage occurred on the leaves. Metabolomic profiles differed among plant organs.
Triterpenoid saponins were slightly higher in buds and amino acids were two to three times
higher in buds and flowers compared to leaves. Patterns in metabolites related to resis-
tance were, therefore, in line with patterns in silver damage. However, leaves represent a
relatively larger area compared to buds and flowers so that differences in damage between
organs may not solely be attributed to variation in metabolites. Although the silver damage
on leaves was higher in the vegetative stage than in the two generative stages, we did not
observe significant differences in leaf metabolites related to resistance (or to susceptibility)
between leaves of different developmental stages. While in Robinetta damage was always
much lower than in Charming Beauty, the concentrations of all compounds identified as
being related to thrips resistance where much higher. In Robinetta, the relative concentra-
tions of the triterpenoid saponins (signals A and B) of threonine, and of valine were much
higher in leaves and buds than in flowers.

Whereas in many plants species old leaves are more attractive to WFT than young
leaves we observed an opposite pattern in Gladiolus [13]. Damage to leaves was highest
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in the vegetative life-stage when leaves were on average young. However, vegetative
and generative plant stages have similar leaf numbers while leaf area expands with age.
Moreover, the concentration of defence compounds in leaves did not drop during successive
life-stages. Having a higher concentration of defence compounds in buds and flowers is a
way to protect the most valuable organs with respect to plant fitness from WFT. Similarly,
Damle et al. [9] reported an accumulation of proteinase inhibitors in flowers as a protection
against Helicoverpa armigera on tomato (Lycopersicon esculentum Mill). The pattern of damage
across plant organs in Charming Beauty contrasted with the ornamental chrysanthemum,
on which WFT preferred flowers over leaves. In the latter species WFT is attracted to pollen
and it may find shelter in the flowers. In contrast to what we observed for Gladiolus, WFT
caused more damage on plants with flower buds, than on plants with fully opened flowers
or on plants with only leaves in Impatiens walleriana [10].

Differences in WFT resistance between the susceptible variety Charming Beauty and
the resistant variety Robinetta remained constant across developmental stages. Further-
more, the concentrations of leaf metabolites identified to be associated with resistance in
our earlier study [18] remained similar during the different development stages for both
varieties. These results strongly suggest that markers for resistance in early developmental
stages remain valid throughout the plant’s life.

The effect of the environment on the metabolomic profile is clear between plants
grown in the field and in the climate room, but the transition from the field into the climate
chamber does not seem to cause many changes in the metabolome. Metabolites that were
affected by the growing conditions included the flavonoids kaempferol, apigenin, and
luteolin, as well as some organic acids: formic acid, gallic acid and malic acid. Climate
room generally have a lower photosynthetic active radiation (PAR) level and UV-B dose
compared to field conditions [19]. In the present study, light in the climate chamber was
lower than in field conditions which might have caused the chemical variation. Kaempferol
was at higher levels in the climate room grown plants. This is in accordance with the results
reported by Muller et al. [20] for the perennial semi-aquatic plant Hydrocotyle leucocephala
showing higher kaempferol concentrations for plants grown in climate room compared
to plants grown in natural light conditions in the field. In contrast, luteolin and apigenin,
were higher in field and field transition-grown plants. Markham et al. [21], reported that
in the thallus of the common liverwort, Marchantia polymorpha the flavonoids, luteoline
and apigenin, had a strong positive correlation to UV-B levels. Formic acid, gallic acid
and malic acid were higher in climate room-grown plants whereas Jankanpaa et al. [2]
reported that malic acid was more abundant in high-light plants than in low-light plants of
Arabidopsis.

Concentrations of metabolites previously found to be related to thrips resistance were
similar in each of the three environments while differences between the two varieties
remained. Consequently, the environment seemed no to have affected the compounds
related to constitutive thrips resistance in Gladiolus. In other words, resistance in Gladiolus
seems mainly genetically determined.

Unlike secondary metabolites, amino acids belong to the primary metabolites and are
part of the plants primary metabolism which is responsible for plant growth and devel-
opment. Amino acids were reported by Jankanpaa et al. [2] as light-intensity dependent
compounds in Arabidopsis thaliana. Valine was strikingly higher in plants grown under low
light (30 umol photons m~2 s~!) conditions, alanine had higher concentrations in high light
(600 umol photons m~2 s~ 1) and normal light (300 umol photons m~2 s~ 1). Threonine
had accumulated in Arabidopsis one hour after transfer from a growth chamber into the
field. In the present study, alanine, valine and threonine were slightly lower in the climate
chamber with lower light intensity (Figure 11).

All together our results show that differences in plant defence compounds related
to thrips resistance between a resistant and a susceptible variety persist during plant
development and under different growing conditions. Therefore, they seem useful for
breeding programs targeted at resistance. However, when breeding for resistance it is

84



Plants 2024, 13, 687

important not to impair bulb or flower production. These metabolites associated with
resistance are among the most expensive defence metabolites (triterpenoid saponins) for
plants to synthesize [22]. Thus, the higher expenditure in resistance may be one of the
factors leading to a smaller dry mass of Robinetta compared to Charming Beauty [18]. More
research on the costs of resistance would be needed for a successful breeding program.

4. Materials and Methods
4.1. Plant Materials

Two Gladiolus nanus varieties, (Charming Beauty and Robinetta), from vegetative,
generative with buds and generative with flowers stages were obtained from the Gladiolus
breeder Gebr. P. & M. Hermans (Lisse, The Netherlands).

4.2. Plant Development Stages

We grew plants outdoors in a field at Lisse, the Netherlands, to mimic the natural
growing conditions. Plants at three development stages, i.e., vegetative, generative with
buds and generative with flowers were collected from the field by carefully digging out the
plants with their root system. Consequently, they were then potted and placed in a climate
room (L:D, 18:6, 20 °C) for 7 days of further growth before they were infested by thrips.
Robinetta was planted in the field 25 days earlier as Charming Beauty on May 2013. Because
we harvested all the plants in a particular stage at the same day Robinetta plants had been in
the field for a longer time period. Vegetative plants of Charming Beauty and Robinetta were
thus collected after 65- and 90-days growth in the field, respectively. Plants with buds that
just started to develop were collected after 75 days and 100 days in the field, respectively
and plants with fully developed buds that started to open flowers were collected after 85
and 110 days, respectively. After collecting, plants were transferred to a climate chamber.
Four to six replicates of all development stages were used for NMR metabolomics.

4.3. Different Environmental Conditions

Vegetative plants were grown under three different conditions: field, field transition
and climate chamber. These plants were planted as bulbs to 9 x 9 cm pots filled with
a 1:1 mixture of potting soil and dune sand. They were randomly placed in a climate
chamber (L:D, 18:6, 20 °C, 70% relative humidity and 90-120 umol photons m~2 s~ 1) and
grown for 70 days. Field-grown plants were planted and grown for 65 days (Charming
Beauty) and 90 days (Robinetta). Part of these were carefully dug out from the field and
transferred immediately into a climate room for 7 days. Plants from all conditions were
harvested at the vegetative stage. Four to six replicates of all three conditions were used
for NMR metabolomics.

4.4. Thrips Whole Plant Bioassay

For each of the two varieties, three to four plants per developmental stage were
tested in a non-choice whole plant bioassay. Each plant was placed individually in a WFT
proof cage, consisting of a plastic cylinder (80 cm height, 20 cm diameter), closed with a
displaceable ring of WFT proof gauze. The cages were arranged in a fully randomized
design. Two adult males and 18 adult females of western flower WFT were released in each
cage and left for 10 days. Thereafter, silver damage, expressed as the leaf area damaged
in mm?, was visually scored for each plant. Silver damage in the buds and flowers in
flowering plants were counted in mm? [12].

We calculated total damage per plant as the sum of the silver damage in all plant organs
present in a certain stage. Because WFT damage in Robinetta was zero in many samples we
could not use a two-way ANOVA to test for the effects of variety and developmental stage
on silver damage. Instead, we tested for the effects of developmental stage for each variety
separately. We used the Kruskal-Wallis test to do so for Robinetta and we used one-way
ANOVA for Charming Beauty. Differences in total damage between the two varieties were
analyzed by using a Mann-Whitney U test.
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4.5. Metabolomic Profiling
4.5.1. Extraction of Plant Materials for NMR Metabolomics

The dried plant material was used to test for differences among leaves of the three
developmental stages and for differences among buds and flowers in flowering plants
for the two varieties using the standard protocol of sample preparation and 'HNMR
profiling [23].

Samples of 30 mg freeze-dried plant material were weighed into a 2 mL microtube
and extracted with 1.5 mL of a mixture of phosphate buffer (pH 6.0) in deuterium oxide
containing 0.05% trimethylsilylproprionic acid sodium salt-d4 (TMSP) and methanol-d,
(1:1). Samples were vortexed at room temperature for 1 min, ultrasonicated for 20 min
and centrifuged at 13,000x g rpm for 10 min. an aliquot of 0.8 mL of the supernatant were
transferred to 5 mm NMR tubes for 'THNMR measurement.

4.5.2. NMR Analysis

"HNMR spectra were recorded with a 500 MHz Bruker DMX-500 spectrometer (Bruker,
Karlsruhe, Germany) operating at a proton NMR frequency of 500.13 MHz Deuterated
methanol was used as the internal lock. Each "THNMR spectrum consisted of 128 scans
requiring 10 min and 26 s acquisition time with following parameters: 0.16 Hz/point, pulse
width (PW) of 30 (11.3 us), and relaxation delay (RD) of 1.5 s. A pre-saturation sequence
was used to suppress the residual water signal with low power selective irradiation at
the water frequency during the recycle delay. Free induction decay (FIDs) was Fourier
transformed with a line broadening (LB) of 0.3 Hz. The resulting spectra were manually
phased and baseline corrected to the internal standard TMSP at 0.00 ppm, using TOPSPIN
(version 3.5, Bruker). Two-dimensional J-resolved NMR spectra were acquired using 8
scans per 128 increments for F1 and 8 k for F2 using spectral widths of 5000 Hz in F2 (chem-
ical shift axis) and 66 Hz in F1 (spin-spin coupling constant axis). Both dimensions were
multiplied by sine-bell functions (SSB = 0) prior to double complex Fourier transformation.
J-resolved spectra were tilted by 45 o, symmetrized about F1, and then calibrated to TMSP,
using XWIN NMR (version 3.5, Bruker). 1H-1H correlated COSY spectra were acquired
with a 1.0 s relaxation delay and 6361 Hz spectral width in both dimensions. The window
function for the COSY spectra was Qsine (SSB = 0).

4.5.3. Data Processing

Spectral intensities were scaled to total intensity and reduced to integrated equal
width (0.04 ppm) for the region of 5 0.32-10.0. The regions of & 4.7-5.0 and & 3.30-3.34 were
excluded from analysis due to the presence of the residual signals of water and methanol.
'HNMR spectra were automatically binned by AMIX software (version 3.7, Biospin, Bruker).
Plant development stages data were further analyzed with principal component analysis
(PCA) performed with SIMCA-P software (version 15.0 Umetrics, Umea, Sweden). Pareto
scaling was used for PCA analysis. With the PCA we tested for differences in metabolomics
profiles between the two varieties. Besides, different environmental conditions data were
further analyzed with partial least square-discriminant analysis (PLS-DA) which used unit
variance scaling.

The peak area of triterpenoid saponins at 6 1.28 and 0.92 ppm earlier reported to be
related to trips resistance in Gladiolus [18] were close to zero in all plant development stages
in Charming Beauty. We, therefore, analyzed differences in these signals with the Kruskal-
Wallis test, while all others were analyzed by one-way ANOVA. The relative concentrations
of threonine, valine, alanine, sucrose, x-glucose and 3-glucose were In-transformed to fit a
normal distribution. For leaves, differences between the two varieties in the peak areas of
triterpenoid saponins were analyzed with a Kruskal-Wallis test, while differences between
the two varieties in other metabolites were analyzed with one-way ANOVA. Differences in
relative concentrations of triterpenoid saponins between plant organs were analyzed with
a Kruskal-Wallis test while differences in other metabolites were analyzed with one-way
ANOVA within variety. Differences in the relative concentrations of compounds between
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leaves at different developmental stages were analyzed with one-way ANOVA within
variety. Data were subsequently analyzed with the Scheffe post-hoc test. Differences in
metabolite concentrations between plants grown under different conditions, were analyzed
separately using one-way ANOVA. Data was log-transformed to fit a normal distribution.
Triterpenoid saponins, threonine and kaempferol were analyzed by Kruskal-Wallis tests.

5. Conclusions

In the present study metabolomic profiling is able to differ between the two varieties
throughout all three plant stages. Differences in resistance between the susceptible variety
Charming Beauty and the resistant variety Robinetta remained constant across develop-
mental stages. Furthermore, we found no differences in resistance of leaves among devel-
opmental stages for both varieties which was accompanied by the absence of differences
among developmental stages of metabolites in leaves that were identified as associated
with resistance. Together, these results strongly suggest that markers for resistance in early
developmental stages remain valid throughout the plant’s life.
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Abstract: Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) has emerged
as a powerful tool for the rapid identification of compounds within natural resources. Daphnane diter-
penoids, a class of natural compounds predominantly found in plants belonging to the Thymelaeaceae
and Euphorbiaceae families, have attracted much attention due to their remarkable anticancer and
anti-HIV activities. In the present study, the presence of daphnane diterpenoids in Wikstroemia indica,
a plant belonging to the Thymelaeaceae family, was investigated by LC-MS/MS analysis. As a
result, 21 daphnane diterpenoids (1-21) in the stems of W. indica were detected. Among these, six
major compounds (12, 15, 17, 18, 20, and 21) were isolated and their structures were unequivocally
identified through a comprehensive analysis of the MS and NMR data. For the minor compounds
(1-11, 13, 14, 16, and 19), their structures were elucidated by in-depth MS/MS fragmentation anal-
ysis. This study represents the first disclosure of structurally diverse daphnane diterpenoids in W.
indica, significantly contributing to our understanding of bioactive diterpenoids in plants within the
Thymelaeaceae family.

Keywords: daphnane diterpenoids; LC-MS/MS; Wikstroemia indica; MS/MS fragmentation

1. Introduction

Liquid chromatography coupled with high-resolution tandem mass spectrometry
(LC-HR-MS/MS), usually equipped with an electrospray ionization source, has high adapt-
ability across a broad spectrum of compounds, offering high mass accuracy and sensitivity.
Moreover, it provides information-rich fragmentation through product ion spectra, thereby
potentially revealing details about the molecular formula and structure of diverse sec-
ondary metabolites found in plants [1]. The conventional phytochemical research process
often necessitates substantial amounts of accessible plant materials and time-consuming
purification procedures, whereas applying LC-MS/MS analysis on crude plant extracts
at the early stage of phytochemical investigations allows for the rapid identification of
the compounds [2,3].

Daphnane diterpenoids, characterized by their trans-fused 5/7/6-tricyclic skeleton,
have garnered attention for their diverse biological activities, including anticancer [4],
anti-HIV [5], analgesic [6], anti-inflammatory [7], and neurotrophic activities [8,9]. These
diterpenoids are predominantly found in plants of the Thymelaeaceae and Euphorbiaceae
families, with the majority of them sourced from the Thymelaeaceae family [10]. Previ-
ous phytochemical investigations on plants of the Thymelaeaceae family have reported
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the isolation of daphnane diterpenoids from 16 genera, such as Daphne, Pimelea, Stellera,
and Wikstroemia. Among these, the Wikstroemia genus, comprising over 70 species, holds
significant potential as a source of daphnane diterpenoids. Isolation of daphnane diter-
penoids has hitherto been reported from a number of species, including W. monticola [11],
W. mekongenia [12], W. retusa [13,14], W. polyantha [15], W. chamaedaphne [16-18], W. chuii [19],
and W. ligustrina [20]. It is evident that the Wikstroemia genus remains relatively underex-
plored in the research into daphnane diterpenoids.

Wikstroemia indica (L.) C. A. Mey. is a semi-evergreen shrub mainly distributed in
southeastern China, which has long been used as a traditional Chinese medicine for the
treatment of bronchitis, hepatitis, and cancer [21]. Recent studies have revealed that
the extract of this plant exhibited antiallergic [22], anti-inflammatory [23], and antineo-
plastic properties [24], therefore heightening interest in its pharmacological exploration.
While previous phytochemical investigations of W. indica have yielded coumarins [25],
flavonoids [26], lignans [27], and sesquiterpenoids [28], the presence of daphnane diter-
penoids has yet to be documented.

During our ongoing research aimed at discovering biological diterpenoids from plants
of the Thymelaeaceae family [5,20,29,30], this study comprehensively examined and identi-
fied daphnane diterpenoids in the stems of W. indica using LC-MS/MS analysis.

2. Results and Discussion
2.1. Detection of Daphnane Diterpenoids in W. indica by LC-MS/MS

Due to the limited availability of plant material, the presence of daphnane diterpenoids
in W. indica was initially examined by LC-MS/MS analysis. The criteria for validating
that the detected peaks represented daphnane diterpenoids were established based on a
synthesis of our previous studies and literature review [20,31,32]. These criteria included:
(1) In the mass spectra, protonated molecular ions ([M + H]*) and/or ammonium adduct
ions ([M + NH4]") were observed in positive ion mode, while deprotonated molecular
ions ([M-H] ) and/or formate adduct ions ([M + HCOO] ) were observed in negative
ion mode. (2) In the product ion spectrum obtained from the protonated molecular ion as
a precursor ion, a diagnostic ion at m/z 253 (C17H;70,) or 269 (C17H1703) was observed
in the positive ion mode [31]. (3) The characteristic C17 product ions derived from Cyg
skeletons with the neutral loss of C3H4O, were observed [32]. (4) When the ion peaks
originated from a macrocyclic daphnane orthoester (MDO), the second and third criteria
were not applicable. Instead, product ion peaks derived from continuous losses of H,O and
CO were observed at the mass range of m/z 250-350 and m/z 400-550, respectively [20].

To enhance the detecting sensitivity, a crude diterpenoid fraction was prepared from
the 95% EtOH extract using a sequence of procedures, including EtOAc-H,O partition
and Diaion HP-20 column chromatography. Subsequent LC-MS/MS analysis of the crude
diterpenoid fraction, guided by the aforementioned criteria, resulted in the detection of
three major daphnane diterpenoid peaks (15, 20, and 21), strongly suggesting the occur-
rence of daphnane diterpenoids in W. indica stems. It was noteworthy that detecting
daphnane diterpenoids can be challenging due to their chromatographic behavior, which
was sometimes similar to common plant constituents, such as fatty acids, acylglycerols,
and chlorophyll [33].

To further enhance the sensitivity of LC-MS/MS detection of daphnane diterpenoids,
a portion of the crude diterpenoid fraction underwent additional fractionation through
gradient HPLC. As a result, a total of 21 daphnane diterpenoid peaks (1-21) were detected
from three out of twelve subfractions (Figure S1). Importantly, all these peaks were subse-
quently confirmed to be present in the crude diterpenoid fraction through extracted ion
chromatogram (XIC) analysis (Figure 1, Table 1).
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Figure 1. (A) Total ion chromatogram in the positive ion mode and (B) extracted ion chromatogram
from the crude diterpenoid fraction of the stems of W. indica.

Table 1. Daphnane diterpenoids 1-21 identified from the stems of W. indica.

[M + HI* (m/z)

Detected
Mass (m/z)

Molecular

Rt (mi
(min) Formula

Error ESI-MS/MS (m/z) (%) ©

(ppm)

Identification

121

793 (36), 775 (22), 765 (19), 747 (20),
731 (34), 703 (23), 689 (16), 671 (47),
659 (12), 653 (17), 643 (17), 625 (24),
609 (18), 567 (24), 549 (100), 531 (15),
521 (39), 507 (36), 503 (37), 493 (10),
489 (66), 479 (18), 477 (18), 471 (37),
461 (68), 459 (23), 443 (80), 433 (24),
431 (25), 425 (23), 415 (31), 403 (27),
397 (19), 375 (22), 363 (18), 339 (23),
325 (16), 307 (37), 295 (22), 291 (21),

7.39 CssHgpO1s  1011.3984 —297

181 (47), 153 (16), 141 (25), 105 (65)

daphneodorin C [29]

2a

793 (52), 775 (30), 765 (19), 747 (19),
731 (22), 707 (16), 689 (19), 671 (57),
653 (23), 643 (20), 629 (21), 625 (23),
611 (28), 593 (18), 583 (17), 549 (72),
531 (17), 521 (22), 507 (29), 503 (20),
489 (73), 479 (22), 471 (54), 461 (68),
453 (22), 443 (56), 425 (18), 415 (19),
375 (15), 363 (29), 307 (37), 291 (26),
279 (16), 221 (25), 181 (47), 163 (41),
141 (22), 105 (100)

1011.3984 —2.43

(
(2
(1
(
(
(
(
(
(
(
279 (37), 263 (22), 221 (21), 183 (18),
(
(
(
(
(
(
(

daphneodorin B [29]

3a

585 (29), 361 (10), 343 (23), 325 (20),
315 (6), 313 (5), 307 (10), 297 (16), 295
(5), 279 (11), 271 (7), 269 (6), 267 (8),
253 (15), 207 (100), 203 (5), 107 (8), 95
(8), 81 (6)

8.54 CyHs009  603.3527 0.36

wikstroelide M [14]
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Table 1. Cont.

Rt (min)

Molecular
Formula

[M + HI* (in/z)

Detected
Mass (m/z)

Error
(ppm)

ESI-MS/MS (m/z) (%) ¢

Identification

4a

8.86

C30H4209

547.2888

—2.45

529 (35), 511 (30), 501 (32), 493 (27),
483 (59), 467 (29), 465 (64), 449 (21),
447 (29), 439 (25), 437 (40), 423 (23),
421 (25), 419 (29), 405 (28), 395 (20),
341 (27), 323 (24), 295 (26), 283 (29),
255 (29), 239 (21), 236 (23), 235 (100),
233 (47), 227 (22), 215 (36), 203 (28),
199 (21), 193 (24), 187 (27), 161 (29),
135 (36), 133 (33)

pimelotide C [34]

8.88

C37Hs500190

655.3469

—1.24

619 (10), 515 (28), 497 (79), 479 (92),
469 (38), 467 (14), 461 (21), 451 (100),
443 (16), 439 (11), 433 (71), 423 (24),
421 (12), 415 (20), 405 (27), 367 (12),
311 (19), 293 (45), 275 (16), 265 (31),
263 (10), 251 (14), 247 (10), 225 (10),
211 (16), 133 (18), 123 (11), 105 (77)

kraussianin [35]

6a

9.15

CyoHy6012

719.3062

—-1.33

507 (3), 489 (4), 359 (4), 341 (12), 323
(18), 311 (3), 305 (4), 295 (12), 277 (4),
269 (8), 177 (75), 149 (95), 121 (11), 107
(100), 81(3)

acutilobin C [36]

7a

9.15

C30Hy4Og

533.3104

—1.00

515 (36), 497 (66), 479 (100), 469 (28),
467 (16), 461 (66), 451 (53), 449 (25),
443 (20), 433 (59),425 (24), 423 (13), 421
(16), 415(21), 407 (14), 405 (21), 403
(16), 309 (14), 291 (12), 281 (13), 263
(12), 211 (13), 187 (19), 185 (16), 159
(13), 135 (13), 133 (27)

pimelea factor S¢ [37]

sa

9.32

Cy4H54012

775.3690

0.20

635 (15), 617 (21), 599 (22), 545 (63),
527 (33), 495 (47), 477 (85), 459 (100),
449 (21), 447 (28), 441 (37), 431 (50),
429 (20), 423 (90), 419 (18), 413 (29),
405 (24), 401 (23), 319 (18), 309 (24),
291 (24), 281 (18), 279 (23), 263 (19),
251 (18), 151 (27), 105 (88)

stelleralide H [38]

9a

9.77

C39Hy6011

691.3133

—2.63

509 (4), 505 (2), 491 (5), 359 (7), 341
(20), 323 (21), 313 (4), 311 (3), 305 (3),
297 (2), 295 (13), 277 (4), 269 (9), 267
(3), 261 (3), 151 (100), 147 (75), 133 (3)

daphneodorin D [29]

102

10.00

C4oHyg012

721.3203

—1.60

50 (4), 491 (7), 359 (6), 341 (22), 323

(23), 313 (3), 311 (3), 305 (5), 295 (16),
277 (4), 269 (11), 267 (4), 261 (3), 177

(95), 151 (100), 95 (6), 81 (6)

acutilobin D [36]

112

10.00

Cy4H54012

775.3687

—0.09

563 (28), 545 (100), 513 (35), 495 (60),
477 (41), 467 (45), 465 (24), 449 (78),
441 (16), 437 (35), 431 (34), 425 (20),
423 (20), 421 (24), 419 (19), 391 (18),
309 (17), 291 (19), 263 (19), 105 (40)

gnidimacrin [39]

12b

10.39

Cs51H58014

912.4147

—1.98

773 (48), 651 (47), 633 (58), 615 (34),
543 (100), 511 (57), 493 (82), 481 (20),
475 (58), 465 (54), 463 (36), 447 (90),
435 (43), 429 (38), 421 (47), 419 (21),
417 (22), 327 (23), 309 (40), 291 (26),
279 (22), 105 (55)

stelleralide G [38]
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Table 1. Cont.

[M + HI* (in/z)

No. Remim YR T Detected Error ESI-MS/MS (ml2) (%) € Identification
Mass (m/z) (ppm)
545 (100), 527 (66), 509 (59), 499 (24),
491 (37), 483 (26), 481 (52), 465 (55),
463 (37), 453 (23), 447 (28), 445 (31),
132 10.59 C37HyO11 667.3107 —0.93 435 (35), 419 (21), 417 (21), 357 (23), stelleralide C [5]
321 (27), 295 (22), 235 (96), 231 (61),
203 (54), 185 (27), 173 (20), 153 (21),
105 (45)
12-O-(E)-cinnamoyl-
9,13,14-ortho-
(2E AE,6E)-
359 (1), 341 (3), 323 (4), 295 (3), 277 (1), OF
a _ -
14 10.86 C39Hy4Oq19  673.2999 1.27 269 (2), 149 (100), 131 (6), 107 (21) g;clagg_enyhdyne
dihydroxyresiniferonol-
6a,7n-oxide [40]
361 (9), 343 (24), 325 (49), 307 (35), 297
150 11.34 C30HyOg  533.3107 —0.23 (28), 279 (30), 267 (58), 253 (100), 203 simplexin [41]
(16), 155 (6)
361 (8), 343 (23), 325 (33), 313 (7), 307
B (30), 297 (19), 295 (11), 285 (6), 279 (20), . .
16 11.44 C3pHyyOg  557.3109 0.08 277 (6), 267 (55), 261 (6), 253 (77), 251 wikstrotoxin B [11]
(7), 249 (11), 225 (6), 179 (100)
675 (9), 509 (2), 507 (2), 491 (2), 359 (5), ;21 é)lﬁférctlfl‘é‘?g]‘;’ﬁ)
341 (15), 323 (21), 313 (4), 311 (3), 305 d,eca;dien lid ne—/
17 1168 CaoHuOr9  675.3151 ~1.85 (4), 295 (13),277 (5), 269 (11), 267 (3), & 5126, yhey
265 (2), 261 (2), 249 (2), 241 (2), 237 (2), - ..
200 (2), 151 (100), 133 (4) dihydroxyresiniferonol-
! ! 60, 7n-oxide [40]
621 (12), 499 (30), 481 (93), 463 (100),
453 (32), 445 (35), 436 (23), 435 (57), . .
a —
18 12.21 Ca7H5009  639.3527 0.10 417 (34), 407 (15), 311 (5), 293 (16), 265 wikstromacrin [20]
(23), 105 (67)
365 (2), 359 (4), 341 (11), 323 (11), 313
192 12.78 Ca6Hs0O19  643.3458 —297 (3), 305 (2), 295 (10), 277 (4), 269 (6),  wikstroelide A [13]
267 (3), 207 (100), 189 (3), 107 (3)
621 (16), 499 (28), 481 (73), 463 (100),
453 (31), 451 (12), 445 (55), 435 (55),
433 (14), 423 (12), 417 (34), 409 (12), .
b _
20 12.99 C37H5009  639.3525 0.28 407 (10), 405 (16), 311 (13), 293 (24), pimelea factor P [41]
275 (12), 265 (24), 251 (12), 133 (12),
105 (99)
361 (14), 343 (20), 325 (41), 313 (10),
21 1327 CyuHygOg  585.3409 —2.14 307 (25), 297 (23), 295 (13), 279 (25), huratoxin [42]

267 (59), 253 (99), 249 (16), 207 (100)

2 Identifications were confirmed with the daphnane diterpenoids isolated in our previous studies. ® Isolated
daphnane diterpenoids in this study. ¢ ESI-MS/MS of [M + H]* ion for peaks 1-11 and 13-21 and ESI-MS/MS of
[M + NH4]* ion for peak 12.

2.2. LC-MS Guided Isolation and Structural Determination of Major Daphnane Diterpenoids

An LC-MS guided isolation was carried out to obtain daphnane diterpenoids. The
crude diterpenoid fraction was subjected to ODS column chromatography and eluted with
a stepwise gradient of MeOH-H;O. The fractions, in which daphnane diterpenoids were
detected by LC-MS/MS analysis, were subjected to silica gel column chromatography and
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eluted with a gradient of n-hexane-EtOAc-MeOH-HCOOH. Those fractions containing
daphnane diterpenoids were further purified by preparative HPLC and resulted in the
isolation of six major daphnane diterpenoids (12, 15, 17, 18, 20, and 21) (Figure 2).

orthoester daphnane macrocyclic daphnane

7 18R,=H, R,=Bz 5 R;=Bz R,=H Ry=H
8R1=H,R2=OBZ,R3=BZ
11 R, =Bz R, = OBz, Ry = H

ITTOTTEE

3R=1
0 (0]
A= PN B=z)%
IR T Y g
o o G=%
C=K)J\/\©\ D=% & H=‘%_/\/\/\/\/\/”
OH OH

1@
OCH,4 | = ?,?‘/W\/\/\/\/

Figure 2. Structures of daphnane diterpenoids 1-21.

The isolated compounds were identified by detailed NMR and MS spectroscopic
analyses. In the 'H- and '*C-NMR spectra, the characteristic resonances for an isopropenyl
moiety at oy 4.83-4.99 (Ha-16), 4.94-5.17 (Hp-16), and 1.72-1.84 (H3-17), an epoxy group
at oy 3.32-3.57 (H-7), 6c 60.0-61.0 (C-6), and 63.5-64.4 (C-7), and an orthoester group at
116.5-119.8 (C-1'), indicated that they were daphnane diterpenoids (Tables S1 and S2) [10].

For compounds 15, 17, and 21, the characteristic resonances of «,f-unsaturated car-
bonyl moiety at d 7.56-7.61 (H-1), ¢ 160.5-161.4 (C-1), 136.6-136.9 (C-2), and 209.5-209.9
(C-3) indicated they belong to orthoester daphnane diterpenoids (Table S1). The presence
of a decanoate moiety at C-1’ in 15 was deduced from the proton resonance for the aliphatic
methylene multiplets at 6y 1.23-1.93 and a terminal methyl triplet at §yy 0.86 (H3-10).
The 2E 4E-tetradecadienylidyne moiety of 21 was defined from the proton resonances
for a conjugated diene at 6y 5.89 (d, ] = 15.5 Hz, H-2'), 6.68 (dd, ] = 15.5, 10.6 Hz, H-3'),
6.04 (dd, ] = 15.2, 10.6 Hz, H-4’), and 5.83 (dt, ] = 15.2, 7.2 Hz, H-5'), and a n-nonyl moi-
ety including eight methylenes at ¢y 1.24-2.07 and a terminal methyl group at dy 0.86
(t, ] = 6.9 Hz, H3-14"). The presence of cinnamoyloxy moiety of 17 was deduced from
a trans-olefinic moiety at 8y 6.35 (d, | = 15.9 Hz, H-2") and 7.62 (d, ] = 15.9 Hz, H-3"),
and a phenyl moiety at 6y 7.37-7.51 (each multiplet, H-5" to H-9"), as well as the carbon
resonance for an ester carbonyl at ¢ 165.8 (C-1"), and a 2E 4E-decadienylidyne moiety
was confirmed by the proton resonances at oy 5.65 (d, ] = 15.4 Hz, H-2'), 6.66 (dd, ] = 15.4,
10.6 Hz, H-3), 6.04 (dd, J = 15.1, 10.6 Hz, H-4'), and 5.85 (dt, ] = 15.1, 7.0 Hz, H-5), and a
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n-pentyl moiety including four methylenes at 6y 2.08 (H-6), 1.37 (H-7'), and 1.27 (H-8/,
9’), and a terminal methyl group at 6y 0.87 (t, | = 6.8 Hz, H3-10’). The location of the
cinnamoyl moiety at C-12 was confirmed by the HMBC correlation from H-12 to C-1”.
Thus, 15, 17, and 21 were determined as simplexin (15) [41], 12-O-(E)-cinnamoyl-9,13,14-
ortho-(2E 4E)-decadienylidyne-58,12 3-dihydroxyresiniferonol-6a,7x-oxide (17) [40], and
huratoxin (21) [42].

On the other hand, compounds 12, 18, and 20 belong to MDOs since the resonances
of H-1 were observed as the methine proton at éy 2.11-2.97 and the methyl proton reso-
nances at dyy 0.79-1.26 of H3-10" were observed as doublet (Table S2) [10]. The presence
of benzoyl moieties of 12, 18, and 20 were determined by the aromatic proton resonances
at oy 8.02-8.16 (H-2,6"), 7.35-7.47 (H-3',5'), and 7.53-7.59 (H-4’). The locations of ben-
zoyl moieties at C-3, C-18, and C-7’ of 12, C-20 of 18, and C-3 of 20 were confirmed by
the HMBC experiment. Thus, 12, 18, and 20 were determined as stelleralide G (12) [38],
wikstromacrin (18) [20], and pimelea factor P, (20) [41].

2.3. Identification of Minor Daphnane Diterpenoids by MS/MS Fragmentation Elucidation

To identify the minor daphnane diterpenoids (1-11, 13, 14, 16, and 19), which could
not be isolated, MS/MS fragmentation elucidation was performed. These daphnane
diterpenoids exhibited abundant ions in the product ion spectra derived from the pro-
tonated molecular ion as a precursor ion. Consequently, a detailed interpretation of
the MS/MS fragmentation pathways in positive mode for these peaks was conducted
(Figures 3 and 4). The identification of those peaks was confirmed by the LC-MS data
which were in full accordance with the corresponding compounds isolated in our previous
studies (Table 1) [5,29,30].

A
—_— +H* +H*
JHo -H,O
HO
CZOHZSOG (m/Z 361) Q
. (o] HO) -Hzo
H —1 *H HO

C0H2305 (m/z 343) CaoH21 04 (m/z 325) Cq7H170, (m/z 253)
H,0

7H+ i

N
O OH > OH
-HZO -C3H40,

CZOH2306 (m/Z 359) 020H21 05 (m/Z 341) C17H1703 (m/z 269)

Figure 3. Proposed ESI-MS/MS fragmentation pathways for minor daphnane diterpenoids in positive
mode. (A) peaks 3 and 16, and (B) peaks 6, 9, 10, 14, and 19.
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Figure 4. Proposed ESI-MS/MS fragmentation pathways for minor daphnane diterpenoids in positive
mode. (A) peak 7, (B) peak 5, (C) peaks 8, 11, (D) peak 4, and (E) peak 13.

In the product ion spectra of peaks 3 and 16, the characteristic product ion was
observed at m/z 253 (C17H170;), which was produced by the loss of the 6,7-epoxy moiety,
along with the oxymethylene at C-20, as a C3H4O, unit due to cleavage occurring at
the B-ring. This observation suggested that both 3 and 16 were daphnane diterpenoids
lacking a substituent at C-12 (Figures 3A and S22). Furthermore, the product ions at m/z
207 (C14H230), 95 (C6H70), and 81 (C5H50) for peak 3, and at m/z 179 (C12H190), 95
(CeH70), and 81 (C5H50) for peak 16 indicated that a 2E,4E-tetradecadienoyl moiety was
ester-linked to the C-ring in peak 3 and a 2E,4E-dodecadienoyl moiety was ester-linked
in peak 16. However, the molecular formula of peak 3 was 18 Da (H,O) larger than that
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of the orthoester daphnane, huratoxin (21) [42] and the fragment ion of [M + H-H,OJ*
appeared with greater intensity in the mass spectrum of peak 3 (Figure S23). Based on
these observations, it was concluded that peak 3 represented a polyhydroxy daphnane type
compound, which lacks the orthoester moiety at the C-ring. Thus, peaks 3 and 16 were
identified as wikstroelide M (3) [14] and wikstrotoxin B (16) [11], respectively.

In the product ion spectra of peaks 6, 9, 10, 14, and 19, the product ion generated by
the loss of the C3H4O; unit was consistently observed at m/z 269 (C17H;703), indicating
that these peaks corresponded to orthoester daphnanes with a substituent attached to C-12
(Figures 3B and S24). The product ions corresponding to substituents observed in these
peaks were assignable as follows: a cinnamoyl moiety at m1/z 131 (CyH7O), a coumaroyl
moiety at m/z 147 (CoHyOy), a feruloyl moiety at /2 177 (C190H9O3), a 2E,4E-decadienoyl
moiety at m/z 151 (C19H;50), 95 (C¢H7O), and 81 (CsH50), a 2E,4E,6E-decatrienoyl moiety
at m/z 149 (C19Hy30) and 107 (C9yHgO), and a 2E 4E-dodecadienoyl moiety at m/z 179
(C12H190), 95 (CcH70O), and 81 (C5H50). Namely, the feruloyl and 2E,4E,6E-decatrienoyl
moieties were present in peak 6, the coumaroyl and 2E 4E-decadienoyl moieties in peak 9,
the feruloyl and 2E,4E-decadienoyl moieties in peak 10, and the cinnamoyl and 2E,4E,6E-
decatrienoyl moieties in peak 14. In peak 19, only the product ions due to the 2E 4E-
dodecadienoyl moiety were observed, but the molecular formula and the observation of
product ions derived from the neutral loss of C;H4O, suggested the presence of the acetyl
moiety. Thus, peaks 6, 9, 10, 14, and 19 were identified as acutilobin C (6) [36], daph-
neodorin D (9) [29], acutilobin D (10) [36], 12-O-(E)-cinnamoyl-9,13,14-ortho- (2E,4E,6E)-
decatrienylidyne-58,125-dihydroxyresiniferonol-6«,7x-oxide (14) [40], and wikstroelide
A (19) [13].

Peaks1,2,4,5,7,8,11, and 13 were identified as MDOs by their characteristic MS/MS
fragmentation patterns. Although the number of oxygen functional group varied among
these compounds, they were all characterized by the abundance of Czy to Cpg product
ions observed in the range of m/z 400-550. The molecular formula of peak 7 indicated
the absence of acyl groups. In the product ion spectrum, the neutral loss associated with
the macrocyclic ring was assigned to be C19H;40 as in compounds 18 and 20. In addition,
a series of Cy to Cyg product ions were observed with successive losses of HyO and CO
from m/z 327 (CyoHp304) (Figures 4A and S25). Peak 7 was suggested to possess the
cyclopentanone A-ring structure based on the degree of unsaturation and was identified
as pimelea factor S (7) [37]. Peak 5 had a molecular formula that was 16 Da (OH) larger
than peaks 18 and 20. The product ion spectrum of peak 5 exhibited a series of Cyg to Cyg
product ions below m/z 350, as observed in 18 and 20 (Figures 4B and 525). However,
the neutral loss associated with the macrocyclic ring differed from 18 and 20, where it
was C19Hj60 rather than C1gH140 in 5. These observations indicated that 5 possesses an
additional hydroxyl group at C-2’ of the macrocyclic ring compared to 18 and 20, and was
further identified as kraussianin (5) [35].

The pair of peaks 1 and 2, as well as the pair of peaks 8 and 11, had the same molec-
ular formula and exhibited similar product ion spectra, indicating that each pair, like
compounds 18 and 20, was in a regioisomeric relationship. The product ion spectra of
peaks 1 and 2 revealed three molecules of C;HgO, neutral loss originating from benzoyl
acids and two molecules of C;H4O; neutral loss originating from acetic acids, as well as
the neutral loss of C19H;9O associated with the macrocyclic ring. In addition, a series
of C3p to Cpg product ions were observed with successive losses of H,O and CO from
m/z 507 (C30H3507) (Figures 4C and S26). These observations suggested that peaks 1
and 2 correspond to daphneodorin B (1) or daphneodorin C (2) with the same molecular
formula and combinations of acyl groups. By comparison of retention times, peaks 1 and
2 were identified as daphneodorin C (1) and daphneodorin B (2), respectively [29]. The
product ion spectra of peaks 8 and 11 revealed the elimination of two molecules of C;HgO»,
indicating the presence of two benzoyloxy moieties (Figures 4C and S26). Additionally, the
neutral loss associated with the macrocyclic ring was assigned to be C19H;40 as in 5 and
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the product ion pattern below m/z 350 was the same as 12, which were identified as the
regioisomer, stelleralide H (8) [38] and gnidimacrin (11) [39], respectively.

Peak 4 had a molecular weight 14 Da greater than peak 7 but the neutral loss asso-
ciated with the macrocyclic ring was assigned to be C1oH;O as in peak 7, suggesting
that the daphnane skeleton was different from peak 7 (Figures 4D and S27). Based on
the molecular formula and degree of unsaturation, peak 4 was identified as pimelotide
C [34], which has the bicyclo[2.2.1]heptane A-ring structure. In the product ion spectrum
of peak 13, the observation of a loss of C;HO; suggested the presence of a benzoyloxy
moiety (Figures 4E and S27). Furthermore, the product ions observed within the range
of m/z 400-550 were 2 Da smaller than those of peak 4. Thus, peak 13 was identified as
stelleralide C [5], which shared the bicyclo[2.2.1]heptane A-ring structure of peak 4 and a
benzoyloxy moiety attached to C-18.

3. Materials and Methods
3.1. General Experimental Procedures

The NMR spectra were collected on a JEOL ECA-500 spectrometer (JEOL Ltd., Tokyo,
Japan) with the deuterated solvent used as the internal reference. The 'H-NMR spectra
were performed at 500 MHz, and the '3C-NMR spectra were generated at 125 MHz. HRES-
IMS was conducted using a Q-Exactive Hybrid Quadrupole Orbitrap mass spectrometer
(Thermo Scientific, Waltham, MA, USA). The following columns were utilized for column
chromatography: Diaion HP-20 (Mitsubishi Chemical Corporation, Tokyo, Japan), ODS
(Chromatorex DM1020T, Fuji Silysia Chemical Ltd., Aichi, Japan) and silica gel (Chroma-
torex PEI MB 100-40/75, Fuji Silysia Chemical Ltd., Aichi, Japan) columns. For gradient
HPLC, two JASCO/PU-2080 Plus Intelligent HPLC pumps (JASCO Corporation, Tokyo,
Japan), equipped with an MX-2080-32 dynamic mixer (JASCO Corporation, Tokyo, Japan),
a JASCO UV-970 Intelligent UV /vis detector, and an SSC-6800 fraction collector (JASCO
Corporation, Tokyo, Japan), were utilized. For preparative HPLC, a Waters 515 HPLC
pump (Waters Corporation, Massachusetts, USA), equipped with an ERC RefractoMax520
differential refractometer detector (Thermo Scientific, Waltham, MA, USA) and a Shimadzu
SPD-10A UV-vis detector (Shimadzu, Kyoto, Japan), was utilized. For normal-phase HPLC
separations, a silica gel column (YMC-Pack SIL, 5 um, 250 x 20 mm) was utilized with
a flow rate of 5.0 mL/min. For reversed-phase HPLC separations, an RP-Cyg silica gel
column (YMC-Actus Triart Cyg, 5 um, 150 x 20 mm) was utilized, with a flow rate of
8.0 mL/min.

3.2. Plant Material

The stems of W. indica were collected at Guangxi Province, People’s Republic of
China in February 2018 and identified by Dong Liang (Kunming Plant Classification
and Biotechnology Co., Ltd., Kunming, China). A voucher specimen (accession number:
20201021) had been deposited in the herbarium of Shenyang Pharmaceutical University.

3.3. Extraction and Isolation

The air-dried whole plants of W. indica (1000 g) were cut into small pieces and extracted
with 95% EtOH at room temperature to give an EtOH extract and a residue. The EtOH
extract was concentrated (63.0 g), suspended in HyO, and then partitioned with EtOAc.
The EtOAc fraction (30.0 g) was subjected to Diaion HP-20 column chromatography, eluted
with a stepwise gradient of MeOH/H;O (from 5:5 to 10:0, v/v) to afford three fractions (E1
to E3). The E3 fraction (10.8 g) was subjected to ODS column chromatography, eluted with
a stepwise gradient of MeOH-H,O (from 7:3 to 10:0, v/v) to afford four subfractions (E3-1
to E3-4). Subfraction E3-2 (1840.3 mg) was subjected to silica gel column chromatography,
eluted with a gradient of n-hexane-EtOAc-MeOH-HCOOH, to afford four subfractions
(E3-2-1 to E3-2-5). Subfraction E3-2-3 (193.4 mg) was purified by RP-HPLC (70% CH3CN,
80% CH3CN) to give 12 (0.6 mg). Subfraction E3-2-2 (73.0 mg) was purified by RP-HPLC
(85% CHj3CN) to give six subfractions (E3-2-2-1 to E3-2-2-6). Subfraction E3-2-2-3 (16.6 mg)
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was purified by RP-HPLC (80% CH3CN), followed by NP-HPLC (n-hexane/AcOEt, 3:7) to
give 15 (7.6 mg), 17 (1.6 mg), and 18 (1.3 mg). Subfraction E3-2-2-4 (4.4 mg) was purified by
RP-HPLC (85% CH3CN) to give 20 (1.9 mg) and 21 (1.0 mg).

3.4. LC-MS/MS Conditions

The LC-MS/MS analysis was performed using the same instruments and column as
in previous experiments [20]. For LC conditions, the mobile phase comprised eluent A (dis-
tilled water with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid), programmed
as follows: 0-15 min, a linear gradient from 50% to 100% B, 15-18 min, 100% B, followed
by column re-equilibration at 50% B for 10 min before the subsequent injection. For MS
conditions, the in-source CID was set at 0 eV, and the resolution was 70,000 for full MS and
35,000 for full MS/data dependent (dd)-MS/MS modes. The AGC was established at 1E6
for full MS and 1E5 for dd-MS/MS. Data-dependent scanning was performed using HCD
with the normalized collision energy at 15 eV. The extracted ion spectra were generated by
extracting the following base peaks of each compounds within & 5 ppm mass tolerance:
m/z 1028.4283 [M + NH4]* (1), m/z 1028.4264 [M + NHy]" (2), m/z 585 [M + H-H,OJ*
(3), m/z 547.2888 [M + H]* (4), m/z 655.3469 [M + H]* (5), m/z 719.3062 [M + HJ* (6),
m/z 533.3104 [M + H]* (7), m/z 775.3690 [M + H]* (8), m/z 691.3133 [M + H]* (9), m/z
721.3203 [M + H]* (10), m/z 775.3687 [M + H]* (11), m/z 912.4147 [M + NH4]* (12), m/z
667.3107 [M + H]* (13), m/z 673.2999 [M + H]" (14), m/z 533.3107 [M + H]* (15), m/z
557.3109 [M + H]* (16), m/z 675.3151 [M + H]* (17), m/z 639.3527 [M + H]* (18), m/z
643.3458 [M + H]* (19), m/z 639.3525 [M + H]* (20), and m/z 585.3409 [M + H]* (21). All
data collected in the profile mode were acquired and processed using Thermo Xcalibur
4.1 software.

4. Conclusions

This study represents the first comprehensive identification of 21 daphnane diter-
penoids from the stems of W. indica through a combination of LC-MS guided isolation and
MS/MS fragmentation elucidation. The investigation revealed that W. indica contained
structurally diverse daphnane diterpenoids, including orthoester daphnane type, poly-
hydroxy daphnane type, and macrocyclic daphnane orthoester type compounds. The
application of MS/MS fragmentation elucidation for structural analysis enabled the rapid
and precise identification of these diterpenoids within crude plant extracts. This method-
ology holds great promise for future research endeavors aimed at discovering bioactive
diterpenoids from plants of the Thymelaeaceae family.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12203620/s1, Figure S1: Total ion chromatograms and
extracted ion chromatograms in the positive ion mode from the (A) E3-2 fraction, (B) E3-3 fraction,
and (C) E3-4 fraction; Tables S1 and S2: 1H- (500 MHz) and 13C- (125 MHz) NMR data of compounds
12,15, 17, 18, 20, and 21 (CDCls); Figures S2-521: NMR spectra and HRESIMS data of compounds 12,
15,17, 18, 20, and 21; Figures S22-527: Product ion spectra of peaks 1-11 and 13-21 obtained from the
protonated molecular ion peak in positive ion mode, and 12 obtained from the ammonium adduct
ion peak positive ion mode.
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Abstract: Approximately one-third of the waste biomass from the cultivation of guayule (Parthenium
argentatum A. Gray) for natural rubber production is leaf tissue; however, whether it can be valorized
is not known. Guayulins and argentatins are potential high-value products that can be recovered
from guayule resin during rubber/latex processing. Argentatins are highly abundant in guayule
stem resin; however, unlike the guayulins, their occurrence in leaves has not been investigated. The
present study determined the content of argentatins and isoargentatins A and B in the leaves of a
pure guayule accession (R1040) and two hybrids (CAL-1 and AZ-2) under conditions of irrigation
and non-irrigation. The resin content in leaves was ~10%, which provides a suitable starting point for
economic exploitation. The highest production of argentatins occurred in plants under irrigation, with
yields of 4.2 and 3.6 kg ha~! for R1040 and AZ-2, respectively. The R1040 accession had the highest
percentage of resin and the greatest total argentatin content (24.5 g kg ! dried leaf), principally due
to the abundance of argentatin A. Contrastingly, CAL-1 consistently showed the lowest argentatin
content based on dried leaf weight and production (0.6 kg ha~!). The substantial abundance of
argentatins in guayule leaves suggests the potential for future exploitation.

Keywords: guayule leaves; argentatin A; isoargentatin A; argentatin B; isoargentatin B

1. Introduction

Guayule (Parthenium argentatum A. Gray) is the best candidate for countries consuming
large quantities of rubber with arid and semi-arid agricultural areas where it is not possible
to cultivate Hevea brasiliensis [1]. It was used as a source of rubber in the past, especially
for the manufacturing of tyres; however, it is now estimated that it could only become
an economically competitive crop again if all its co-products were exploited, rather than
just rubber [2—-4].

Approximately 30% of the waste biomass from the cultivation of guayule is leaf
tissue [5], which is typically discarded prior to bulk rubber extraction [2]. This process
occurs because leaf materials can reduce rubber recovery due to the formation of very fine
particles that clog the filtration systems and increase the ash content associated with rubber
degradation and quality reduction [2,6]. The complete morphological characterization
of guayule leaves was performed within 27 guayule accessions in Spain, grouping them
into three main groups depending on their morphological parameters, which, in general,
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were apiculate leaves with the petiole delimited based on leaf margin, serrate or lanceolate
types [7]. Differences identified within the recent USDA germplasm collection confirm that
growth environment has a major influence on leaf morphological characterization [8].

Other studies proposed the valorization of different plants from their leaves [9-12].
Early studies on the valorization of guayule by-products focused on the extraction of
essential and volatile oils from stem resin [13,14], while more recent attention was paid to
phenolic compounds [7,15,16], particularly hydroxycinnamic and hydroxybenzoic acids,
flavones, flavanols and anthraquinones [7,15]. In addition to the stem resin, a significant
proportion of total guayulin content is found in leaf tissue, where the four major guayulins
(A-D) are observed in a more consistent relationship than in the stem [17], whereas rubber
content in the leaves is discarded [18].

Beyond the commercialization of the guayulins, a large number of other extractable
secondary metabolites that could be economically exploited are present in relevant amounts
in guayule stem resin, including triterpenes and their derivatives, known as the argentatins.
Recently, Gallego et al. [19] identified, for first time, the argentatins and derivates profile
in 27 different guayule accessions with LC-CR-MS technology (Orbitrap®). There is lim-
ited information on argentatin accumulation as their routine quantification is challenging
because the structure lacks double bonds and shows a weak chromophoric functionality;
however, Gallego et al. [20] recently proposed their quantification using a refractive in-
dex detector after their chromatographic separation. The most abundant argentatins in
guayule resin correspond to argentatin A (C39Hs304) and B (C3pH4gO3), as representative
of the cycloartenol-type triterpenes, and isoargentatin A (C39HgO4) and isoargentatin B
(C30H4503), with lanostane-type triterpenes (Figure 1).

Argentatin B Isoargentatin B

Figure 1. Structure of most abundant argentatins and isoargentatins in guayule accessions [19].

Argentatins attracted considerable attention, in particular argentatins A and B, because
they have several biological activities that make them potentially useful as pharmacophores.
Argentatin A has antimicrobial activity against pathogenic bacteria [21], and argentatins
A, B and D have anti-inflammatory activity [22]. In vitro cytotoxic activity against a broad
panel of human cancer cell lines was previously attributed to argentatin A and B [22-25],
and in vivo in a mouse xenograft model of human colon cancer was previously associated
with argentatin A [25]. More recent studies explored the use of argentatins as precursors
for the synthesis of compounds with enhanced activity and lower toxicity [26-28].

The production of argentatins in guayule stems depends on the accession used and
the time of harvest, with the spring and summer periods showing maximum accumula-
tion [20]. To the best of our knowledge, no previous study examined whether argentatins
are produced in guayule leaves. Therefore, the aim of the present study was to explore the
content of the four major argentatins (argentatins and isoargentatins A and B) in the leaves
of three guayule and hybrid accessions under different agronomic conditions (irrigation
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and non-irrigation). The content of argentatins in leaves was then compared with the
content in stems in the same accessions.

2. Results
2.1. Leaf Resin Extraction and Quantitation of Argentatins

The leaf resin content from the three guayule accessions ranged from 9.5% to 11.5%
(Table 1), and the standard deviation range for all accessions was very small, with the
exception of AZ-2 under non-irrigation conditions. No significant differences in leaf resin
content were found between the three accessions under irrigation conditions (Table 1);
however, the resin content of R1040 was significantly greater under non-irrigation than
irrigation conditions and was also significantly greater than that of the other two accessions.

Table 1. Descriptive statistics for argentatins and isoargentatins A and B content in leaves under
different conditions of irrigation.

Crop . Statistical s o Samples Analyzed via RID (g kg1 Dried Leaf)
System Accession Parameters Resin Yield (%) aA isoaA aB isoaB aT
AZ-2 Min. 9.14 6.86 2.52 6.33 0.67
Max. 9.96 6.98 2.57 6.55 0.69
Mean 955 A, a 6.92A,a,d 254 A,b, 644 A, b,y 0.68 B, b, o« 16.58 A, a
SD 0.58 0.08 0.04 0.16 0.01
CAL-1 Min. 9.18 6.02 1.25 6.78 0.54
Irrigated Max. 9.85 6.47 1.35 7.33 0.57
& Mean 952A,a 6.25B,a,y 1.30A,a,p 7.05A,b,d 0.56 A, a, x 15.16 B, a
SD 0.48 0.32 0.07 0.38 0.02
R1040 Min. 9.44 9.50 2.63 5.44 0.64
Max. 9.97 9.91 2.82 5.64 0.67
Mean 9.71 A, a 9.70 A, b, § 273A,b, 3 554 A,a,y 0.65A,b, x 18.62 A, b
SD 0.38 0.29 0.13 0.14 0.02
AZ-2 Min. 8.28 7.50 1.76 5.37 0.38
Max. 10.79 9.74 2.25 7.04 0.47
Mean 953 A, a 8.62A,b, 6 2.00A,a,p 621 A,a,vy 043 A,a, x 17.26 A, b
SD 1.77 1.59 0.35 1.18 0.07
CAL-1 Min. 9.80 3.79 1.37 5.99 0.50
Non- Max. 9.98 3.83 1.40 6.39 0.52
irrigated Mean 9.89A,a 381A,av 1.38A,a,p 6.19A,a,0 051 A, a, 11.89 A, a
SD 0.13 0.03 0.02 0.28 0.01
R1040 Min. 11.15 13.03 3.19 6.58 0.85
Max. 11.92 13.78 3.53 7.10 0.92
Mean 11.53B,b 13.41B,¢, b 336B,b, 6.84 A, a,y 0.88 B, b, 2450 B, ¢
SD 0.54 0.53 0.24 0.37 0.05

Note: aA, argentatin A; isoaA, isoargentatin A; aB, argentatin B; isoaB, isoargentatin B; aT, total argentatins
and isoargentatins A and B; RID, refractive index detection; SD, standard deviation. Different letters indicate
significant differences between different crop system and accessions at 95% level of confidence. Uppercase letters
refer to an ANOVA comparing differences between crop systems for same accessions; lowercase letters refer to an
ANOVA comparing differences between accessions within same crop system; greek letters refer to an ANOVA
comparing differences between argentatins within same accession.

In relation to total argentatin content (aT), the R1040 accession showed the highest
total content relative to AZ-2 and CAL-1 (R1040 > AZ-2 = CAL-1) under both agronomic
conditions, due to its significantly greater content of aA. Under non-irrigated conditions, aT

content remained highest in R1040, and was even greater than under irrigated conditions.

Contrastingly, the aB content was greater in AZ-2 and CAL-1 hybrids than in R1040 under
irrigation conditions, whereas no significant differences were observed under non-irrigation
conditions (Table 1).

2.2. Argentatin Production per Hectare

Overall, the leaf yield (per hectare) was higher with irrigation than without, with a
mean yield of 215.6 kg ha~! for irrigated plots of the three accessions and 74.9 kg ha~!
for non-irrigated plots (Table 2). When irrigated, R1040 produced a greater leaf yield per
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hectare (258.4 kg), but both AZ-2 and R1040 produced the highest total argentatin yield
(kg ha—!) when considering the content of argentatins (g kg~! dried leaf). Likewise, AZ-2
and R1040 produced the highest content of aA and isoaA. No significant differences were

observed in the production of aB between the three accessions.

Table 2. Leaf yield per accession and argentatin production per hectare.

Crop Svstem A . Leaf Yield Production per ha (kg) Total Production

Py ceession per ha (kg) aA isoaA aB isoaB per ha (kg)
AZ-2 207.19B, a 1.50 B, ab 0.55 B, ab 1.39B,a 0.15B,a 3.59 B, ab
Irrigated CAL-1 181.20B, a 1.07 B, a 0.22B,a 121B,a 0.10B,a 2.60B,a
R1040 258.44 B, b 219B,b 0.62B,b 1.25B,a 0.15A,a 421B,b

Non- AZ-2 8120 A, a 0.73 A, ab 0.17 A, ab 0.53A,a 0.04 A, a 1.47 A, ab
irricated CAL-1 50.74 A, a 019A,a 0.07 A, a 031A,a 0.03A,a 059A,a
& R1040 9272 A,a 1.35A,b 0.34A,b 0.69 A, a 0.09A,b 247 A, b

Note: aA, argentatin A; isoaA, isoargentatin A; aB, argentatin B; isoaB, isoargentatin B; aT, total argentatins and
isoargentatins A and B. Different letters between rows indicate significant differences between different crop
system and accessions at 95% level of confidence. Uppercase letters refer to an ANOVA that compares differences
between crop system for same accessions; lowercase letters refer to an ANOVA that compares differences between
accessions within same crop system.

3. Discussion

The leaf resin content from the three guayule accessions studied is similar to the values
reported for stem resin content by Gallego et al. [20], and is a suitable starting point for its
industrial exploitation. Moreover, the resin percentage was consistent with values reported
by Dehghanizadeh et al. [2] and Rozalén et al. [17], who obtained a yield of 9-10% in plants
of the same age, and was much greater than the 4% reported in older plants (15-18 years
old) by Spano et al. [29]. No significant differences in leaf resin content were found between
the three accessions under irrigation conditions; however, R1040 resin content was clearly
highest under non-irrigation conditions.

In relation to total argentatin content (aT), R1040 and AZ-2 accessions produced
the highest content under both agronomic conditions. Analysis of all argentatins and
isoargentatins revealed two distinct profiles: the content of aB was greater than aA in
CAL-1, whereas the opposite was seen for AZ-2 and R1040. In contrast, the content
of isoaA and isoaB was maintained for all three accessions (isoaA > isoaB) under both
agronomic conditions.

In terms of leaf production per hectare, irrigation yields a higher content than non-
irrigation. Through comparing the results of argentatins and isoargentatins obtained in
leaves with their content in guayule stems [19], it is evident that the values obtained for
the same accessions by Gallego and colleagues are much higher. Nonetheless, if the same
accessions are compared with the stems of plants of the same age and under the same
conditions [20], the contents of aA and aB are very similar.

The argentatin content in guayule leaves ranged between 1.2 and 2.7% dry weight,
which is a credible concentration for a bioactive compound in a vegetable by-product
with proven antitumor activity [25]. The semi-synthesis of argentatins A—C analogs was
also successfully performed in an effort to increase their cytotoxicity [26]. Notably, the
production of new drugs is largely (64%) derived from natural products, generally via semi-
synthesis [30,31]. For example, podophyllotoxin is the starting material for the important
antineoplastic drugs etoposide and teniposide. Podophyllotoxin is found in a concentration
of ~1.3% in the rhizome of Podophyllum hexandrum [31,32]. Another example is paclitaxel,
traded under the brand name Taxol, which is the most successful anticancer phyto-drug
developed in the last 50 years. The content of the paclitaxel precursor in Taxus baccatta
(European Yew) is even lower than that of podophyllotoxin, being around 0.01-0.03% [33].
It should be noted that the content of argentatins in leaves is much higher than other
compounds that have been considered to valorize guayule leaves, including phenolic

105



Plants 2023, 12, 2021

compounds (0.8%, as reported by Jara et al. [7] or their essential oil content, which were
reported to be 1.04% [13].

4. Conclusions

A resin content of almost 10% in leaves is a relevant amount for its commercial
exploitation, either directly for raw resin applications or for the isolation of compounds of
interest, such as the argentatins. In the present study, the highest total argentatin production
was achieved with R1040 and AZ-2 accessions under irrigation, together with the highest
production of aA and isoaA. The production of aB and isoaB can be achieved indistinctly
under irrigation conditions with the three tested accessions.

5. Materials and Methods
5.1. Guayule Samples

The pure R1040 guayule accession and the CAL-1 and AZ-2 hydrids were selected for
study under irrigated and non-irrigated conditions. The experimental plot (0.3 ha) was
planted in May 2019 in Santa Cruz de la Zarza, Toledo, Spain. A randomized complete
block design with four replicates per accession was utilized for analysis. A sample of
three adjacent plants was taken for each of the four replicates, giving a total of twelve
plants from each accession. Plants (24 months from sowing) were manually harvested
and packaged into kraft bags. Whole plants were dried for 48 h at 60 °C to achieve a
moisture content of ~12%. Leaves and stems were then manually separated, and the dry
biomass weight was calculated from each fraction. Leaves and stems were grounded
using the following two-step procedure: in the first step, the material (30 g) was ground
into 2-mm-sized particles using a hammer grinder (Mader 57075, Mealhada, Portugal) for
10-15 s; and in the second step, the material was ground into particles of 0.5 mm using a
centrifuge grinder (Retsch ZM 1000, Haan, Germany) for 2 min. Dried ground samples
were stored in screw cap-closed glass vessels at room temperature. The moisture content
of the samples was measured using a halogen lamp moisture balance, model XM-120T
(Cobos, Barcelona, Spain) at 105 °C. When moisture loss was less than 0.1% in 180 s, the
material was considered to have reached a constant mass.

5.2. Resin Determination

Extraction of the resin fraction was performed in an ASE E-914 Speed Extractor
(BUCHL, Postfach, Switzerland), as described by Rozalén et al. [34]. Resin extracts were
collected in 240-mL flasks and transferred to pre-weighed flasks equilibrated in a desiccator
for 30 min. Solvent evaporation was performed in a Multivapor BUCHI P-6 (Postfach,
Switzerland) parallel system at 150 mbar and 50 °C. After evaporation, the pre-weighed
flasks were stored for 60 min in a desiccator before final weighing. The resin percentage
was determined gravimetrically through considering the dry weight. Each sample was
twice extracted.

5.3. Argentatins Determination via HPLC-RID

Twenty microliters of resin dissolved in ethanol at 10 mg mL~! and filtered (0.22 pum)
was injected into an Agilent 1200 high-performance liquid chromatography (HPLC) system
(Agilent Technologies, Palo Alto, CA, USA) equipped with a refractive index detector
(RID) (Agilent, G1362A). Separation was performed on a reverse-phase ACE Excel 3 C18-
PentaFluorPhenyl column (150 x 4.6 mm, 3-um particle size) protected with an ACE Excel
HPLC Pre-column Filter (0.5-um particle size) (both from Advanced Chromatography Tech-
nologies Ltd., Reading, Berkshire, UK). An isocratic program was used with acetonitrile
(60%) and Milli Q-grade water (40%) as solvents. The analysis time was 60 min. Agilent
ChemStation software (version B.03.01) was used for quantification of argentatins and
isoargentatins A and B (aA, isoaA, aB, isoaB), using the aA (95.9% purity) and aB (92.4%
purity) standards kindly provided by Dr. Mariano Martinez-Vazquez (Universidad Na-
cional Auténoma de México). Quantification of argentatins using the RID was carried out
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from the corresponding six-level calibration curve: aA (101000 mg L~; r? = 0.9976) and
aB (50-1000 mg L~1; 12 = 0.9980).
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Abstract: Cestrum parqui L'Herit. (Solanaceae family) is a species of forest shrub, self-incompatible
and specialized in pollination, widespread in the subtropical area of the planet, and now widely
distributed also in the Mediterranean area. The constituents of its leaves have antimicrobial, anti-
cancer, insecticidal, antifeedant, molluscicidal, and herbicidal properties. The spread of this species
represents a valuable source of compounds with high biological value. Various research groups are
engaged in defining the chemical composition of the different parts of the plant and in defining its
properties in view of important and promising commercial applications. To date, there are only a few
incomplete reports on the potential applications of C. parqui extracts as selective natural pesticides
and on their potential phytotoxic role. Scientific knowledge and the use of extraction techniques for
these components are essential for commercial applications. This article summarizes the research
and recent studies available on the botany, phytochemistry, functional properties, and commercial
applications of C. parqui.

Keywords: Cestrum parqui L'Herit.; insecticidal and antifeedant activity; herbicidal activity; secondary
metabolites; lignans; flavones; oxylipins

1. Introduction

Plants synthesize numerous secondary metabolites through specific metabolic
pathways [1]. These molecules are interesting for plant ecology, reproduction, and physiology.
The classes and types of secondary metabolites produced are a useful tool in phylogenetic
and taxonomic studies [2]. Humans have exploited natural substances for a long time in
medicinals, agriculture, arts, food, feed, and religion. Specifically, the application of natural
products in agriculture is nowadays leveraged in order to reduce human’s cultures impact
on ecosystems and on public health [3]. This review is focused on Cestrum parqui L'Herit’s
(green cestrum, Figure 1) secondary metabolites content and the effects of plant extracts and
purified chemicals in pest and weeds controlling. This plant belongs to the Solanaceae family
and has been cultivated throughout the world in gardens as an ornamental species. Cestrum
parqui is also known as Chilean cestrum, Chilean flowering jessamine, Chilean jessamine,
green cestrum, green poison berry, green poison-berry, green poisonberry, iodine bush, wil-
low jasmine, willow leaved jessamine, willow-leaf jessamine, willow-leaved jasmine, and
willow-leaved jessamine [4]. It was been first described by Carolus Ludovicus L'Heritier in
1785 [5], and its origins trace back to South America [6]. Nowadays, it is widely diffused all
over the world, and classified according to the new systematic [7,8].
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Figure 1. Flowers of Cestrum parqui L'Herit.

Taxonomy, Morphology, and Distribution

C. parqui belongs to the Solanaceae family, a family of dicotyledonous angiosperms
largely cultivated by humans as horticultural—Solanum tuberosum, Solanum melongena,
Solanum lycopersicum, and Capsicum annuum, medicinal—Atropa belladonna, and recreational
crops—Nicotiana tabacum. The family comprises 100 genera with about 2500 species. The
genus that hosts the largest number of plants is Solanum, with about 1400 species; con-
versely, Licianthes includes 200 species, and Cestrum has 175 species [9,10]. Solanaceae
are represented in the wild on all continents, with a greater number of species in the
American continent, and they adapt well to almost all ecosystems, although most of them
prefer warmth rather than intense cold. C. parqui is native to Brazil, Bolivia, northern and
central Chile, Peru, Paraguay, Uruguay, and northern and central Argentina, but, today,
it is widely spread in southeastern and eastern parts of Australia, New Zealand, in some
parts of the southern United States of America like California and Texas, and in much of
Europe (Figure 2) [11].
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Figure 2. World distribution of C. parqui.

This plant is one of the main weeds of the Mediterranean area [12]. Its spread began as
an ornamental plant, but it soon became invasive in many warm temperate and subtropical
regions because it adapts well to the edges of watercourses and is also found in parks, old
gardens, uncultivated areas, open woods, forest edges, pastures, and along roadsides. In
Australia, C. parqui is considered an environmental weed, meaning it has no agricultural
function, damaging and competing with existing plants, especially in New South Wales and
Queensland [13]. For this reason, it is currently listed as a priority environmental weed in
three regions and a sleeper weed in other parts of the country [14]. The invasiveness of this
plant is particularly evident when it forms dense stands along forest edges and watercourses,
replacing native plants in these habitats and preventing their regeneration [13]. It is an erect,
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highly branched shrub that usually grows 1-3 m tall, but occasionally reaches up to 5 m in
height. It has tubular flowers in clusters, yellow or greenish-yellow in color, and stems and
leaves that have an unpleasant odor when crushed. The taxonomy of the plant is described in
Table 1.

Table 1. Phylogenetic taxonomy of C. parqui [4,9,10].

Kingdom Plantae
Sub-kingdom Tracheophytes
Division Angiosperms
Class Eudicots
Sub-class Asterids
Order Lamianae Takht
Sub-order Solanales Juss. ex Bercht. and J. Presl
Family Solanaceae’ Juss
Tribe Cestreae
Genus Cestrum L.
Species parqui

2. Traditional Use and Properties

In Chilean folk medicine, it was used as an antipyretic and for the treatment of fever
and inflammation [15,16]. Extracts of the plant obtained with solvents of different polarity
have shown moderate antimicrobial activity against the fungi Penicillium expansum and Can-
dida albicans and the bacteria Bacillus subtilis, Pseudomonas aeruginosa, Staphylococcus aureus,
Escherichia coli, and Streptococcus pneumoniae [17]. The methanolic extract of the leaves has
exhibited possible anticancer activity on the human myeloid leukemia cell line (HL-60) and an
antiproliferative effect on another two cell lines (HT-29 and Molt-3 cells); this may be due to the
presence of ursolic and oleanolic acids, two pentacyclic triterpenes [18,19], as well as the ability
to inhibit platelet aggregation induced by ADP and/or collagen, both in sheep and human
blood [20]. Furthermore, the methanolic extract of C. parqui leaves has a strong effect on sperm
motility in vitro. Electron microscopy studies on human sperm, incubated with concentrations
ranging from 40 to 250 pg/mL of C. parqui leaf extract and at time intervals ranging from
5 to 240 min, have shown damage to the head and acrosomal membranes, with a maximum
spermicidal effect at the highest tested concentration, generally dose- and time-dependent [21].
A screening among Cestrum spp. reveals Aspergillus terreus as an endophytic fungus of C. parqui
leaves. This microbe biosynthesizes camptothecin, a modified monoterpene indole alkaloid
used in cancer chemotherapy [22,23].

3. Potential Effects of C. parqui
3.1. Insecticidal and Antifeedant Activity

The genus Cestrum is rich in saponins, and most species exhibit toxicity that supports
their use as potential insecticides, herbicides, molluscicides, antimicrobial agents, and
antitumor agents. In fact, as far back as the early 1950s, the discovery of gitogenin and
digitogenin in the green berries of C. parqui [24], or tigogenin and digallogenin in dried
leaves, has been documented [25].

The leaves of C. parqui are the most studied organ of the plant. This is likely related to
the observation that many animals that had eaten its leaves were severely intoxicated. For
example, several cases of cattle poisoning occurred in Chile between 1992 and 1998 and
in Brazil starting from the late 1960s [26]. Necropsies of the animals showed pulmonary
edema, congestion, hemorrhages in various organs, and hepatic dysfunction [27]. A few
years later, Babouche et al. [28] demonstrated that the saponin-rich fraction obtained from
the hydroalcoholic extract of the plant could interfere with insect metabolism by lowering
the amount of cholesterol needed for ecdysone production, a molting hormone [29].

C. parqui’s insecticidal activity has been tested on different species. Specifically, aque-
ous extracts of C. parqui have been evaluated on Ceratitis capitata, commonly known as
the Mediterranean fruit fly, at different concentrations [30]. C. capitata, widespread in
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Africa, the Mediterranean basin, and South America, is a highly polyphagous species
whose larvae develop in a wide range of fruits and are responsible for significant economic
damage to the agricultural sector [31]. Water and organic solvent plant extracts have been
tested. The aqueous extract at 0.6% (w/w) of the plant completely inhibited the pupation
process of the neonate larvae, while extracts obtained with organic solvents were almost
harmless. In another experiment, ethanolic and water extracts obtained from young and
old leaves were tested on Xanthogaleruca luteola adult insects. In this case, higher mortality
has been obtained for ethanolic extract of young leaves [32]. The leaves are likewise active
against desert locust Schistocerca gregaria. Some of the contained chemicals interfere with
the exuviation process, causing insect death at different evolutionary stages [33].

These results were confirmed a few years later by Chaieb et al. [34,35]. The authors
evaluated the entomotoxic activity on Schistocerca gregaria, a polyphagous and voracious
grasshopper that feeds on leaves, flowers, shoots, fruits, and seeds of various plant species,
including numerous species of primary importance to humans such as rice, barley, corn,
sorghum, sugarcane, cotton, date palm, and banana; Spodoptera littoralis, an insect that can
attack numerous economically important crops such as turnips, tomatoes, hemp, hibiscus,
purslane, mint, clover, tobacco, mallow, apple, grapevine, and many others; Tribolium con-
fusum, an insect that mainly feeds on natural products such as cereals and flour, rice, dried
fruit, powdered milk, mouse baits, spices, and corn; and Culex pipiens, the most common
mosquito in the Northern Hemisphere, hematophagous and harmful to health. Chaieb and
colleagues [34,35] performed toxicity tests based on the species, through simple contact,
injection, forced ingestion, or addition to the food substrate. In the case of contact tests,
the results were modest, probably because the saponins were unable to penetrate the waxy
cuticle of the target organisms, evidently due to their hydrophilicity; while in ingestion tests,
the food substrate was probably unpalatable to the target animal. The best results were
obtained with injection, which is obviously impractical in daily practice. However, the results
show greater activity on S. littoralis followed by C. pipiens, and slightly less on S. gregaria and
T. confusum. In any case, the chances of using the crude material as it is, to be added to the
diet of the target organism, seem slim. Apparently, the added product had lost its palatability,
suggesting the need to isolate the saponins present in the crude material for individual use.
It is not disregarded that the problem can be overcome by delivering the saponins through
softer and more palatable foods preferred by the target insects.

The antifeedant effect of the aqueous extract of C. parqui has also been measured on
Pieris brassicae, a butterfly that mainly feeds on cultivated varieties of Brassicaceae, especially
Brassica oleracea (cabbage), and plants of the genus Tropaeolum [36]. The effect of increasing
amounts of extract, added in percentages of 2, 4, 8, 16, and 32% to the lepidopteran’s diet, was
measured, showing a delay in larval growth at lower concentrations, abnormal metamorphosis
at intermediate concentrations, and death at the highest concentration.

It is interesting to note that it has been proven that the activity significantly decreases
with the loss of the sugar bound to the steroid nucleus [37], much like what happens in the
case of x-chaconine and o-solanine. Thus, it is not surprising that the saponins of C. parqui are
completely ineffective against the phytopathogenic fungi Fusarium solani and Botrytis cinerea,
which probably can secrete detoxifying enzymes capable of hydrolyzing the sugar chains [38].

For economic and especially environmental reasons (reassuring an increasingly reluc-
tant civil society to the use of chemical products), many research groups are committed to
identifying specific natural insecticides. For example, pine wood is particularly susceptible
to colonization by organisms of the genus Leptographium spp. Ophiostoma and Ceratocystis,
which, by invading the vessels, block the passage of sap and cause deterioration phenom-
ena, including the death of plants. The activity of these pathogens, which is only visible by
stripping the trunks of dead or suffering plants, is preceded by that of their vectors, mostly
coleopteran insects like Hylurgus ligniperda, which, by invading plants weakened by various
stresses, let the fungus penetrate the sapwood, following their galleries. The symptoms
of the infection consist of a wilting of the canopy, with needles quickly turning from pale
green to brown and drying up. Wood assortments undergo considerable depreciation due
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to aesthetic defect. To date, H. ligniperda is controlled using methyl iodide, a chemical
product dangerous for users and the environment. Huanquilef et al. [39] tested various
fractions of the ethanolic extract of C. parqui leaves on H. ligniperda. Thus, the fractions
soluble in chloroform, ethyl acetate, and butanol, which were then added to the insect’s diet,
were considered. Over the course of seven days, it was demonstrated that the considered
extracts influenced the feeding behavior of the target organism in both adult organisms
and larvae, with a dose-dependent effect. In particular, the chloroform extract was the most
active, even at low concentrations (0.4% w/v), indicating that it can be considered for an
economical and relatively simple commercial application.

3.2. Molluscicidal Activity

In the past twenty years, several authors who have tested the insecticidal and antifeed-
ing activity of hydroalcoholic extracts from leaves have also tested their molluscicidal activity,
using the snail Theba pisana as a target organism [34,35,40], a gastropod mollusk introduced
into numerous areas including northern Europe, North America, parts of Africa, Asia, and
Australia, where it has often become an invasive species, posing a serious problem for agri-
culture. These extracts are mostly produced from leaves dried at 40 °C for four days and then
finely powdered. They are first extracted with petroleum ether to remove fats and then with
methanol. The methanolic extract is then washed with diethyl ether, causing the precipitation
of the saponin-containing fraction, which is used for various types of experiments. In some
experiments, the reaction mixture was deposited at the bottom of containers where the snails
were free to move, or the mixture was applied directly to the bodies of the target organisms.
These snails responded to the presence of the saponin-containing mixture with a strong
production of mucus, which caused their dehydration and, ultimately, death. In other ex-
periments, the saponin-containing mixture was added to corn bran or deposited on cabbage
leaves, which the snails normally feed on, or was dissolved in water in varying amounts from
2 to 8 mg/mL. In these latter three cases, the effects were minimal and mostly reduced to a
slight weight loss in the animals, which stopped eating or drinking, evidently recognizing
the presence of the toxic substance [40]. However, it is likely that administering the saponin
mixture in different and more palatable foods could yield better results than simple contact.
Considering the good results obtained, experimentation on T. pisana continued with the aim
of understanding if there were differences in the toxicity of the saponin-rich crude material
on the juvenile or adult form of the mollusk [41]. Two tests lasting 24 h each were used,
and each was repeated three times. In the first test, the saponin-containing fraction was
deposited on the surface where the snails moved at concentrations of 10, 100, 500, 1000, and
2000 ppm, respectively. A mortality rate of 100% was found with a concentration of the
analyzed fraction equal to 315 pg/cm? for adults and 157 pg/cm? for juveniles, with LDsg
values of 36 and 6 ppm, respectively. In the second test, the saponin-containing fraction was
placed in direct contact with the back of the target organism in quantities of 1, 5, and 10 mg,
respectively. A mortality rate of 100% was found with a crude quantity of 10 mg for adults
and 5 mg for juveniles, with LDsg values of 2.6 and 1.0 mg/animal, respectively.

3.3. Phytochemical Composition

The bark and, especially, the leaves of this shrub contain a large number of sec-
ondary metabolites, generally of low molecular weight. These metabolites have been
isolated from polar infusions obtained via extraction with methanol and/or ethanol/water
(Scheme 1), purified using direct and reverse-phase chromatographic techniques (on col-
umn or HPLC), and identified using spectroscopic techniques (NMR, both one-dimensional
and two-dimensional) and mass spectrometry. Specifically, from the organic infusions,
Cy3-nor-isoprenoids (1-18, Figure 3), sesquiterpenes (19-20, Figure 4), a spirostane (21,
Figure 4), a pseudosapogenin (22, Figure 4), lignans (23-42, Figure 5), aromatic compounds
(43-47 and 89, Figure 6), oxylipins (63-76, Figure 8), kaurenic glycosides (77-78, Figure 9),
steroid saponins (79-86, Figure 10), an aromatic glycoside (89, Figure 10), and pentacyclic
triterpenes (90-91, Figure 10) have been isolated. Conversely, from the aqueous infusion,
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aromatic compounds (48-58, Figure 6), flavones (60-62, Figure 7), a steroid saponin (87,
Figure 10), and a glycoalkaloid (88, Figure 10) have been isolated.

Fresh leaves

| LL extraction

CH;0H CH;0H/H,0 (1:9) CH;CH,OH/H,0 (1:1) + 1% NH,OH H,0
‘U’ LL extraction ‘ ’ LL extraction |
65-72
81-86 | | 4‘

9.9 Hexane CﬁZClz ’7—' BuOH H,0  CH,Cl, l__|
U

AcOEt BuOH H,O AcOEt H,0

was Ul en U U

27-30 14-22 79-80 55-56 43-47,51, 87-88
32-34 26,31, 60, 62 54,57-58

36,39, 35,37-38 61

42,59 40-41

63-64 75-76

73-74

1-18 C13 nor-isoprenoids 19-20 Sesquiterpens 21 Spirostane
22 Pseudosapogenine 23-42 Lignans 43-50 Aromatic compounds CgC;
51-52 Aromatic compounds C¢C, 53-59 Aromatic compounds C¢Cs 60-62 Flavones
63-76 Oxylipins 77-78 Kaurenic glycosides 79-87 Steroidal saponins
88 Glycoalkaloid 89 Aromatic glycoside 90-91 Pentacyclic triterpenes

Scheme 1. Isolation of Cy3-nor-isoprenoids, sesquiterpenes, spirostanes, pseudosapogenins, lignans,
aromatic compounds, flavones, and oxylipins.

3.4. Herbicidal Activity

From the fresh leaves of C. parqui, a total of 76 compounds were isolated (Table 2),
which after purification and structural determination were tested to evaluate their phyto-
toxic activity. In particular, the fresh leaves were finely chopped and then infused with
methanol, methanol/water: 9/1 (v/v), water/ethanol: 1/1 (v/v) + 1% NH4OH, and water,
respectively. The last three infusions were dried and then extracted with solvents of increas-
ing polarity as indicated in Scheme 1. Thus, after numerous chromatographic steps, the fol-
lowing compounds were isolated: the Cy3-nor-isoprenoids [42,43]; the sesquiterpenes [43];
the spirostan [43]; the pseudosapogenin [43]; the lignans [44,45]; the aromatic compounds
43-59 [46,47]; the flavones [46]; and the oxylipins [48].

Table 2. Secondary metabolites isolated from the leaves of C. parqui and tested for their potential
phytotoxic activity in different studies.

No. Name Ref

Cy3-nor-isoprenoids
(6R,9R)-9-Hydroxy-4-megastigmen-3-one
(2R,6R,9R)-2,9-Dihydroxy-4-megastigmen-3-one
Byzantionoside A
Annuionone E
(BR,6R,7E,9R)-3,9-Dihydroxy-4,7-megastigmadiene
(BR,6R,7E)-3-Hydroxy-4,7-megastigmadien-9-one
(6R,7E,9R)-9-Hydroxy-4,7-megastigmadien-3-one
Byzantionoside B
Corcoionolo C
(35,5R,6R,7E,9R)-3,5,6,9-Tetrahydroxy-7-megastigmene [42,46]
(35,5R,6R,7E,9R)-5,6,9-Trihydroxy-3-isopropyloxy-7-megastigmene
4-Oxo-B-ionol/(7E)-9-Hydroxy-5,7-megastigmadien-4-one
(3S,7E,9R)-3,9-Dihydroxy-5,7-megastigmadiene

=
EEvoNo ik wNR

[
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Table 2. Cont.

No. Name Ref
14 (B8R,7E)-3-Hydroxy-5,7-megastigmadien-9-one
15 (3S,5R,65,7E)-5,6-Epoxy-3-hydroxy-7-megastigmen-9-one
16 (35,5R,65,7E,9R)-5,6-Epoxy-3,9-dihydroxy-7-megastigmene
17 (6E,95)-9-Hydroxy-4,6-megastigmadien-3-one
18 (6Z,95)-9-Hydroxy-4,6-megastigmadien-3-one
Sesquiterpenes
19 12-Hydroxy-oa-cyperone [43]
20 1,2,2a,3,6,7,8,8a-Octahydro-7-hydroxy-2a,7,8-trimethylacenaphthylen-4(4H)-one [49,50]
Spirostane
21 5«-Spirostan-33,123,15x-triol [43]
Pseudosapogenine
22 26-0-(30-Isopentanoyl)-p-D-glucopyranosyl-5x-furost-20(22)-ene-3(3,26-diol [43]
Lignans Diepoxylignans
23 (+)-Pinoresinol
24 (+)-Mediaresinol [44]
25 (+)-Syringaresinol
2 -D-Glucopyranoside, 2,6-dimethoxy-4-[(1S,3aR,4S,6aR)-tetrahydro-4-(4-
hydroxy-3,5-dimethoxyphenyl)-1H,3H-furo[3,4-c]furan-1-yl]phenyl
Epoxylignans
27 (+)-Lariciresinol
28 (+)-Justiciresinol [44]
29 5'-Methoxylariciresinol
30 (—)-Berchemol
Neolignans
31 cis-Dehydrodiconiferyl alcohol
32 trans-Dehydrodiconiferyl alcohol [44]
33 (—)-Simulanol,
Sesquilignans
34 rel<(72,7'3,7" 3,8 o,8" x)-4",9,9’ 9" -Tetrahydroxy-3,3’,3" -trimethoxy-4,7":4' 7" -
diepoxy-5,8':5',8"-sesquilign-7-ene
35 Herpetotriol
36 rel<(72,7 o, 7" «,8'B,8" B)-4",9,9' 9" -Tetrahydroxy-3,3’,3" -trimethoxy-4,7":4' 7" - [44]
diepoxy-5,8':5',8"-sesquilign-7-ene
37 rel-(7E,7 o, 7" «,8'3,8" B)-4" 9,9',9” -Tetrahydroxy-3,3' 3" -trimethoxy-4,7":4', 7" -
diepoxy-5,8':5',8" -sesquilign-7-ene
40 threo-4' 4",7" 9" -Tetrahydroxy-3,3',3” 5 -tetramethoxy-
4,8"-0xy-7,9"7' 9-diepoxylignan
" erythro-4’ 4",7" 9" -Tetrahydroxy-3,3' 3" 5'-tetramethoxy-
4,8"-0xy-79":7' 9-diepoxylignan
© erythro-4',4",7" 9" -Tetrahydroxy-
3,3',3" 5,5 -pentamethoxy-4,8"-oxy-7,9":7' ,9-diepoxylignan
Oxyneolignan
38 Dimethyl (7'E)-3,3'-dimethoxy-4,40-oxyneolign-7'-ene-9,9'-dioate [44,45]
Norlignan
39 9’-Nor-3',4,4'-trihydroxy-3,5-dimethoxylign-7-eno-9,7’-lactone [44,45]
Aromatic compounds
43 4-Hydroxybenzaldehyde [46,47,51-53]
44 3,5-Dimethoxybenzaldehyde
45 4-Hydroxybenzoic acid
46 Vanillic acid
47 Syringic acid
48 Methyl 4-hydroxybenzoate
49 Methyl vanillate
50 Methyl syringate
51 Tirosol
52 3',5’-Dimethoxy-4’-hydroxy-2-hydroxy-acetophenone
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Table 2. Cont.

No. Name Ref
53 p-Coumaric acid
54 Caffeic acid
55 Methyl ferulate
56 Methyl ester of caffeic acid
57 p-Dihydrocoumaric acid
58 Methyl ester of p-dihydrocoumaric acid
59 Dihydrosynapic acid
Flavones
60 4’-Hydroxy-4-methoxychalcon
61 Quercitin [46]
62 N-(p-Carboxymethylphenyl)-p-hydroxybenzamide
Oxylipins
63 (85,9R,10E,12R,14Z)-Heptadeca-10,14-diene-1,8,9,12-tetraol
64 (8S,9R,10E,125,14Z)-Heptadeca-10,14-diene-1,8,9,12-tetraol
65 (9S,10R,11E,13R,15Z7)-9,10,13-Trihydroxyoctadeca-11,15-dienoic acid
66 (9S,10R,11E,13S,15Z)-9,10,13-Trihydroxyoctadeca-11,15-dienoic acid
67 Methyl (9S,10R,11E,13R,157)-9,10,13-trihydroxyoctadeca-11,15-dienoate
68 Methyl (9S,10R,11E,135,157)-9,10,13-trihydroxyoctadeca-11,15-dienoate
69 (9S,10R,11E,13R)-9,10,13-Trihydroxyoctadec-11-enoic acid [48]
70 (9S,10R,11E,135)-9,10,13-Trihydroxyoctadec-11-enoic acid
71 Methyl (9S,10R,11E,13R)-9,10,13-trihydroxyoctadec-11-enoate
72 Methyl (9S,10R,11E,13S)-9,10,13-trihydroxyoctadec-11-enoate
73 (85,95,10R,11Z,147)-Heptadeca-11,14-diene-1,8,9,10-tetraol
74 (95,105,11R,12Z,157)-9,10,11-Trihydoxyoctadeca-12,15-dienoic acid
75 Methyl 10-hydroxyoctadec-12-enoate
76 Methyl (9S,10E,12Z,15Z)-octadeca-10,12,15-trien-9-ol
S Ry & Ry R,
0 Ry B
1 R,=H R,-OH 4 5 R,=H R,=OH Ry=H  R,=OH
2 R;=OH R,=OH 6 R,=H R,=OH R3R,=0
3 Rj=H R,=0Glc 7 R,R, =0 Ry=H R,=OH

8 R,R,=0 Ry;=H R,=0Glc

. OH . OH « Ry R,
NP N NP
‘OH OH
0 R,0 - HO
! OH
9
10 R,=H 12 13 Ry=H R,=OH
11 R, =(CH;),CH 14 R;R,=0

15 RR,=0 17 18
16 R;=H  R,=OH

Figure 3. Cy3-nor-isoprenoids isolated from C. parqui.
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Figure 5. Lignans from C. parqui.
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Figure 6. Aromatic compounds C¢C; (43-50), C¢C, (51-52), and C¢Cj3 (53-59) from C. parqui.
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Figure 8. Polyol fatty acids 63—64 and 73, methylated oxylipins 67 and 68, and oxylipins 65-66,
69-72, and 74-76 (Note that 63/64, 65/66, 67/68, 69/70, and 71/72 are five diastereomeric couples

of compounds).
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Figure 9. Kaurenic glycosides (77-78).

HO 0
Ho/éS/O o OH
o TR g
OH OH

0]

O
RO\<§ OH B R
B i
OH g

81 Neotigogenin R=0H
82 (25R)-Isonuatigenin R = OH HO'

79 Parquisoside A R=H
80 Parquisoside B R = a-L-Rhamnopyranosyl

Q

83 Parquispiroside Rj=H R,=aOH
87 Digitogenin R;=OH R,=BOH

T
jase)
O\%
o
T
o
jan}
o
jan)
o
g\
@)
"

84 Parquifuroside R;=R,=0H
OH OH 85 Capsicoside D R;=H R,=OH
86 22-OMethyl-capsicosidle D Ry =H R, =OMe

OH
HOﬁ&o
HO

OH

OH 88 Solasonina 89 Benzil primeveroside

HO OH

90 Ursolic acid 91 Oleanolic acid

Figure 10. Saponins and aromatic glycosides.
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The compounds 1-76 were subjected to phytotoxicity assays to evaluate their effects
on seed germination and the growth of roots and seedlings of various target organisms,
including Lactuca sativa, Solanum lycopersicum, Amaranthus retroflexus, Chenopodium album,
Potamogeton oleracea, and Allium cepa (Table 3). The assays were performed at differ-
ent concentrations ranging from 10~% to 10~° M, following the protocol developed by
Macias et al. [54], using the well-known herbicide Pendimethalin as a reference.

Table 3. Range of tested concentrations and target organisms for the phytotoxicity tests of the
compounds 1-76.

Organism Test

Compounds Range of Concentrations
L. sativa  S.ycopersicum A. retroflexus  C.album  P.oleracea  A.cepa
1-13 10~4-10-" M X
14-18 1075-10~" M X
19-22 1074-107" M X
23-35 10~4-10—3 M X X X
36-39 107%-10~" M X X
40-42 10~4-10—% M X X X
43-59 1074-10—"M X X X
60-62 1074-10° M X X
63-76 10~4-10—3 M X

3.4.1. Assay with Cy3-nor-Isoprenoids (1-18), Sesquiterpenes (19-20), Spirostane (21),
and Pseudosapogenin (22)

Except for nor-terpenes 3, 21, and 22, the tested compounds had no effect on germina-
tion but showed moderate inhibitory activity on root and shoot growth. The activity of the
glycosylated compound 22 is intriguing, considering that glycosylation is the main detoxi-
fication mechanism adopted by plants to defend themselves against phytotoxic substances
which they produce and store [55]. Among all the compounds tested, spirostane 21 was
the most active, with root and shoot elongations reduced by up to 60% and germination
by up to 30% at a concentration of 10~* M. In general, the more polar compounds that are
more soluble in water appear to be more active.

3.4.2. Assay with Lignans (23-35, 40-42)

Compounds 23-35 and 40-42 were tested on A. retroflexus, P. oleracea, and C. album, in
a concentration range varying from 10~ to 1078 M. Lignans 23-26 were the most active on
A. retroflexus, inhibiting its germination even at the lowest concentration, while compounds
29-30 showed anti-germination activity on P. oleracea and anti-radical activity on A. retroflexus.
All compounds were slightly stimulating for shoot elongation of C. album and P. oleracea.

3.4.3. Assay with Lignans (36-39)

These compounds were tested on L. sativa and S. lycopersicum, showing low phytotoxic
activity on both. Of the four compounds in question, only compound 39 was able to inhibit
the shoot length of S. lycopersicum by about 50% at a concentration of 10™% M.

3.4.4. Assay with Aromatic Compounds (43-59) and Flavones (60-62)

The aqueous infusion of C. parqui leaves was tested on the germination, root length,
and shoot length of L. sativa, S. lycopersicum, and A. cepa [39]. The interesting results obtained
suggested dividing the entire extract into three fractions, two obtained via extraction with
methylene chloride and ethyl acetate, while the third was the remaining aqueous part
(Scheme 1). From the first organic fraction, compounds 48-50, 52-53, 55-56, 60, and
62 were isolated, while from the second fraction, compounds 43-47, 51, 54, 57-58, and
61 were isolated. Compounds 43-62 were tested on the same target organisms used for the
phytotoxic evaluation of the aqueous extract, and some of them were far more active than
the herbicides used as reference standards.
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Only aromatic compounds 55 and 56 on L. sativa and chalcone 60 on A. cepa showed
weak inhibitory effects on germination, while all others were practically inactive. Results
on root elongation showed that some compounds, such as product 45, could have a
phytotoxic effect on S. lycopersicum but have a stimulating effect on A. cepa, or compound
44, stimulating for A. cepa but inhibiting for L. sativa. Compounds 45 and 48 were able to
inhibit the shoot length of S. lycopersicum and A. cepa by 66% and 60%, respectively, at a
concentration of 1 nM [46].

3.4.5. Assay with Oxylipins (63-76)

The oxylipins were also tested on L. sativa seeds but in a narrower concentration
range, specifically between 10~* and 1078 M [48]. It is not easy to rationalize the results
of the phytotoxicity of these compounds. For example, at a concentration of 10~% M,
compounds 63-68 showed weak inhibitory action on germination, with values around
10%, and action on the elongation of the hypocotyl and root with inhibition values around
20%. However, at a concentration 100 times lower, only compounds 65 and 66 maintained
weak inhibitory activity on root growth, while the corresponding alcohols 63 and 64, or
the corresponding methyl esters 67 and 68, were even slightly stimulatory. Alternatively,
compounds 69 and 71 stimulate germination and inhibit radical elongation,
while compounds 70 and 72 inhibit germination and stimulate radical elongation. In
general, it seems that the compounds present phytotoxicity values closely related to their
degree of unsaturation, as for compounds 63-68, 73, and 74, or phytotoxicity values depen-
dent on the number of hydroxyl functions, as for compounds 75 and 76.

It is interesting to note that oxylipins seem to play a crucial role in intra- and extracellu-
lar communication in vertebrates, fungi, and plants. In microorganisms, these metabolites
are involved in the regulation of cell growth and differentiation, while in plants, their role
in defense mechanisms based on apoptosis processes in response to infections caused by
pathogens seems to be proven.

3.5. Other Isolated Metabolites
3.5.1. Kaurenic Glycosides (77-78) with Strychnine-Like Action

Two kaurenic glycosides named carbossiparquin (77) and parquin (78) have been
isolated from the leaves of C. parqui, whose structures have been determined using NMR
techniques and mass spectrometry [56] (Figure 9 and Table 4).

These compounds are structurally very similar, differing only in the presence of a
second carboxylic function at carbon C-4 of the first compound. It is noteworthy that
compounds 77 and 78 are quite like two toxins with strychnine-like action, namely car-
boxyatractyloside (A) and atractyloside (B), isolated from Atractylis gummifera [57]. In
mice, carboxiparquin (77) has an LDs value of 4.3 mg kg ™! and is over 50-times more
toxic than crude extracts of C. parqui leaves. It is interesting to note that this toxin causes
lesions in both the kidneys and the liver, like those observed in animals intoxicated after
consuming C. parqui. The second compound (78) is relatively non-toxic and considered
essentially a co-metabolite.

3.5.2. Cytotoxic Secondary Metabolites

Four new steroid saponins have also been isolated, three of which are monodesmo-
sidic, called parquisoside A (79) and B (80) [58] and parquispiroside (83) [59], along with
compound 84, named parquifuroside [59]; together with the known steroid saponins:
neotigogenin (81) [60] and (25R)-isonuatigenin (82) [61], capsicoside D (85) [62],
22-O-methyl-capsicoside D (86) [61], and digitogenin (87) [25,61]; the glycoalkaloid
solasoninee (88) [62]; and the aromatic glycoside benzyl primeveroside (89) [59]
(Figure 10 and Table 4). If compounds 79 and 80 are likely capable of inhibiting
carrageenan-induced edema, there is no definitive evidence to support this. However,
compounds 81-83 and 86-89 were tested for their cytotoxicity on four human cell lines:
HeLa, HepG2, U87, and MCEF?7. Of these latter five compounds, only compound 81 showed
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moderate activity, with IC50 values of 7.7, 7.2, 14.1, and 3.3 pM, respectively. These values
are quite promising considering that cisplatin, an antineoplastic chemotherapeutic agent
used in the treatment of numerous tumors but with significant side effects, has much higher
LCsq values of 39.2, 14.6, 7.3, and 23.0 uM, respectively [58].

Table 4. Other metabolites isolated from the leaves of C. parqui.

No. Common Name/IUPAC Name Ref.
77 Carboxiparquin [56]
78 Parquin
79 Parquisoside A/(3[3,245,25S)-spirost-5-ene-3,24-diol 3-O-{[t-L-rhamnopyranosyl-(1—2)]-f- (58]

D-glucopyranosyl-(1—4)-a-L-rhamnopyranosyl-(1—4)]-B-D-glucopyranoside
Parquisoside B/(3[3,24S,25S)-spirost-5-ene-3,24-diol 3-O-{[«
80 -L-thamnopyranosyl-(1—4)-«-L-thamnopyranosyl-(1—2)]-3-D-glucopyranosyl-(1—4)-«- [58]
L-rhamnopyranosyl-(1—4)}--D-glucopyranoside

81 Neotigogenin [59]
82 (25R)-Isonuatigenin [59]

Parquispiroside /25(R)-33-[(O-B-D-glucopyranosyl-(1—3)-B-D-glucopyranosyl-(1—2)-O-
83 [B-D-xylopyranosyl-(1—3)-O-B-D-glucopyranosyl-(1—4)-f-D-galactopyranosyl)oxy]- [58]

5¢,15(3,22R,25R-spirostan-3,15-diol

Parquifuroside /25(R)-26-[(3-D-Glucopyranosyl)oxy]-(3 3 [(O-B-D-glucopyranosyl-(1—3)-

84 B-D-glucopyranosyl-(1—2)-O-[ 3-D-xylopyranosyl-(1—3)-O-3-D-glucopyranosyl-(1—4)- [58]
[3-D-galactopyranosyl)oxy],5x,153,22R,25R)-furostane-3,15,22-triol

85 Capsicoside D [62]
86 22-O-Methylcapsicoside D [58]
87 Digitogenin [25,62]
88 Solasonine [62]
89 Benzyl primeveroside [58]
90 Ursolic acid [58]
91 Oleanolic acid [19,62]

4. Conclusions

Many Solanaceae are edible plants and are essential for human nutrition, but there are
some which are extremely toxic, such as Cestrum parqui L'Herit, to the point that exposure to
its leaves can cause respiratory difficulty, nausea, headache, and other unpleasant symptoms.

In the traditional medicine of some countries, C. parqui is used as an antipyretic and
for the treatment of fever and inflammation. Its extracts showed moderate antimicrobial
activity and possible anticancer and antiproliferative action on specific cell lines. Numerous
studies have allowed for the isolation and the structural determination of just under one
hundred secondary metabolites, such as Cy3-nor-isoprenoids, sesquiterpenes, lignans,
aromatic compounds, flavones, kaurenic glycosides, saponins, and alkaloids. Many of
these compounds, but not all, have been studied to evaluate their insecticidal, antifeedant,
and herbicidal activities both on weedy plants such as A. retroflexus, P. oleracea, and C. album,
and on cultivated plants such as A. cepa, L. sativa, and S. lycopersicum.

In several cases, the activities measured proved to be higher. However, to date, the
results are not definitive because it is not yet clear whether it is preferable to use an
alcoholic or hydroalcoholic extract of the plant leaves or the individual metabolites. All of
this suggests and justifies the significant interest in this plant, with possible and concrete
commercial application.
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Abstract: The prevalence of benign prostatic hyperplasia (BPH) markedly increases with age. Phy-
totherapeutic approaches have been developed over time owing to the adverse side effects of conven-
tional medications such as 5-reductase inhibitors and «l-adrenergic receptor antagonists. Therefore,
dietary supplements (DS) containing active compounds that benefit BPH are widely available. Phy-
tosterols (PSs) are well recognized for their role in maintaining blood cholesterol levels; however,
their potential in BPH treatment remains unexplored. This review aims to provide a general overview
of the available data regarding the clinical evidence and a good understanding of the detailed phar-
macological roles of PSs-induced activities at a molecular level in BPH. Furthermore, we will explore
the authenticity of PSs content in DS used by patients with BPH compared to the current legislation
and appropriate analytical methods for tracking DS containing PSs. The results showed that PSs
might be a useful pharmacological treatment option for men with mild to moderate BPH, but the lack
of standardized extracts linked with the regulation of DS containing PSs and experimental evidence
to elucidate the mechanisms of action limit the use of PSs in BPH. Moreover, the results suggest
multiple research directions in this field.

Keywords: phytosterol; benign prostatic hyperplasia; sitosterol; campesterol; dietary supplement

1. Introduction

Benign prostatic hyperplasia (BPH) is a common and progressive condition that affects
the quality of life of men in an age-dependent manner, being present in 15-60% of men
over 40 years [1-3]. BPH is a non-malignant enlargement of the prostate that can lead to
obstruction and irritation of the lower urinary tract. As the prostate gland increases in
volume, constriction of the urethra occurs with the appearance of symptoms such as weak
urinary flow, incomplete emptying of the bladder, nocturia, or dysuria. These symptoms
are associated with BPH and are referred to as lower urinary tract symptoms (LUTS) [4].
The etiology of BPH is influenced by a wide variety of risk factors, such as age, hormonal
imbalance, inflammation, metabolic syndrome, oxidative stress, or inhibition of apoptosis
in prostate tissue [4].
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Reducing LUTS and improving the quality of life (QL) are the primary goals of BPH
treatment. As therapy has changed significantly over the last decade, the number of
surgeries has steadily decreased while the number of cases treated with medicine has
increased [5,6]. Currently, two large classes of drugs are used in pharmaceutical practice
for the treatment of BPH: «1-adrenergic receptor antagonists (doxazosin, terazosin, and
tamsulosin), which relieve LUTS by relaxing the smooth muscle of the prostate stroma and
bladder neck, and 5a-reductase inhibitors (5-«Ri) such as finasteride or dutasteride [7,8].
Sa-reductase (5-aR) is an enzyme of major importance in the development of BPH and is
responsible for the formation of dihydrotestosterone (DHT), the main biologically active
metabolite of testosterone (T). It is well known that androgen excess, mainly DHT, has
been suggested to be associated with the development of BPH [9,10]. However, these
prescription-only medicines are used in advanced forms of BPH, according to the attending
physician’s recommendation. Although there is a significant clinical benefit when adminis-
tered to BPH patients [11,12], conventional therapy is correlated with disorders of sexual
dynamics in men, such as erectile dysfunction, increased risk of impotence, ejaculation
disorders, gynecomastia, and orthostatic hypotension [11,13-15].

Growing interest in the use of dietary supplements (DS) for healthcare management
has led to the availability of natural products in the market. Consequently, an increasing
number of patients tend to adopt a plant-based treatment for BPH. Recent data present a
wide range of bio-compounds, such as phytosterols, phenolic compounds (polyphenols,
catechins), and fatty acids, which can be further formulated as adjuvant medication to
conventional therapy. For instance, phytosterols (sitosterol, stigmasterol, campesterol),
which have a similar chemical structure to synthetic 5-xRi, represent the most promising
class derived from plants with inhibitory action on 5-«R. Phytosterols (PSs) are increasingly
used to alleviate BPH symptoms, and DS manufacturers promote their beneficial effects
without substantial experimental evidence. The National Institutes of Health (NIH) Dietary
Supplement Label Database (DSLD) releases a database with info on over 5000 dietary
supplement labels for supporting healthy prostate function in men [16]. The most common
sources of PSs found in DS are Serenoa repens (54%), Pygeum africanum (15%), Urtica dioica
(14%), Curcupita pepo (14%), or sitosterol in the singular form [17]. Available published
data focus mainly on establishing and demonstrating the beneficial effects of plant-based
DS in BPH [3,18,19]; however, the underlying mechanisms of PSs involved have not been
thoroughly investigated.

As over-the-counter medications, PS-based DS are available in pharmacies, natural
stores, or online and information accessible to users is skewed toward commercial interests,
making them vulnerable to hyperbolic advertising and misleading claims. Since the
regulatory aspects of the DS industry are ambiguous and incomplete, manufacturers set
their own standards. Our understanding of plant extracts is limited because of the lack of
standardization. Thus, clinical trials are difficult to interpret, and the therapeutic efficacy
of phytocompounds is inconsistent, resulting in a lack of progress in clinical practice and
public health [20]. In this context, another difficulty is brought about by challenges in the
analytical field, and the lack of standardized analysis techniques for monitoring the quality
of PSs in DS is absolutely necessary.

In light of the growing BPH burden around the world, the aim of this study is to
investigate the role of PSs in BPH. We sought to provide the limitations and difficulties as-
sociated with using PSs for BPH, considering the potential therapeutic benefits of PSs, their
low pharmaco-toxicological profile, the difficulty in assessing their clinical effectiveness, as
well as the growing interest in the consumption of PSs. Thus, the purpose of this paper
is to review the molecular-level mechanisms of action of PSs intervening in BPH and the
clinical evidence, the quality and quantity of PSs used by patients with BPH compared to
the legislation in force, and the appropriate analytical methods reported in the literature
used for qualitative and quantitative monitoring of DS with PSs content.

To the best of our knowledge, this is the first study to assess, in particular, the effects of
phytosterols from multiple views in BPH. To fill a gap in the existing literature and uncover
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the nature of review novelty, critical building blocks include chemical properties, sources of
PSs, analytical methods for tracking DS containing PSs, regulatory framework, molecular
mechanisms, and clinical evidence for PSs in BPH.

2. Phytosterols—Characteristics
2.1. Chemical Properties of Plant Sterols

Structurally, PSs are bioactive compounds and plant equivalents of cholesterol that
are specific to animal groups. Steroidal in shape, they contain a hydroxyl group at C3, a
hydrocarbonate chain at C;7, and one or more double bonds at Cs of the base skeleton [21-23],
see Figures 1 and 2. Phytostanols are a subgroup of this class, with a fully saturated basic
skeleton [23,24].

Despite the presence of over 200 PSs, 3-sitosterol (SIT), stigmasterol, and campesterol,
are the essential phytosterols to consider. As the dominant compound, SIT accounted for
90% [23]. These data were confirmed by NIH-DSLD, which released label statements with
DS containing mostly SIT, campesterol, and stigmasterol. However, most previous studies
have focused on the same phytosterol for various effects, such as anti-obesity, anti-diabetic,
anti-microbial, anti-inflammatory, immunomodulatory, and anti-cancer effects [16].

PSs can be found in a free form (FPS) or conjugated form (CPS) at the hydroxyl
group from position 3 (Figure 1). The four common types of conjugate sterol lipid classes
are sitosteryl fatty acid ester (SFE) which is the most common, sitosteryl glycoside (SG),
acylated, sitosteryl glycoside (ASG), or hydroxycinnamate sitosteryl ester (HSE) [25,26]
(Figure 2). There is no evidence that CPS has the same therapeutic effects as FPS in BPH,
with CPS being less studied due to the lack of analytical reference standards. Therefore,
PSs analysis should consider the form of the PSs present in the matrix (FPS or CPS) and
use a suitable extraction method to ensure the determination of the total amount of PSs.
Instead, CPS has a lower melting point and higher solubility in vegetable oils [27] and is
used to enrich foods, such as salad dressings [28], margarine [29], or cheddar [30].

26

24

Figure 1. Cholesterol with carbon numbering according to IUPAC.
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Figure 2. The structures of the most common phytosterols found in dietary supplements (free-form
FPS and conjugated CPS); green radical—fatty acid residue.
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2.2. Sources of Plant Sterols

PSs are ubiquitous compounds distributed in nature and are present in small amounts
in daily food. As dietary sources, fruits and vegetables usually contain only small amounts
of PSs (less than 0.05% on a wet basis) [25,26]; however, nuts and vegetable oils may
contain more than 1% PSs [31]. On the other hand, phytostanols are present in cereals
(corn, wheat, rye, rice), fruits, and vegetables, but their concentrations are generally lower
than unsaturated plant sterols [32]. The typical daily consumption of PSs is between
140-400 mg/day in different populations depending on the country and type of diet, and
it comes mostly from vegetable oils, cereals, fruits, and vegetables [33]. Average PSs
ratios between 140-360 mg/day have been estimated in Finland; for a review, see [23,34],
163 mg/day United Kingdom [23], 100.6 mg/zi Brazil [35], or 392.3 mg/day in China [36].
Vegetarians, generally vegans, have the highest PSs intake of >1 g/day [37]. In DS, the main
source of PSs is represented by standardized plant extracts, either as a single compound
or as a combination of active principles. Dwarf palm extract (Serenoa repens) is the most
commonly used DS formulation [38]. Consequently, the National Institute of Standards
and Technology (NIST) has developed two standard reference materials (SRM), SRM
3250 Serenoa fruits and SRM 3251 Serenoa repens, which can be used as a reference for PSs
monitoring in DS with Serenoa repens extract [39]. In addition to dwarf palm extract, other
plant sources containing PSs used in BPH are Curcubita pepo seeds, Epilobium parviflorum,
Epilobium angustifolium aerial parts, Hypoxis hemerocallidea, Hypoxis rooperi corn, Prunus
africana bark, Secale cereale pollen, Urtica dioica root, and Cernilton [3,19].

3. Phytosterols—Beneficial Effects in BPH
3.1. Pathophysiology of Benign Prostatic Hyperplasia

Solid and complex pathophysiological backgrounds are involved in BPH. BPH is
characterized by the proliferation of both stromal and epithelial elements, leading to gland
enlargement and, in some cases, urinary obstruction [40]. Although the cause of BPH
remains incompletely elucidated, it is known that a central role is played by the growth
of both stromal and epithelial elements caused by excess androgens [41]. BPH does not
occur in males castrated before puberty or in those with genetic diseases that block the
activity of androgens [42]. The action of DHT is mediated via androgen receptors (ARs),
a ligand-dependent nuclear transcription factor and a member of the steroid hormone
nuclear receptor family, which regulates the expression of genes that support the growth
and survival of prostatic epithelial and stromal cells. Although T can also bind to ARs and
stimulate growth, DHT is ten times more potent [43].

In addition, the male body stimulates the conversion of T to estrogen (ES) by increasing
aromatase activity due to the high percentage of adipose tissue associated with advancing
age. The circulating ES/T ratio increases, resulting in a decreased negative androgen
control of ES release [4,44]. Estrogen also plays an important role in the development of
BPH, and its level is correlated with prostate volume [45]. In contrast, the study conducted
by Miwa et al. did not identify the same relationship between ES levels and prostate
volume [46]. Estrogen receptor (ER) types are thought to have a major influence on the
effects of ES on prostate tissues. Specifically, ER-o stimulation causes hyperplasia, dysplasia,
and inflammation [47]. Conversely, ER-f3 activation decreased proliferation and promoted
apoptosis in BPH in an androgen-independent manner [48]. Therefore, ER-«/ER-f3 ratio
plays an important role in ES-induced cell proliferation.

Several previous experimental studies have linked chronic inflammation with the
development of BPH, suggesting that chronic inflammation may contribute to the devel-
opment of the disease [49-51]. The role of inflammation in the development of BPH is
underlined by the strong correlation between inflammation proven by histological criteria,
the International Prostate Symptom Score (IPSS), and prostate volume; thus, the inflamma-
tory process is considered a therapeutic target in BPH [49]. A study conducted by Nickel
et al. analyzed prostate tissue from 374 patients who underwent transurethral resection of
the prostate (TURP) for BPH and noted the presence of chronic or acute inflammation in
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70% of patients [52]. Cyclooxygenase-2 (COX-2) expression is associated with inflammatory
processes in BPH. Prostaglandins are a group of pro-inflammatory medjiators, synthesized
from arachidonic acid, under the action of COX-1 and COX-2, identified in the prostate
tissue of BPH patients [53,54]. Furthermore, a study by Wang and his colleagues suggested
that up-regulation of anti-apoptotic proteins correlated with increased COX-2 expression
inhibits prostate apoptosis in BPH [55]. Other studies have demonstrated that the adminis-
tration of COX-2 inhibitors to patients with BPH produces a significant increase in apoptotic
processes [56]. Additionally, another study has demonstrated that induced nitric oxide
synthase (iNOS) is only present in patients with BPH and contributes to inflammation [57].

Oxidative stress is another trigger that can lead to BPH development and progression.
A study using an animal model of BPH reported decreased activity of antioxidant systems
such as glutathione, superoxide dismutase, glutathione peroxidase, and catalase. Further-
more, a significant increase in the lipid peroxidation process in BPH has been reported,
which was inhibited by finasteride administration [58]. Considering the pathophysiological
implications, the use of PSs in BPH is explained by their anti-androgenic, anti-inflammatory,
and antioxidant effects alongside their ability to modulate apoptotic processes.

3.2. Molecular Mechanism of PSs in BPH Development
e Anti-androgenic effect of phytosterols in BPH

Plant-derived PSs that are structurally similar to synthetic 5-«Ri (finasteride, dutas-
teride) represent a potentially highly effective class of 5-«Ri. According to an in vitro
study performed by Marisa Cabesa and her colleagues on hamster prostate tissue, SIT
inhibits 5-aR in a dose-dependent manner (ICsp = 1.1 pg/mL compared to finasteride with
IC5p = 0.003 pg/mL) [59]. Other data have shown that stigmasterol, extracted from Phyl-
lanthus urinaria, also inhibits 5-«R and is less potent than SIT (ICsy = 11.2 pg/mL) [60].
To offset the low efficacy of PSs, a combination of conventional treatments with PSs may
provide some clinical benefit. Studies have also been performed on plant extracts contain-
ing PSs with inhibitory action on 5-aR, without the individual identification and specific
contribution of each phytocompound to 5-aR activity [61-63]. The results are summarized
in Table 1. Among the extracts containing PSs, saw palmetto extract has been the most
studied. An in vitro study performed on Serenoa repens extract using a baculovirus-directed
insect cell expression system demonstrated its ability to inhibit 5-«R in a non-competitive
manner [64]. Various saw palmetto extracts (hexane, ethanol, and hypercritical CO,) have
reported ICsg values between 25 pug/mL and 2200 ng/mL, depending on the modality of
5-aR activity assessment [65]. The data collected indicate that SIT, a standardized extract,
is more potent than non-standardized extracts from plants, despite having a potency over
1000 x lower than finasteride. Moreover, the extraction method used may affect the in-
hibitory activity of phytocompounds from plant products. A study conducted by Nahata
et al. analyzed the inhibitory capacity of 5-«R on different extracts from Urtica dioica root
(ethanolic, petroleum ether, and aqueous); the ethanolic extract was the most potent [66].

Table 1. Dietary components with 5-«R inhibitory effect.

Molecules Sample ICs0 pg/mL Ref.
Sitosterol standardized extract 1.1 [59]
Finasteride standard 0.003
Stigmasterol Phyllanthus urinaria, extract from the whole plant 11.2 [60]

Plant extract with PSs content

Serenoa repens whole plant 25-2200 [65]
Epilobium parviflorum stem and leaves 160 [61]
Pygeum africanum standardized extract 780 [62]
Curcubita pepo pupmkin seed oil and soft extract 5880 [63]
Urtica dioica standardized extract 14,700 [62]
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In addition to the 5-aR inhibitory activity, PSs resulted in decreased AR expression
and inhibition of the DHT-AR complex [67]. The estrogenic effects of PSs have recently
been reviewed by Nattagh-Eshtvani E. Furthermore, colleagues [68]. According to an
in vivo study, PSs have direct estrogenic activity and act as selective modulators of ES
(SERMs) on both ER-oc and ER-f3. Although PSs interact with the ER, the administration
of SIT in an animal model did not increase uterine weight, a key marker of estrogenic
activity; for a review, see [68-70]. However, in BPH, there are no data proving the beneficial
or non-beneficial effects of PSs through an estrogen-mediated mechanism; the estrogenic
effect at the level of prostate tissue depends on the ability of PSs to stimulate ER but also
on the ER-at/ER-f ratio.

e  Phytosterols as anti-inflammatory and antioxidant dietary components in BPH

The anti-inflammatory effects of PSs have been studied and demonstrated in animals
and humans under various pathological conditions. In a study performed in rats with
non-alcoholic fatty liver disease, plant sterol-fortified skimmed milk was administered.
After 12 weeks of treatment, inhibition of interleukin 6 (IL-6), interleukin 10 (IL-10), and
C-reactive protein and improvement of hepatic steatosis were observed [71]. Researchers
have found that treatment with SIT (20 mg/kg) for 8 weeks inhibited the activation of
nuclear factor kappa B (NF-kB) and the production of pro-inflammatory cytokines in mice
with high-fat-diet-induced intestinal injury and inflammation [72].

It is well known that NF-kB stimulates the expression of proteins that contribute to the
pathogenesis of inflammation. NF-kB activation is a hallmark of inflammation [73]. Inhibi-
tion of NF-kB activation by PSs has been reported by several authors [74-76]. Moreover,
recent data indicate that PSs alleviate the inflammatory reaction in lipopolysaccharides
(LPS)-induced macrophage models and cell phagocytosis and inhibit the release of tumor
necrosis factor-oc (TNF-), the expression and activity of COX-2, iNOS, and phosphorylated
extracellular signal-regulated protein kinase (p-ERK). The anti-inflammatory activity of SIT
was higher compared to that of stigmasterol and campesterol, suggesting that PSs without
a double bond at Cy; and with an ethyl group at Cp4 are more potent anti-inflammatory
agents [77].

Based on the relationship between inflammation and BPH, an in vivo study tested
the anti-inflammatory properties of Serenoa repens extracts enriched with 3% SIT (0.2-0.3%
normally). The results showed that SIT significantly decreased the expression of COX-2
compared to the untreated BPH group [78]. In the same study, the group with BPH without
treatment showed increased levels of NF-kB compared to the placebo group, and in the
case of the group treated with Serenoa repens extract enriched with SIT, the gene expression
of NF-kB was significantly inhibited [78]. Therefore, the anti-inflammatory effect of SIT
in BPH is due to the inhibition of COX-2 and NF-«B expression. No studies have strictly
evaluated the anti-inflammatory effects of PSs in BPH subjects.

Its anti-inflammatory effect is closely related to its antioxidant effects. Inflammation
is one factor that produces reactive oxygen species (ROS) in the prostate tissue and is
associated with oxidative stress [79], and an excess of ROS can also trigger the inflammatory
process [80,81]. PSs have an antioxidant effect and act as free radical scavengers, cell
membrane stabilizers, and antioxidant enzyme boosters; for a review, see [82,83]. However,
in BPH, the antioxidant effects of PSs have not yet been tested. At the hepatic level, SIT
attenuates alcohol-induced ROS by restoring erythrocyte membrane fluidity, reducing
glutathione depletion malondialdehyde overproduction, restoring antioxidant enzyme
activity, and reducing malondialdehyde overproduction [84].

e Apoptotic effect of phytosterols in BPH

Cell growth is controlled by a constant balance between the stimulation and inhibition
of apoptosis-related metabolic pathways. In particular, the Bcl-2 family of proteins (B-
cell lymphoma 2) and the Bcl-2 associated with protein X (BaX) play an essential role
by modulating the activity of certain caspases, especially caspase-9. Bax-expressing cells
undergo apoptosis, while Bcl-2-expressing cells undergo carcinogenesis, which results
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from suppressing apoptosis [85]. Specifically, increased levels of Bcl-2 inhibit Bax and
prevent cytochrome C from being released into mitochondria, which inhibits the formation
of necessary complexes of apoptotic protease activating factor-1 (APAF1), cytochrome C,
and caspase-9, essential for cell survivor [86]. The Bax/Bcl-2 ratio has been suggested
to play an important role in the regulation of apoptosis by androgens. Thus, androgen
deficiency during apoptosis led to an increase in the Bax/Bcl-2 ratio [87]. Several studies
have suggested that apoptosis is diminished in BPH. For example, a study conducted by
Kyprianol et al. showed increased expression of Bcl-2 in epithelial cells compared to that
in healthy prostate tissue [88]. Furthermore, other studies have shown increased levels of
apoptotic inhibitory proteins in the human prostate with BPH [89,90].

Another pathway involved in the regulation of apoptosis is mitogen-activated protein
kinase (MAPK). Three MAPK pathways are involved in cell cycle modulation: extracellular
signal-regulated protein kinase (ERK), p38, and Jun N-terminal Kinase (JNK) [91]. JNK
and p38 synergistically promote apoptosis [92]. JNK-dependent apoptosis is inhibited by
ERK-MAPK activation [93]. JNK can induce Bax phosphorylation, promote mitochondrial
translocation, promote apoptosis, and inactivate Bcl-2 [94]. In BPH, there is an increased
activity of the ERK cascade and a suppressive effect on the JNK and p38 pathways [67,95].
This is where the hormonal imbalance involved in BPH comes into play. Overexpression of
EGF and IGF proteins has been observed in BPH [96].

It is assumed that excess DHT leads to the production of growth factors, particularly
epidermal growth factor (EGF) and insulin growth factor (IGF) [97]. In prostate tissue, EFG
and IGF receptor activation cause ERK/MAPK activation and consequently inhibit JNK-
promoted apoptosis [98]. Transforming growth factor beta (TGF-f3) is another growth factor
that plays a beneficial role in BPH by inhibiting the proliferation process and promoting
apoptosis in epithelial cells [99]. TGF-f3 activity can be influenced by DHT [67,97].

Based on the previews available to date, an animal model with BPH demonstrated the
anti-BPH activity of PSs extracted from Cucurbita pepo by regulating the balance between
proliferative and apoptotic processes. The study demonstrated that administration of PSs
increased TGF-f3 expression and prevented ERK activation, thus promoting apoptosis
through caspase 3 activation due to JNK and p38 phosphorylation [67]. According to
another study, Serenoa repens extract enriched with 3% SIT possesses pro-apoptotic action
in the prostate tissue of rats by inhibiting pAkt [78]. Akt, also known as protein kinase B,
phosphorylates threonine and serine residues in target proteins. Akt activation increases
the expression of anti-apoptotic stimuli (Bcl-2) through cAMP response element-binding
protein (CREB) [100]. In addition to the decrease in the activity of the pro-apoptotic
protein Bcl-2, PSs treatment led to an increase in the expression of Bax and procaspase-9.
Conversely, another in vivo study reported no changes in the Bax/Bcl-2 ratio after PSs
administration [67]. Furthermore, SIT has been reported to exert pro-apoptotic effects in
prostate cancer by activating the sphingomyelin cycle [101]. It is well known that PSs
inhibit the absorption of cholesterol by competing with it to enter the cell. This process
activates Sph synthetase, an enzyme that favors the production of ceramides. Accumulation
of ceramides leads to the activation of phosphatase A (PP2A), an enzyme that inhibits Akt
(Figure 3).
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Figure 3. Schematic representation of mechanism involved in BPH. Anti-androgenic, anti-
inflammatory, antioxidant, and pro-apoptotic mechanisms of PSs. PS: phytosterols, ES: estrogen, T:
testosterone, DHT: dihydrotestosterone, Bcl-2: B-cell lymphoma 2, Bax: Bcl-2- associated X protein,
ERK: extracellular signal-regulated protein kinase, JNK: Jun N-terminal Kinase, EGF: epidermal
growth factor, TGF-f3: transforming growth factor 3, PP2A: phosphatase A, 5-aR: 5x-reductase,
COX-2: cyclooxygenase-2, iNOS: inducible nitric oxide synthase, RTK: receptor tyrosine kinase,
TGFBR: TGF-3 receptor, ROS: reactive oxygen species; PG: prostaglandins; Akt: protein kinase B;
SPh: sphingomyelin; Sph-synthase: sphingomyelin synthase.

3.3. Phytosterols in BPH—Clinical Evidence

PSs have been studied in a limited number of clinical trials in men with LUTS caused
by BPH, but the results are inconclusive. In a randomized, double-blind, placebo-controlled
multicenter trial in patients with BPH, patients received SIT (which contained a mixture
of PSs) three times/day or a placebo for 6-months. It was shown that SIT was effective,
as evidenced by significant improvements in urinary symptoms, urinary flow measures,
and QL. There was no significant decline in prostatic volume in either the SIT or placebo
groups [102]. In addition to the 6-month trial, an 18-month follow-up study was the only
study that examined the long-term effects of PSs on patients with BPH. After 18 months,
SIT treatment was continued to provide beneficial effects [103]. Another clinical study
reported similar results when using SIT to treat BPH, showing slightly faster changes than
those reported by Berges et al. [104]. The studies discussed are summarized in Table 2.

Several plant species were used in the studies as purified extracts, and the dosages
ranged from 0.15 mg/day to 130 mg/day. None of the studies specified the use of PSs in
a standardized extract form; for a review, see [102-108]. Using plant extracts containing
different SIT dosages may pose problems when combining studies. In these trials, SIT
concentrations should be known through the use of standardized extracts. Moreover, the
only study that used 100% PSs did not show improvements in men with LUTS attributable
to BPH [107]. Another randomized controlled trial demonstrated that Serenoa repens extract
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enriched with 3% PSs has superior efficacy compared to the simple Serenoa repens extract in
relieving BPH symptoms, thus underlying the importance of PSs [109].

Table 2. Clinical studies with PSs effects in HBP.

Type Solfbsjteuc(tisy and Treatment Outcomes Ref.
RCT patients with HBP SIT (20 mg, which contains a Significant improvement in
(n = 200). mixture of PS), three times/day or =~ symptoms score and urinary flow [102]
Duration: 6 months placebo parameters
RCT patients with HBP SIT (20 mg, which contains a ma&i:&?f\;ﬁ gii;fl‘zlfnirr?ths
(n=117) mixture of PS), three times/day or in men with [103]
Duration: 18 months placebo symptomatic BPH
RCT patients with HBP . . S
(n =177) SIT (130 mg) and placebo SIT is an effective option in the [104]
Duration: 6 months treatment of BPH.
Single-site study
Randomization: noted but method
not described SIT (0,15 mg) and placebo No improvements [107]
(n=62)
Duration: 6 months
Single-site study
Randomization: unclear SIT is an effective option in the
(n = 80) SIT (65 mg) and placebo treatment of BPH [108]
Duration: 1 month
RCT mlli-tgrrgglclllesrate BPH Saw palmetto oil Efficacy of SIT enriched saw
}Zn 13 99) (3% SIT), Saw palmetto oil (0.2% palmetto oil is superior to [109]

Duration: 3 months

SIT) and placebo

conventional oil

The available data from these studies suggest that SIT improves urinary symptoms,

flow measures, and QL. All studies were double-blinded and placebo-controlled. The
long-term effects of phytosterols on symptomatology or QL have not been extensively
studied in studies beyond 18 months. In addition, there is a lack of comparison with
conventional therapies (alpha 1-adrenergic receptor antagonists, 5o-reductase inhibitors,
or other natural compounds), which are the most widely used and effective drugs for the
treatment of BPH. However, to confirm these findings, larger population studies with more
robust methodologies are needed.

4. Regulatory Framework and Agreement with Label Declaration

Despite extensive research on DS, little attention in public health has focused on
challenges in their regulation. There is no evidence of additional benefits with consumption
above 3 g/day, and high consumption may have undesirable effects, according to the
Scientific Committee on Food of the European Commission; therefore, it is prudent to avoid
the consumption of plant sterols of more than 3 g/day [110]. Based on the data reviewed,
PSs are generally well tolerated, with few side effects. Several clinical studies have reported
adverse reactions to PSs intake, such as flatulence, diarrhea, constipation, nausea, and
indigestion [102,111]. Another study demonstrated the safety of long-term consumption of
plant sterols (one year) [112].

Serenoa repens extract is the main source of PSs used in BPH and is a relatively expensive
extract; therefore, it is often falsified [113]. European Union (EU) legislation does not
include specific regulations for DS-containing PSs. The United States Pharmacopoeia (USP)
requires as an acceptance criterion that the Serenoa repens extract contains no less than 0.2%
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total phytosterols and 0.1% SIT [114]. The same provisions are mentioned in the European
Pharmacopoeia (Ph. EUR) [115].

The effective daily dose of PSs for the prevention or treatment of BPH has not been
established by any regulatory framework. However, based on a few clinical studies, it is
estimated that a dose between 0.060 and 0.140 g of SIT improves symptoms associated
with BPH [102-105,116]. To date, only a few quantitative screening studies of food supple-
ments containing PSs have been conducted. The amounts determined for each study are
summarized in Table 3.

Table 3. Comparison of levels of phytosterols in dietary supplements between different studies.

Phytosterols
Percentage of Sterol in Total Extract % (w/w)
[3-Sitosterol Stigmasterol Campesterol Total Sterols References
0.030-0.200 0.004-0.044 0.009-0.062 0.055-0.308 [117]
0.249-0.271 0.081-0.166 0.057-0.144 0.420-0.585 [118]
0.141-0.388 0.011-0.136 0.038-0.155 NR [119]
0.010-3.255 0.001-1.975 0.003-2.228 0.015-7.511 [120]
0.001-0.276 0.008-0.104 0.022-0.117 NR [121]
0.1 NR NR 0.2 EU/USP monograph [114,115]
0.041 0.004 0.010 NR SRM 3250 [39]
0.164 0.022 0.050 NR SRM 3251 [39]

NR—not reported.

The estimated amount of PSs, specifically SIT, in DS-PSs-based treatment for BPH
in our reviewed data was in accordance with the estimated amount needed to trigger
beneficial effects. Based on the collected data (Table 3), it is evident that the amount of PSs
in different DS varied significantly, possibly explained by the lack of a standardized extract
of the active principle. In addition, the variability in the content may also be due to the
analytical techniques used. The studies listed above used different methods of processing
and quantifying samples, except for the study conducted by Sorenson et al. [119]. This
was a collaborative study among ten laboratories that analyzed the PSs content of four DS
using the same analytical method. Different manufacturers’ PSs contain varying levels of
PS but not those produced by the same company [120]. In a study by Cheon Kim et al.,
the DS content was compared with that of a standardized extract of Serenoa repens [118].
PSs levels were 1.4-2 times higher than the reference values. According to the authors of
the aforementioned study, the products were adulterated, perhaps by adding less quality
extract and sterol-rich exogenous vegetable lipid fractions [118]. Simultaneously, according
to the USP and Ph. EUR regulations, not all supplements meet the acceptance criteria [118].
Moreover, in a study conducted by Penugonda et al., DS that exceeded the permissible
daily dose of 3 g/day were identified, with a reported maximum PSs of 7.511 g [120]. Other
studies have reported the lack or presence of undetectable amounts of plant sterols in some
DS with declared PSs content [122].

5. Analysis of Phytosterols in Dietary Supplements
5.1. Sample Preparation

The first step in characterizing the supplement products is generally represented by
the sample preparation. PSs are minor components that typically comprise less than 1% of
the matrix (but up to 8% in foods with added PSs or DS). The objectives of this first step are
to isolate the sterol fraction and convert all CPs into FPS for final analysis [26].

The extraction method should be selected according to the nature of the matrix, the
physical properties of the sample (powder, solution, tincture, etc.), and the form (free or
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conjugated) in which the plant sterols are found. If we discuss DS, the matrix is a complex
one containing both FPS and CPS, but also other organic compounds with similar structures
that are extractable by saponification/solvent extraction, such as tocopherols, retinol, and
(3-carotenes, which can interfere with the quantification of PSs [123]. However, in practice,
their levels are low compared to those of PSs, and their effect on the quantification of plant
sterols remains statistically uncertain [124].

The DS processing methods reported in the literature are listed in Table 4. The first
step involved extracting the lipid fraction from the matrix. Extraction may be carried out
using liquid-liquid extraction (LLE) with organic solvents: hexane [125,126], heptan [123],
chloroform [127,128], petroleum ether [22,129], or combinations of solvents with different
polarities (chloroform-methanol, chlorophorm-methanol-water) [39,130]. This method has
the advantages of using simple equipment and low cost of analysis. Solid-phase extraction
(SPE) is another commonly used method and is a newer (eco-friendly) technique that
provides a more convenient way to extract PSs with minimal analyte loss. Both LLE and
SPE can result in recovery yields of 95-100% [131]. Recovery studies should be introduced
into the extraction procedures of the analyte of interest to determine the effectiveness of the
extraction. The available data also provide other modern extraction procedures suitable
for PSs, such as supercritical fluid extraction, microwave-assisted extraction, ultrasound-
assisted extraction, ionic liquid extraction, and enzyme-assisted extraction, according to
the analyte matrix of interest [132].

Owing to the lack of commercial standards for CPS, an intermediate stage involves
saponification at room temperature or directly by heating to obtain FPS. Saponification with
an ethanol solution of KOH 2M at 80 °C for 30—-60 min was noted to be the most commonly
used [122]. Sometimes, the glycoside bond in the glycosylated form cannot be hydrolyzed
under alkaline conditions, and acid hydrolysis is required [133,134], as shown in Figure 4.
The hydrolysis process is followed by the extraction of unsaponifiable lipids by LLE or
SPE. Sample processing by alkaline saponification and direct acid hydrolysis without prior
extraction of the lipid fraction has also been shown to be an effective method in quanti-
fying the FPS and CPS of Saccharum officinarum, using reverse-phase high-performance
chromatography (RP-HPLC) as a method of determination [135].

Total phytosterols

Sample

preparation GC FID<MS

v’ Saponification: KOH
v' Acid hydrolysis: HCI
v Unsaponifiable extraction: HPLC
O LLE, SPE

Dietary v’ Clean-up:
supplement Q Thin layer chromatography
O Solid Phase Extraction
Q Column chromatography

(FPS +CPS)

RP-HPLC > NP-HPLC

UV<DAD<MS

Figure 4. Main steps in the determination of total phytosterols. IS (internal standard) TMS
(Trimethylsilyl ether); HPLC (high liquid chromatography); GC (gas chromatography); NP (normal
phase); RP (reverse phase).

In the final step, the removal of potentially interfering compounds (aliphatic alco-
hols), isolation, and concentration of the extracts involves methods such as thin-layer
chromatography (TLC) or column chromatography (CC). As these analytical methods are
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time-consuming, they have been replaced by SPE or solid-phase microextraction [131,136].
The main sample preparation sequence is shown in Figure 4.

5.2. Determination Methods

A variety of chromatographic methods have been used to characterize and quantify
plant sterols isolated from different samples, including gas chromatography
(GC) [22,118-120,127,128,137,138], thin-layer chromatography (TLC) [23,131,139], and high-
performance liquid chromatography (HPLC) [39,122,140-143]. In addition to classical
methods, Fourier transform infrared spectroscopy (FI-NIST), based on previously known
reference values obtained by conventional methods, has been introduced for the rapid
analysis of total and individual sterols; for a review, see [144-146]. Furthermore, Gomez
SM et al. reported a physical approach for the quantitative analysis of free sterols and their
mixtures in vegetable oils using X-ray powder diffraction and the Rietveld method [147].
In the following sections, the main analytical methods used for monitoring PSs in DS
are discussed.

e  Gas Chromatography

GC is the standard method for quantifying PSs; for a review, see [23,131,146]. As
shown in Table 4, most of the identified studies used GC to analyze DS with PSs content.
Instead, for structural identification, GC coupled with mass spectrophotometry (MS) with
chemical or electron ionization is an appropriate method for the simultaneous acquisition
of both the retention times and molecular masses of the components in the mixture [148].
Furthermore, GC-MS eliminates the problem of co-elution of compounds of interest, which
is frequently encountered when determining PSs [22,149].

However, GC presents a laborious sample processing method, including the derivatiza-
tion of analytes with the formation of trimethylsilyl ethers (TMS) or acetylated derivatives
to favor the volatilization of plant sterols [23,146]. The most commonly used deriva-
tizing agents are N-methyl-N-(trimethylsilyl) fluoroacetamide (MTSFA) in anhydrous
pyridine and bis-(trimethylsilyl) trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane
(TMCS) [23]. The derivatization reaction is difficult to validate because other compounds
in the mixture may interact with the derivatization agent. In addition, some degradation
products of the derivatization agent may interfere with the chromatographic signal [122].
Furthermore, GC has the disadvantage of requiring high temperatures for analysis, which
are not thermally suitable for unstable products, such as plant sterols [122,150,151]. To
overcome the effects of fluctuations in instrument operation conditions and other experi-
mental variables, the GC chromatographic peak of a plant sterol is compared to an external
or internal standard. Moreover, the correction of the losses of the analyte of interest in
quantitative determination during sample processing can be performed using the internal
standard [131]. The surrogate internal standards mainly used for quantification of PSs by
GC-FID are betuline, 5x-colestanol, and 53-colestan-3c-o0l (epicoprostanol) [23,131].

Due to the structural similarities between PSs and cholesterol, they can be extracted
and chromatographically analyzed under similar conditions. Therefore, the Association
of Chemical Analysis (AOAC) Official Method 994.10, "Cholesterol in Foods," has been
modified and validated for this purpose. The samples were saponified at high temperatures
with ethanolic KOH, and the unsaponifiable fractions (SIT, stigmasterol, campesterol) were
extracted with toluene. PSs were derivatized to TMS and quantified using GC-FID [121].
Later, an inter-laboratory collaborative study evaluated and recommended the method
described above for the determination of PSs from DS at concentrations between 1 and
5mg/100 g [119].

Currently, the AOAC does not offer an official method for the determination of PSs
in different foods, and the previously described determinations have not been validated
for the quantification of PSs in fortified /enriched foods and DS with content greater than
1% PSs and do not provide for the identification of plant stanols [119,121]. The methods
developed and validated by Laakso et al. and Clement et al. were considered as possible
replacement methods, being validated in a single laboratory for a wide range of PSs in a
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broad range of linearity. Unfortunately, neither method provided adequate GC separation
of phytosterols and phytostanols [152,153].

In spite of this, a validated method is available, which uses the traditional sample
processing method for the identification of 16 PSs, including the most important ones
(SIT, stigmasterol, campesterol) from foods and DS enriched with PSs. This method was
adapted for DS as follows: for DS with content greater than 8 g/100 g, it is necessary to use
samples smaller than 0.5 g and to increase the amount of solvent for the extraction of the
unsaponified fraction (10 mg/mL concentration for total PSs). The application range was
between 0.001 g PS/100 g (quantification limit)—55.2 g PS/100 g [22]. The GC methods
described in the literature for the determination of sterols from different food matrices or
plant products have been published and reviewed by Abdi et al. [131], Lagarda et al. [23],
and Garcia-Latas et al. [146].

e  High-performance Liquid Chromatography

As an alternative to GC, LC has also been used to determine PSs from various matrices,
including DS (Table 4). PSs detection was performed using simple UV [122,142,154] or diode
array detection (DAD) [141,155-157], corona-charged aerosol detector (CAD) [122,158,158],
refractive index (RI) detection [26,146], evaporative light scattering detection (ELSD) [159,160],
fluorescence (FL) [161], nuclear magnetic resonance (NMR) [26,146,162], and mass spectrometry
(MS) [23,39,141,163]. Reversed-phase HPLC (RP-HPLC) is commonly used for PSs analysis
and separation as opposed to normal-phase HPLC (NP-HPLC). For the reversed stationary
phase, silica gel supports containing octadecyl (C18)-linked alkyl groups are usually used,
whereas the mobile phase is composed of acetonitrile, methanol, or a mixture of water and
organic solvents [23,131].

Compared to GC, HPLC methods do not require derivatization, which is an expensive
and time-consuming process and can sometimes interfere with the detection method, thus
causing the loss of the analyte of interest. However, derivatization is sometimes necessary
to optimize the detector response by improving the separation and ionization efficiency in
LC-MS [161].

A further advantage of LC is that it operates at lower temperatures, often at room
temperature, making it an ideal method for examining thermally labile compounds, such
as PSs; for a review, see [23,122,163], and could be performed by using a non-destructive
detector, compared to the FID detector in the GC.

On the other hand, HPLC analysis is associated with many difficulties. If the matrix
used is simple and homogeneous (e.g., seed oil), direct HPLC analysis can be applied for
the determination of PSs without the laborious step of sample processing. Otherwise, if
the analyte of interest is in a complex matrix, preliminary sample purification methods
(CC, TLC) are required [131]. Due to the structural similarities, PSs are difficult to separate,
requiring increased running time to avoid co-elution. Longer retention times are often
associated with the broadening of the chromatographic peaks [122]. Moreover, HPLC-
UV or DAD analysis of PSs is associated with sensitivity problems due to the lack of
chromophore groups and the broadening of peaks associated with their high lipophilicity
at high retention times in RP-HPLC. PSs absorb at wavelengths between 200 and 210 nm.
These low wavelengths are not selective; therefore, interference can be observed in the
chromatograms by revealing interfering compounds, which may be present in the samples
after extraction [145,157].

Recently, a new analytical method, UHPLC with tandem DAD (UV)/charged aerosol
detector (CAD), allows rapid determination (<8.5 min) and efficient chromatographic
separation of PSs from DS. It has been demonstrated that CAD sensitivity is three times
greater than that of UV at wavelengths below 210 nm [122].
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However, LC-MS can address many of the challenges encountered in previous analyti-
cal strategies due to the selectivity and specificity of the detection method [23,163]. The
most common types of MS detectors for PSs analysis based on the ionization source are elec-
trospray ionization (ESI), atmospheric pressure chemical ionization (APCI), atmospheric
pressure photoionization (APPI), matrix-assisted laser desorption ionization (MALDI), and
ambient MS, such as direct analysis in real time (DART) [163]. Because PSs are extremely
lipophilic with few polar functional groups, ESI, which is one of the most widespread
and powerful ionization techniques, is unsuitable for their determination [23,141,164,165].
Thus, other ionization techniques, such as APCI or APPI [39,141,166], were applied. On
the other hand, quantitative MS-based analysis from complex matrices is associated with
an unpredictable matrix effect and increased cost of the internal standard [167].

A recent paper reported a fast, simple, and low-cost dansylation derivatization method
that solves previously encountered problems. The optimal derivatization reaction condi-
tions consisted of dichloromethane as the solvent and 4-dimethylaminopyridine as the
catalyst at 40 °C for 30 min. The derivatization process by dansylation allows the improve-
ment of UV detection (254 nm), the limitation of the detection of non-target compounds, and
the separation by RP-HPLC, with the exception of stigmasterol and campesterol. Moreover,
this method solves the problem of ESI inefficiency, which leads to increased reproducibility
and linearity [141].

6. Conclusions

This review summarizes the potential effects of PSs intake on BPH by presenting the
thus far published data obtained from in vitro studies, animal studies, and clinical trials.
BPH prevention and treatment require a detailed understanding of the molecular mecha-
nisms underlying PSs-induced activities. The use of PSs for BPH is primarily explained
by their anti-androgenic activity through 5-aR inhibition but can also act via apoptotic
pathways linked to the endocrine system. Recently, the anti-inflammatory and antioxidant
actions of PSs have emphasized their potential for use as individual active principles in
BPH. Considering that the quantity and quality of PSs in DS are intrinsically related to
their efficacy, the data on monitoring PSs content in DS has been reviewed. Substantial
variability in botanical supplement composition and concentrations has been noted. In the
future, the use of standardized, rapid, and economic analysis techniques may allow the
implementation of a system to certify the authenticity of PSs content in DS used in therapy.
Overgeneralization of pharmacological effects of all plant-mixture without any specific
emphasis on PSs compounds and the shortage of any valid regulatory framework is also
considered a significant challenge.

To conclude, PSs should be considered with other medical therapies for patients
with symptomatic BPH, but lack of standardization and pharmacological effect limits the
potential clinical usefulness. Thus, further studies are needed to ensure a more in-depth
understanding of the molecular mechanisms underlying PSs-induced activities and to
design upcoming strategies to overcome the currently identified regulation and analytical-
related gaps.
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