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ABSTRACT

The chemical analysis of the melliferous plant Viguiera dentata (Asteraceae) yielded cycloartanes 1-9 (including the new
compounds 7-9), ent-kaurenes (10-15), diversifolin (16) and other constituents. The structure of 9 was confirmed by X-ray
analysis. To evaluate the insecticidal potential of its constituents, in silico pesticide-likeness calculations for structures 1-16 were
performed indicating no violations of the Tice rules. Tests for activity against acetylcholinesterase revealed that only cycloartanes
1 (78.85 uM) and 6 (53.54 uM) inhibited the enzyme. Molecular docking analysis showed interactions between compounds 1, 10,
and 13, with Y337, a key amino acid in the catalytic site. A bioassay against Spodoptera frugiperda revealed that compounds 1,
2,9, 10, and 13 displayed activity (50% lethal concentration for larval mortality [LCs,] 51.61, 84.56, 99.66, 24.69, and 62.40 ppm,
respectively; reference: betulinic acid LCs, 94.25 ppm). Thus, specific cycloartanes and ent-kaurenes were identified as insecticidal

compounds of V. dentata against S. frugiperda.

1 | Introduction

Viguiera (Asteraceae, Heliantheae, Helianthinae) is an American
genus initially described by Blake in 1918, with 141 species [1],
and revised by Schilling and Panero in 2011 [2] to have most of
its species segregated into ten genera [3]. This last classification
limited the genus to nine species [4]. Previous chemical studies on
the melliferous V. dentata (common name: tajonal) have led to the
isolation mainly of ent-kaurenoids and cycloartane derivatives,

together with diversifolin, spathulenol, and manool [5-8]. The
composition of its essential oil and biological activities have also
been described [9], including the volatile components of the
nectariferous flowers, whose honey is much appreciated [10, 11].
The present study describes the chemical composition of a pop-
ulation of V. dentata (Cav.) Spreng. Nine cycloartane derivatives
(1-9), including the previously unreported (7-9), six ent-kauranes
(10-15), one sesquiterpene lactone (16), verbenol, caryophyllene
oxide, and two phytosterols, were isolated. Cycloartane-type
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FIGURE 1 | Chemical structures of compounds 1-17.

compounds exhibit a wide range of pharmacological properties,
including anti-tumor, anti-osteoporosis, anti-VIH, anti-parasite,
and anti-tuberculosis activities [12], as well as insecticidal
properties [13]. Similarly, ent-kaurane derivatives possess anti-
inflammatory, anti-tumor, anti-bacterial [14], insecticidal, and
antifeedant properties [15].

In silico evaluation of the pesticide-likeness properties of natural
products is a valuable tool to assess their biological potential
[16], and most cycloartanes and ent-kauranes isolated from V.
dentata exhibited pesticide potential, as they did not violate
the Tice rules. Even though this enzyme (acetylcholinesterase
[AChE]) is a major target in the development of new insecticides
[17], only a few studies have examined its AChE inhibitory
activities. Previous docking studies have indicated that some ent-
kauranes have insecticidal effects by inhibiting AChE [18]. AChE
inhibitors bind to the enzyme and interfere with the breakdown
of acetylcholine, disrupting neurotransmission [17]. None of the
isolated compounds has been tested as AChE inhibitors, except
ent-kaurenoic acid (10) [19, 20]. The AChE inhibitory activity of
the isolated compounds was evaluated, and their interaction with
the enzyme was determined using molecular docking techniques.
Additionally, four cycloartanes (1, 2, 6, and 9) and two ent-
kaurene acids (10 and 13) were tested for insecticidal activity
against Spodoptera frugiperda, a major maize pest.

2 | Results and Discussion

Chemical analysis of V. dentata led to the identification of
argentatin B (1) [21, 22], argentatin D (2) [23], cycloartanones
(3-6) [5], 24-epi-argentatin C (7), 7p-hydroxy-24-epi-argentatin
C (8), 78-hydroxyargentatin B (9), ent-kaurenoic acid (10) [24],
angeloylgrandifloric acid (11) [25], grandiflorenic acid (12) [21],
12a-hydroxy-ent-kaur-9(11),16-dien-19-oic acid (13) [26], ent-12-

COOH

3 R = B-OMe
4R =B-OH 6
5R = a-OH

COOH

10R=H 12R;=Ry=H

11 R = OAng 13 Ry =H, Ry = OH
14Ry,Ry=0
16

oxo-kaura-9(11),16-dien-19-oic acid (14) [27], 15a,16¢-epoxy-ent-
17-hydroxykauran-19-oic-acid (15) [28], and diversifolin (16) [6]
(Figure 1). Additionally, S-sitosterol, stigmasterol, verbenol, and
caryophyllene oxide were characterized. The structures of these
compounds were elucidated using spectroscopic and spectromet-
ric methods, with known compounds compared to published data
and authentic samples.

2.1 | Structural Identification of New Compounds
Compound 7 had the molecular formula C;yH;,0, determined
from high-resolution direct analysis in real-time mass spectrom-
etry (HRDARTMS) and carbon-13 nuclear magnetic resonance
(C NMR). Its infrared (IR) spectrum exhibited absorption
bands for hydroxy (3402 cm™) and carbonyl (1701 cm™) groups.
The NMR spectra (Tables 1 and 2) were similar to those of
known compounds 1-5, featuring six tertiary and one secondary
methyl group, and the characteristic protons of a tetra-substituted
cyclopropyl methylene group, indicating a cycloartane skeleton.
The proton NMR (*H NMR) spectrum exhibited the resonances
of two oxygenated methine protons at §y; 4.49 (dt 5.1, 7.8 Hz) and
8y 3.39 (dd 10.5, 1.8 Hz), assigned to H-16 and H-24, respectively,
by their correlation spectroscopy (COSY) and heteronuclear
multiple bond correlations (HMBCs). The *C NMR spectrum
exhibited 30 carbon atoms, including a carbonyl group, the
oxymethine carbons C-16 (8. 72.7) and C-24 (6. 80.4), and a
tertiary carbon-bearing oxygen atom at C-25 (6. 73.0). HMBC
correlations of CH;-28 (6 1.06 s), CH;-29 (& 1.11 s), H,-2 (8
2.72, td 13.8, 6.3 Hz, H-28 and 2.31, brd 13.8, H-2a), and H,-
1 (6y 1.86 m, H-la and 1.56 m, H-183) with the carbonyl group
at 6. 216.6 defined as a ketone group at C-3. Compound 7
had the same substitution pattern as argentatin C (17) [23],
and an identical CD spectrum, with a negative Cotton effect at
A 299 nm. However, its melting point, optical rotation, and thin
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TABLE 1 | Proton nuclear magnetic resonance (‘\H NMR) spectroscopic data (CDCls) for compounds 7-9 and 17 (§H, J in Hz).

Position 712l glv, dl gle dl 1718l
1# 1.86, m 1.82, m 1.82, td (13.6, 4.4) 1.87, m
1b 1.56, m 1,65, m 1.65, m 1.58, m
28 2.72,td (13.8, 6.3) 2.78, td (14.0, 6.3) 2.76, td (14.0, 6.8) 2.71,td (13.8, 6.3)
2a 2.31, brd (13.8) 2.27, dt (14.0, 2.1) 2.30, ddd (14.0, 4.4, 2.8) 2.31,ddd (13.8, 4.2, 3.0)
5a 1.72, m 1.93,dd (13.3, 4.2) 1.91, dd (13.2, 4.0) 1.71, m
6a 1.61, m 1.71, m 1.68, m 1.63, m
63 1.17-1.11, m 1.18, m 1.20, m 1.17-1.11, m
T 1.40, m 3.56 ddd (10.5, 9.1, 3.5) 3.62, ddd (12.6, 9.2, 4.0) 1.0-1.3, m
7b 1.17-1.11, m 1.17-1.11, m
83 1.70, m 1.78,d (9.1) 1.76, d (9.2) 1.70, m
1la 2.04, m 1.98, ddd (15.4, 9.8, 5.6) 1.94, m 2.09, m
11b 1.17-1.11, m 1.36, ddd (15.4, 10.5, 4.9) 1.37, m 1.2-1.1, m
12 1.67, m 1.82, m 1.69, m 1.68, m
15a 2.03,dd (13.2, 7.8) 2.26, dd (14.0, 5.6) 213, m 2.07, m
158 1.39,dd 13.2, 5.1) 1.67, m 1.68, m 1.37, m
16 4.49,dt (5.1,7.8) 4.42,dt (5.6, 8.4) 4.65, q (7.6) 4.50, dt (5.1, 7.8)
17 1.70, m 1.65, m 1.59, m 1.70, m
18 1.20, s 1.24,s 1.20, s 1.20, s
19a 0.82,d (4.2) 0.89, d (4.9) under CH;, 21 0.83,d (4.5)
19b 0.59, d (4.2) 0.66, d (4.9) 0.60, d (4.4) 0.60, d (4.5)
20 1.85, m 1.85, m 2.08, m 191, m
21 0.96, d (6.0) 1.00, d (7.0) 0.95,d (6.4) 0.95, d (6.6)
22a 1.81, m 1.93, m 1.70, m 1.74, m
22b 1.17-1.11, m 1.05, m 1.40, m 1.60, m
23 1.70, m 1.70, m 2.03, m 1.61, m
23b 1.32, m 1.21, m 1.62, m 1.41, m
24 3.39,dd (10.5, 1.8) 3.26,dd (11.2, 2.1) 3.53,dd (12.4, 2.0) 3.59,dd (11.3,2.7)
26 117, s 112, s 1.13,s 1.26, s
27 1.22,s 1.16, s 1.08, s 117, s
28 1.06, s 1.06, s 1.03, s 1.06, s
29 111, s 1.14,s 111, s 111, s
30 0.91, s 0.98, s 0.95, s 0.91, s
121300 MHz.
1700 MHz.
[€1400 MHz.
l4cp,oD.

layer chromatography (TLC) retention factor differed from those
of authentic sample 17 [23]. The resonances of the side chain
atoms C-20 to C-24 shifted downfield AS by 4.9, 0.7, 2.7, 2.4,
and 5.2 ppm, respectively, compared to those of 17 (Table 2).
Since the connectivity and stereochemistry of the cycloartane
moiety in these compounds were identical, compound 7 should
be the 24S epimer of argentatin C. These results are similar to
reports of several 24S,25-dihydroxycycloartane derivatives [29,
30]. Spectroscopic data for compound 17 are provided in Tables 1
and 2, as they are not available in the literature.

Compound 8 had the molecular formula C,;,Hs,05 based on
its HRDARTMS and 3C NMR data. Its IR spectrum exhibited
absorption bands for hydroxy (3351 cm™) and carbonyl (1702
cm™) groups. The NMR spectra showed the resonances of a
cycloartane derivative, similar to those of 7 (Tables 1 and 2), with
an additional proton geminal to a hydroxy group at &y 3.56 (ddd
10.5, 9.1, 3.5; 8¢ 69.7). Correlations of this resonance in the COSY
experiment, with H,-6 (6 1.71 m, 6c and 1.18 m, 63) and H-8 (6
1.78, d 9.1 Hz), and in the HMBC spectrum, with C-5 (& 47.0),
C-8 (8¢ 54.2), and C-14 (6. 46.0), allowed to locate the hydroxy
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TABLE 2 | Carbon-13 nuclear magnetic resonance (*C NMR) spec-
troscopic data (CDCl;) for compounds 7-9 and 17.

Position, type 7lal g b d] gle dl  q7I[al
1, CH, 33.4 32.5 32.4 33.4
2, CH, 37.4 36.7 36.7 37.4
3,C 216.6 217.0 2169  216.4
4,C 50.2 495 49.4 50.2
5,CH 48.4 47.0 46.8 48.4
6, CH, 21.4 30.9 30.8 21.4
7, CH, 259 69.7¢ 69.5(¢] 25.9
8, CH 47.8 54.2 53.6 47.9
9,C 20.9 20.6 20.9
10, C 26.0 26.4 26.3 26.1
11, CH, 26.4 26.3 26.2 26.4
12, CH, 325 32.3 32.3 32.6
13,C 45.3 455 45.9 45.4
14,C 46.7 46.0 451 46.7
15, CH, 47.7 48.9 45.6 47.8
16, CH 72.7 72.0 74.6 72.9
17, CH 57.0 55.9 56.4 56.9
18, CH, 19.0 17.4 17.1 19.0
19, CH, 29.8 28.1 27.1 29.8
20, CH 31.5 30.5 (30.8)!f! 28.9 26.6
21, CH, 18.4 17.5 (18.2)!! 17.8 17.7
22,CH, 33.9 33.9 (33.9)!1] 35.6 31.2
23, CH, 28.6 27.5(28.8)!11 22.4 26.2
24, CH 80.4 79.4 (80.5)!1! 82.5 75.2
25,C 73.0 72.5 73.0 73.0
26, CH, 26.6 243 25.1 26.7
27, CH, 231 23.5 23.4 221
28, CH, 21 21.2 21.2 23.0
29, CH, 20.8 19.8 19.8 20.8
30, CH, 20.0 18.5 20.3 19.9

1275 MHz.

[b1175 MHz.

€100 MHz.

ldcp,oD.

lelCcH.

ficpcl,.

group at C-7. Nuclear overhauser effect spectroscopy (NOESY)
correlations between H-7, H-5 (8 1.93, dd 13.3, 4.2 Hz), H-6¢ (6
1.71 m), CH;-30 (8 0.98 s), and H-15a (8 2.26, dd 14.0, 5.6 Hz)
defined the S-orientation of the hydroxy group at C-7. Compound
8 also likely had a 24S configuration, as the resonances of the
side chain were very similar to those of compound 7 (Table 2),
and its electronic circular dichroism (ECD) spectrum showed the
same pattern as compounds 7-9, with a negative Cotton effect at
A 300 nm.

Compound 9 exhibited the molecular formula C,;,H,;0,, con-
firmed by HRDARTMS and *C NMR analyses. The IR spectrum
showed the hydroxy (3432 cm™) and carbonyl (1701 cm™) groups.
The 'H NMR spectrum (Table 1), in addition to the characteristic
resonances of a cycloartane-type compound, revealed oxyme-
thine protons of H-16 (64 4.65, q, 7.6 Hz) and H-24 (&4 3.53,
dd, 12.4, 2.0 Hz), assigned by COSY and HMBC correlations. A
third oxygenated methine resonance at &y 3.62 (ddd 12.6, 9.2,
4.0 Hz) was assigned to H-7, based on correlations with H,-6
(8y 1.68 m, 6a and 1.20 m, 68) and H-8 (64 1.76, d 9.2 Hz) in
the COSY spectrum, and with C-5 (6. 46.8), C-8 (6 53.6), and
C-14 (8¢ 45.1) in the HMBC experiment. An HMBC cross-peak
between H-16 and C-24 defined the seven-membered ring system
with an ether bridge between C-16 and C-24, as in compounds
1 and 2. Additionally, a tertiary hydroxyl group at C-25 (6¢
73.0) was identified in compound 9 from the HMBC spectrum.
NOESY correlations of H-7 with H-5, H-6a, H-15«a, and CHj;-
30 highlighted the -orientation of the hydroxy group at C-7.
The relative stereochemistry was confirmed by X-ray analysis
(Figure 2), and the absolute configuration was established based
on its ECD spectrum (negative Cotton effect at A 299 nm), similar
to that of argentatin B (1), whose absolute configuration has been
previously described [31].

2.2 | InSilico Pesticide-Likeness Prediction

The pesticide-likeness properties of compounds 1-16 and
betulinic acid (positive control), known for its activity against
S. frugiperda [16], were calculated (Table 3). The calculated
physicochemical parameters included molecular weight (MW
< 500 uma), octanol/water coefficient (cLogP -1-3), number of
hydrogen bond acceptors (HBAs 1-8), number of hydrogen bond
donors (HBDs < 2), number of rotatable bonds (RBs < 12), and
number of aromatic atoms (AA < 17). These properties were
analyzed based on the criteria outlined for identifying potential
pesticide candidates [32].

According to the Tice rules, a pesticide candidate should have an
MW of less than 500 amu. In this study, the MW of the natural
products isolated from V. dentata ranged from 484.72 to 300.44
amu. Compounds 1 and 2 had an MW similar to that of betulinic
acid (control), while compounds 6, 10, and 12-16 had MWs lower
than the control.

cLogP, which reflects the permeability of substances through cell
membranes, was also assessed. Compounds 4-6, 8-10, and 12—
16 had cLogP values of <5. Notably, compound 15 exhibited a
lower cLogP (1.28) than the control (6.37). For insecticides, the
mean value of cLogP typically ranges from 0.5 to 3.0 [32]. All the
substances followed the HBA requirements proposed by Tice’s
rules, while compounds 1-6 and 9-16 fitted within the HBD
interval.

In terms of the number of RB, Compounds 1, 2, 4-6, 9, 10,
and 12-14 exhibited lower RB values than betulinic acid. A
lower RB value indicates poor molecular flexibility, which is
favorable for promoting major interactions with the target. Based
on these analyses, 15 of the 16 (1-6 and 8-16) compounds were
considered possible pesticide candidates, as they exhibited one or
no violations of Tice’s rules.
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FIGURE 2 | ORTEP drawing of compound 9.

TABLE 3 | Pesticide-likeness prediction of compounds 1-16.

Compound MW cLogP HBA HBD RB AA Tice violations

150-500 0-5 1-8 <2 <12 <17 <1
1 456.708 5.6514 3 1 1 0 1
2 458.724 5.5077 3 2 1 0 1
3 484.718 5.3454 4 0 2 0 1
4 470.691 4.9175 4 1 1 0 0
5 470.691 4.9175 4 1 1 0 0
6 398.585 4.6053 3 0 0 0 0
7 474.723 5.3259 4 3 5 0 2
8 490.722 4.4738 5 4 5 0 1
9 472.707 4.7993 4 2 1 0 0
10 302.456 4.1175 2 1 1 0 0
11 400.557 5.013 4 1 4 0 0
12 300.44 4.013 2 1 1 0 0
13 316.439 3.1609 3 2 1 0 0
14 314.423 3.3046 3 1 1 0 0
15 346.421 1.283 5 2 2 0 0
16 350.409 2.2523 6 1 3 0 0
Betulinic acid 456.71 6.37 3 2 2 0 1
(Control)

MW: Molecular weight; clogP: Octanol/water coefficient; HBA: Hydrogen bond acceptors; HBD: Hydrogen bond donors; RB: Rotatable bonds; AA: Aromatic
atoms.

2.3 | Evaluation of the Activity of the Isolated strategy for insecticide development because it regulates the
Compounds on the Inhibition of AChE acetylcholine level, and specific residues in the insect AChE

active sites are promising targets for the development of new
The inhibitory effects of the isolated compounds on AChE were insecticides [17]. Compounds showing a strong affinity for AChE
also evaluated. Inhibiting this protein has been an effective ~ can cause rapid paralysis and death in insects, making them
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candidates for pest control. The results showed weak activity
for compounds 1 and 6, with ICy, values of 78.85 + 6.95 and
53.54 + 2.53 uM, respectively (Table 4). Previous studies on ent-
kaurenoic acid (10) reported ICy, values from 34.82 + 0.45 uM [19]
(using mouse brain AChE). In our conditions (using E. electricus
AChE), compound 10 inhibited AChE by only 18.86% at 100
pg/mL during the primary screening (no ICy, was calculated).
These discrepancies should be due to the different origins of
AChE.

2.4 | Interactions between the Isolated
Compounds and AChE Were Assessed Using
Molecular Docking Techniques

Molecular docking calculations were performed to evaluate the
interaction of ligands 1-16 with AChE. Residues involved in
hydrogen bonding and hydrophobic interactions were identi-
fied, and the binding energy and dissociation constant were
determined (Table 4).

ent-Kaurenes 10 and 13 were found to be the most potent
AChE inhibitors, with binding energies of —10.59 kcal/mol and
—11.59 kcal/mol, respectively, and these relatively high energies
correlated with the observed high mortality of S. frugiperda (50%
lethal concentration for larval mortality [LCs,] for 10: 24.69 ppm
and LCs, for 13: 62.04 ppm; positive control: betulinic acid
LCy, 94.25 ppm) (See Table 4 and discussion below). Docking
experiments for the ent-kaurenoid acids 11, 12, 14, and 15
exhibited similar binding energies and dissociation constants,
indicating strong affinity and specificity for the enzyme, but
unfortunately, these compounds were not available for in vivo
experiments.

The cycloartanes 1, 2, and 9 also exhibited relatively high binding
energies of —8.70, —8.76, and —8.63 kcal/mol, respectively, in
the docking experiments, and these values also correlated with
the observed in vivo activity (LCs, for 1: 51.61 ppm, LCs, for 2:
84.56 ppm, and LCy, for 9: 99.66 ppm).

Figure 3 shows several significant molecular interactions for
Argentatin B (1), ent-kaurenoic acid (10) and 12a-hydroxy ent-
kaur-9(11),16-dien-19-oic acid (13). Compound 1 interacts with
AChE through hydrogen bonding interactions with P24 and Y101,
these residues are not involved in the catalytic site, therefore
an allosteric inhibition can explain the activity against the
enzyme (Figure 3A). On the other hand, substances 10 and 13
interact with Y337 through hydrophobic contacts (Figure 3B,C;
see Supporting Information). Y337 is responsible for maintaining
the electrostatic balance of AChE’s catalytic cavity, and this
interaction is comparable to that observed with betulinic acid (the
positive reference used in this work), which has been associated
with AChE inhibition [16].

Several amino acids participate in the contacts with the cycloar-
tanes and the ent-kaurenoic acids, including 1285, W282, Q287,
and E288 among others (see Supporting Information). The inter-
actions shown in Figures 3A-C highlight the extensive range
of molecular contacts that significantly influence the binding
affinity of the compounds to AChE.

FIGURE 3 | Molecular docking interactions of some compounds
tested against acetylcholinesterase (AChE). (A) Argentatin B (1), (B) ent-
kaurenoic acid (10), and (C) 12a-hydroxy ent-kaur-9(11),16-dien-19-oic
acid (13).

2.5 | Insectistatic and Insecticide Activities of
Extracts, and Compounds 1, 2, 6, 9, 10, and 13 on
Spodoptera frugiperda

2.5.1 | Insectistatic Effect

The insecticidal activity of the extracts and compounds 1, 2,
6, 9, 10, and 13 (selected based on their availability of 10 mg

each for the assay) was tested against S. frugiperda. All extracts
and compounds inhibited larval weight. Hexane, methanol, and

6 of 12

Chemistry & Biodiversity, 2025



*(%5D7T) 9BAIR[ AU} JO %0S P[] JBY} UOHBIUIDUOD [BYIT ;)

PUE ‘[013U0J J3IP [BRLHIE U} 0} UOHR[AI UI JYSIoM [BAIR] JO UORIIYUI JO 53eIud01ad 4
‘(9$D1) uonENUAIU0D A10JIQIYUI-J[BH [p)

AN 620 punodwod aoudIaya1 dUIWERIUR[ES 5

‘S PUE  JO JIMIXIW © S P3}sa) AANOR HUDV g

“1/3W 001 [y

PaIBINOTED JOU 10U “Pa)Sa) J0U :JU ‘JOBIIXD SUOJIE :HV ‘JOBIIXD duexay :HH

LOFL YT F SLYT 191 [BOYNIY
STY6 ST+ Ly (8L'Ly) TL ¥ TT6tt 0°000 0S¥ T [81] €T°TI— [81] 60T+ LO'L [81] sS°1L (Tomyuod) proe orurnieg
0°00¢ LT €01~ 100 F2€°0 [2]€5°CS sururejue[en
u u u 0°08L9 YU TI— u 9T'¥l 91
u u u 0°0956 $6°0T— u e St
u u u 0°0S8 0T L8'0T— u seT 14!
¥0'79 8'LLF 65 (IT°€L) §9 F €99 0°002€ 65 TI— u LE'ST €1
u u u 0°0558 10°TI— u '9C 4
u u u 0'0LY 0T 6b°0T— u S0'9C 11
69'7C PTIF 09 (95'89) €L F 8'LL 0°0€€ L1 65°01— u 9881 01
9966 L8F T (0£79) €0T F €°¢6 0°0¥T SLY €98~ u €0'L— 6
u u u 0°09L 902 re— u TH 8
u u u 0°0LE 8T1 ov'6— u 8L9¢ L
yeevl SEFL (T099) TOT F T8 0°0£S 90¢ 68'8— €T F 15°€S G8'8L 9
u u u 0°000 0L T 96'L— [a1S
u u u 0°0S¥ S9L €58~ ju L8°0T [al¥
u u u 0°0L0 7L6 078~ u S6°0C €
95'¥8 6 ¥ 0v (ss'sL)TLF509 0°08T 9L 9L'8— ju 09°ST (4
19'1S €01 F 65 (89°9L) LF L'LS 0°0S¥ 0Tk 0L'8— S6'9 FG8'8L 8T'L9 1
L79¢S €9FCE (66'95) ¥"€T F #'901 ou ou u SL'9 HN
¥9°L0TC 86 F LE (9€'8%) 621 F 8°LTT ou ou u [¢]08°€T av
G8'L6EL STFYI (FL'oL) 0T F 2L ou ou ju [e]61°CT dH
poadd %51 (%) AnrerroN 121(% uoniqryur) [nd] yueysuod (Touwr/esy) rprIAM %01 (%) Wr 00T (puediy/punodwiod)
‘Sux ur JySrom [eare| UONRIIOSSIQ AS19ud Surpurg joeNXg

vp4adidnif -§ uo £JIANIOY stsATeue Sur(oop IB[NII[OIN YOV uo AJIANOY

"p4adidnif viajdopodS uo KIANOE puE ‘SISA[RUR SUIYO0P JR[NOJ[OU ‘9T~ Spunodwod Jo (FYIV) 9se1aisaurjoyd£1eoe uo Aianoe A1onqyu] | ¥ AIIVL

7 of 12



acetone extracts reduced larval weight by 70.74%, 56.99%,
and 48.36%, respectively, compared with the negative control
(247.52 mg larval weight, Table 4). Compounds 1, 2, 6, 9, 10,
and 13 clearly showed antifeedant properties showing higher
percentages of inhibition of the larval weight in comparison with
the reference betulinic acid (47.78% of inhibition) (Table 4).

2.5.2 | Insecticide Effect

The results indicated that application of the acetone extract
caused 37% mortality, followed by methanol and hexane extracts
with 32% and 14% mortality, respectively. Among the pure com-
pounds, ent-kaurenoic acid (10) was the most active, followed by
argentatin B (1), 12a-hydroxy ent-kaur-9 (11),16-dien-19-oic acid
(13), argentatin D (2), and 7f3-hydroxy-argentatin B (9). Their LCs,
values were 24.69, 51.61, 62.04, 84.56, and 99.6 ppm, respectively.
Betulinic acid (reference compound) had an LCs, of 94.25 ppm
(Table 4). These activities are similar to those reported previously
[13, 33-35].

In the in vitro AChE assays, cycloartane 6 exhibited weak activity
(ICs, of 53.54 uM), followed by cycloartane 1 (ICs, 78.85 uM). The
same trend was observed in the docking analysis, with compound
6 showing a slightly lower binding energy (- 8.89 kcal/mol) than
compound 1 (-8.70 kcal/mol). However, ent-kaurane derivatives
(10-15) and sesquiterpene lactone 16 were the most competitive
inhibitors of AChE, with binding energies between -11.59 and -
10.59 kcal/mol. These values were lower than that of galantamine,
the reference compound, with a calculated binding energy of -
10.32 kcal/mol (Table 4).

Compounds 1, 2, 9, 10, and 13 displayed LC;, mortalities values
lower than the LCs, of the positive reference (betulinic acid
94.25 ppm) and can be considered bioactive compounds. The
molecular docking results on AChE of compounds 10 and
13 correlated with those obtained from the evaluation against
S. furgiperda: compound 10, whose affinity energy is among
the highest (-10.59 kcal/mol) presented the highest mortality
of the substances evaluated (LCs, 24.69 ppm), and compound
13 exhibited a binding energy of -11.59 kcal/mol and LCs, of
62.04 ppm. Compounds 1 (-8.70 kcal/mol), 2 (-8.76 kcal/mol), and
9 (-8.63 kcal/mol) displayed LCs, of 51.61, 84.56, and 99.6 ppm,
respectively. Thus, considering the mortality LC values, the
relative activity of the isolated compounds was determined to be
10> 1> 13> 2> 9.

3 | Conclusions

The chemical study of V. dentata, a species appreciated as a
melliferous plant, led to the isolation of 20 compounds, including
cycloartanes and ent-kauranes as the main and characteristic
secondary metabolites, with three new compounds identified
(7-9). The majority of the isolated compounds were evaluated
through in silico studies (pesticide-likeness properties, indicating
the absence of Tice’s rules violations; molecular docking, recog-
nizing the interactions of bioactive compounds with Y337 in the
catalytic site of AChE); in vitro assays (inhibition of the enzyme
AChE by some compounds), and in vivo studies (insectistatic
and insecticide activities against S. frugiperda). Among the

compounds evaluated, argentatin B (1) displayed the greatest
inhibitory effect on S. frugiperda larval weight. This compound,
along with cycloartanes 2 and 9, and the ent-kaurenoic acids 10
and 13 had clear effects on insect mortality. The results of the
docking calculations with the AChE enzyme correlated with the
mortality results against the fall armyworm, and demonstrated
that argentatins (1, 2, and 9) and ent-kaurenoic acids (10 and 13)
have the potential to control S. frugiperda.

4 | Experimental

4.1 | General Experimental Procedures

Melting points were determined on a Fisher-Johns apparatus and
were uncorrected. Optical rotations were obtained on a Perkin-
Elmer 343 polarimeter. IR spectra were recorded on a Thermo
Scientific Nicolet iS50 FT-IR spectrometer. ECD was obtained on
a Jasco J-720 CD spectropolarimeter. 1D and 2D NMR spectra
were obtained on a Bruker Avance (F) 300 MHZ, a Bruker Avance
IIT 400 MHz, or a Bruker AVANCE III HD 700 MHz spectrometer
with tetramethylsilane (TMS) as the internal standard. X-ray
diffraction analysis was performed on an Xcalibur Atlas Gemini
diffractometer with a Mo X-ray source. The DART-MS was
performed using a JEOL AccuTOF JMS-T100LC DART. Vacuum
column chromatography (VCC) was performed under vacuum
on silica gel G 60 (Merck, Darmstadt, Germany). Flash column
chromatography (FCC) was performed on silica gel 230-400 mesh
(Macherey-Nagel, Germany). Analytical TLC was performed on
Si gel 60 GF,s, or RP-18 W/UV,,, (10-40) um, Macherey-Nagel,
Germany) and preparative TLC on Si gel GF,;, layer thickness
2.0 mm or RP-18 W/UV,,, layer thickness 1.0 mm, using 10 X
20 cm plates.

4.2 | Plant Material

Aerial parts of V. dentata (Cav.) Spreng. were collected along the
road Tequisquiapan-Queretaro, 30 km after Tequisquiapan (Hwy
200), Queretaro State, México, in October 2018 and authenticated
by Prof. José Luis Villasefior. A voucher specimen (MEXU
1473183) was deposited at the National Herbarium (Instituto de
Biologia, UNAM, México).

4.3 | Spodoptera frugiperda (J.E. Smith)

The larvae of S. frugiperda were reared under laboratory condi-
tions at the Departamento de Desarrollo de Productos Bioticos
del Instituto Politécnico Nacional (Yautepec, Morelos). The diet
formula was 800 mL distilled water, 60 g diet (Product No. F0635;
S.W. Corn Borer, Bio-Serv, Frenchtown, NJ, USA), 20 g sterile
corn cob, 100 g ground corn, 40 g brewer’s yeast, 10 g vitamins
(Lepidoptera fortification blend, Bio-Serv, Flemington, NJ), 10 g
agar, 1.7 g sorbic acid, 1.7 g methyl p-hydroxybenzoate, and 0.6 g
neomycin sulfate. Insects were maintained in a climate chamber
set at 25 + 2°C, 60 + 5% RH, and 12:12 h L:D [36].

4.4 | Extraction and Isolation

The dried and ground aerial parts of V. dentata (800 g) were
successively extracted with hexane, acetone, and MeOH at room
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temperature to obtain the respective extracts. The hexane extract
(44 g) was fractionated on silica gel G 60 using VCC and eluted
with a hexane-EtOAc gradient system to obtain argentatin B (1,
colorless prisms [hexane-acetone] melting point [mp] 175-176°C,
1.2 g) and argentatin D (2, colorless prisms [hexane acetone]
mp 234-235°C, 70 mg), from fractions eluted with hexane-EtOAc
17:3 and 4:1, respectively, and mixtures A-I. Mixture A (8.0 g),
obtained with hexane-EtOAc (19:1), after purification via a silica
gel 230-400 mesh FCC eluted with hexane-EtOAc 19-1 afforded
1.8 g of a mixture of ent-kaurenoic and grandiflorenic acids (4:1),
which by recrystallization in methanol gave ent-kaurenoic acid
(10, colorless prisms [MeOH] mp 176-177°C, [a]*, = _102, ¢ =
0.13, EtOH, 560 mg), 60 mg of its mother liquors were separated
by preparative RP TLC (MeOH-H,0 4:1 X 2) to obtain 37 mg of
10 and 10 mg of grandiflorenic acid (12, colorless prisms [MeOH]
mp 156-158°C, [a]®, = + 33, ¢ = 0.10, EtOH). Mixture B (2.76 g)
obtained using hexane-EtOAc 19-1 gave mixtures Bl and B2.
Mixture B1 (150 mg) was submitted to two successive FCCs (eluted
with hexane-EtOAc-19-1 and hexane-acetone 19-1, respectively)
to afford 10 mg of 15-angeloylgrandifloric (11, colorless prisms
(hexane -acetone) mp 198-200°C, [«]*, = _68, ¢ = 0.13, CHCl,).
Mixture B2 (372 mg) was purified by FCC (benzene-acetone
97:3) to obtain verbenol (colorless oil, 27 mg). Mixture C (1.9 g),
obtained with hexane-EtOAc (9:1), was purified by FCC (hexane-
EtOAc 9:1) to yield compound 1 (92 mg) and the 1:1 mixture of
B-sitosterol and stigmasterol (45 mg). Mixture D (2.5 g), obtained
with hexane-EtOAc (17:3), was purified through an FCC (hexane-
EtOAc 9:1) to obtain 1 (320 mg). Mixture E (1.08 g) obtained with
hexane-EtOAc (17:3) was subjected to FCC (hexane-acetone 9:1)
to afford compounds 4 and 5 as a mixture (120 mg) and fraction
El. Fraction El (317 mg) by FCC (hexane-acetone 17:3) gave 4 and
5 mixtures (22 mg), and 2 (10 mg). Mixture F (1.82 g) obtained
with hexane-EtOAc (4:1) was purified by FCC (hexane-acetone
9:1) to yield 2 (80 mg). Mixture G (630 mg) obtained with hexane-
EtOAc 7:3 was purified by FCC (hexane-acetone 17:3) to yield
compound 2 (64 mg) and mixture G1. Mixture G1 (525 mg) after
two successive FCC (CH,Cl,-acetone 95:5 and hexane acetone 41,
respectively) gave compound 14 (15 mg, colorless prisms (MeOH)
mp: 128-130°C, [a]%’ = + 35, ¢ = 0.10, CHCl,, 15 mg). Mixture H
(1.6 g) eluted with hexane-EtOAc 7:3 gave compound 13 (colorless
needles (MeOH) mp: 187-190°C, [a]% = + 83, ¢ = 0.13, CHCL,,
262 mg) and mixture H1. Mixture H1 (395 mg) was purified by FCC
(CH,Cl,-acetone 19:1) to obtain a solid, which, by crystallization
with isopropyl ether, afforded diversifolin (16, amorphous pow-
der, 28 mg). Mixture I (964 mg) was eluted with hexane-EtOAc 3:2
and purified by FCC (CH,Cl,-acetone 9:1) to produce mixtures I1
and 12. Mixture 11 (189 mg) by FCC (CH,Cl,-acetone 9:1) followed
by preparative TLC (CH,Cl,-acetone 17:3) afforded compound 9
(25 mg). Mixture 12 (195 mg) was purified by preparative TLC
(hexane-acetone 7:3) afforded compound 7 (13 mg). The acetone
extract (43 g) was fractionated in a VCC (hexane-EtOAc gradient
system) to obtain mixtures J-P. Mixture J (275 mg) obtained with
hexane-EtOAc 19:1 was purified with FCC (hexane-acetone 19:1)
to obtain caryophyllene oxide (colorless oil, 27 mg). Mixture K
(920 mg), obtained with hexane-EtOAc 9:1, was treated with
charcoal/acetone followed by FCC (hexane-EtOAc 4:1) to give
compounds 1 (103 mg), 2 (31 mg), and 3 (18 mg). Mixture L (1.1 g),
eluted with hexane-EtOAc (17:3), was treated with activated
charcoal/acetone to obtain an amber oil, which was submitted
to a VCC eluted with a gradient of hexane-EtOAc 19-1 to 9:1 to
obtain compounds 1 (15 mg), 2 (40 mg), and 6 (32 mg). Mixture

M (209 mg) was treated with charcoal/acetone followed by FCC
(hexane-EtOAc 4:1) to obtain 6 (15 mg). Mixture N (4.3 g) obtained
with hexane-EtOAc (17:3) after charcoal/acetone treatment was
purified by VCC (hexane-acetone gradient system) to yield com-
pound 13 (115 mg) and mixtures N1-N2. Mixture N1 (610 mg) was
subjected to FCC (hexane-EtOAc 7:3) to obtain compounds 13
(56.7mg) and 6 (5.5 mg). Mixture N2 (355 mg) was purified by FCC
(hexane-acetone 7:3) to yield compounds 13 (10 mg) and 15 (amor-
phous powder, [«]®, =_16.4, ¢ = 0.11, CHCl;, 16 mg). Mixture
O (2.45 g), obtained with hexane-EtOAc 4:1, after two successive
FCCs (hexane-EtOAc 3:2 and CH,Cl,-acetone 4:1, respectively),
yielded compound 9 (26 mg). Mixture P (3.8 g), obtained
with hexane-EtOAc 1:1, was purified by VCC (hexane-EtOAc),
followed by two successive FCC (EtOAc-MeOH 9:1 and CH,Cl,-
MeOH 9:1, respectively) to obtain compound 8 (11 mg). From
the methanol extract (60 g), a mixture of ent-kaurenoic (10) and
grandiflorenic acids (12, 1.5 g) was characterized, and $-sitosteryl
B-D-glucopyranoside (50 mg) and sucrose (80 mg) were isolated.

4.5 | Spectral Data for the New Compounds
Argentatin B (1): CD (CHCl;) Ag,: + 0.23359 - 0.321,3,, - 3.242,;
(c2.2X1073 M).

24-Epi-argentatin C (7): colorless needles (hexane-acetone) mp
145-146°C, [a]®, -8.2 (c 0.11, CHCL); IR (ATR) v . 3402,
1701 cm™; CD (CHCL) Agp,: +0.321,5,-0.111,5;, —1.963,6 (c
2.1x1073 M); 'H NMR data, see Table 1; ®C NMR data, see
Table 2; DART* m/z 475 [M + HJ* (15), 457 (50), 439 (100), 421
(30); HRDARTMS m/z 475.37938 [M + H]|* (C;,H5 0, requires
475.37873).

76-Hydroxy-24-epi-argentatin C (8): white amorphous powder,
[a]®p + 5.8 (¢ 0.12, MeOH); IR (ATR) v, 3352, 1702 cm™; CD
(CHCL) Agjmae: -0.191,, -0.260,5;, -1432,, (¢ 2.4x1073 M); 'H
NMR data, see Table 1; °C NMR data, see Table 2; DART* m/z 491
[M + HJ* (10), 473 (25), 455 (90), 437 (100), 419 (30); HRDARTMS
m/z 491.37583 [M + H]* (C,,Hs; O5 requires 491.37365).

7B-Hydroxyargentatin B (9): colorless prisms (hexane-acetone),
mp 175-176°C, [a]®},_62.5 (¢ 0.16, CHCL); IR (ATR) vy, 3433,
1701 cm™; CD (CHCL) Agyu: + 0.07249, —0.420,53,-3.725,0, (¢
3.4x107> M); 'H NMR data, see Table 1; C NMR data, see
Table 2; DART* m/z 473 [M + HJ* (10), 455 (50), 437 (100), 419
(30); HRDARTMS m/z 473.36445 [M + H]|* (C5,H,40, requires
473.36308).

Crystal data for compound 9: C;,H,50,, Mr 472.68, monoclinic,
space group P21, a = 15.673(4) A, a = 900, b = 6.0278(11) A, §
= 117.56(3)0, ¢ = 15.800(4) A; y = 900, V = 1323.2(6) A3, Z = 2,
Dc =1.186 Mg/m3, F(000) = 520; crystal dimensions/shape/color
0.3560 x 0.1942 x 0.1406 mm3/prism/colorless. Reflections col-
lected 9441, independent reflections 5333 [R(int) = 0.0718]; final
Rindices [I> 2s(I)] R1 = 0.0762, wR2 = 0.1611; R indices (all data)
R = 0.1145, wR2 = 0.1907. Absolute structure parameter 1.5 (10).
The deposition number 2445540 for compound 9 contains the
supplementary crystallographic data for this work. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Center and Fachinformationszentrum Karlsruhe http://
www.ccdc.cam.ac.uk/structures Access Structures service.
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Argentatin C (17): colorless prisms (hexane-acetone) mp 175-
176°C, [a]®}, + 5.7 (¢ 0.10, CHCL,); CD (CHCL,) A ,: +0.219,5,~
0.129,5, —1.547,4¢ (c 2.5x107> M); '"H NMR data, see Table 1; *C
NMR data, see Table 2.

4.6 | InSilico Prediction of Pesticide-likeness
Properties

The simplified molecular-input line-entry system format
(SMILES) was obtained for compounds 1-16 and for betulinic
acid (control). The chemical structures of 1-16 were drawn using
ChemDraw software, subsequently transformed to SMILES
format, and saved in a .csv Excel document. Then, this was
exported to Data Warrior v.5.2.1 software [37] to calculate the
following physicochemical properties: MW, cLogP, HBA, HBD,
RBs, and the number of AAs.

4.7 | InVitro AChE Assay

The AChE inhibitory activity of the isolated compounds was
determined by Ellman’s method [38], as previously reported,[39]
using AChE isolated from Electrophorus electricus. Primary
screening of compounds 1-16 was performed using 1, 10, and 100
uM concentrations of each compound; samples with less than 50%
inhibition at 100 uM were considered non-active. Galantamine
and betulinic acid were used as positive controls. The reported
ICs, values are the average of five independent experiments.

4.8 | Docking Methodology

The ligands were initially optimized using Gaussianl6 software
[40], employing the density functional theory (DFT) with the
hybrid density functional B3LYP [41]. Subsequently, the FASTA
file of the AChE, ID:1C20, protein of Electrophorus electricus
was retrieved from the Protein Data Bank (PDB) [42]. For
molecular homology and docking calculations, the YASARA
[43] and WHAT IF [44] software packages were used with
the AutoDockLG [45] algorithm. The molecular docking was
performed specifically in one domain of AChE because the two
domains are identical. A total of 50 docking runs were performed
to evaluate the reproducibility and reliability of the results. This
methodology aimed to identify the optimal interaction between
the ligand and AChE via different conformations of the ligand.
Analysis of hydrogen bonding and hydrophobic interactions,
as well as visualization of ligand-protein interactions, were
conducted using PyMOL software [46].

4.9 | Biological Activity Against Spodoptera
frugiperda (J.E. Smith)

The insecticidal properties of methanol, hexane, and acetone
extracts and of compounds 1, 2, 6, 9, 10, and 13 were evaluated
in an artificial diet in neonatal larvae following the procedure
described in the literature.[47-48] The extracts and pure com-
pounds were solubilized in methanol:dimethyl sulfoxide 95:5 and
evaluated in a range of 500-2500 and 12.5-100 mg/kg (ppm),
respectively. The experiments were carried out in plastic contain-

ers with lids measuring 3.0 X 3.5 cm in height and diameter; each
larva was the experimental unit and replicated thirty times in
triplicate. The dependent variables were the decrease in larval
weight gain (mg) and larval mortality (%).

4.10 | Statistical Analysis

The test for normality (Shapiro-Wilk-W) and homoscedasticity
(Bartlett test) were performed for all measured variables. One-
way to two-way analysis of variance was performed to identify
potential differences among treatments using Statistix 8.0 (Ana-
lytical Software, Florida, USA) [49]. Probit analysis was used
to calculate the LCy, values using the JMP statistical software
package ver. 11 [50].

The data were presented as the mean + standard deviation.
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