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Phytochemical investigation of the methanol extract of Swietenia macrophylla fruit first led to the isolation
of four limonoids seneganolide (1), khayanone (2), khayanolide B (3), and 6-acetoxy-methyl angolensate
(4). Compound 3 (ICsg 3.18 pg/mL) was better than the positive control ascorbic acid (ICsp 7.18 pg/mL) in
an antioxidative assay against DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals. Compound 1 showed strong
mosquito larvicidal activity against Aedes aegypti with LCsq values of 34.1-44.1 pg/mL and LCqq values of

Keywords: 57.3-65.1 pg/mL for 24 and 48-h exposures. Based on DFT (density functional theory)/B3LYP/6-311G(d,p)
Swietenia macrophylla method, the SPL-ET (sequential proton loss-electron transfer) antioxidative mechanism is essential for
Limonoid compound 3 in polar solvents, while the HAT antioxidative route is appropriate in weak or non-polar
Antioxidant

mediums. Methine group at carbon C-6 of this compound exerted the lowest BDE (bond dissociation
energy) values of 72.9-73.8 kcal/mol in both four studied mediums gas, benzene, methanol, and water.
In the kinetic reactions with HOO®, CH;00°, and ®*NO, radicals, 6-CH also generated the lowest Gibbs
free energy of activation AG* values of 14.5-24.2 kcal/mol and the highest rate constant K values of
6.068 x 10'-1.75 x 10° L/mol.s. A molecular docking (MD) analysis of seneganolide with relevant Ae.
aegypti protein targets revealed AChR (acetylcholine receptor), ACE2 (angiotensin converting enzyme 2),
and aaNAT (arylalkylamine N-acetyltransferase) to be potential targets of this compound.

© 2023 Elsevier B.V. All rights reserved.
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1. Introduction Limonoids (tetranortriterpenoids) and flavonoids can be seen as

characteristics of either mahogany or Swietenia plants [4]. Because

Swietenia macrophylla, also known as mahogany, is a woody
species of the Meliaceae family. This plant is widely distributed in
rain, semi-deciduous, and deciduous forests of America and South
East Asia [1]. Traditionally, the parts of this plant were utilized at
most. For instance, its seeds have been often used for leishmani-
asis, abortion, hypertension, diabetes, and malaria treatments [2].
The mahogany timbers are also appropriate for furniture purposes
3]
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of the immense pharmacological importance, it is recognized that
this species has a variety of biomedical characters, such as an-
tiviral, antibacterial, anticancer, antimalarial, anti-nociceptive, an-
tidiarrheal, hypolipidemic, and anti-infective, especially in terms of
antioxidative and antifeedant activities [5]. Swietemacrophyllanin,
a new constituent of Indonesian mahogany, exerted the ICs,y value
of 56 pg/mL against DPPH (2,2-diphenyl-1-picrylhydrazyl) free rad-
icals better than that of the positive control trolox (ICs5q 81 pg/mL)
[4]. The alcoholic extract of mahogany twigs has a good insecti-
cidal susceptibility against polyphagous pest Spodoptera frugiperda
[6].

In the current study, we wish to report the chromatographic
separation, and the NMR structural elucidation of secondary
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metabolites from S. macrophylla, collected from Vietnam. The ob-
tained isolates were subjected to antioxidative and mosquito lar-
vicidal assays. In addition, In silico approaches, including DFT cal-
culation and molecular docking, were taken into consideration in
structure-activity relationships.

2. Experimental
2.1. General experimental procedures

The NMR data were measured by a Bruker Avance-500 MHz
machine, and chemical shifts were shown in ppm with the TMS
(tetramethylsilane) as an internal reference. For chromatographic
separation, silica gels (40-63 pum, China) were used, whereas the
TLC (thin layer chromatography analysis was carried out using sil-
ica gel 60 Fy54 (Merck, Germany). The UV lamp (254 and 365 nm),
and indicators (10% H,SO4 and vanillin) were used to visualize the
TLC spots.

2.2. Plant material

The fruits of S. macrophylla were collected from Cat Tien Na-
tional Park, Dongnai, Vietnam in 08/2017. The plant was identified
by Dr Nguyen Quoc Binh, Vietnam National Museum of Nature,
VAST. A voucher specimen SMF-2017 was deposited in Vinh Uni-
versity.

2.3. Extraction and isolation

The dried powders of S. macrophylla fruits were immersed with
methanol (3 x 10 L) at 25 °C. The combined extracts were evap-
orated under decreased pressure, to give a crude methanol ex-
tract (318.0 g). This extract was then suspended in methanol-water
(1:1, v/v), and partitioned with n-hexane and ethyl acetate. The
obtained ethyl acetate extract (105.0 g) was chromatographed on
silica gel column [n-hexane-ethyl acetate (100:1 to 1:1, v/v)], to
yield 5 fractions SME1-SMES5. The fraction SME4 was fractionated
by silica gel chromatography column [n-hexane-ethyl acetate (25:1
to 2:1, v/v)], to afford 7 sub-fractions SME41-SME47. Compound 2
(13.0 mg) was purified from the sub-fraction SME43 by using silica
gel chromatography column [n-hexane-ethyl acetate (15:1, v/v)]. In
the meantime, compounds 1 (18.0 mg) and 3 (34.0 mg) were sepa-
rated from the sub-fraction SME44 by using n-hexane-ethyl acetate
(9:1, v/v). Finally, compound 4 (12.5 mg) was obtained from the
fraction SME4 [dichloromethane-methanol (9:1, v/v)].

Seneganolide (1): White powder; m.p. 278-279 °C; ESI-MS:
CysH3105, mjz 4711 [M + H]*; 'H NMR (CDCl;, 500 MHz, §
(ppm)): 1.03 (3H, s, H-18), 1.19 (3H, s, H-28), 1.32 (3H, s, H-29),
141 (1H, br t, 12.5 Hz, H-12«@), 141 (1H, m, H-118), 1.61 (1H,
m, H-11«), 1.76 (1H, dd, 2.0, 11.0 Hz, H-128), 1.87 (1H, dd, 7.0,
13.5 Hz, H-308), 2.01 (1H, br d, 11.5 Hz, H-9), 2.20 (1H, td, 2.0,
13.5 Hz, H-30«), 2.27 (1H, dd, 2.0, 7.0 Hz, H-14), 2.32 (1H, dd, 10.5,
7.0 Hz, H-5), 2.56 (1H, dd, 7.0, 15.0 Hz, H-68), 2.70 (1H, dd, 11.0,
15.0 Hz, H-6«), 2.78 (1H, dd, 2.0, 19.5 Hz, H-15«), 2.83 (1H, dd,
7.0, 19.5 Hz, H-158), 2.84 (1H, dd, 7.0, 13.5 Hz, H-2), 4.21 (1H, d,
12.0 Hz, H-198), 4.45 (d, 11.5 Hz, H-19«), 5.28 (1H, s, H-17), 6.33
(1H, t, 1.0 Hz, H-22), 7.40 (1H, d, 2.0 Hz, H-23), 740 (1H, brs, H-
21); 13C NMR (CDCls, 125 MHz, § (ppm)): 19.6 (C-29), 20.8 (C-11),
22.4 (C-18), 23.8 (C-28), 27.5 (C-15), 29.5 (C-6), 31.4 (C-30), 34.9
(C-12), 35.3 (C-13), 38.5 (C-5) 44.7 (C-4), 44.7 (C-14), 46.8 (C-10),
53.0 (C-2), 61.2 (C-9) 74.1 (C-19), 78.1 (C-17), 80.1 (C-8), 107.5 (C-1),
109.6 (C-22), 120.7 (C-20), 140.9 (C-21), 143.1 (C-23), 170.6 (C-16),
1741 (C-7), 213.5 (C-3).

Khayanone (2): White powder; m.p. 170-172 °C; ESI-MS:
Cy7H3509, m/z 503.1 [M + HJt; 'H NMR (CDCl;, 500 MHz, §
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(ppm)): 0.99 (3H, s, H-18), 1.19 (1H, m, H11-8), 1.26 (1H, m, H-
12B), 127 (3H, s, H-28), 128 (3H, s, H-29), 136 (3H, s, H-19),
1.75 (1H, dd, 2.0, 7.5 Hz, H-14), 1.72 (1H, m, H-12«), 1.82 (1H, m,
H-11a), 1.87 (1H, dd, 5.0, 13.0 Hz, H-9), 2.36 (1H, ddd, 2.0, 9.5,
15.0 Hz, H-30«), 2.75 (1H, dd, 7.5, 19.0 Hz, H-158), 2.78 (1H, m,
H-5), 2.78 (1H, brs, 8-OH), 2.82 (1H, dd, 2.0, 19.0 Hz, H-15c), 2.89
(1H, brs, 6-OH), 3.13 (1H, d, 15.0 Hz, H-308), 3.14 (1H, d, 9.0 Hz,
H-2), 3.83 (3H, s, COOCH3), 4.42 (1H, m, H-6), 5.60 (1H, s, H-17),
6.37 (1H, m, H-22), 743 (1H, t, 2.0 Hz, H-23), 745 (1H, brs, H-
21); 3C NMR (CDCl3, 125 MHz, § (ppm)): 22.6 (C-11), 23.8 (C-18),
23.8 (C-28), 25.5 (C-19), 26.7 (C-29), 27.1 (C-15), 35.0 (C-12), 35.4
(C-13), 39.0 (C-30), 46.0 (C-5), 50.2 (C-4), 50.2 (C-10), 51.1 (C-14),
53.0 (COOCH3), 54.3 (C-2), 61.2 (C-9), 70.7 (C-6), 72.9 (C-8), 76.8
(C-17), 109.8 (C-22), 120.9 (C-20), 141.1 (C-21), 143.1 (C-23), 171.2
(C-16), 175.5 (C-7), 213.1 (C-1), 214.2 (C-3).

Khayanolide B (3): White powder; m.p. 305-307 °C; ESI-MS:
Cy7Hs5010, m/z 5192 [M + H]*; 'H NMR (CDCl;, 500 MHz, &
(ppm)): 0.96 (1H, m, H-12«), 1.07 (3H, s, H-28), 1.10 (3H, s, H-
18), 1.20 (1H, s, H-19), 1.38 (1H, d, 11.5 Hz, H-298), 1.77 (1H, m,
H-118), 1.85 (1H, m, H-128), 1.86 (1H, m, H-11«), 1.89 (1H, d,
11.5 Hz, H-29«), 2.09 (1H, d, 8.0 Hz, H-9), 2.60 (1H, d, 9.5 Hz, H-
30), 2.77 (1H, d, 19.0 Hz, H-158), 3.06 (1H, d, 7.0 Hz, H-5), 3.16 (1H,
d, 19.0 Hz, H-15a), 3.40 (1H, d, 7.0 Hz, H-3), 3.71 (3H, s, COOCH;),
4.20 (1H, d, 7.0 Hz, H-6), 4.50 (1H, dd, 7.0, 9.0 Hz, H-2), 5.64 (1H,
s, H-17), 6.42 (1H, m, H-22), 7.41 (1H, t, 2.0 Hz, H-23), 747 (1H,
brs, H-21); 13C NMR (CDCl3, 125 MHz, § (ppm)): 14.4 (C-18), 16.4
(C-11), 17.6 (C-19), 19.2 (C-28), 26.0 (C-12), 32.0 (C-15), 37.6 (C-13),
40.7 (C-5), 42.6 (C-4), 44.6 (C-29), 52.1 (COOCH;), 56.0 (C-9), 59.3
(C-10), 63.2 (C-30), 714 (C-6), 72.2 (C-2), 78.5 (C-3), 81.2 (C-17),
81.4 (C-14), 84.2 (C-1), 86.9 (C-8), 110.0 (C-22), 120.6 (C-20), 140.9
(C-21), 142.6 (C-23), 171.7 (C-16), 175.4 (C-7).

6-Acetoxy-methyl angolensate (4): White powder; m.p. 207-
209 °C; ESI-MS: Cy9H3709, m/z 529.2 [M + H]*; TH NMR (acetone-
dg, 500 MHz, 8 (ppm)): 0.92 (1H, s, H-18), 1.06 (3H, s, H-29), 1.16
(3H, s, H-19), 147 (3H, s, H-28), 2.20 (3H, s, 6-COOCH;), 2.28 (1H,
dd, 3.0, 4.0 Hz, H-9), 3.02 (1H, s, H-5), 3.67 (1H, dd, 3.0, 5.5 Hz,
H-1), 3.77 (3H, s, 7-COOCH3), 5.10 (1H, s, H-308), 5.29 (1H, s, H-
30a), 5.57 (1H, s, H-17), 6.47 (1H, m, H-22), 7.55 (1H, m, H-23),
7.58 (1H, m, H-21); 13C NMR (acetone-dg, 125 MHz, § (ppm): 14.3
(C-18), 20.9 (6-OCOCH3), 23.0 (C-19), 24.4 (C-29), 24.8 (C-11), 25.2
(C-28), 29.3 (C-12), 34.3 (C-15), 39.9 (C-2), 41.9 (C-13), 45.2 (C-10),
47.4 (C-5), 49.4 (C-4), 51.7 (C-9), 53.1 (7-COOCH;), 73.0 (C-6), 78.9
(C-1), 79.9 (C-17), 81.7 (C-14), 110.8 (C-22), 112.4 (C-30), 122.3 (C-
20), 141.7 (C-21), 143.9 (C-23), 146.9 (C-8), 169.6 (C-16), 170.4 (6-
OCOCH3;), 171.7 (C-7), 211.1 (C-3).

2.4. Antioxidative assay

The antioxidative activity of four isolated limonoids 1-4 was
based on their scavenging of DPPH free radicals [7]. Basically, their
ability to donate hydrogen atoms was assessed using the decol-
orization of the methanol solution of DPPH. In the methanol solu-
tion, DPPH creates a violet or purple color that, in the presence of
antioxidants, fades to varying colors of yellow [7]. DPPH (0.1 mM)
was dissolved by methanol to form a solution, and 2.4 mL of this
solution was then added to limonoid (1.6 mL) in methanol, to
reach serial concentrations of 500, 100, 20, 4, and 0.8 pg/mL. Af-
ter being vortexed, the reaction mixture was maintained in the
dark for 25 min. At 517 nm, the absorbance of the reaction mixture
was determined spectrophotometrically. Ascorbic acid was used as
a positive control. The percent of DPPH radical scavenging was ex-
pressed by the following equation:

DPPH radical scavenging(%) = [(OD, — OD1)/0D,] x 100 (1)

Where 0D, stands for the absorbance of the control, and OD,
stands for the absorbance of the tested compounds/standard. Each
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Fig. 1. The plausible antioxidative mechanisms.

experiment was repeated three times. The concentration was plot-
ted against the percentage of inhibition, and the ICsy was deter-
mined from this graph.

2.5. Mosquito larvicidal assay

Aedes aegytpi mosquitoes were maintained at the Duy Tan Uni-
versity [8]. In dechlorinated water, mosquito eggs were born and
fed with a 3:1 mixture of dog kibble and yeast. For the test,
second-instar larvae were used. 25 Mosquito larvae were put into
15 mL glass vials with 4.0 mL of test solutions at doses of 100,
50, 25, 12.5 and 6.25 g/mL, with four replicates of each concentra-
tion. The tested limonoids 1-4 were dissolved in DMSO, and per-
methrin was used as a positive control. A solution containing 80 ml
of DMSO was used as a negative control. Lethality data were eval-
uated by log-probit analysis to generate the LCsg, LCqg, and 95%
confidence limits using Minitab® 19 (Minitab, LLC) after 24 and
48 h of exposure.

2.6. Computational methods

2.6.1. Antioxidative theory

The antioxidative calculation for compound 3 has been carried
out using the Gaussian 09 package [9,10]. For the optimization
of each compound’s ionic and radical structures, the 6-311G(d,p)
basis set was used in conjunction with the B3LYP (Becke, 3-
parameter, Lee-Yang-Parr) functional. Both gas (¢ = 1) and the
solvents water (¢ = 78.39), methanol (¢ = 32.63), and benzene
(¢ = 2.30) have been used in the computations. The goal of fre-
quency computation is to calculate frequencies that are accurate
for zero-point energy (ZPE), which further proved that the ground
states did not contain imaginary frequencies. The solvent impact
was taken into account using the SCRF-PCM (self-consistent reac-
tion field-polarizable continuum model).

Based on earlier studies [10,11], three renowned antioxidative
mechanisms of a limonoid (LH) have been put forth: HAT (hydro-
gen atom transfer), SET-PT (single electron transfer-proton trans-
fer), and SPL-ET (sequential proton loss-electron transfer) (Fig. 1).

The HAT is characterized by the BDE (bond dissociation energy).
The IP (ionization potential) and the PDE (proton dissociation en-
thalpy) are responsible for the first and second steps of the SET-
PT, respectively. Meanwhile, the PA (proton affinity) and the ETE
(electron transfer enthalpy) are used to explain the first and sec-
ond steps of the SPL-ET, respectively.

BDE = AH(L*) + AH(H*) — AH(LH) 2)
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IP= AH(L**) + AH(e") — AH(LH) (3)
PDE = AH(L*) + AH(H") — AH(L*") (4)
PA= AH(L™) + AH(H") — AH(L) (5)
ETE = AH(L*) + AH(e") — AH(L") (6)

The enthalpy AH of e~ and H* were extracted from similar re-
ports [12]. At the same level, the TST (transition state theory) was
used to consider the kinetic actions of compound 3 [10,11]. The
rate constant K has a relation to AG* (Gibbs free energy of activa-
tion) by Eq. (7).

K(T) = ic KB o =4¢"

(7)
Where « is the Wigner coefficient, and h and kg stand for the
Plank and Boltzmann constants, respectively.

2.6.2. Molecular docking

The MD analysis of compound 1 was carried out as previously
described [13]. Its chemical structure was assembled using Spar-
tan 18 for Windows, v 1.4.4 (Wavefunction, Inc.). Molecular dock-
ing was carried out using Molegro Virtual Docker v 6.0.1 (Molegro
ApS). A total of 10 relevant Ae. aegypti protein targets were used
for molecular docking. Six protein targets were obtained from the
Protein Data Bank (PDB): Arylalkylamine N-acetyltransferase, 4FD6,
D7 salivary protein, 3DXL; glutathione S-transferase, 5FT3; odor-
ant binding protein, 60MW,; and sterol carrier protein-2, 2QZT and
3BKS. In addition, four Ae. aegypti target proteins were prepared
by homology modeling (see below): Acetylcholinesterase (AChE,
based on PDB structures 1DX4 and 1Q09), acetylcholine recep-
tor (AChR, based on 7EKP), and angiotensin-converting enzyme 2
(ACE2, based on 6S1Y). The orientations of the ligands with the
target proteins were ranked based on the MolDock “rerank” energy
values (Egqck)-

Three-dimensional protein structures of Ae. aegypti AChE,
AChR, and ACE2 are currently unavailable. Therefore, homology
models were prepared using the SWISS-MODEL server (https://
swissmodel.expasy.org). Appropriate protein target sequences were
obtained from UniProt Knowledgebase (https://swissmodel.expasy.
org). Three-dimensional structural models were obtained based on
multiple-threading alignments, while the global model quality es-
timation was used to rank models (Table S1).

3. Results and discussion
3.1. Phytochemistry

Phytochemical study on the methanol extract of Vietnamese S.
macrophylla fruits resulted in the isolation of four limonoids 1-4.
Based on NMR data analysis and comparison with literature, the
chemical structures of these isolated limonoids were elucidated as
seneganolide (1), khayanone (2), khayanolide B (3), and 6-acetoxy-
methyl angolensate (4) [14,15-17]. It noted that these compounds
were found in S. macrophylla for the first time. The current result
confirmed a close chemotaxonomic relationship between two gen-
era Swietenia and Khaya since these isolates were found in various
Khaya plants, especially Khaya senegalensis.
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Table 1

The DPPH radical scavenging activity of compounds 1-4 and positive control ascorbic acid.
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Concentration (pg/mL)

Inhibitory percentage

1 2 3 4 Ascorbic acid

500 8.64 £ 0.07 478 £0.40 90.1 £+ 2.15 562 £0.32 99.71 £ 1.15
100 6.12 £ 0.26 340 £ 045 89.56 +£3.13 273 £0.50 9241 + 3.26
20 218 £ 052 2.01 £030 89.22 £2.07 092 +0.84 8048 + 2.07
4 0 0 56.96 + 451 0 27.61 + 2.65
0.8 0 0 1243 +£144 0 18.43 £ 1.95
ICs (ng/mL) > 500 > 500 3.18 + 0.26 > 500 7.18 + 0.67
Table 2
Mosquito larvicidal activity against Aedes aegypti (ug/mL).

Sample LCso (95% confidence levels)  LCqg (95% confidence levels) — x2 p

24-h treatment

Compound 1  44.1 (41.0218-47.1661) 65.1 (59.5487-73.8312) 0.085381 0.958

48-h treatment
Compound 1  34.1 (31.4243-37.0343) 57.3 (51.2597-66.4895) 4.24121 0.120

LCsp: 50% lethal concentration, LCgo: 90% lethal concentration, x2: Goodness-of-fit chi-square value and

p: p-value.

3.2. Biological assessments

Four isolated limonoid derivatives 1-4 were subjected to
antioxidative and mosquito larvicidal examinations, and the
results are outlined in Tables 1-2. Regarding DPPH radical
scavenging assay, khayanolide B (3) with the ICsq value of
3.18 + 0.26 pg/mL was better than the positive control ascor-
bic acid (ICsg 718 + 0.67 pg/mL). However, the remaining com-
pounds were inactive (ICsg > 500 pg/mL). At the concentration
of more than 20 pg/mL, DPPH radical scavenging percent of com-
pound 3 reached up to 90%. As compared with literature com-
pounds, the antioxidative activity of limonoid 3, is also better than
the new flavonoid swietemacrophyllanin (ICsy 56 pg/mL), and the
other positive control trolox (ICsg 81 pg/mL) [4]. The ethanol ex-
tract of mahogany seeds also exhibited antioxidative potential in
the model of streptozotocin-induced diabetic rats [5]. Collectively,
it is recommended the use of mahogany constituents in the an-
tioxidative treatment.

In the mosquito larvicidal assays, the first screening indicated
that only limonoid seneganolide (1) showed activity (Table 2). Nat-
ural products exhibited strong mosquito repellent activity with
LCs9 < 50 pg/mL, moderate activity with 50 ( LCsq < 100 pg/mlL,
weak activity with 100 < LCso < 750 pg/mL, and inactive with
LCsg ) 750 pg/mL [8]. From Table 2, compound 1 showed strong
mosquito larvicidal activity against Ae. aegypti with the 24-h LCsq
value of 44.1 pg/mL, and the 24-h LCqy value of 65.1 pg/mL. For
48-h exposure, the LCsq and LCqq values were 34.1 and 57.3 png/mlL,
respectively. Adhikari et al. reported that the petroleum ether ex-
tract of mahogany leaves strongly controlled the growth of 2nd lar-
val mosquito Culex quinquefasciatus with the LCsq values of 33.45
and 29.37 pg/mL for 24 and 48-h treatments [18]. The methanol
leaf extract caused 92.1% larval mortality towards Ae. aegypti [19].
It can be concluded that Swietenia constituents are appropriate for
mosquito repellent activity. Based on this, we then moved on to
the establishment of DFT-predictable calculation for antioxidative
potential of khayanolide B (3) and molecular docking model for
mosquito larvicidal activity of seneganolide (1).

3.3. Structural-electronic analyses
The optimized structure and FMO (frontier molecular orbital)

analysis of compound 3 was carried out in four increasing po-
lar media, gas, benzene, methanol, and water at B3LYP/6-311G(d,p)

level. The optimized compound 3 includes a delocalization of the
m-electrons in furan ring, a stable hydrogen bond between 3-OH
and 2-0 (1.922-1.295 A) (Fig. 2 and Table S2). Hydroxy groups
are flexible in space, whereas most methine/methylene protons are
stable with axial and equatorial orientation. The dihedral angle
61(C13-C17-C20-C23) ranged from -103.47° to -96.61° in the four
studied media (Table S2). The HOMO (highest occupied molecu-
lar orbital) distribution of 3 is again confirmed the stabilization of
the furan unit (Fig. 2). The spin density represents a charge rate
of an atom after H-abstraction, in which the lower spin density is
in accordance with the lower BDE value (the better antioxidative
activity) [20]. It is expected that 6-OH, and 8-OH, especially 1-OH,
6-CH, and 17-CH with the significant spin densities of 0.610-0.862
are good sites for antiradical reactions, whereas the remaining
groups are accompanied by a spin density of more than 1.0 (Fig. 2).
From Table S2, C-H bond distance of 6-CH and 17-CH groups are
longer than those of 1-OH, 6-OH, and 8-OH groups. Hence, ener-
gies to break these two C-H bonds will be lower (the better an-
tioxidant). Band gap energy &gap of compound 3 runs in a consis-
tent order of gas (ggap = 5.654 eV) < benzene (&gap = 5.874 eV)
< methanol (ggap = 6.129 eV) < water (egap = 6.143 eV) (Table
S2). It is expected that non-polar/weak polar media will facilitate
reactions for saturated compounds such as limonoid 3.

3.4. Antioxidative mechanisms

As can be seen, bond cleavage in the HAT mechanism is due to
homolytic reaction. This process has been generally explained by
the BDE value. The reaction BDE values of the good sites of com-
pounds 3 were calculated at the B3LYP/6-311G(d,p) level (Table 3).
In both four studied mediums, 6-CH group exerted the lowest
BDE values of 72.9-73.8 kcal/mol, while the highest BDE values of
102.6-104.4 kcal/mol were assigned to 6-OH and 8-OH groups. In
the meantime, the BDE values of 1-OH and 17-CH groups ranged
from 83.9 to 85.7 kcal/mol. Another observation is that the BDE
values of 1-OH, 6-CH, and 17-CH seem not to change, but the BDE
values of 6-OH and 8-OH tend to slightly decrease when moved
from the gaseous phase to solutions. To the best of our knowl-
edge, this is the first time DFT calculations have been applied for
limonoids. The obtained BDEs were comparable with those of well-
known antioxidative, phenolic acids, benzofurans, or flavonoids
[11,20,21].
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Fig. 2. Chemical structures of compounds 1-4, and the optimized structure, significant spin density, and HOMO distribution of compound 3 at the B3LYP/6-311G(d,p) level.

Table 3
The reaction enthalpies of compound 3 at 298 K and the theoretical B3LYP/6-311G(d,p) level (kcal/mol).
No BDE IP PDE
Gas Benzene CH3;0H Water Gas Benzene CH3;0H Water Gas Benzene CH5;0H Water
1-OH 84.0 84.0 83.9 83.9 182 162 127 123 2149 20.3 2.1 5.1
6-OH 104.4 104.2 103.6 103.7 236.8 42 233 26.4
8-OH 104.3 103.8 102.6 102.7 235.2 29.7 20.8 23.9
6-CH 72.9 733 73.8 73.8 205.3 111 6.5 35
17-CH 85.5 85.7 85.6 85.6 216.4 22 3.8 6.8
No PA ETE
Gas Benzene CH5;0H Water Gas Benzene CH5;0H Water
1-OH 345.4 1121 60.2 64.9 52.0 69.9 68.4 63.0
6-OH 359.5 124.5 70.1 74.2 59.8 79.2 80.6 75.0
8-OH 360.6 125.5 71.3 75.0 57.1 66.0 77.2 71.7
6-CH 352.7 120.7 69.3 73.3 35.0 52.1 48.7 45.9
17-CH 382.8 146.8 90.4 95.3 16.0 36.9 39.9 343
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Int Product

Fig. 3. Energy diagram for the reaction of HOO®, CH;00°® and ®NO, radicals attack at the theoretical B3LYP/6-311G(d,p) level.

The first step of SET-PT is characterized by the IP calculation. As
shown in Table 3, the IP values of limonoid 3 are much dependent
on the change of environment, and they are found to run in order
of gas > benzene > > methanol > water. It can be concluded that
the electron loss from molecule LH to form radical cation LH®** will
be better in polar media. The second step of SET-PT is a heterolytic
process, and is monitored by the PDE value. It is found that the
gaseous PDE values are much greater than those in solvents, and
an order for both two compounds is gas >> benzene > water >
methanol. It reflects that a medium polar solvent, like methanol,
would help to reduce the PDE energy. 1-OH and 17-CH are two
best groups to possess the lowest methanolic PDE values of 2.8 and
3.8 kcal/mol, respectively. The next view is that the PDE values of
1-OH, 6-CH, and 17-CH are always better than those of 6-OH and
8-OH groups in each medium. This follows the same trend as the
BDEs.

Taking the SPL-ET into consideration, 1-OH has induced the
lowest PA value of 60.2 kcal/mol, whereas 17-CH causes the high-
est PA of 382.8 kcal/mol. It resembles the PDE values, the PA
value of each group orderly run as gas >> benzene >> water >
methanol. In each medium, the PAs also trend as 1-OH < 6-CH <
6-OH < 8-OH < 17-CH. The ETE energy represents electron trans-
fer in the second step of the SPL-ET mechanism. The lowest ETE
of 16 kcal/mol belongs to 17-CH in the gaseous phase. 6-OH is re-
sponsible for the highest ETE values of about 80 kcal/mol in ben-
zene and methanol. Similar to the BDE values, and PDE values, the
ETEs of 1-OH, 6-CH, and 17-CH are always lower than those of 6-
OH and 8-OH in each medium. In each group, the gaseous ETE is
always lower than that in solvents. It is argued that a non-polar
medium like the gaseous phase is appropriate for electron transfer.

The preferential antioxidative mechanism for limonoid 3 is de-
cided by the lowest BDE, IP, and PA enthalpies [10,20]. Generally,
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Table 4
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The gaseous AG* and K for HOO®, CH;00® and ®NO, radicals attack to compound 3 at the theoretical B3LYP/6-

311G(d,p) level.

Position ~ AG* (kcal/mol) K (L/mol.s) AG* (kcal/mol) K (L/mol.s) AG* (kcal/mol) K (L/mol.s)
3 + HOO® 3 + CH;00° 3 + °NO;,
1-OH 21.8 7.388 x 102 23.1 1.752 x 10? 323 1.026 x 102
6-OH 240 6.689 x 10! 24.7 3.075 x 10! 33.2 3.427 x 1073
8-OH 240 7.038 x 10! 26.3 5.723 34.0 1.564 x 103
6-CH 14.5 1.750 x 106 17.3 9.13 x 104 24.2 6.068 x 10!
17-CH 18.8 1.890 x 104 20.6 2.834 x 103 26.8 3.852
Table 5
MolDock molecular docking scores (kj/mol) for compound 1 with Aedes aegypti protein targets.
Compound Protein targets
AChE AChE AChR ACE2 aaNAT  SCP2 SCP2 D7SP OBP GSTe2
(1DX4)*  (1Q09)*  (7EKP)®  (6S1Y)" 4FD6  2QZT  3BKS 3DXL 60MW  5FT3
Seneganolide (1) -14.1 -77.9 -106.3 -98.6 -95.8 -90.2 -79.3 -76.0 nodock -354
Co-crystallized ligand  -110.8 none -88.0 -100.9 none -97.2 -102.8 -484 -104.5 -101.3

@ The Ae. aegypti AChE protein structure is a homology model based on Drosophila melanogaster AChE.
b The Ae. aegypti AChR protein structure is a homology model based on human neuronal acetylcholine receptor subunit alpha-7.
¢ The Ae. aegypti ACE2 protein structure is a homology model based on Anopheles gambiae ACE2.

Fig. 4. Key intermolecular interactions of compound 1 and Aedes aegypti acetylcholine receptor (AChR). Hydrogen bonds are shown with a blue dashed line.

the PA values in methanol and water are lower than the BDE and
IP values. As a consequence, the SPL-ET mechanism is essential for
compound 3 in polar solvents. However, considering gas and ben-
zene, it is viewed that the BDE values are less than the IP and PA
values. Hence, the HAT seems to be the appropriate mechanism in
weak or non-polar media.

3.5. Antioxidative kinetic actions

Reactive oxygen species (ROS), such as ROO®, have long been
linked to the oxidative harm done to fatty acids, DNA, proteins, and
other organs [22]. There have been plenty of diseases due to ROS

overproduction. Cancer, diabetic, cardiovascular, and neurodegen-
erative diseases are representative pathologies that are linked to
oxidative stress, which is caused by an imbalance between exces-
sive ROS formation and limited antioxidant defenses [22]. In this
section, we propose a kinetic model when the above OH and CH
groups of compound 3 interacted with HOO®, CH300°, and *NO,
radicals. At the theoretical B3LYP/6-311G(d,p) level and the gaseous
phase, the reactions have undergone one transition state (TS) and
one intermediate (Int) (Table 3 and Figs. 3 and S9-S11). The rate
constant K and the Gibbs free energy of activation AG* are two
key elements to evaluate a kinetic reaction, by which a good reac-
tion site will have the lowest AG* values and the highest K val-
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ues [11]. It matches well with the above enthalpy calculation, 6-
CH interacts with these three ROS radicals and induces the low-
est AG* values of 14.5-24.2 kcal/mol and the highest K values of
10!-108 L/mol.s (Table 4). It is also found that 6-CH + these stud-
ied ROS radicals generates the lowest relative energy AE values of
3.6-13.2 kcal/mol (Fig. 3). In contrast, the reactions of 6-OH and
8-OH with these radicals possess the high AG* values of 24.0-
34.0 kcal/mol and the low K values of 10-3-10" L/mols, as well
as the high AE values of 14.5-24.3 kcal/mol (Table 4 and Fig. 3).
Last but not least, the K and AG* values in each case of 3 +
HOO® are always better than those of 3 + CH300° and 3 + *NO,
(Table 4). This reflects that limonoid 3 will have reaction rates with
hydroperoxide radicals greater than acetyloxyl and nitrogen diox-
ide radicals.

3.6. Molecular docking

As we know, many biological processes depend on the bindings
of molecule ligands to big protein targets. Modern structure-based
drug design relies heavily on the correct prediction of the binding
mechanisms between the ligand and protein (the docking prob-
lem). Various tools, such as the density-functional tight-binding
(DFTB) or MD could give insight information and more accurate
for a large calculated system [13,23,24]. In this section, the MD
analysis was carried out with seneganolide (1) and eight poten-
tial Ae. aegypti protein targets: acetylcholinesterase (AChE), acetyl-
choline receptor (AChR), angiotensin-converting enzyme 2 (ACE2),
arylalkylamine N-acetyltransferase (aaNAT), sterol carrier protein 2
(SCP2), D7 salivary protein (D7SP), odorant-binding protein (OBP),
and glutathione S-transferase epsilon 2 (GSTe2). The docking scores
are summarized in Table 5.

Compound 1 showed excellent docking to Ae. aegypti acetyl-
choline receptor with docking energies more exothermic than the
co-crystallized ligand. Based on the docking to Ae. aegypti protein
targets, AChR, ACE2, and aaNAT are the best targets, while AChE
and OBP are very poor targets. Key intermolecular interactions be-
tween this limonoid and Ae. aegypti protein targets are summa-
rized in Table S3.

In insects, nicotinic acetylcholine receptors can be blocked by
neonicotinoid insecticides [25]. Thus, the acetylcholine receptor is
a recognized target for mosquito control. A three-dimensional pro-
tein structure of Ae. aegypti AChR is not yet available. Therefore, a
homology model was prepared based on the X-ray crystal struc-
ture of human «7 nicotinic acetylcholine receptor (PDB: 7EKP).
Limonoid 1 showed notable docking to Ae. aegypti AChR. The im-
portant interactions between compound 1 and Ae. aegypti AChR
protein are shown in Fig. 4. Hydrogen bonding interactions as well
as van der Waals interactions are important in the binding of the
ligands to the receptor. Based on the molecular docking analysis,
Ae. aegypti AChR, ACE2, and/or aaNAT may be important biomolec-
ular targets of S. macrophylla limonoids. Furthermore, senegano-
lide (1) is the most promising components for inhibition of these
mosquito enzymes.

4. Conclusion

Chromatographic separation on the methanol extract of Viet-
namese S. macrophylla fruit resulted in the isolation of four
limonoids. Their chemical structures were elucidated by spectro-
scopic data, including seneganolide (1), khayanone (2), khayanolide
B (3), and 6-acetoxy-methyl angolensate (4). Compound 3 is excel-
lent to capture DPPH free radicals since its ICsy value of 3.18 pg/mL
was lower than that of the positive control ascorbic acid (ICsq
718 pg/mL). Compound 1 strongly inhibited the larvae of Ae. ae-
gypti with LCsq values of 34.1-44.1 pg/mL and LCqq values of 57.3-
65.1 pg/mL for 24 and 48-h treatments. The DFT calculation aided
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by B3LYP/6-311G(d,p) level indicated that the SPL-ET route is es-
sential antioxidative mechanism for compound 3 in protic solvents
methanol and water, but the HAT route is a representative in non-
polar/weak media gas and benzene. Hydroxy groups at carbons
C-1, C-6, and C-8, methine group at carbon C-17, especially me-
thine group at C-6 can be seen as good sites for antiradical reac-
tions. 6-CH exerted the lowest BDE values of 72.9-73.8 kcal/mol in
the four studied media. In addition, it possessed the lowest Gibbs
free energy of activation AG* values of 14.5-24.2 kcal/mol and the
highest rate constant K values of 6.068 x 10'-1.75 x 10° L/mol.s
in the kinetic reactions with ROS radicals HOO®, CH;00°®, and
*NO,. The molecular docking analysis has shown acetylcholine re-
ceptor (AChR), angiotensin converting enzyme 2 (ACE2), and ary-
lalkylamine N-acetyltransferase (aaNAT) to be potential targets of
seneganolide. However, the proteomics of Ae. aegypti is not well es-
tablished; there may be additional protein targets for this limonoid
as well as non-protein targets.
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