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Aedes aegypti is the main vector of three neglected tropical diseases: dengue, zika and
chikungunya. Dengue is under surveillance by health organizations worldwide due to the risk
of epidemics. Since there is no specific treatment for dengue, most studies have focused on
preventing the reproduction and/or development of the mosquitoes. We studied the larvicidal
activity of five phosphates and phosphorothioates derived from cardol, one of the four main
components of cashew nut shell liquid (Anacardium occidentale L.), at different concentrations.
The organophosphorothioate derivatives were tested for their in vitro inhibitory potential
against acetylcholinesterase (AChE). One compound, CdlLi-dPS (median lethal concentration
(LCs,) = 0.8 ppm), was four times more efficient compared to an important commercial larvicide,
Temephos (LCs, = 3.2 ppm), and showed greater AChE inhibition than its monosubstituted

analogue and Temephos.
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Introduction

The female Aedes aegypti mosquito is the main arbovirus
vector responsible for three neglected tropical diseases
(NTDs): dengue, chikungunya and zika. These diseases pose
a serious public health problem that endangers billions of
people, mainly in tropical and subtropical regions. Globally,
the number of dengue cases has increased drastically in the
last decades, causing alarm about the risk of infection.!?
Climate change and resistance to synthetic pesticides are
indicated as the main causes of the high dengue burden in
developed and third world countries. There are currently no
efficient antiviral drugs or vaccines to combat these diseases,
so the main strategy for control focuses on preventing the
vector proliferation.>* This situation has attracted intense
investigations of the development of natural pesticides with
higher efficiency and lower toxicity.*

*e-mail: selma@ufc.br

Among the strategies adopted, most chemical
insecticides attack adult mosquitoes or their larval stages.>’
The reduction of the mosquito population is easier in
immature stages (larva or pupa).® Most soluble pesticides
are organophosphates that inhibit the enzyme, causing
paralysis and then death of larvae.’ But, because of the
toxic potential of these synthetic insecticides on humans
and the environment, bioinsecticides with specific action
on larvae have been proposed as viable alternatives to
control arbovirus vectors.>®! Among natural bioactive
compounds, some essential oils are potential larvicides
against Aedes aegypti.3'®!! Tropical plants are a source of
bioactive organic compounds with larvicidal properties.
Some studies'*'* have mentioned cashew nut shell liquid
(CNSL), a dark viscous oil rich in phenolic compounds,
as a cheap and efficient larvicide.

CNSL (Figure 1) is a natural source of phenolic
lipids that contain an alkyl side chain of fifteen carbons
(C15), that can be saturated or present mono, di, and tri
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unsaturation without conjugation and cis stereochemistry.
Each component of CNSL is obtained as a mixture of all
homologues and the chemical composition depends on the
extraction method. Natural CNSL is mainly composed of
anacardic acid (65%), along with cardol, cardanol, and
2-methylcardol, which are extracted by solvent or cold
pressing. CNSL is also obtained in high quantities as
a byproduct of cashew nut industrial processing.'? The
elevated temperatures employed (>180 °C) lead to the
decarboxylation of anacardic acid, resulting in technical
CNSL, mainly composed of cardanol (65%) and cardol
(20%)'15,16
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Figure 1. Cashew nut shell liquid (CNSL) and its main constituents.

Previously, we published a study'® on CNSL constituents
larvicidal activity, and cardol exhibited the best results.
Aiming to improve this activity and inspired by the structure
of commercial organophosphorus larvicides, in this work
we synthesized phosphate and phosphorothioate derivatives
of cardol and evaluated their efficiency and mode of action
as larvicides and acetylcholinesterase (AChE) inhibitors of
Aedes aegypti, for vector control in still water.

Experimental

Technical CNSL was supplied by Améndoas do Brasil
(Fortaleza, Brazil). Reagents and solvents were supplied by
Sigma-Aldrich (Campo Grande, Brazil) and Vetec Quimica
(Campo Grande, Brazil). Cardol and thiophosphorylated
compound were analyzed by gas chromatography-mass
spectrometry (GC-MS) on a Hewlet-Packard Model 5971
using a (5%-phenyl)-methylpolysiloxane DB-5 capillary
column (30 m x 0.25 mm) with film thickness 0.1 mm;
carrier gas helium, flow rate 1 mL min"' with split mode.
The injector temperature and detector temperature were
250 and 200 °C, respectively. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance DRX-
500 (300 MHz for 'H and 121 MHz for *'P NMR) using
CDCl; as solvent for phosphorylated cardol derivatives
and acetone-d, for cardol. Column chromatography was
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run using silica gel 60 (70-230 mesh, Vetec), while thin
layer chromatography (TLC) was conducted on precoated
silica gel polyester sheets (Kieselgel 60 F254, 0.20 mm,
Merck). Compounds were detected by spraying with
vanillin-perchloric acid-EtOH solution, followed by heating
at 120 °C. Aedes aegypti larvae (Rockefeller strain) were
provided by NUVET (Ntcleo de Controle de Vetores e
Endemias).

Isolation and purification of cardol from CNSL

Cardol (6 g), a viscous dark-brownish oil, was isolated
from technical CNSL (45 g), by a methodology previously
published,"” with few modifications-through silica gel
column chromatography eluted with a stepwise gradient of
n-hexane/ethyl acetate (from 9:1 to 7:3 v/v). The fractions
were analyzed through thin layer chromatography (TLC) and
the plates were revealed in vanillin solution. The material was
rotoeveporated under low pressure to remove the solvents and
the viscous oil obtained was characterized by GC-MS and
"H NMR. The GC-MS analysis (Figure S1, Supplementary
Information (SI) section) showed a main peak in 37.402 min
corresponding to cardol. The retention time at 37.402 and
37.534 min were attributed to triene (66.6%) and diene cardol
(33.3%), respectively. Monoene and saturated cardol could
not be seen in the analysis due to its low amount in the sample
(< 0.1%). Figures S2 and S3 (SI section) exhibit triene and
diene cardol mass spectra, respectively.

Cardol

'HNMR (300 MHz, acetone-d,) 6 0.84 (t, 3H, J 7.2 Hz,
CH,), 1.25 (m, 18H, CH,), 1.49 (m, 2H, CH,), 1.99 (m,
2H, CH,), 2.36 (t, 2H, J 7.5 Hz, CH,), 2.72 (m, 4H, CH,),
4.5-5.9 (m, 6H, CH), 6.01 (s, 1H, CH), 6.05 (s, 2H, CH);
m/z 314 [M*] and m/z 316 [M*].

Synthesis of cardol di phosphates and phosphorothioates

The monosubstituted and disubstituted organophosphate
larvicides were prepared according to the procedure
previously described by our group.'" The synthesis of
organophosphate/phosphorothioate larvicides is shown in
Scheme 1.

Synthesis of cardol mono phosphates and phosphorothioates

One mmol of diethyl chlorophosphate or diethyl
chlorothiophosphate was added, at room temperature, to a
solution of cardol (314 mg; 1 mmol) and potassium carbonate
(138 mg; 1 mmol) in acetone (15 mL). The mixture was
magnetically stirred under reflux temperature for 4 h. After
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Scheme 1. Diagram of the synthesis of the organophosphate larvicides from cardol.

this period, brine (40 mL) was added and the resultant
solution was extracted with ethyl acetate (3 x 40 mL). The
removal of the solvent left an oily residue, which was then
purified by column chromatography on silica gel (hexane/
ethyl acetate 5:5) to obtain the desired products 1 or 2, both
yellowish oils. The products were characterized by NMR
("H and *'P) and GC-MS showed the triene homologue as
the molecular-ion peak for both compounds, however, there
is still the presence of the other homologues.

Compound 1

160.14 mg, 51%; '"HNMR (300 MHz, CDCl,) 6 0.92 (t,
3H,J 7.5 Hz, CH,), 1.32 (m, 21H, CH,, -P-O—-CH,—CH,),
1.56 (m, 2H, CH,), 2.06 (m, 2H, CH,), 2.50 (t,2H, J 7.5 Hz,
CH,), 2.82 (m, 4H, CH,), 4.21 (m, 4H, P-O-CH,—-CH,),
5.38 (m, 6H, CH), 6.46 (s, 1H, CH), 6.51 (s, 1H, CH),
6.79 (s, 1H, CH); *'P NMR (121 MHz, CDCl;) —6.2 ppm;
GC-MS m/z [M*]: 450.

Compound 2

194.68 mg, 62%; 'H NMR (300 MHz, CDCI,) 6 0.92 (t,
3H, J 7.5 Hz, CH,), 1.37 (m, 20H, CH,, -P-O-CH,—CH,),
1.58 (m, 2H, CH,), 2.05 (m, 2H, CH,), 2.53 (t,2H, J 7.5 Hz,
CH,), 2.82 (m, 4H, CH,), 4.24 (m, 4H, P-O—CH,—CH,),
5.02-5.84 (m, 6H, CH), 6.51 (s, 1H, CH), 6.55 (s, 1H, CH);
6.59 (s, 1H, CH); *'P NMR (121 MHz, CDCl,) 64.6 ppm;
GC-MS m/z [M*]: 466.

Synthesis of cardol di phosphates and phosphorothioates

The procedure for diphosphorylation of cardol was the
same as mentioned above; the only modifications were the
stoichiometric ratio and reaction time. Two mmol of diethyl
chlorophosphate or diethyl chlorothiophosphate were
added, at room temperature, to a solution of cardol (314 mg;
1 mmol) and potassium carbonate (276 mg; 1 mmol) in
acetone (15 mL). The mixture was magnetically stirred
under reflux temperature for 6 h. After this period, brine
(40 mL) was added and the resultant solution was extracted
with ethyl acetate (3 x 40 mL). The removal of the solvent
left an oily residue, which was then purified by column

chromatography on silica gel (methanol/ethyl acetate 2:8)
to afford the desired products 3 or 4, both yellowish oils.
The products were characterized by NMR ('H and *'P) and
GC-MS. Due to higher polarity of 4, the triene and diene
homologues are retained in the column and the monoene
appears as the molecular-ion peak (m/z 622 M*).

Compound 3

263.76 mg, 84%; 'H NMR (300 MHz, CDCI,) 6 0.88 (t,
3H,J7.2 Hz,CH,), 1.31 (m, 26H, CH,, -P-O-CH,—CH,),
1.57 (m, 2H, CH,), 2.03 (m, 2H, CH,), 2.55 (t,2H, J 7.5 Hz,
CH,), 2.78 (m, 4H, CH,), 4.19 (m, 8H, P-O-CH,—CH,),
4.94-5.41 (m, 6H, CH), 6.87 (s, 2H, CH), 6.90 (s, 1H,
CH); P NMR (121 MHz, CDCl,) —7.44 ppm; GC-MS
m/z [M*]: 586.

Compound 4

282.60 mg, 90%; 'H NMR (300 MHz, CDCl,) 6 0.90 (t,
3H, J 6.0 Hz, CH,), 1.36 (m, 34H, —-P-O—-CH,—-CH,), 1.56
(m, 2H, CH,), 2.04 (m, 2H, CH,), 2.80 (m, 4H, CH,), 4.22
(m, 8H, P-O—-CH,—CH,), 4.95-5.43 (m, 6H, CH), 6.84 (s,
2H, CH), 6.91 (s, 1H, CH); 3'P NMR (121 MHz, CDCl,)
62.1 ppm; GC-MS m/z [M*]: 622.

Test of larvicidal activity on Aedes aegyptilarvae

The larvicidal activity of monosubstituted (1 and 2) and
disubstituted (3 and 4) organophosphates/phosphorothioates
from cardol was tested on Aedes aegypti. Fifty 3%-instar
larvae were transferred to a 50-mL beaker containing
19.7 mL of water. Before inserting the larvicides in the
water, they were diluted in 0.3 mL of dimethyl sulfoxide
(DMSO), resulting in concentrations of 4, 10, 20, 40, and
100 ppm. A control using 1.5% DMSO/H,O was tested
in parallel. Mortality was recorded after 24 h, and the
number of dead larvae was used to calculate the median
lethal concentration (LCs,). Both organothiophosphate
compounds exhibited promising larvicidal activity
(Figure 2). Triplicates were performed for compounds with
larvicidal effect. The value of LCy, was determined using
the statistical analysis software BioStat 2009.%
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Anticholinesterase activity assay

This assay was performed according to the method
described by Elmann, with adaptations.?’?* Aliquots
of 15 pL of solutions of 2, 4 and commercial larvicide
(Temephos), with concentration of 0.45 mg mL"!, were
spotted on a TLC plate (DC-Alufolien, Silicagel 60 F254,
0.2 mm Merck). After complete evaporation of the solvent,
amixture (1:1) of acetylcholine iodide (ATCI) 1 mmol L"!
was sprayed with the Ellman reagent (5,5 -dithiobis-
(2-nitrobenzoic acid, DTNB, 1 mmol L") and left standing
for 3 min for drying. The enzyme acetylcholinesterase
(10 U mL"") was then sprayed. After 10 min, a yellow
color appeared as a result of the thio anion formation
from the reaction of the enzymatic hydrolysis of the
substrate with DTNB. The inhibition of the enzyme
leads to the formation of a white halo around the spots
where the larvicides were applied. As positive control,
an anticholinesterase compound called Eserin was used
at 30 mg mL.

Results and Discussion

Synthesis of cardol-derived phosphates and
phosphorothioates

Organophosphates are well known for inhibiting
acetylcholinesterase (AChE), a crucial enzyme for all living
beings, responsible for the passage of impulses between
neurons. Neurotoxic compounds like organophosphates
hydrolyze acetylcholine, foreclosing the neural excitement,
leading to paralysis and then death of the larvae. Temephos,
a commercial organophosphorus larvicide, was used as
AChE inhibitor. However, the emergence of resistant strains
has led to a search for new biopesticides.?***

Previous works" have used cardol, a natural phenol
obtained from CNSL, which presented good larvicidal
activity. In order to improve this activity, we inserted
phosphate and phosphorothioate groups to cardol’s
structure, resulting in four compounds, exhibited in Table 1.

Larvicidal bioassay

Aedes aegypti is a mosquito that breeds in still water,
depositing its eggs to hatch, restarting the cycle. The larval
stage is an attractive target due to the easy absorption of
compounds dissolved in water.”

Many commercial pesticides are applied in water
bodies, but they can endanger human and animal health.
Pesticides derived from natural sources are attractive due
to low cytotoxicity.?
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Phenolic compounds present a wide range of biological
properties, including larvicidal activity.” Lomonaco et al."?
evaluated the effect of industrial CNSL and its main
components (cardanol and cardol) as larvicidal agents
against Aedes aegypti. Cardol presented the lowest LCs,
values.

Four compounds were synthesized from cardol,
two mono and di phosphorylates and two mono and
diphosphorothioates. Table 2 shows that the phosphorylation
of cardol increases the LCs,to over 100 ppm, so it is
unsuitable for insecticidal applications. On the other
hand, among the organophosphorothioate compounds, we
highlight 4 (LC,, = 0.8 = 0.3 ppm), which is four times
more efficient than the commercial larvicide, Temephos
(LCs, = 3.2 ppm).

Phosphate-derivative larvicides exhibit better
acetylcholinesterase inhibition, nonetheless, the higher
lipophilicity of the parathion (—P=S, logP,,, = 3.0), in
relation to the paraoxon (—P=0, logP,,,= 1.6), facilitate the
penetration of phosphorothioates into the cell compared to
phosphates.”” Once inside the cell, the phosphorothioates
are readily oxidized to phosphates by the cytochrome P450
(CYP), responsible for the activation or deactivation of
many therapeutic compounds and toxins*?* (Scheme 2).
This explain the excellent larvicidal activity of compound 4.

The unsaturation of the side chain of cardol also plays an
important role in its larvicidal activity. We synthesized the
saturated cardol diphosphorothioates (5), which presented
LC,, = 11.7 ppm. This value is 14 times higher than that
of 4. Kanyaboon et al.*® studied the effect of CNSL-
derived phenolic compounds on dengue virus inhibition.
They reported that triene compounds had the best results,
followed by dienes, monoenes, and saturated ones. The
high degree of unsaturation increases the interaction with
transmembrane proteins of the cell membrane, thus, leading
to high quantities of larvicide inside the cell.

Morphological alterations

Figure 2 depicts the morphological alterations observed
after larval exposure to technical CNSL, cardol, and 4. After
24 h of exposure to the biolarvicides, all larvae presented
changes in their external structures. Compared to the control
group (Figure 2a), technical CNSL (Figure 2b) caused total
destruction of larvae’s internal structure. Cardol (Figure 2c)
exposure caused loss of bristles and shrinking of the
exoskeleton. The cardol-derived 4 (Figure 2d) paralyzed
the larvae after 1 h of contact, leading to hardening and
contraction of the exoskeleton in 24 h.

The development of new biolarvicides focuses on
higher efficiency and less toxicity, thus reducing the
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Table 1. Structure, [IUPAC name, and abbreviation of cardol-derived organophosphates and organophosphorothioates

Structure TUPAC nomenclature Abbreviation
O)C *
1
O/Pig/\CHs 0,0-diethyl-O-(3-hydroxy-5-((8Z,11Z)-pentadec- Cdl.i-mP
O/@\C 8,11,14-trienyl)-phenyl)phosphate (1)
H 15H 25.31
Oj -
1
CH, o CH 0,0,0’,0’-tetraethyl 0,0’-(5-((8Z,11Z)-pentadec- Cdli-dP
Ko S 8,11,14-trienyl)-1,3-phenylen)diphosphate A3)
Oy
HSC/\O/ C1 5H 25-31
O)C *
| . .
O/Pé\cs)/\CHs 0,0-diethyl-O-(3-hydroxy-5-((8Z,11Z)-pentadec- Cdl.i-mPS

8,11,14-trienyl)phenyl)phosphorothioate 2)

S 0,0,0’,0’-tetraethyl 0,0°-5-((8Z,11Z)-pentadec- )
O/P<O/\CH3 8,11,14-trienyl)- CdLi-dPS

(1,3-phenylen)diphosphorothioate “@

H3 C1 5H 25-31
O)C N
LS

CH, o \O/\CH3 0,0,0’,0’-tetraethyl O,0’-(5-pentadecyl)- Cdl.s-dPS

ko (1,3-phenylen)diphosphorothioate (5)

>

H:¢” 0" O 15Ha1
Table 2. LC,, of industrial CNSL, cardanol, cardol and cardol-derived Phosphorothioate Phosphate
phosphates and phosphorothioates
S\ %——O 0]
— \ / N
Larvicide LC,,/ ppm }3\—X /p_x /P\—X
- \
Technical CNSL 51.02 +0.62" R/ R, Cyp R/ R, Cyp R/ R,
Cardanol 28.90 = 0.36" . . . . .
Cardol 1490 + 0,627 Highest lipophilicity Lowest lipophilicity
1 > 100 Long/o=3'0 LOng/0=1.6
3 > 100 S . .
Scheme 2. Enzymatic oxidation mechanism of parathion to paraoxon by

2 9.2+ 041 cytochrome P450 (CYP).
4 0.8 =0.30°
Cdls-dPS (5) 11.7£0.35 dependence on expensive and toxic pesticides. Figure 3
Temephos® 3.2

- - - - — shows the larval mortality due to contact with cardol-
*Compound 4 is four times more efficient than the commercial larvicide derived hosbh hi Al . 1 I
Temephos; LCs,: median lethal concentration; CNSL: cashew nut shell erived organophosphorothioates. A large increase ot larva
liquid. mortality could be observed, even at low concentrations
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Figure 2. Morphology of Aedes aegypti larvae (a) control; (b) technical
CNSL; (c) cardol and (d) 4.
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Figure 3. Larval mortality from different concentrations of
organophosphorothioates.

for all organothiophosphorylated compounds, especially 4,
which killed more than 85% of larvae at 4 ppm. The
maximum efficiency was observed at 20 ppm for 4,
followed by 5 at 40 ppm, and 2 and cardol at 100 ppm.

Mode of action

Organophosphorus larvicides inhibit the action of
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acetylcholinesterase (AChE), an enzyme located primarily
in the central nervous system of the entire animal kingdom,
including insects, and widely distributed in excitable
membranes of nerves and muscles. AChE works at the
neural synapse, and once inhibited, it will no longer be able
to hydrolyze the neurotransmitter acetylcholine (ACh) into
acetate and choline, leading to a series of neurotoxic effects,
collapse of the central nervous system and consequently
death of the insect.??!

According to Lopez and Fernandez-Bolanos,’ the
reaction between ACh and AChE takes place in three stages,
as shown in Scheme 3: (1) formation of the Michaelis
complex between the substrate, acetylcholine and AChE;
(2) acetylation of the enzyme and formation of choline;
and (3) hydrolysis of the acetylated enzyme to yield free
enzyme and acetic acid (Scheme 3).

Inhibition of acetylcholinesterase occurs analogously
through phosphorylation reaction. A covalent bond is
formed between the hydroxyl group from the serine moiety
of the enzyme’s active site and the organophosphates,
resulting in an excess of ACh. The O—P bond formed is
highly stable, precluding ACh from interacting with AChE
(Scheme 4).%

AChHE inhibition test

The AChE inhibition test used Sclerin, a drug with
anticholinesterase activity, as positive control. Inactivation of
the enzyme, which may occur with organophosphates, such
as Temephos, leads to the accumulation of acetylcholine,
causing a series of neurological effects.’*3!

The formation of a white halo (Ellman method) around
the spots in TLC plates is an indication of AChE inhibition.
The diameter of the halos (cm) was compared with the
positive pattern of Eserina. As shown in Table 3, 4 had the
largest diameter (1.1 cm), followed by Temephos (1 cm)
and 2 (0.9 cm). 4 was the closest to Eserin (1.5 cm), thus the
most efficient. The anticholinesterase activity of technical
CNLS derivatives, studied previously by Oliveira et al.,*
showed that cardol and cardanol presented halo diameters
of 1.2 and 0.8 cm, respectively.

(0]
~Ne
~o.~ )k ______ D N
)ko/\/N\ + AChE O/\/N ACHE ——s ACENZ + 116 N\~
(3)1H20
(0]

Scheme 3. ACh hydrolysis of AChE.

)L + ACHE
OH
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Scheme 4. Acetylcholinesterase (AChE) phosphorylation process.

Table 3. Halo diameter of the larvicides with AChE inhibition

AChE inhibitor Result Diameter of halos / cm
2 positive 0.9
4 positive? 1.1#
Temephos positive 1.0
Eserina positive 1.5

*Compound 4 had the largest diameter; AChE: acetylcholinesterase.

Despite cardol’s highest AChE inhibition in vitro, 4
has better interaction with the cell membrane, thus acting
faster and more efficiently in vivo. This action is seen in the
larvicidal test, where the cardol LCs, (14.2 ppm) is almost
18 times higher than that of 4 (0.8 ppm).

Conclusions

The larvicidal activity of organophosphorothioates
against Aedes aegypti can be attributed to inhibition of the
enzyme acetylcholinesterase (AChE). Two of the cardol-
derivatives presented excellent activities, 2 and 4. We did
not test the phosphate derivatives due to high LCs, values,
once the presence of the sulfur atom is fundamental for cell
membrane permeation and improved larvicidal activity, as
demonstrated in Scheme 2. The presence of unsaturations
in cardol’s side chain increases the efficiency against
Aedes aegypti larvae, since the saturated derivative (5)
presented a LCy, value 14 times higher than the unsaturated
analogue 4 (LC,,= 0.8 ppm). Alterations in larvae’s
external structure were observed after 24 h of exposure
to the biolarvicides. 4 killed more than 85% of larvae at
4 ppm, the lowest concentration tested, and had the highest
inhibition of AChE, compared to 2 and the commercial
larvicide Temephos, in the Ellman test. Therefore, 4 could
be considered a promising acetylcholinesterase inhibitor
larvicide for dengue vector control.

Supplementary Information

Supplementary information (mass spectra GC-MS
and 'H NMR for cardol, Cdl.i-mP (1), Cdl.i-dP (3),

support; Améndoas do Brasil, for providing CNSL;
CENAUREMN (Centro Nordestino de Aplicacio e Uso da
RMN, Fortaleza-CE) for the NMR analyses and; NUVET
(Ntcleo de Controle de Vetores e Endemias).
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