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Cinnamaldehyde and related
phenylpropanoids, natural repellents, and
insecticides against Sitophilus zeamais
(Motsch.). A chemical structure-bioactivity
relationship
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Abstract

BACKGROUND: The insecticidal and repellent effects on adult Sitophilus zeamais of 12 cinnamaldehyde-related compounds was
evaluated by contact toxicity bioassays and a two-choice olfactometer. To determine non-toxicity in mammals, body weight,
serum biochemical profiles, liver weight, physiological parameters, sperm motility, and histopathological data were obtained
as complementary information in C57BL/6 mice treated with the best natural compound.

RESULTS: Based on 24 h LC,; and LC,, values, a-methyl-cinnamaldehyde and cinnamaldehyde exhibited better insecticidal
action than the other compounds. The best repellent effect was observed with a-bromo-cinnamaldehyde, which even repelled at
the lowest concentration studied (0.28 pmol L~"). The evaluation of a quantitative structure-activity relationship found a linear
relationship between the LC;, values for adult weevil toxicity and dipolo with Q values (giving the difference between orbital
electronegativity carbon 1 and orbital electronegativity carbon 3 of the molecule) in cinnamaldehyde-related compounds. The
polar surface and Log P descriptors also revealed a linear relationship with the S. zeamais repellent effect for cinnamaldehyde
analogues. Cinnamaldehyde did not show toxicity in the parameters evaluated in mice.

CONCLUSION: From the phenylpropanoid components studied, the natural compound that had the best insecticidal and
repellent action against S. zeamais was cinnamaldehyde. It presented no mammalian toxicity.
© 2018 Society of Chemical Industry

Keywords: Cinnamaldehyde-related structures; insecticidal property; quantitative structure-activity relationship; repellent effect;
Sitophilus zeamais
|

INTRODUCTION

The food production chain can involve different regions of the
same country or extend to several countries. Production begins in
the harvest areas; then the food is distributed to storage centers,
then businesses, and then it is sold. Cereals are one of the main

agricultural purposes is limited.* Thus, by reducing contamination,
insect reproduction and its dispersion through the cereals food

* Correspondence to: MP Zunino, Instituto de Ciencias y Tecnologia de
los Alimentos (ICTA). Facultad de Ciencias Exactas, Fisicas y Naturales,

groups of food. The use of corn kernels varies according to the
different regions of the world and is linked to regional industries
and food habits. In South America, 74.9% is used for livestock feed,
while in Africa, 65.4% is part of the pubic diet." Throughout the
process mentioned above, the exposure of kernels to insects is
the principal reason for contamination and dispersion of pests.? In
fact, pest infestation has negative consequences that go beyond
financial losses, because customers and suppliers form a negative
image of the products.?

Another problem associated with the deterioration of grains is
the growth in the world population, which is predicted to increase
30% by 2050. Such growth will increase global populations, result-
ing in an increased demand for food. However, land suitable for
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chain would produce better grain yields and prevent more land
from being cultivated.

Nowadays, pest control is carried out with the use of synthetic
pesticides but some of these have restrictions on their use at dif-
ferent stages of the food chain. For example, in Argentina, national
law 27262 (SENASA) prohibits the application of phosphine in
transportation. In California, the Department of Pesticide Regula-
tion listed phosphine and phosphine-generating compounds as
toxic air contaminants.® In India and Europe, phosphine is used to
control insects in places where food is stored.5”

Some synthetic pesticides are consequently being phased out,
such as methyl bromide.2 Moreover, their excessive use has led
to the growth of resistant insect populations,®'® which in turn
require an increased dosage to achieve an effective control. Hence,
there is a need to develop alternative insecticides or new meth-
ods to control insects in the food supply chain. Essential oils and
their main components are considered to be ‘generally recognized
as safe’ (GRAS) substances and could be an effective alternative
for insect control as they are molecules that have less impact on
human health and they are environmentally friendly."'. However,
some essential oils components have been reported to bind to
ionotropic GABA receptors in human and rodents; others have
been reported to cause allergic airway inflammation'>'* and to
have toxic effects at the cellular level.' Even though these com-
pounds are considered safe, there is a need for more mammalian
toxicity data on essential oils and their compounds used as biopes-
ticides to confirm their safety.

Previous studies have demonstrated strong insecticidal action
of essential oils against adult Sitophilus zeamais.”>~'® Among
the components of essential oils, the benzene derivatives have
revealed high insecticidal and repellent action.’®?° Different fac-
tors could be related to the toxic action of phenylpropanoids, such
as the distance of the double bond in the side chain in respect
to the aromatic ring;?° LogP values and their relation with cutic-
ular penetration; the polarizability of the molecule; the presence
of carbonyl groups and their interactions with the GABA recep-
tor; and the inhibition of AChE activity.?’ Comparison of toxic-
ity values could reveal the potential for structurally dependent
toxicity. The connection between toxic effects and the molecu-
lar structure of phenylpropanoid analogues can be studied using
quantitative structure activity relationship (QSAR) analyses, which
correlate chemical structure with well defined processes, such as
biological activity. However, to date, there is no information about
the molecular features that confer a greater repellency to phenyl-
propanoid analogues.

Although more than 37 insect species have been reported as
being pests associated with stored maize,'® Sitophilus zeamais is
the most important one in pre-harvest field drying, transport,
and storage in South America,?? and in the eastern and southern
African region.? Although a number of recent investigations have
shown the effectiveness of phenylpropanoids as insecticides or
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repellents of insects associated with stored products,'824-%" the
main objective of this study was to determine which molecular
aspects of phenylpropanoids are linked with the insecticidal and
repellent actions on Sitophilus zeamais, and to evaluate acute
toxicological effects in C57BL/6 mice of the best phenylpropanoid
compound in vivo, as a starting point for the development of a new
green pesticide.

MATERIALS AND METHODS
Insects
Adults of Sitophilus zeamais Motschulsky (Curculionidae,

Coleoptera) were raised in the laboratory under controlled condi-
tions (total darkness, 28 + 2 °C and 65 + 5% relative humidity) on
insecticide-free maize grains obtained from the breeding program
of EEA-Manfredi INTA, Cordoba, Argentina. Unsexed adult insects
of about 2-4 weeks old were used in the toxicity and repellent
studies.

Tested compounds

Cinnamic acid (12) ((E)-3-phenylprop-2-enoic acid), ferulic acid
(9) ((2E)-3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid), cin-
namaldehyde (3) ((2E)-3-phenyl-2-propenal), cinnamamide (4)
((2E)-3-phenylprop-2-enamide), a-methyl-trans-cinnamaldehyde
(7) ((2E)-2-methyl-3-phenyl-2-propenal), trans-p-metoxy-cinnama-
Idehyde (5) ((2E)- 3-(4-methoxyphenyl)-2-propenal, a-bromo
cinnamaldehyde (1) ((2E)- 3-bromo-3-phenyl- 2-propenal, 4-
phenyl-3-buten-2-one (2), eugenol (6) (4-Allyl-2-methoxyphenol),
isoeugenol (8) (2-methoxy-4-[(1E)-1-propen-1-yllphenol), anet-
hole (11)  (1-methoxy-4-[(1E)-1-propen-1-yllbenzene) and
estragole (10) (methyl chavicol) (1-allyl-4-methoxybenzene)
were tested for their contact toxicity and repellent/attraction
activity (Fig.1). All compounds (>95%) were purchased from
Sigma-Aldrich (Buenos Aires, Argentina).

Bioassays

Contact toxicity

The insecticidal action of phenylpropanoids and their analogues
against the adults of S. zeamais was evaluated with a contact
application assay. First, the compounds were diluted with acetone
following a serial dilution, and 0.6 mL aliquots of these were
applied to a filter paper disc (9cm) on the bottom of a glass
petri dish. Prior to the introduction of adult insects, the acetone
was evaporated for 2 min. Groups of ten insects were used for
each treatment and controls, with acetone alone being used
in controls. The petri dishes were used in a breeding chamber
with a temperature of 27 +2°C and 65% relative humidity in
total darkness. Each concentration and control was replicated
five times, and the bioassay was repeated twice. Mortality was
determined after 24 h from the beginning of exposure.? Then, the
LC,, and LCy; (lethal concentration 50% and 95%, respectively)
values were calculated using probit analysis. Data were considered
to be significant at P < 0.05 .2>28 Finally, chlorpyrifos was used as a
reference compound (positive control).

Repellent/attraction action

Therepellent/attraction action of phenylpropanoids and their ana-
logues against adults of S. zeamais was studied using a bioassay
system consisting of a two-choice olfactometer according to Her-
rera et al.’”® A solution of the compounds (treatments) or acetone
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Figure 1. Structure of phenylpropanoids studied. Names of the molecules
presented: 1) a-brome cinnamaldehyde; 2) 4-phenyl-3-buten-2one; 3)
cinnamaldehyde; 4) cinnamamide; 5) para-methoxy cinnamaldehyde; 6)
eugenol; 7) a-methyl cinnamaldehyde; 8) isoeugenol; 9) ferulic acid; 10)
estragole or methyl chavicol; 11) anethole; 12) cinnamic acid.

(control) was added to a filter paper of 2 cm diameter, which was
placed in each flask. Twenty unsexed adult maize weevils were
introduced into the olfactomer, with the position of the flasks
being randomly changed at every replication to avoid any possi-
ble influence of internal or external circumstances. Both the con-
trol and treatments were performed in duplicate and repeated five
times. The response index (RI) (%) was calculated using the follow-
ing formula: Rl = [(T — C)/Tot] x 100, where T is number of insects
responding to the treatment, C is number of insects responding
to the control, and Tot is the total number of insects released.?®
Attraction is indicated with positive values of RI, whereas repel-
lence is shown by negative values. The positive control used for
the repellent effect was propionic acid.>®

Quantitative structure activity relationship (QSAR) analysis

The selection of descriptors is an essential step for determin-
ing which molecular characteristics correlated with toxic effects
or repellent activity. Here, geometrical, thermodynamic, elec-
trostatic, constitutional, and topological descriptors were used
in the QSAR analysis. Specifically, these were: density, boiling
point, enthalpy of vaporization, refraction index, molar refractiv-
ity, hydrogen bond acceptors, hydrogen bond donors, freely rotat-
ing bonds, Log P, Log D pH5.5, Log D pH 7.4, polar surface area,
polarizability, surface tension, molar volume, molecular refractiv-
ity, molecular surface area, pi energy (Huckel analysis), Dreiding
energy, volume, minimal projection area, maximal projection area,
orbital electronegativity, Mulliken charges, Van der Waals COSMO
solvation H,O, orbital electronegativity, dipolo, fractional partial
negatively charged surface area (FNSA),?! Latt index, Randic index,
Balaban index, Harary index, Winner index, Hyper Wiener index,

Wiener polarity, and Szeged index. The difference between the
orbital electronegativity of carbon one and three of the propenyl
chain was also used as descriptor Q (Table 1).

The molecular modeling program CS Chem3D 3.5.1 was used
to draw the phenylpronoids and their analogue molecules, and
this was also used to determine the optimal conformers with the
lowest energy of these compounds. The molecular descriptors
were obtained using the Chemspider, ACD Laboratories, MOL
Inspiration, ChemAxon, and Cambridge Soft software packages.
The QSAR models were calculated from the best multiple lineal
regression analysis (MLR) and revealed which constitutional fea-
tures had a relevant role in insecticidal action or repellent effects
against Sitophilus zeamais. The tested LC,, and Rl values were
transformed into Log 1/(LC,,/1000) and Log 1/(RI/1000), respec-
tively, and were used as dependent variables in the QSAR studies.
These models were validated using the root mean square predic-
tion error (RMSPE) obtained by the cross-validation leave-one-out
procedure.

In the MLR equations, N is the number of data points, r is the
coefficient of correlation between the observed values of the
dependent variable and the values calculated from the equation,
and r? is the square of the correlation coefficient and represents
the goodness of fit. Results with P values < 0.05 were considered
to be significant. InfoStat Professional 2010p software was used
for the statistical analyses.?'

Toxicity

Animals: mice

The animals were treated gently to reduce distress. Every effort
was made to avoid any unnecessary suffering and the experi-
mental procedure was carried out in strict compliance with the
US National Institutes of Health guidelines for the experimental
use of animals.3> C57BL/6 male mice (8 weeks old, n=6-10)
were maintained in a specific pathogen-free facility under a 12
h light/dark cycle, at a constant temperature (25 °C) and at 50%
relative humidity.

Acute toxicity

The phenylpropanoid selected to check the acute toxicity was
cinnamaldehyde (Cinn). It is a natural product widely used in
food and beverages, and many pesticides/repellents contain it.3
Cinnamaldehyde showed one of the best repellent and insecticide
values in this research.

The toxicity studies were based on the guidelines of the
Organization for Economic Cooperation and Development
(OECD-guidelines 423 and 407)3* with minor modifications.
According to OECD 423, the method does not aim to enable
the calculation of a precise median lethal dose (LDs,) but, rather,
allows for an assessment of the ranking of the test substance in one
of a series of classes defined by toxicity LD, values. Animals in the
test group received a single dose of 2000 mg kg~' of cinnamalde-
hyde, dissolved in edible sunflower oil (100 pL), by gavage. The
control group received only sunflower oil by gavage. After that,
animals were observed 24 h after the treatment and were then
sacrificed. Death, occurrence of tremors, convulsions, abdominal
contortions, locomotion, salivation, diarrhea, and lethargy were
considered. Body weight, drink intake, fecal material (pellets,
gr) of the animals and the food consumption were monitored.
Blood was collected from the cardiac puncture in tubes with the
anticoagulant ethylenediamine-tetraacetate (EDTA). The blood
was used for the assessment of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) action, ALKkP, direct bilirubin
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Table 2. Contact toxicity of phenylpropanoids against S. zeamais after 24 h of exposure

Phenylpropanoids LCs (95% CL) (ngcm~2) LCys (95% CL) (ngcm~2) Slope + SEM el
cinnamaldehyde 51.7 (32.8-73.3) 222.3(135.3-720.1) 26+0.3 4.22
a-methyl-trans-cinnamaldehyde 56.5 (54.3-59.9) 70.4 (65.9-85.7) 17.2+2.2 2.58
a-bromo-cinnamaldehyde 67.1(51.8-96.2) 378.0(214.6-1064.7) 0.2+0.1 0.48
4-phenyl-3-buten-2-one 69.8 (53.4-85.3) 295.3(208.7-568.2) 26+0.5 0.17
estragole 76.1(24.4-137.9) 580.9 (257.9-18 020) 1.9+0.3 6.70
eugenol 186.2 (128.1-301.5) 3308.5(1282.5-26877) 1.3+03 0.16
anethole 324.6 (252.2-430.9) 795.6 (623.5-1186.8) 6.5+ 0.001 27.38
cinnamic acid >500

ferulic acid >500

cinnamamide >500

Isoeugenol >500

trans-p-methoxy cinnamaldehyde >500

chlorpyrifos (+control) 1.2(1.0-1.5) 29(.1-5.9) 42+0.8 0.1

control.

Chi-square values significant at P < 0.05. LC5: lethal concentration 50; LCqs: lethal concentration 95; 95% CL: confidence limits; (+ control): positive

can be seen in Table 2. The introduction of an hydroxyl functional
group in cinnamaldehyde was reported to decrease its contact
insecticidal action clearly on S. oryzae®*.

A notable feature of our findings is the difference between
eugenol and isoeugenol with LCy, values of 186 and
> 500 ug cm2, respectively, despite these compounds only
differing in the position of the double bond on the alkenyl
group (positional isomers). Similarly, between estragole
(LCs, =76.1pgcm™2) and its positional isomer, anethole
(LC5, = 324.6 pg cm~2), estragole was the more toxic, and had a
carbon/carbon double bond in the terminal part of the propenyl,
as observed in eugenol.’” Thus it can be hypothesized that there is
a better interaction between the propenyl chain and the molecule
target when the double carbon-carbon bond is located at the ter-
minal end of the phenylpropanoid.®® In a previous study, estragole
showed a larger toxic effect than anethol on the AChE activity of
S. oryzae, an enzyme related to insecticidal action.?®

The introduction of methoxy or phenol groups in the phenyl
structure of molecules without an alpha, beta-unsaturated car-
bonyl group (for example, eugenol, anethole and isoeugenol) had
a negative effect on the insecticidal action (Table 2). This finding
is consistent with the idea of a steric problem present in the inter-
action between bioactive compounds and their targets. On the
other hand, the low bioactivity of cinnamic acid may be explained
by the fact that among the alpha, beta-unsaturated cinnamic
acids the Michael addition is greatly decreased by the absence
of hydroxyl substituents on the aromatic rings,®#*° while the
introduction of a methoxy group along with a hydroxyl group in
ferulic acid produces an antagonistic effect, and thus significantly
decreases its insecticidal action (Table 2). Finally, cinnamamide
revealed a low toxic effect against S. zeamais (Table 2), whereas an
opposite effect was shown on S. oryzae.?*

Effects on behavior, attraction/repellent actions

Although the use of chemicals with stronger repellent prop-
erties might reduce the development of resistance among
storage-insect pests, the large diversity of storage-insect pests
could result in variations in the responses to the same chemical.
Taking this into account, a large number of different essential
oils and their components were tested for repellence against

storage-insect pests.'*1 =% In previous reports, anethol, estragole,
and eugenol have been shown to have repellent action against S.
zeamais, although anethole also showed some attractive activity
at low concentrations.**® However, no critical study has been
made of the structural differences occurring in phenylpropanoids
or their relationship with repellent action, and this is important in
order to contribute to the development of new green pesticides.

From our results, similar repellent effects were shown for
a-bromo-cinnamaldehyde; 4-phenyl-3-buten-2-one, cinnamalde-
hyde and trans-p- methoxy-cinnamaldehyde at a dose of
56 umol L= (Rl between —37.9 and —60.7), with cinnamamide
being the least repellent (Table 3). A loss of repellent action
against S. zeamais was observed with a decrease in the dose for
different compounds (with a significance of P < 0.01 for the deter-
mination of correlation coefficient (R?) of log (dose)-response
in linear regression analysis). In fact, at the lowest evaluated
dose (0.28 pmol L"), only a-bromo-cinnamaldehyde registered
a significant repellent action, with a-bromo-cinnamaldeyde and
propionic acid (repellent positive control) having similar Rl values
at all doses (Table 3).

The compound a-methyl-trans-cinnamaldehyde was the only
aldehyde to show an attractive effect at almost every dose
(Table 3). Among phenylpropanoids, those that attracted S. zea-
mais at all doses were estragole and anethole. Finally, ferulic acid,
isoeugenol, cinnamic acid, and eugenol all attracted S. zeamais at
doses up to 28 pmol L=, with all of these presenting a significant
(P < 0.03) log (dose)-response in the linear regression analysis.
The attraction response of these compounds was not important
(< 55%).

QSAR analysis

In a QSAR study it is assumed that there is a connection between
a mathematical function of chemical properties of a set of sim-
ilar molecules with bioactivity. Although some SAR (structural
analysis-relationship) studies on phenylpropanoids-based insec-
ticides have been performed to establish their mechanisms,2#4
there are no QSAR studies of the insecticidal action or repel-
lent effects of these compounds. The structural characteristics of
the molecules involved in these biological properties are thus
still unclear. In the present investigation, different descriptors to
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Table 3. Effects of phenylpropanoids on the attraction / repellence response index (Rl) of S. zeamais

Rl (mean + SEM)

Concentration

propionic acid (repellent positive control) —55.40 + 12.06 2

—38.76 + 13.45 “ab!

Compounds 56 (umol L=1) 28 (umol L=1) 2.8 (umol L=1) 0.28 (umol L=")"
a-bromo-cinnamaldehyde —60.7 + 4.1 "1 —40.4 + 11.3 7201 —35.1+8.1 7012 —185+4.6 P!
4-phenyl-3-buten-2-one —586+7.4" —-356+6.7 —4.5+2.1 34

cinnamaldehyde —49.6+14.3 7 —43.0 +15.2 "ab1 —54+47b3

trans-p-methoxy cinnamaldehyde —37.9+8.1 ™12 —32.1+63"2 —249 442" 16.1 +10.0 4
Cinnamamide —-183 +5.9 23 -189+59" 2.9 +4.4b5%
a-methyl-trans-cinnamaldehyde 22.8+39 7% 29.1 + 45223 274476727 292+11.2%
Eugenol 354+ 7.3 7056 17.8 + 6.6 "2b2 9.4 + 4.1 2456

cinnamic acid 38.1 +6.2 7"b56 27.0 +6.2 7623 33+£13%%

Anethole 39.9+8.0 b6 35.1 82723 32.7 410977 8.1+ 1.5 a3
isoeugenol 43545756 26.0 + 5.2 7b23 6.1 + 3.7 3456

Estragole 49.1 + 48756 29.1 +3.8"7b23 22.8 + 5.1 "ab567 14.1 + 4.6 "234
ferulic acid 53.3+12.27P6 462+ 115703 7.9+ 1323456

—48.50 + 16.46 “2b! —12.20 + 4.18 *b12

*P <0.05.
P <0.01.

Rk

response.

range testat P <0.05 (n =5).

P < 0.001 (significant response to experimental stimulus) T Test paired samples.
"The concentration 0.28 pmol L~ was used to test attraction / repellence only when the compound at 2.8 pmol L~" presented a statically significant

Values that have different letters in the same row and different numbers in the same column are significantly different according to Duncan’s multiple

develop two QSAR models with 12 phenylpropanoid analogues
against storage pest Sitophilus zeamais were used that could
explain their insecticide and repellent activities. The experimen-
tal values of insecticidal action and the repellent effects were then
converted to Log 1/(LDs,/1000) and Log1/(RI56/1000) respectively
for modeling purposes. The attraction / repellence Response Index
at 56 uM L was used in repellent effect (RI56). The optimal models
found are expressed in Eqns (1) and (2):

Log (1/ (LCs,/1000) = — 0.47 (Dipole) + 1 (Q) + 2.62

(insecticidal activity) (1)

N=12,r>=0.94,P =0.0001, RMSPE = 7.6%
Q = (carbon, electronegativity — carbon, electronegativity).

Log (1/RI56/1000) =0.02 (PS) + 0.51 (Log P) + 0.46

(repellent effect) )

N =12,r2=0.82, P = 0.0002, RMSPE = 6.8%

PS = polar surface

The comparison between experimental values and calculated
values according to the optimal QSAR models is shown in Figs 2
and 3. The QSAR models were subjected to validation using
RMSPE = 7.6% for insecticidal action and 6.8% for repellent effect,
and the correlation coefficients were 0.94 and 0.82, respectively.
These results showed that statistically significant QSAR mod-
els (P <0.0002) were capable of representing the relationship
between cinnamaldehyde and related compounds for each bioac-
tivity evaluated.

Good performance as insecticides was prevented by the pres-
ence of hydroxyl or ether groups in the aromatic rings, as shown
using Eqn (1) for the descriptor dipolo, which revealed negative
values. In contrast, the Q descriptor was positively related to the

eq 1. Log 1/(LC50/1000)= -0.47 (dipolo) + 1 (Q) +2.62

. N=12; r2= 0.94; p < 0.0001; RMSPE=7.6%

O
L ]
L]
® Q

209 + "j5
=3
o
o
2

1.79 4
i e
@ o
S

g [ ] log (1/LC50/1000)
148+ O PRED_log (1/LC50/1000)
L]
ee,
e
1.18 T T T 1
1.18 1.48 179 209 239

PRED_Log (1/LC50/1000)

Figure 2. Plot of calculated versus experimental insecticidal action (Log
1/(LC50/1000)) of the 12 phenylpropanoids compounds against S. zeamais.
N is the number of data points, r is the correlation coefficient between
observed values of the dependent variable and the values predicted by the
equation, and r? is the square of the correlation coefficient and represents
the goodness of fit. The obtained quantitative structure-activity relation-
ship (QSAR) model was validated by the root mean square prediction error
(RMSPE), obtained by an across validation leave-one-out procedure.

difference between the orbital electronegativity of carbon one and
carbon three of the propenyl chains (see Fig. 1). This is undoubt-
edly explained by the fact that the a-system of the carbon-carbon
double bond of aldehyde and ketones is intrinsically more
reactive toward nucleophiles than acids or amides,*® while the
simple carbon-carbon double bonds are subject to electrophilic
addition.

The carbonyl groups with a strong polarization due to the pres-
ence of an alpha, beta unsaturated structure showed a toxic action

._________________________________________________________________________|
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240 eq. 2Log (1/RI56/1000)=0.02 (polar surface) + 0.51 (Log P) +0.46
N=12; r2=0.82; p<0.001; RMSPE= 6.8%
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Figure 3. Plot of calculated versus experimental repellent effects (Log
1/(RI156/1000)) of the 12 phenylpropanoids compounds against S. zeamais.
N is the number of data points, r is the correlation coefficient between
observed values of the dependent variable and the values preddicted by
the equation, and r? is the square of the correlation coefficient and repre-
sents the goodness of fit. The obtained quantitative structure—activity rela-
tionship (QSAR) model was validated by the root mean square prediction
error (RMSPE), obtained by an across-validation leave-one-out procedure.
RI56 is the response index at 56 mmol L.

by a 1.4 addition mechanism (known as a Michael-type addition).
However, the structural characteristics of the molecules have a
strong effect on the toxic potency of alpha, beta-unsaturated
carbonyl compounds.’34° The molecular mechanism of these
alpha, beta-unsaturated carbonyl compounds works by addition
on the thiol or amine groups,*® which induces protein alkylation®°
via a carbanion intermediate. It is also hypothesized that an
alpha or beta substitution by a methyl group or bromine atom
of the vinyl carbons could result in a reduction in toxic potency
because the substitution may alter the electron density.'>384°
From the results of LC, (Table 2), it is clear that changes occurred
in bioactivity due to the presence of alpha substituents, with
halogen (atom of bromine) decreasing the insecticidal bioac-
tivity (378.0pgcm=2), while alkyl substituent increased the
toxic property (70.4pugcm=2). Thus, Egn (1) shows that orbital
electronegativity plays an important role in the insecticidal action
of phenylpropanoid compounds. However, previous reports'

have demonstrated that the insecticidal action of cyclic ketones is
related to the shape and branching of the skeleton of molecules,
although orbital electronegativity of ketone compounds was
the principal descriptor found that linked the inhibition of acetyl-
cholinesterase (AChE) with the insecticidal property. Moreover, Lee
et al.?* reported that some functional carbonyl groups, rather than
LogP, molecular weight or vapor pressure descriptors, seemed to
play a very important role in determining the insecticidal action
of adult S. oryzae.

The repellent effect of a-bromo-cinnamaldehyde, 4-phenyl-
3-buten-2-one, cinnamaldehyde and trans-p-methoxy cin-
namaldehyde can be explained by Eqn (2), which shows a QSAR
model of the repellent action of the cinnamaldehyde analogues
against S. zeamais with two descriptors (polar surface and Log P)
that have positive values. The biogenic monoamines, octopamine
and tyramine, act as neurotransmitters in invertebrates.>’>
Recently, Chen et al.>® suggested that three amino acid residues
of a beta-adrenergic-like octopamine receptor interact with
the phenolic OH and NH, groups of octopamine. On the other
hand, Cui et al.>* were able to demonstrate from docking results
that a-bromo-cinnamaldehyde has a strong inhibitory action on
tyramine in its interaction with the amino acid residues of the
active site center. These two descriptors could thus explain the
repellence mechanism (Table 3).

Acute toxicity study in C57BL/6 mice

The assessment of acute toxicity in C57BL/6 mice, after the
administration of 2000 mgkg—1 Cinn, led to no signs of mor-
bidity and mortality. The results of the sperm motility analysis
(n: 11, %) were: Control: 61.86 + 28.27; 28.74 + 21.97; 9.4 + 8.45,
Cinn: 49.68 + 28.35; 27.33 + 18.17; 13.9 = 12.81, for non-motility,
non-progressive, and progressive, respectively. Moreover, there
were no significant difference in drink uptake (n: 11, mL): Control
17.00 + 1.56, Cinn: 18.18 +£ 1.83 and in fecal pellets (n: 11, gr)
Control: 1.02 + 0.06, Cinn: 1.08 + 0.05.

Furthermore, no signals of toxicity were observed, such as
behavioral changes, alterations in food intake, or modifications in
body weight gain, in liver histopathology (Fig. 4), or in the other
parameters evaluated, as show in Table 4. The histological appear-
ance of the control and Cinn mouse liver is typical of the species.
All animals survived until their scheduled euthanasia.

Figure 4. Liver segments from mice treated with oral sunflower oil (a) (H&E 100X), and liver section of mice treated with oral cinnamaldehyde (b) (2 gkg™")
showing inflammatory infiltrate cells but without hepatocellular degenerative phenomena (H&E 100X).
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