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ABSTRACT

In the present thesis, analogs of the plant derived compound, dillapiol, were investigated
for their potential as cytochrome P450 inhibitors and insecticide synergists. Dillapiol was chosen
as a lead compound because it has a methylenedioxyphenyl (MDP) functionality that serves as a
cytochrome P450 inhibitor and reported insecticide synergist activity comparable to the

commercially used piperonyl butoxide (PBO).

Initially a set of fifty two dillapiol analogs was investigated for inhibition of cytochrome
P450 using cloned Human CYP3A4, a highly standardized preparation that allowed accurate
determination of structure activity relationships. A qualitative analysis revealed that analogs
with a large acyl group attached via ester bonds had higher in vitro CYP3A4 inhibitory
activity. However, a Gaussian Quantitative Structure Activity Relationship model also showed
the importance of hydrophobic interactions and predicted new structures with higher P4503A4

inhibition.

Subsequently selected analogs were investigated as potential pyrethrum synergists in
insecticide susceptible (SS-CPB) and resistant (RS-CPB) Colorado potato beetle (Leptinotarsa
decemlineata Say) (Coleoptera: Chrysomelidae) as well as the European corn borer (ECB,
Ostrinia nubilalis Hiibner). Using discriminating dose and full concentration bioassays, the
synergistic activity of selected analogs was studied. Ether analogs demonstrated stronger
synergistic activity than ester analogs for both insect species. All tested compounds displayed
higher synergistic activity by ingestion than topical administration, and each analog type (ester
and ether) had one compound with a synergism ratio greater than 20. Both compounds
successfully restored the insecticide susceptibility within RS-CPB resistant strain larvae to
pyrethrum.
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In greenhouse and field trials, pyrethrum extract combined with dillapiol was effective
against SS-CPB, and the pyrethrum + dillapiol formulation demonstrated efficacy at least 10
times higher than that of pyrethrum alone. This suggested the feasibility of dillapiol as a novel
PBO replacement for organic farming.

The intrinsic toxicity of the most active analogs compared to dillapiol or PBO were determined
by growth inhibition bioassay with ECB larvae which were administrated a synergist treated diet. In
several growth parameters of ECB evaluated, PBO was found to have the strongest intrinsic toxicity,
followed by the ester analog. Dillapiol showed the least toxicity among four tested compounds, while
the ether analog, which was the best pyrethrum synergist against both oligophagous CPB and
polyphagous ECB, had a similar safety level compared to dillapiol.

To explore the underlying mechanism of the synergists, the impact of selected compounds
on three major detoxification enzymes, monooxygenase P450, Gluthatione S-transferases (GST)
and esterases of both insect species were evaluated. All selected analogs effectively inhibited in
vitro and in vivo P450 monooxygenases activity for both oligophagous CPB and polyphagous
ECB. The best pyrethrum synergist also displayed significantly greater P450 inhibitory activity
than PBO which was eleven times more effective than PBO as an inhibitor of ECB in vitro P450
activity. The inhibition assay with either CPB or ECB GSTs respectively produced the surprising
result that the best pyrethrum synergist exhibited a 180-fold or 575-fold lower ICsj than the
standard inhibitor of GST. To our knowledge, this is the first report of MDP related compounds
showing significant GST inhibitory activity.

A pilot study of insect dysregulation induced by synergists was conducted with Ultra
Performance Liquid Chromotagraphy (UPLC)-Quadrupole Time of Flight Mass Spectrometry

(QTOF/MS). It was found to be a suitable technique to study the metabolites changes induced by
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selected analogs for the two insect species. The application of UPLC-QTOF/MS produced high-
resolution metabolites profiles which guarantees the success of the dynamic metabolism research

of selected insects in the future.



RESUME

Dans cette thése, les analogues du composé végétal, dillapiole, ont été étudiés pour leur
potentiel comme inhibiteurs du cytochrome P450 et synergiques d'insecticides. Dillapiole a été
choisi en tant que composé principal, car il présente une fonctionnalit¢ méthylénedioxyphényl
(MDP) qui sert d'inhibiteur du cytochrome P450 et a un effet documenté synergique sur I’activité

insecticide qui serait comparable au composé commercial, la butoxyde de pipéronyle (BOP).

Initialement, un ensemble de cinquante-deux analogues de dillapiole a été étudié pour
l'inhibition du cytochrome P450 en utilisant le clone humain CYP3A4, une préparation hautement
standardisées qui a permis la détermination précise des relations structure-activité. Une analyse
qualitative a révélé que les analogues ayant un important groupe acyle 1ié par des liaisons esters
avaient une activité inhibitrice in vitro plus élevée du CYP3A4. Cependant, le modéle gaussien de
la relation quantitative structure a activité (connu en anglais sous le nom Quantitative structure-
activity relationship ou QSAR) a également montré 1'importance des interactions hydrophobes et

prédit de nouvelles structures ayant plus d'inhibition de P4503A4.

Par la suite, des analogues ont été sé€lectionnés et étudiés comme agents synergiques
potentiels du pyrethre chez les doryphores de la pomme de terre (Leptinotarsa decemlineata Say)
sensibles (DPT-SS) et résistants (DPT-RS) a I’insecticide ainsi que chez la pyrale du mais
(PDM; Ostrinia nubilalis Hiibner). L'activité synergique des analogues sélectionnés a été étudice
par des bioessais a dose discriminant et a pleine concentration. Chez les deux espéces d’insectes,
les analogues d’éther ont démontré une activité synergique plus importante que les analogues
d’ester. Tous les composés testés ont affiché une plus grande activité synergique par ingestion

que par administration topique, et chaque type analogique (ester et éther) avait un composé ayant



un rapport de synergie supérieur a 20. Les deux composés ont rétabli avec succes la sensibilité a
I’insecticide chez les larves DPT-RS de la souche résistante a pyrethre.

Dans les serres ainsi que sur le terrain, l'extrait de pyréthre combiné avec le dillapiole a été
efficace contre DPT-SS, et la combinaison pyréthre / dillapiole a démontré une efficacité au
moins 10 fois plus grande que le pyréthre seul. Cela suggere la possibilité d’utiliser le dillapiole
comme un remplacement de BOP pour 1'agriculture biologique.

La toxicité intrinseque des analogues les plus actifs par rapport a dillapiole ou BOP ont été
déterminés par un bioessai de I’inhibition de croissance des larves PDM qui ont été administré une
diéte synergique. Pour plusieurs des paramétres de croissance évaluées chez les PDM, la BOP avait
la toxicité intrinséque la plus forte, suivie de 'analogue d’ester. Le dillapiole a démontr¢ la plus faible
toxicité parmi les quatre composés testés, alors que 1'analogue d'éther, qui était la meilleure synergie
du pyrethre a la fois contre les DPT oligophages et les PDM polyphages, avait un niveau de sécurité
similaire au dillapiole.

Afin d’explorer le mécanisme sous-jacent des agents synergiques, I'impact des composés
sélectionnés sur trois enzymes importants de détoxification, le mono-oxygénase P450, les
glutathion S-transférases (GST) et les estérases, des deux especes d'insectes ont été évalués. Tous
les analogues sélectionnés peuvent efficacement inhiber l'activité du mono-oxygénase P450 in
vitro et in vivo a la fois chez les DPT oligophages et les PDM polyphages. Le meilleur synergiste
du pyréthre a également démontré significativement une plus grande activité d'inhibition de P450
que le BOP en étant onze fois plus efficace que le BOP comme inhibiteur de I'activité¢ de P450
chez les PDM in vitro. Fait surprenant, I’essai d'inhibition avec les GST de DPT ou de PDM a
démontré que le meilleur agent synergique d’éther du pyréthre avait une Clsy de 180 fois ou 575

fois plus faible respectivement que l'inhibiteur courant des GST. A notre connaissance, ce travail

VI



est le premier démontrant une activité inhibitrice significative des GST par des composés reliés
au MDP.

Une ¢étude pilote de dysrégulation des insectes induite par des agents synergiques a été
menée par la Chromatographie en phase Liquide a Ultra Performance (CLUP)-Spectrométrie de
Masse Quantitative @ Temps de Vol (QTOF/MS, selon 'acronyme anglais Quantitative Time of
Flight Mass Spectrometry. Cette technique s’est avérée étre adéquate pour étudier les
changements de métabolites causés par les analogues sélectionnés chez les deux especes
d'insectes. L'application de CLUP-QTOF/MS a généré un profil a haute résolution des
métabolites garantissant ainsi le succés de la recherche sur le métabolisme dynamique des

insectes sélectionnés dans le futur.
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CHAPTER 1 INTRODUCTION

1.1 General Introduction

Resistance to drugs and pesticides is a widespread phenomenon which occurs in both
vertebrates and invertebrates, including insect pests. Insect herbivores also become resistant to
plant defence mediated by plant secondary metabolites. To restore sensitivity in insect
herbivores, many plants produce phytochemicals which inhibit metabolism of defence
compounds. Dillapiol, a neolignan produced by dill, wild peppers and other plants is one such
phytochemical, and is known to act by inhibition of toxin metabolism. Dillapiol is also an
effective insecticide synergist, but its activity could be improved by semi-synthesis of analogs.
To develop practical insecticide synergists, dillapiol analogs were first produced by semi-
synthesis by medicinal chemistry collaborators. In the present thesis, I then systematically
examined the in vitro biochemical activity of compounds in both human and insect enzyme
assays. Selected compounds were advanced to in vivo evaluation as pyrethrin synergists in a
polyphagous and an oligophagous insect.
1.2 Literature Review

The scientific consensus on best practices to control insect pests is integrated pest
management, which includes use of resistant plants, natural enemies, cultural and other emerging
practices, as well as insecticides, where necessary. Insecticides remain an important control
strategy today but insects have responded by the evolution of insecticide resistant populations.

Resistance to insecticides has been recognized for more than 100 years since the first
reported case, which was the resistance of San Jose scale (Quadraspidiotus perniciosus Comstock,
Hemiptera: Diaspididae) to lime sulfur in the state of Washington in 1908 (Melander, 1914). To

date, resistance has been observed in all classes of compounds used for insect pest control,



including insect growth regulators (hormone mimics) (Hemingway, et al., 2004). Resistance can
generally be categorized into three major types: behavioral resistance, which involves changes in
the behaviors by which insects avoid insecticides; physiological resistance, which is any form of
resistance that reduces toxicity through changes in basic physiology; and biochemical resistance
which refers to the detoxification of insecticides by one or more insect enzymes before they reache

the site of action (Fig.1-1).

Behavioral Resistance (BR)

Behavioral resistance is the evolution of any behavioral change that permits a population to
escape from an insecticide-treated area. Behaviors that may be important in the resistance
development include movement of immature stages, adult dispersal, oviposition, feeding or any
social or non-social interaction in a population. BR can be divided into direct contact excitation or
irritancy and non-contact spatial repellency (Roberts et al, 1997). Using a laboratory population of
Plutella xylostella as the insect model, Head et al (1995) demonstrated increased general larval
activity, and a greater tendency of larvae to avoid insecticide pyrethroids in resistant insects.

In other experiments conducted by Jallow and Hoy (2005, 2006, 2007), a lower oviposition
rate of P. xylostella was observed on cabbage leaf disks and seedlings treated with permethrin,
and this oviposition deterrence was correlated with permethrin concentration. In a subsequent
study, Jallow and Hoy (2007) discovered that a high proportion of phenotypic variation for adult
behavioral response to permethrin was heritable. This adult behavioral response can lower the
exposure of larvae to the insecticide, reducing selection pressure for toxicological resistance in
larvae. On the other hand, this behavioral response and associated larval survival could help
preserve susceptible alleles in the population, which contribute to the success of insect resistance

management (Onstad, 2014).
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Physiological resistance

Physiological resistance has been shown to involve two major factors, reduced penetration
and target site insensitivity.

Penetration Reduction

Resistance by reduced penetration occurs when insects develop a heritable mechanism that
reduces the entry or penetration or decreases the absorption of the toxin or insecticide into the
insects by modifying the insect cuticle or digestive tract linings. A study demonstrated that the
cuticle of the DDT-resistant strain of tobacco budworm (Heliothis virescens Fabricius) contains
more protein and lipid than that from the susceptible strain, and an increase of sclerotization of
the cuticle of resistant insects was observed (Vinson and Law, 1971). This evidence suggests that
the increase in density and hardness of the cuticle decreases its permeability to insecticide
molecules. Cuticular resistance was also reported for the domestic fly Musca domestica (Plapp,
1984) and house mosquito Culex quinquefasciatus (Georghiou, 1983). The use of microarray
techniques in Anopheles showed that two genes, cplcg3 and cplcg4, which were responsible for
encoding cuticular proteins, were upregulated in pyrethroid resistant strains (Djouaka ef al.,
2008; Vontas et al., 2007; Awolola et al., 2002). The measurement of mean cuticle thickness of
A. funestus using scanning electron microscopy showed that it was significantly greater in
pyrethroid-tolerant mosquitoes than their susceptible counterparts (Wood et al., 2010).

The peritrophic membrane of the insect digestive system is a complex tissue composed of
proteins, glycosaminoglycans, and chitin that serves as an integral part of the controlled
enzymatic degradation and absorption of food. It also provides an exclusionary barrier to

bacteria, viruses, and damaging mechanical elements (Lehane, 1997; Tellam et al, 1999,



Hegedus et al., 2009; Kuraishi ef al., 2011). In this way, the peritrophic membrance minimizes
the impact of negative biotic and abiotic factors in the insect diet.

Target Site Insensitivity

Target site insensitivity was defined as the failure of a toxicant to bind to the target due to
alteration in the structure or accessibility to that target site (Brooks, 1976). Target site
insensitivity may also be conferred by a reduction in the total number of receptors for a particular
chemical. One well-known target site resistance mechanism in the house fly is knockdown
resistance (kdr), which confers resistance to DDT and pyrethroids (Harrison, 1951; Farnham,
1973, 1977). Jiang et al. (2011) conducted a survey of resistance in Colorado potato beetle
Leptinotarsa decemlineata from four areas that had developed resistance to five conventional
insecticides, and discovered that target site insensitivity mutation in the AChE and LdVsscl
genes conferred resistance to carbamates and pyrethroids, respectively. These results are
consistent with other studies which revealed that CPB resistance to carbamates is associated with
the gene mutation of amino acid in the AChE, and CPB resistance to pyrethroids is caused by a
single amino acid substitution L1014F in the voltage-sensitive sodium channel (Ben’kovskaya et
al., 2008; Zichova et al., 2010; Lee et al., 1999, Clark, et al., 2001). Further direct evidence for
the occurrence of target-site resistance in the brown plant hopper, Nilaparvata lugens to a
neonicotinoid insecticide was provided by Liu et al. (2005) who discovered a strong correlation
between the frequency of a single point mutation in two subunits of AChE and the level of

resistance to imidacloprid.

Enhanced Detoxification
The insect detoxification activity of xenobiotics including insecticides mainly involves three

metabolic enzyme families: cytochrome P450s, glutathione S-transferases (GSTs) and esterases.



P450s are phase 1 detoxification enzymes which participate in the metabolism of xenobiotic
compounds such as pesticides to more water soluble derivatives. GSTs, phase 2 enzymes of
insecticide metabolism, mainly conjugate the metabolites formed in phase 1, making them even
more water soluble and aiding in their excretion from the organism. The esterase family of
enzymes can hydrolyse ester bonds which are present in a wide range of insecticides and make

them non- or much less toxic. These modes of action will be discussed in detail in Chapter Three.

1.3 Synergists including the botanical lead molecule dillapiol

To overcome insecticide resistance, various insecticide resistance management strategies,
including employing synergists or pesticide mixtures, have been adopted (Gunning ef al., 1998).
Synergists are also of interest as sparing agents for costly new insecticides and for rapidly
metabolized botanical insecticides. In addition, there is a crossover into pharmaceutical therapies. For
example, synergists may be of use for sparing and reducing the rate of drug resistance development.

Synergists have been used commercially for about 50 years and have contributed
significantly to improve the efficacy of insecticides by broadening their bioactivity spectrum,
countering resistance development, increasing effective commercial lives, and mitigating the
residual effects of persistent and highly toxic products by reducing the application dose.

The most frequently used synergist is piperonyl butoxide (PBO) (Fig. 1-2), which was
initially synthesized in the 1940s by Herman Wachs (Jones, 1999). Although PBO was originally
described as ‘a new safe insecticide’ (Wachs et al., 1950), its major application has been as a
synergist for pyrethrins. Todays, it is used in combination with many pesticides on the market as a
powerful synergist for controlling resistant pest populations. Zimmer et al. (2011) investigated

three common synergists towards lambda-cyhalothrin resistance in 27 pollen beetle populations



and found that PBO reduced the pyrethroid-resistance dramatically in resistant strains, but showed
no synergistic effect in the highly susceptible strain.

It is well established that PBO, containing a methylenedioxyphenyl and a polyalkoxy side
chain as synergophoric groups, is an effective synergist due to its ability to inhibit the
monooxygenase activity of cytochrome P450s, the detoxifying enzymes in target organisms
(Casida, 1970; Jao et al., 1974). In recent years, PBO has been flagged for toxicological concerns
and although it is still registered, it may be removed entirely in the future. Due to the suspected
sub-acute and chronic toxicity of PBO (Sarles ef al., 1949; Bond et al., 1973; Fujitani et al.,
1992, 1993; Tanaka et al., 2009; Kawai ef al., 2009), there has been mounting commercial
interest in alternative synergists. One of these alternatives is the plant based insecticide synergist
-dillapiol (5-allyl 6,7-dimethoxy-1,3-benzodioxole) and its derivatives.

The phenylpropanoid dillapiol, which was first found in the Indian dill, Anethum sowa, is a
natural synergist which is nearly as effective as PBO as a pyrethrin synergist. Over the years, dill
seed oil has been produced using various conventional techniques. It can be obtained by steam or
hydro distillation of the aerial parts and it also can be obtained in relatively pure form by using
supercritical carbon dioxide process technology or by fractional high vacuum distillation (Maia

et al., 1998; Nautiyal et al., 2011).
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Botanical Sources of Dillapiol

Dillapiol is a potent naturally occurring synergist which has been found in a variety of
tropical plant species from 6 different families (Tablel-1). Two species of Lauraceae, Ocotea
cymbarum and Aniba, were determined to contain dillapiol (Mahran et al., 1992; Silvia et al.,
1982). A well-known species of the Apiaceae family is the Indian dill plant, Anethum sowa,
which was the first Indian species in which dillapiol was found with a concentration in the
essential oil up to 35% (Tomar ef al., 1979; Nautiyal ef al., 2011). More than eight other species,
belonging to eight genera, were found to contain dillapiol in the essential oil that ranged from
0.2% to 65%. (Fatope et al., 2006; Tsyganov et al., 2007; Singh et al., 2010; Marongiu et al.,
2007; Pateira et al., 1999; Velasco-Negueruela ef al., 2003; Jabrane et al., 2009, 2010; Jassbi et

al., 2005; Gross et al., 2009).

In the Piperaceae, the genera Piper and Peperomia produce dillapiol. The genus Piper is an
important source of secondary metabolites with insecticidal activity. Dillapiol has been detected in
about ten species including P. permucronatum, P. hostmanianum, P. guineense, and P. aduncum etc.
collected from Brazil, Malaysia, Cuba, Costa Rica and other areas in the world. Only one species of

Peperomia, P. pellucida, produces dillapiol identified in the oil (Silva et al., 1999).

Protium is the principal genus in the Burseraceae family. The essential oils obtained by
steam distillation (leaves and resin) from Protium species were analyzed to show that the resin
oil of P. heptaphyllum March consisted mainly of monoterpenes and phenylpropanoids,

including dillapiol (Siani ef al., 1999).



Zouari et al. (2011) studied Malva aegyptiaca (Malvales: Malvaceae) and the results
indicated that dillapiol was the major compound (55.15%) in the essential oils. Greger et al.
(1981) and Soerensen et al. (1969) reported that dillapiol was found in several species of the

Asteraceae including Artemisia spp. and Erigeron spp.
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Table 1-1 Summary of species in which dillapiol was detected.

Dillapiol
Famil Genus Species Collection area (organs Reference
y P (organs) Content
P.ermucronatum S4.7%
];— Brazil (leaves) Morais et al., 2007
' . 7.66%
hostmanianum
. TomeA e ProAnci
P. guineense 5. TomeA e ProAncipe 44.8%  Martin et al., 1998
(leaves)
Malaysia (leaves) 64.5%  Jantan et al.,1994
_osta Rica (leaves and branches 61.8%  Ciccio et al., 1997
pi P. aduncum Cuba (leave) 82.2%  Pino et al., 2004
) iper -
North Brazil (1 d
Piperaceae orth Brazil (leavea an 30.90%  Almeida et al., 2009
branches)
Fiji (leaves and branches) 58% Maia et al., 1998
P. banksii Queensland (leaves) Detected Loder et al., 1972
p. hispidun Jamaica (fruits) Detected
11: marginatum  Jamaica (fruits) Detected Burke f al., 1986
. novae- . .
nollandiae Jamaica (fruits) Detected
P. umbellatum  Jamaica (leaves) Isolated Bernhard et al.,1978
Peperomia P. pellucida Brazil (leave and branchs) 39.7%  Silvaet al.,1999
Lauraceae Ocotea O. cymbarum  Amazonas (leaves) Isolated  Andrei et al., 1998
Aniba A. ferra Amazonas (wood) Isolated Dias et al., 1982
Anethum A. sowa India (seeds) 34.05% Nautiyal et al., 2011
Carum ¢ India (fruits) 44.6%  Singh et al., 2010
bulbocastanum
Portugal (leaves) 0.2% .
Crith C. iti M tal.,2007
Tt ATt rdinia Island (leaves) 6427, o oonsluerat,
Apiaceae L . . Velasco - Negueruela
Ruthiopsis R. herbanica Spain (leaves and branches) 21.3%
etal., 2003
Ridolfia R. segetum Tunisia (roots) 47.4%  Jabrane et al., 2010
Bunium B. caroides Iran (leaves and branches) 10.2%  Jassbi et al., 2005
Daucus D. carota Tunisia (roots) 46.6%  Jabrane et al., 2009
Foeniculum  F. vulgare Israel (leaves and branches) 65% Gross et al., 2009
eB;JQrserac Protium P. heptaphyllum Amazonas (resins) 16% Siani et al., 1999
Malvaceae Malva M. aegyptiaca  Tunisia(leaves and branchse)  55.15%  Zouari et al., 2011
Artenisia A. absinthium  Vienna (seeds) Detected Greger et al., 1981
Asteraceae - .
Erigeron Tasmania (not available) Detected Soerensen et al., 1969
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Bioactivity of Dillapiol

a) Pesticidal Activity (Table 1-2)

Bernard et al. (1989) investigated the in vivo activity of dillapiol on the gut microsomal
polysubstrate monooxygenases (PSMOs) in the European corn borer (ECB), Ostrinia nubilalis
and found that dillapiol was one of the most potent inhibitors of epoxidase activity, showing
50%-75% inhibition. As a single additive in meridic diet (100 pg/g), dillapiol can also cause
acute toxicity in ECB larvae and pupae, leading to a cumulative mortality of 92- 95% and
inhibiting their growth (Bernard et al., 1990). Insecticidal and growth-reducing properties of
dillapiol against mosquito larvae were investigated and the result showed that dillapiol caused
92% mortality of mosquito larvae at 0.1 ppm (Bernard et al., 1995).

The 96% larvicide mortality of the mosquitoes Anopheles marajoara and Aedes aegypti
(malaria and dengue vectors, resp.) was observed when treated with essential oil of P. aduncum
(Almeida et al., 2009). The LCs, for both mosquito larvae species was 52.7 and 42.9 ppm for 24
and 48 h. The insecticidal activity of dillapiol against adult mosquitoes resulted in 100% insect
mortality at the concentration of 100 ppm for 30 min with aerosol application. The essential oil
from P. aduncum also produced 100% mortality in yellow mealworm Tenebrio molitor larvae
(Fazolin et al., 2007) and in adult cowpea weevils Callosobruchus maculatus (Pereira, 2006).

Fungicidal activity of dillapiol against Clinipellis perniciosa (witches’ broom) was
detected by Almeida et al. (2009) who showed that the basidiospores were completely inhibited
at concentrations above 0.6 ppm. The action of dillapiol resulted in the emergence of
plasmolized basidiospores.

The antifungal activity of dill oil in which dillapiol was a major component inhibited the

growth of Candida albicans and some molds that cause crop or food damage but demonstrated
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weak contact toxicity to aphids (Majekodunmi ef al., 2006). An evaluation of the anti-acarid
effect of essential oil (95% dillapiol, hydro-distilled from P. aduncum) determined that 100%
mortality of Rhipicephalus (Boophilus) microplus larvae was caused by of 0.1 mg/ml (Silva et
al., 2009).

b) Synergistic Activity (Table 1-3)

The methylenedioxyphenyl (MDP) group is the functionality responsible, in part, for the
ability of dillapiol to act as a potent synergist. In this regard, dillapiol has been shown to function
by interacting with the cytochrome P450 thus inhibiting the activity of many polysubstrate
monoxygenases (PSMOs) responsible for metabolism of toxins in insects (Bernard ef al., 1989;
Belzile et al., 2000). Dillapiol can synergize not only natural insecticides, for instance,
pyrethrum (Mukerjee et al., 1979), azadirachtin (Bertrand, 1992), and tenulin (Bernard et al.,
1990) but also synthetic insecticides, including synthetic pyrethroids, several carbamates and
organochlorines (Handa et al., 1974; Mukerjee et al., 1979; Parmar et al., 1983).

Bernard et al. (1990) reported that mixtures of dillapiol with either phenylheptatriyne
(PHT), tenulin or both were significantly less toxic to ECB than dillapiol alone but the
insecticidal activity of these allelochemicals was greatly enhanced by it. The reduction of growth
of ECB larvae reared on diets containing dillapiol ranged from 58% to 75% of controls. The
study of the synergistic activity of dillapiol and its derivatives combined with the phototoxine:
terthienyl found that the synergistic activities varied between 0.9-2.4 against mosquito larvae

Adedes atropalpus in a 1:5 insecticide/synergist ratio (Belzile et al. 2000).
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Table 1-2: The pesticidal activity of dillapiol and its derivatives

Species Concentration Duration Activity Reference
Aedes o . Bernard et
atropalpus. 0.1 ppm 24 h 92% mortality al., 1996
Ostrinia 1 o ) Bernard et
wubilalis 100 mg g 35d 92-95% mortality al.. 1990
Insect  Aedes aegypti  10-500 mgmL" 24 h LCsp: 365 mgmL ~ Morais ef
al., 2007
48 h .
Anopheles (larvac) 100% mortality
marajoara 100 ppm
Aedes aegypti 30 min 100% mortality Almeida et
(adult) al., 2009
Clinipellis 100% basidiospores
Fungus perniciosa 0.6-1 ppm 24h inhibition
. Rhipicephalus B 0 . Silva et al.,
Mite microplus 0.1 mgmL 24 h 100% mortality 2009

14



Table 1-3 The synergistic activity of dillapiol and its derivatives

Name of o Insecticide ~ Synergist . Factor of
Insecticide Duration Reference
Insect Concentration  Ratio Synergism
alpha- LCso: 0.006 4 h: light
terthienyl ppm 20 h: dark
LC5()I 8.6
piperine 24 h 2.6
Aedes ppm 51 Belzile et al.,
atropalpus LCso: 0.0012 2000
asimicin 24 h 2.7
ppm
LCs0: 0.016
rotenone 24 h 3.7
ppm
tenulin 1000 pg g’ 10:1 35d 2.1 Bernard et
Ostrinia. PHT* 100 pg g 1:1 35d 1.25 al., 1990
nubilalis Cedrela o Scott et al.,
0.03% 0.6:1-1:1 11d significant
odorata 2004
Drosophila 0.01-0.16 1:10- Jensen et al.,
pyrethrum | 24 h 11.6
melanogaster mg mL’ 11.6:1 2006
Mukerjee et
pyrethrum N/A 1:5 N/A 2.3-4
Tribolium al., 1982
castaneum Tomar et al.,
carbaryl N/A 1:5 N/A 4.6
1979
Choristoneura Larocque et
tansy oil 0.1%-10%  10:1 24 h 1.6
rosaceana al., 1999
Helicoverpa LDsy:1.08 Ashraf et al.,
deltamethrin . 1:5 72 h 18.6
armigera ug larvae 2010

* phenylheptatriyne
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A synergistic phagostimulant effect of dillapiol toward an insect species was reported by
Larocque et al. (1999), who showed that the presence of dillapiol with tansy essential oil can
increase the feeding activity of the oblique-banded leafroller (OBLR), Choristoneura rosaceana
(Harris) (Lepidoptera: Tortricidae) larvae compared to the control. If confirmed, dillapiol could
be mixed with natural insecticides such as Bacillus thuringiensis Berl. to increase ingestion.

c¢) Therapeutic Activity (Table 1-4)

Good anti-inflammatory activity (17%) of dillapiol against rat paw edema was shown to be
comparable with indomethacin (38%) (Parise-Filho et al., 2011). Dillapiol is also promising for
the use in combination with many anticancer drugs, because it markedly decreases the cell
resistance against antimitotic drugs (Konyushkin et al., 2010). According to the study by
Tsygenov et al. (2007), isoapiol and isodillapiol exhibit antiproliferative activity, i.e., arrest the
cell division of sea urchin embryo at concentrations of 5-20 umol L™". The oil of Crithmum
maritimum L, which contains dillapiol (64.2%), produced the most active antifungal activity
against dermatophyte strains with the minimal inhibitory concentration values ranging from

.08-0.32 uL mL” arongiu et al., .
0.08-0.32 pL mL™" (M 1 [.,2007)

The antibacterial property of dillapiol were tested with root oil from Ridolfia segetum
which was dominated by dillapiol (47.4%) and revealed that R. segetum root oil exerted a

significant antibacterial activity (Jabrane et al., 2009).
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Table 1-4 The therapeutic activity of dillapiol

Bioactivity Target Result Duration Reference
-359 i
Anti- 20-35% redl_llctlon . Roberto et al.,
inflammatory Mouse edema at 50 mg kg 120 min 2011
(body weight)
Common human ey 55 5 Jabrane et al
Antibacterial pathogenic N € 24n °
- mL 2009
bacteria
Additional .
Antimicrobial Mlg. 1.25-5 mg 24t Jabrane et al.,
. a mL 2010
14 species
Antifungal Candida albicans ~ MIC: 32 pgmL" 24 h Majekodunmi et
al., 2006
Antimitotic Sea urchin ) ] Konyushkin et
activity embryos ECso: 1 pmole.L™ al.,2010

Antiproliferative  Sea urchin
activity embryos

Tsyganov et al.,

-1
5-20 pmole.L 2007

*include Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, Enterococcus faecalis,
S. aureus, Klebsiella pneumoniae, Serratia marcescens, Streptococcus pneumonia, Salmonella
typhimurium Shigella spp., E. coli and E. faecalis, and environmental strains P. aeruginosa and S.
aureus.
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1.4 Pesticide synergists as a tool to control pesticide resistance

Synergists have been used commercially for more than 60 years in agriculture and have
contributed significantly to improve the efficiency of insecticides by broadening their bioactivity
spectrum, countering resistance development, increasing effective commercial lives, and
mitigating the residual effects of persistent and highly toxic products by reducing the application
dose. The development of those compounds grew out of a need in the late 1930s and early 1940s
for extending the usefulness of the naturally derived insecticide pyrethrum, which was
considered a strategic insecticide against mosquitoes and other disease-carrying insects (Wachs,
1947). Chemicals that were developed had little intrinsic pesticidal activity of their own;
however, they did increase the effectiveness of a given dose of pyrethrins and were thus called
synergists, such as sesamin, sesamolin, safrole and so on. With the development of medicinal

chemistry, various kinds of synergist have been found or synthesized.

Generally, about 4 different kinds of compounds can act as insecticidal synergists
including methylenedioxyphenyl (MDP) compounds, such as sesamin, dillapiol, and PBO (Fig.1-
3); N-alkyl compounds, such as SKF525A and MGK264 (Fig. 1-4 A); propargyl, for example,
RO5-8019 and verbutin (Fig. 1-4 B), and other compounds, like avidin and N-ethylmaleimide.
The major kind is the MDP compounds including many naturally occuring lignans, such as
safrole, sesamin and dillapiol, as well as semi-synthetic ones, for example, PBO, which is the

most commonly used synergist in today's markets.
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a) Natrually occuring compounds b) Semi-synthetic compounds

OCHj,4 OCH,4 /\/\O/\
0 ~. O = 0 X <o A <o
safrole isosafrole dillapiol myrystin piperonyl butoxide

o LIr% 0. I3
O O S/CsH17
Il
o

savinin LO sesamolin sesamol "sulfoxide"

Fig. 1-3 Examples of natural (a) and semi-synthetic (b) MDP compounds as synergists
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RO 5-8019 Naphthyl propynyl ether Verbutin
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Fig. 1-4 N-alkyl Ccompounds (A) and Propargyl ethers (B) as insecticide synergist.
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The main function of a pesticide synergist is to enhance the efficiency of pesticide. In
1942, the structure and synergistic effects of many compounds were tested by Haller ef al.
(1942). The results indicated that several compounds were synergistic and the authors noted the
similarity of chemical structure in the presence of MDP groups. Unfortunately, these products
had low solubility in petroleum solvents and were not exploited commercially.

To develop commercial synergists, various compounds with the MDP group in their
structure were tested and confirmed for their synergistic insecticidal activity (Casida et al., 1970;
Mukerjee et al., 1979; Bernard et al., 1989; Almeida et al., 2009; Khot ef al., 2008), and the
most successfully developed one is piperonyl butoxide (PBO). Today, it is used in many
pesticides on the market as a powerful synergist for control of resistant pest populations.
Appearing in over 1500 U.S. Environmental Protection Agency (U.S. EPA)-registered products,
PBO is one of the most commonly registered pesticides in terms of the number of formulas in

which it is present (Krieger, 2010).

Mode of action of insecticide synergists

Many xenobiotics, including insecticides, are detoxified from one or more of the three
major groups of enzymes: microsomal oxidases, esterases, and glutathione-S-transferases (GST).
The synergistic activity of different synergists was related to the direct inhibition effect of these
synergists on the metabolic enzymes in the insects.

Effect on Poly-substrate Monooxygenases

The P450 monooxygenases are a large and functionally diverse family of enzymes that
carry out the initial oxidation of a wide variety of lipophilic compounds. A major function of

cytochrome P450 in insects is that they are key mediators of the hydroxylation and epoxidations
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required for the efficient destruction and elimination of xenobiotics, including insecticides,
before they are absorbed in the gut tissue. Two different mechanisms involved in the
biochemical reaction of P450s could result in insecticide resistance development:

1. Over expression of P450 genes: Several research studies revealed that the over
expression of multiple P450 genes in insecticide resistant strains is a common
phenomenon, and the interaction of multiple insecticide resistance P450 genes may be
responsible for the development of resistance (Liu et al. 2015). For example, CYP6D1 is
responsible for monooxygenase-mediated resistance to pyrethroid insecticides in the
housefly, and CYP6DI is ubiquitously expressed in adults with 10-fold higher levels
found in the resistant strain compared to susceptible strains (Liu et al., 1998).

2. Gene induction: Gene induction refers to the induced expression of some genes by
exogenous and endogenous compounds. The induction of P450s and their increased
activity showed the possibility that induction is involved in the adaptation of insects to
the the detoxification of insecticides and the development of insecticide resistance
(Terriere, 1984; Poupardin et al., 2008; Scharf et al., 2001; Pridgeon et al., 2002).

The effective cytochrome P450 inhibitor is regarded as the major approach to confront
insecticide resistance in insect pests. Perry et al. (1970) and Matthews et al. (1970) first
demonstrated that the moiety of methylenedioxyphenyl (MDP) group interacts with the P450
monooxygenase oxidase system in a manner not explained by a typical enzyme-substrate
relationship using house flies. MDP compounds referred to a group of chemicals such as PBO,
dillapiol or other MDP moiety related secondary compounds. These studies demonstrated an

apparent reduction in microsomal P450 levels prepared from insects treated in vivo with PBO.
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Many study results revealed that MDPs can interact with cytochrome P450 to develop
either competitive or non-competitive inhibition and inhibit the activity of the poly-substrate
monooxygenases (Dahl et al., 1985; Delaforge et al., 1985; Franklin, 1976; Hodgson et al.,
1973; Murray et al., 1989), thereby reducing the oxidative breakdown of other pesticides such as
pyrethrum and the synthetic pyrethroids (Casida, 1970). For example, MDP compounds such as
PBO have been used extensively as synergists with the pyrethroid and carbamate pesticides,
groups of pesticides whose detoxifying metabolism in insects is P450-mediated (Haley, 1978).
The P450-MDP metabolite complex formed during reaction is extremely stable, since even in
sub-cellular microsomal preparations the enzyme remains inhibited, and the effects of in vivo
interaction can be demonstrated in vitro (Raffa et al., 1985) (Fig. 1-5).

It has also been known that some MDP compounds can act as both inhibitors and inducers
of P450 activity in mammals as well as in insects (Hodgson et al., 1974; Adams et al., 1995;
Marcus et al., 1986; Kinsler et al., 1990). The biphasic effect of MDP compounds in insects was
tested by Marcus et al. (1986) who reported the increase of CYP450 levels in preparations of
midgut microsomes of sixth-instar southern armyworm larvae (Spodoptera eridania) which were
exposured to each of five MDP compounds. Isosafrole and the 4-bromo-S-methoxy derivative

are particularly effective inducers, which cause the largest increases in CYP-450 (1.8-fold).
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>: — MI-Complex
0

> >/ MDP-carbene \. ol
OH
Catechol

MDP Compounds Hydroxy- MDP plus CO and COy)

Intermediate
Oll
Hydroxyphenyl formate

Fig. 1-5 Oxidation of MDP compounds at the methylenedioxy carbon to form the
hydroxy-MDP intermediate that can generate the MDP-carbene resulting in the
formation of the inhibitory MI-complex. Alternately, hydroxy-MDP may be
hydrolysed to the hydroxyphenyl formate derivative that decomposes to the
catechol, releasing in the process carbon monoxide and carbon dioxide. (Adopted

from Ioannides, 2008)
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Effect on Esterases

The esterases are a very large class of enzymes which include three groups: arylesterases
(E.C.3.1.1.2.), cholinesterases (E.C.3.1.1.8.), and carboxylesterases (E.C. 3.1.1.1.).
Carboxylesterases, most esterases belonging to (Punta et al. 2012), are one of the most common
proteins found in nature (Ollis et al. 1992, Hotelier ef al. 2004) and are capable of hydrolysing a

wide range of substrates (Scheme 1-1).

Esterases involved in insecticide metabolism include carboxyl esterases, phosphorotriester
hydrolases, carboxylamidases and epoxide hydrolases. These enzyme systems can confer
significant levels of resistance to many diverse groups of insecticide, including

organophosphates (OPs), carbamates and pyrethroids.

The role of esterase in pyrethroid resistance was studied in the final larval instar of
different strains of the cotton bollworm by El-Latif ef al. (2010). Native polyacrylamide gel
electrophoresis (PAGE) displayed important differences in the midgut esterase isozyme pattern
between the susceptible and the pyrethroid-resistant strains. Out of the 10 esterase isozymes
observed, the susceptible strain lacked three bands, E2, E6 and E10 that were found in the
resistant strains. An in vivo inhibition study was conducted by topical application of PBO and
followed by biochemical analysis. The native PAGE revealed the E6 band which is present in
both resistant strains. It disappeared at about 4 h post treatment but was present again at about
10h post treatment which indicated that PBO-esterase binding is a rather slow and non
permanent process. This native PAGE also revealed that the in vivo esterase inhibition caused by
PBO was due to the binding of the synergist with the E6 isozyme which was not present in the

susceptible strain.
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Scheme 1-1 Basic carboxylesterase hydrolysis reaction. (Adopted from

Montella et al. 2012)
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The same result was obtained from a study conducted by Khot et al. (2008). In the peach-
potato aphid, enzyme purification studies demonstrated that a single esterase isozyme (E4) was
highly over expressed in organophosphates (OP)-resistant strains. E4 isozyme was purified from
the resistant strains and AChE was used as the reference. In the "esterase interference" assay, E4
and E4 plus PBO are incubated with a serial dilution of azamethiphos. AChE was then added to
aliquots and following a short incubation, the AChE activity was determined. The results
demonstrated that there was a reduction in the ability of E4 to protect the AChE from
azamethiphos when the E4 had been pre-incubated with PBO. This indicated that PBO blocked
the isozyme E4.

Effect on Glutathione S-transferase

Glutathione S-transferases (GSTs) are one of the major families of detoxification enzymes.
In insects, there are two types of GSTs which are classified according to their location within the
cell: microsomal and cytosolic. The microsomal GSTs are trimeric, membrane-bound proteins,
which have not been implicated in the metabolism of insecticides. The majority GSTs of insects
are soluble dimeric proteins found in the cytosol. Insect cytosolic GSTs have been assigned to at
least seven classes: Delta, Epsilon, Mega, Sigma, Theta, Zeta (Chelvanayagam ef al., 2001;
Ranson et al., 2001) and unclassified (Ding ef al., 2003). The members of the Delta and Epsilon
classes are insect-specific and believed to be the most important in detoxification and insecticide

resistance (Hemingway and Ranson, 2000).

Elevated GST activity has been associated with resistance to all the major classes of
insecticides (Prapanthadara et al., 1993, Huang et al., 1998; Vontas et al., 2001). In many cases,

the individual GST enzymes involved in resistance have been identified and GSTs have been
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implicated by association only, i.e. an increase in GST activity, detected using model substrates,

in insecticide-resistant strains of insect vs. their susceptible counterparts.

Wang et al (2014) detected significant elevated GST activity in an insecticide-resistant
strain of Colorado potato beetle, and identified two compounds which effectively inhibited GST
activity. One is a flavonoid, taxifolin, extracted from Picea mariana Mill. (Pinales: Pinaceae)
and Picea banksiana Lambs. cones, and Larix laricina Du Roi (Pinales: Pinaceae) bark; another
compound was a lignan, (+)-lariciresinol 9-p-coumarate, obtained from P.mariana cones, and L.
laricina and Abies balsamea L. (Pinales: Pinaceae) bark. By contrast, the investigation of the
effect of synergists in another insect GST has shown different results (Willoughby et al., 2007).
The Drosophila melanogaster genome with PBO treatment was studied and a subset of GST
genes was identified. After 4 h of exposure to PBO, five out of 37 GST genes were induced. The
increased production of GST enzymes by PBO exposure has the potential to increase insecticide

tolerance if these enzymes are capable of insecticide metabolism.

1.5 Rationale and objective

In previous work from our lab, dillapiol was analyzed for its in vitro inhibition of human
cytochrome P450 3A4 (CYP3A4) via a fluorometric microtitre plate assay. This is a relatively
high throughput assay facilitated by a commercially available cloned enzyme. The results
indicated that dillapiol was a potent inhibitor at 23.3 times higher the concentration of the
positive control CYP3A4 inhibitor ketoconazole (Budzinski et al., 2000). Recently our
collaborating medicinal chemistry research group (Durst lab) has successfully synthesized a set
of fifty dillapiol analogs which were made available for the present study. A first step in this thesis

was to evaluate the CYP3 A4 inhibition of the analogs in this very reproducible and well controlled
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assay. Based on the in vitro results, my next step was to develop Structure Activity Relationships
(SAR) to predict features of the most active inhibitors. Since dillapiol was also reported to be as
effective as PBO as a pyrethrin synergist, the dillapiol-analogs were evaluated to determine if the

analogs can successfully cause synergism in vivo with insects.

Therefore, the overall objective of this thesis was to find novel, highly active synergists
based on dillapiol analogs for insect pest control and possibly selected biopharmaceutical
applications, and to develop an understanding of their mode of action. The influence of selected
derivatives of dillapiol on two insect pests, ECB, and CPB, was studied. The specific objectives

for the study were:

Objective 1. The inhibition of human CYP 3A4 in a rapid screening assay was used for
high throughput assessment of P450 inhibition of available dillapiol analogs in order to identify
potential candidate synergists based on their inhibition of monooxygenase activity; Based on
CYP3A4 assay results, Gaussian modeling techniques were used to develop a new quantitative

structure-activity relationship model (QSAR).

Objective 2. The topical and ingestion assays were conducted to evaluate the synergistic
activity of selected dillapiol analogs combined with pyrethrum with the oligophagous Colorado
potato beetle (CPB). Greenhouse or field applications to potato plants were undertaken in order to
assess the activity of the original essential oil as an organic synergist for pyrethrum. Since resistant
Colorado potato beetle more rapidly metabolizes insecticides compared to the susceptible strain, it
was hypothesized that dillapiol analogs would show greater synergistic activity with the resistant

strain than with susceptible ones.
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Objective 3. ECB larvae were employed as a lepidopteran insect model to evaluate 1) the
synergistic activity of six selected dillapiol analogs with pyrethrum in comparison to the
synergists PBO, and dillapiol; 2) the intrinsic toxicity of the synergists PBO, dillapiol and the

most active ester and ether analogs with an ECB growth inhibition bioassay.

Objective 4. The mode of action of selected dillapiol analogs on the detoxification enzyme
system of oligophagous and polyphagous insects was undertaken to determine underlying

mechanisms of synergism in insects.

Objective 5. A pilot study was conducted to determine the dysregulation of insect
metabolism of the insecticide alone and in combination with dillapiol analogs in resistant and
susceptible Colorado potato beetle, and European corn borer by ultra high performance

chromatography quadrupole time-of -flight mass spectrometry (UPLC- QTOF/MS).
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CHAPTER 2 INHIBITION OF CYTOCHROME 3A4 BY DILLAPIOL, ITS

ANALOGS AND THEIR QSAR RELATIONSHIP

Preface

The major goal of the present chapter was to screen active CYP3A4 inhibitors of semi-
synthesized dillapiol analogs, and construct a 3D-QSAR model with available ICsy data in order
to predict molecular structures with high cytochrome P450 inhibition activity. The work
involved equal contributions by three authors. PhD student Ana Francis Carballo from Professor
Durst’s medicinal chemistry lab synthesised all tested compounds; I conducted all CYP3A4
assays with analogs, verified the data and obtained accurate ICsy data which was employed to
construct a 3D-QSAR model by Nathalie Pineda and Professor Cesar Compadre at the
University of Arkansas. While this chapter does not include entomological studies, the
interdisciplinary work achieved here were essential to the future entomological research in

chapters 3 to 6.

2.1 Introduction

Cytochrome P450 3A4 (CYP3A4), the major form of P450 expressed in adult human liver
(Shimada et al., 1994), comprises about 30% of the total hepatic P450 content, and is involved in
the metabolism of about 50% of commonly prescribed drugs (Guengerich, 1999). Compounds
that inhibit CYP3 A4 could significantly increase plasma levels of administered drugs and
improve clinical efficacy of therapeutics. Studies have shown that furanocoumarin derivatives
identified from grapefruit (Citrus paradisi Macfad) juice strongly inhibit the catalytic activity of

CYP3A4, and the two prominent furanocoumarins in the juice, bergamottin and 6',7'-
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dihydroxybergamottin have been demonstrated as important mechanism-based inhibitors of
CYP3A4 in the grapefruit juice (Kakar et al., 2004; Paine et al., 2004) .

Methylenedioxyphenyl compounds (MDPs) are an important group of phytochemicals
found in many plants and oils, including sesame seeds, pepper, parsley etc. Naturally occurring
MDPs can act as inhibitors of CYP enzymes. Extracts of goldenseal, Hydrastis canadensis L.
(Ranunculales: Ranunculaceae), contain the MDP-based alkaloids hydrastine which can
effectively inhibit human CYP3A4 (Chatterjee and Franklin, 2003). Two MDP-carrier lignans, (-
)-clusin and (-)-dihydroclusin, isolated from the medicinal plant Piper cubeba L.f. (Piperales:
Piperaceae), were determined as potent and selective mechanism-based inhibitors of CYP3A4
(Usia et al., 2005).

As a naturally occurring MDP compound found in many plant families, dillapiol is a
demonstrated CYP3 A4 inhibitor by our research group (Budzinski et al., 2000). When dillapiol
analogs were combined with the botanical larvicide, alpha terthienyl, differences based on the QSAR
modeling of toxicity and molecular structure confirmed that modifications of dillapiol leads to
improved synergistic activity (Belzile et al., 2000). To gain further insight into dillapiol and its
analogs as pharmaco-enhancing agents, a more comprehensive series of dillapiol analogs was
prepared semi-synthetically by collaborators, Ana Francis Carballo Arce Ph. D. and Professor Tony
Durst (Chemistry Department, University of Ottawa), exploring a range of semi-synthetic
modifications of the parent molecule.

In this chapter, the objective was to determine the inhibition of CYP P450 3A4 by a set of 52
dillapiol analogs evaluated using a highly uniform and purified cloned commercial enzyme
preparation (BD Gentest, ON, Canada). The median inhibitory concentrations (ICs, values) obtained

from this method were predicted to allow the discovery of highly significant QSAR models using
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Gaussian techniques. These models presented here were developed in collaboration with Nathalie
Pineda and Professor Cesar Compadre (College of Pharmacy, University of Arkansas), and provided
insight into the potent inhibitory properties of the molecule.

To meet the submission requirement of the journal Tetrahedron, the compounds in the
present chapter were named as number or number plus low-case letter. In order to be consistent

in the following chapters, the original codes were displayed in the parentheses.

2.2 Materials and methods

2.2.1 Chemicals

Dillapiol used in the present study was obtained via steam distillation of the fruit of Piper
aduncum L. (Piperales: Piperaceae) collected in the Sarapiqui region of Costa Rica. A typical steam
distillation was used for the extraction of crude oil which was then purified by column
chromatography, and the purity of dillapiol was determined by proton NMR. A typical distillation of
3 kg of fruit when steam distilled with 3 L of water yielded between 30 and 35 g (1 to 1.2%) of
essential oil with more than 95% dillapiol purity. This material was considered sufficiently pure for
transformation to the various intermediates and final products. Sessamol, safrol, and piperonal (Fig.
2-1) were purchased from Sigma- Aldrich (Oakville, ON, Canada) and used as starting materials for
synthesis. Standard well known semi-synthetic chemical transformations were employed to produce
the various analogs. The structures of the desired products were verified by their 'H and *C NMR. A
total of 52 analogs (Supplement I) were synthesized, and the compounds were dissolved into

methanol to make a serial dilution of concentrations in order to determine the 1Cs of each analog.

2.2.2 Cytochrome CYP3 A4 assay
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Enzyme inhibition assays were conducted with a cloned CYP3A4 isozyme (BD Gentest, ON,
Canada). The method described by Budzinski et al. (2000) was adopted in the present study. Three
different solutions were prepared: 1) a 100 mL of Solution A containing distilled water, 43 mL,
NADPH (f-nicotinamide adenine dinucleotide phosphate) (20 mM), 6 mL, DBF
(dibenzylfluorescein) (200 uM), 1 mL and potassium phosphate buffer solution (0.5 M, pH 7.4), 50
mL 2) a 90 mL Solution B containing distilled water, 65 mL, CYP3A4, 1 mL, and a potassium
phosphate buffer solution (0.5 M, pH 7.4), 24 mL; 3) a 90 mL Solution C was identical to Solution B
except that the enzyme was heat denatured, and it acted as the reading background to adjust the
active assay value.

Assays were performed in clear bottom, opaque-welled microtiter plates (Corning Costar,
Corning, NY). Wells were designated as either “Control,” “Blank,” “Test,” or “Test-Blank.” Control
wells consisted of Solution A, B and methanol; blank wells consisted of Solution A, C and methanol,
test wells consisted of Solution A, B and dillapiol analogs at a particular concentration; and test-
blank wells consisted of the Solution A, C and corresponding compounds. A volume of 100 uL of
solution A was added to all wells, and followed by 10 puL of analogs solution or methanol only. A
volume of 90 pL of Solution B was added into half of the test wells, and the same volume of
Solution C was added into the remaining half of the test wells. A Millipore Cytofluor 4000
Fluorescence Measurement System (Applied Biosystems, Foster City, CA) set to 485 nm excitation

filter (20-nm bandwidth) was used to analyze each plate after 20 mins with endpoint reading.
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Fig. 2-1 The molecular structure of methylenedioxibenzene (MDP) moiety (A)
and four compounds (B) used as the starting materials to synthesize the 52

analogs.
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DBEF, the substrate in the assay, contained a benzyle group on the fluorescein moiety which
can be cleaved by CYPs and converted to fluorescein benzyl ester. The produced ester
compound could be detected under 485 nm wavelength. When the CYP inhibitor is present, the
production of fluorescein ester is blocked, therefore no fluorescence can be detected. Percent
inhibition calculations were based on differences in fluorescence between the control/blank wells
and test/test blank wells. All assays were performed under gold fluorescent lighting. Methanol
only served as the control. Ketoconazole (Calbiochem, ON, Canada, Cat# 420600) at 10 ng/mL
was selected as the positive control.

In order to clarify the relationship between molecular structure and the ICs values of
CYP3A4 inhibition, analogs were selected and grouped by structural similarity based on dillapiol

and sessamol as starting materials.

2.2.3 3D-QSAR modeling construction

Dataset

From the synthesized dillapiol and sessamol analogs a total of 47 molecules were
considered to develop the Comparative Molecular Similarity Indices Analysis (CoMSIA) model.
The training set included 35 molecules and the rest were considered as the testing set. For the
modeling studies, the ICsg's for the inhibition of cytochrome CYP450 3A4 were expressed as log
1/ICsp (pICsp ).

Structures and molecular alignment

Dillapiol and sessamol analogs were constructed by modifying the crystal structure of
compound ACEXOW obtained from the Cambridge Crystallographic Data Centre (Allen, 2002).
The modifications were made using standard bonds and angles and minimized in two steps, first

using the steepest descendent method and then the Powell method (Pick et al., 2008) as
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implemented in the program SYBYLX2.1.1 (Certara, St. Louis, MO 63101, USA). In some cases
systematic conformational analyses were performed to locate the lowest energy conformation of
the molecule. Atomic charges were calculated using the semi-empirical quantum chemistry
program MOPAC, also included in SYBYLX 2.1.1, using PM3 method. All the compounds were
aligned using dillapiol as the reference molecule and the methylenedioxibenzene moiety (Fig 2-1
A) as the common fragment. The alignment of the training set was shown in Fig 2-2.

CoMSIA studies

CoMSIA (Comparative Molecular Similarity Indices Analysis) is a form of 3D-QSAR that
is based on the assumption that changes in the structure of similar molecules are related with its
properties, and that these properties could be described by fields (Klebe et al., 1994). CoMSIA
was used to calculate the similarity index fields, the aligned molecules were placed in a 3D cubic
lattice with a grid spacing of 2 A. Steric, electrostatic and hydrophobic descriptors were
generated using the sp3 atom with charge +1 and radius of 1 A. Similarity indices (Ark) for the

molecule j and the atom 1 at grid point q were calculated according to:

2

n

q N —Qari

AF,K(/) - § Wprobe kWi k€ 1
i=1

Where Wi is the actual value of the physicochemical property k of atom i; Wprobex
indicates the probe atom with radius 1 A; a is the attenuation factor, with a default value of 0.3;

rif] is the mutual distance between the probe atom at grid point q and atom i of the test molecule.
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Fig. 2-2 Aligned training set of molecules used to construct the CoMSIA fields
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2.2.4 Inhibition calculation and statistical analysis

Percent inhibition values were calculated based on differences in fluorescence between the

control/control-blank wells and test/test-blank wells by the formula:
[1-(Test t=X-t=0)-(Test blank t=X-t=0) /(Control t=X-t=0)-(Control blank t=X-t=0)]*100

Where t=X and t=0 are the reading values of the control/control-blank/test/test-blank wells
at the end and at the beginning of running X min, respectively. The median inhibition percent
(ICsp) of each analog was determined with logarithmic curves plotted by different concentration

and percent inhibition.
The dillapiol-relative inhibition activity was obtained by the formula:
ICs of dillapiol / ICs of tested compound.

Statistical analysis was undertaken using Graphpad Prism 5.01 sofeware. The significant
differnces between dillapiol and individual compounds were determined using one-way analysis
of variation (ANOVA) and Bonferroni post-hoc tests. Considering that the aim of the research
was to find the analogs possessing higher CYP3A4 inhibition activity than dillapiol (positive
control), the analogs which showed more than two times ICs value higher than dillapiol were
labelled as "/" (Table S-1). Statistical analysis of confidence intervals (C.1.) and range of ICs

values observed were carried out using GraphPad Prism 5 (GraphPad Prism®).

2.3 Results

2.3.1 Cytochrome CYP3 A4 inhibition activity
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A set of fifty-two analogs were prepared and successfully tested in the CYP3A4 assay. The
full set of analog inhibition results are presented as inhibition activity relative to dillapiol activity
=1 (Fig. 2-3). The primary data set including mean ICs, values, dillapiol-relative inhibition
activity, and 95% confidence intervals (C.1.) are provided in supplementary data (Sup. II).
Although the raw ICsg values of 39 out of 52 analogs showed a lower trend (ie. higher inhibition)
than that of dillapiol (9.2 uM), the statistical analysis revealed that only 17 analogs possessed
significantly greater CYP3A4 inhibition activity than dillapiol (d. f. =52, 106; F=167.3;
p<0.05). These analogs are highlighted with * in the Fig. 2-3, 2-4, 2-5, Sup. I, Table 2-1 and 2-
2. The two most effective CYP3 A4 inhibitors were AF45 and AF53 with 1Cso values of 43- and
47-fold lower than that of dillapiol, respectively.

A group of seventeen dillapiol esters was prepared via Scheme 2-1. Hydroboration of
dillapiol, 1 gave mainly the expected primary alcohol 2 (AF28) along with minor amounts of the
secondary alcohol 3 (AF54). Both isomers were esterified with either different sized aliphaticor
aromatic acids, and the compounds were characterized by both 'H and *C NMR and high
resolution mass spectrometry which assured their structure assignments. The ICs, values and

dillapiol-relative activity of 17 dillapiol esters were shown in Table 2-1 and Fig 2-4, respectively.
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Fig. 2-3 CYP3A4 inhibition activity + Standard error (S.E.) of dillapiol analogs relative
to dillapiol=1. The bars with asterisk indicate the significantly higher inhibition activity
compared to dillapiol (One-way ANOVA and Bonferroni post-hoc tests, p<0.05). The
yellow and purple bars represent either ester or ether analogs, respectively, selected for

further insect biological testing. The parent compound, dillapiol was shown in red bar.
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Scheme 2-1. Preparation of esters starting with dillapiol
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Table 2-1 Inhibition of CYP3A4 by esters derived from dillapiol via alcohols 2 and 3.

1
(dillapiol)

3
(AF54)

4a
(AF12)

4c*
(AF10)

4e*
(AF22)

4g
(AF01)

4i
(AF08)

4k
(AF03)

4m*
(AF29)

Sa
(AF50)

Sn*
(AF53)

CH3

C(CH;)=CHCH;

cCeHiy

Ph

p-Cl-Ph

3,4-methylenedioxy-

Ph

CH,Ph

CH3

CHPh,

I1Cso (M)
(95% C.L)

9.2
(8.3-10.1)

9.3
(6.6-11.9)

1.6
(1.0-2.1)

1.9
(1.6-2.2)

2.1
(2.0-2.2)

1.6
(1.2-1.9)

2.6
(1.3-4)

1.9
(0.46-3.4)

0.2

(0.15-0.24)

2
(AF28)

4b*
(AF21)

4d
(AF04)

af
(AF06)

4h*
(AF13)

4j*
(AF02)

41
(AF09)

4n*
(AF23)

Sg
(AF52)

C(CH3)3

CsHyy

(CH,);Ph

0-Cl-Ph

0,p-diCIl-Ph

(t) CH=CH-Ph

CHPh,

Ph

ICso (nM)

(95% C. 1)

2.8
(1.7-3.9)

33
(3.1-3.4)

4.1
(3.7-4.5)

1.3
(0.71-2.0)

1.4
(1.22-1.6)

2.4
(2.0-2.8)

0.43
(0.4-0.47)

3.5
(2.77-4.21)

" indicates that the compound inhibited CYP3A4 to a higher degree than dillapiol; Ph=phenyl
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RELATIVE INHIBITION vs DILLAPIOL:
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23

Fig. 2-4 Inhibition of CYP3A4 relative to dillapiol =1 by esters derived from dillapiol

via alcohols 2 and 3.
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Additional esters and several ethers were prepared starting with sessamol in order to
investigate the importance of the 3-and 4- methoxy groups (Scheme 2-2). Sessamol, 6, was
converted into its ortho-allyl derivative by reaction with allyl bromide in the presence of
potassium carbonate. The resultant allyl ether underwent a clean Claisen Rearrangement by
heating to 190 °C in decalin to give the ortho-allylated phenol 7. Subsequent O-alkylation,
provided the ether 8 which upon hydroboration yielded the primary and secondary alcohols 9 and
10, respectively. Acylation of these compounds produced the general formula 11 and 12. The
CYP3A4 inhibition data of nine esters belonging to the family 11 and 12 and four of the

intermediate ethers 8 are shown in Table 2-2 and Fig.2-5.
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Table 2-2 ICspand 95% C.1. of CYP3A4 inhibited by esters derived from sessamol.

ICso (uM)

ICso (1M)
# R # R1 R2
(95% )
C.L) (95% C.1.)
1 9.2 11a
dillapiol (8.3-10.1)  (AF38) CH; Ph 21 (1.52.7)
8a 11b
(AF19) 1 / (AF47) CH;-Ph Ph 5.8 (5.4-6.2)
8b 11c*
H H>-A Ph ) 26-0.4
(AF39) B / (AF2s)  CHrAT 0.36 (0.26-0.46)
8d 1.4 11d .
@arle) SEPh G as (AR CH;, CH=CH-Ph  17.2 (13.6-20.8)
8e* 2.2 11e s
@arF1s)y SHEAT 607 (AFIS) CH»-Ph  'CH=CH-Ph 47 (4.0-5.5)
11£*
(AF36) CH; CH-Ph,  0.47(0.25-0.69)
g CH,Ph CH-Ph 1.0 (0.97-1.08)
(AF46) 2 2 0 (©.57-1.
11h .
e CH,Ar CH-Ph,  0.22(0.09-0.35)
(AF45) 2 2 22 (0.09-0.

Ar=2, 5-dimethoxyphenyl; Ar = 3, 4-methylendioxy-phenyl; Ph= phenyl; =trans
" noted that the compound inhibited CYP3A4 to a lesser degree than dillapiol.
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Fig. 2-5 Inhibition of CYP3A4 of compounds derived from sessamol

relative to dillapiol =1.
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2.3.2 QSAR model
The optimal CoMSIA model was obtained using steric, electrostatic and hydrophobic field
descriptors. The steric field descriptor explains 17.4 % of the variance; the electrostatic
contributes 38.3 %, while the hydrophobic descriptor accounts for 44.2 %. The observed and
predicted activities used in the model, and the residual values for the training set were calculated,
and values are shown in Table 2-3 and Fig. 2-6. In order to validate the 3D-QSAR model, a set
of analog molecules were used. Inhibitory activities were predicted for the testing set shown in

Table 2-4.

CoMSIA contour maps

The most active compound 5n (AF53) in the model (pICsp=6.70) was embedded in the
CoMSIA contour displays. The contour maps for the hydrophobic fields, electrostatic field and

steric field were shown in Fig. 2-7, 2-8 and 2-9, respectively.
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CoMSIA predicted pIC50

Relative contributions
CoMSIA electrostatic @~ 0.383
CoMSIA steric I 0174
CoMSIA hydrophobic  0.442

6.4

M Training set

ol A

Experimental pIC50

Fig 2-6. Plot of the experimental and predicted PICs, of 35 training analogs for

CoMSIA analysis with relative contribution portion of three major parameters.
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Table 2-3 The observed and predicated inhibitory concentration (pICsy) of 35 dillapiol analogs

used as training analogs for developing 3D-QSAR model. CoMSIA residuals were included.

Obs. Pred. Obs. Pred.
CoMSIA CoMSIA
# Code Log Log # Code Log Log
Residuals Residuals
(pICsp) (pICso) (pICsp) (pICso)
Sn
1 6.70 6.45 0.25 19 AF 49 5.64 5.73 -0.09
(AF53)
11c 4]
2 6.44 6.57 -0.13 20 5.62 5.54 0.09
(AF25) (AF09)
11f 4k
3 6.33 6.47 -0.14 21 5.59 5.51 0.08
(AF36) (AF03)
4b
4 AF34 6.27 6.26 0.01 22 5.55 5.61 -0.06
(AF21)
5 AF35 5.97 5.93 0.04 23 AF26 5.52 5.48 0.04
13 4d
6 5.97 6.04 -0.07 24 5.48 5.52 -0.04
(AF35) (AF04)
8d 9b
7 5.85 5.86 -0.01 25 5.39 5.16 0.23
(AF16) (AF27)
14
8 5.85 5.78 0.07 26 AF32 5.39 5.41 -0.02
(AF40)
4j 4f
9 5.93 -0.08 27 5.39 5.39 0.00
(AF02) (AF06)
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10

11

12

13

14

15

16

17

18

4i
(AF08)

4c
(AF10)

15
(AF24)

Sa
(AF50)

4e
(AF22)

AF37

11a
(AF38)

4g
(AFO1)

8e
(AF15)

5.80

5.80

5.74

5.72

5.72

5.68

5.68

5.68

5.66

5.64

5.65

5.75

5.76

5.69

5.65

5.64

5.65

5.67

0.17

0.15

-0.01

-0.04

0.03

0.03

0.04

0.03

-0.01

28

29

30

31

32

33

34

35

11e
(AF18)

4h
(AF13)

16a
(AF05)

dillapiol

4a
(AF12)

16b
(AFO07)

AF44

2
(AF28)

5.33

5.28

5.18

5.04

5.03

4.99

4.94

4.80

5.37

5.45

5.09

5.04

5.28

5.09

4.99

4.83

-0.04

-0.17

0.09

0.00

-0.25

-0.10

-0.05

-0.03
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Table 2-4 Predicted and observed inhibitory concentration (pICs) of the

testing set of analogs in order to evaluate the accuracy of developed 3D-

QSAR model.

Pred. Log Obs. Log CoMSIA

(pICso) (pICso) Residuals
4m (AF29) 5.54 5.72 -0.18
4h (AF13) 5.59 5.89 -0.3
4n (AF23) 6.08 6.37 -0.29
5g (AF52) 6.05 5.46 0.59
11b (AF47) 6.3 5.24 1.06
11d (AF14) 5.55 4.76 0.79
11g (AF46) 6.78 6.00 0.78
11h (AF48) 6.5 5.85 0.65
11i (AF45) 6.6 6.66 -0.06
15 (AF31) 5.44 6.15 -0.71
8b (AF39) 5.13 5.72 -0.59
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Fig 2-7. CoMSIA contour hydrophobic map of 5n (AF53). Cyan/orange colors indicate the
regions where hydrophobic/hydrophilic groups would enhance the activity respectively. Orange
color shows favored areas while cyan shows disfavored. The graphic is fixed to display 25% and

85% colors respectively.
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Fig 2-8. CoMSIA contour map for electrostatic fields of 5n (AF53). Blue and red
depict favorable and disfavored sites for positively/negatively charged groups. This

graphic used 20%/ 80% display colors.
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Fig 2-9. CoMSIA contour steric map of 5n (AF53). Sterically favored/disfavored areas

display in green/yellow color respectively. The graphic is fixed in 80/ 50% display level.
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Table 2-5. Inhibition of CYP3A4 by ethers derived from sessamol and dillapiol

IC5() (},LM) IC5() (},LM)
Compound Code (Relative to Compound Code (Relative to
dillapiol=1) dillapiol=1)
OCH; O OCH3
0 OCH; 1 9.2 < 8b
/
<O _~_ (dillapiol) (1) 0 N (AF39)
H,CO
0 OJi) 8d 1.4 0 O\D 8e 2.2
<oJ<IA\ (AF16)  (64) <Oﬁ/\ ks @
N
OCH; (CH,
0 0CH; 16a 6.7 0 OCH, F 16b 10.3
<0 0@ (AF05) (1.4) < Oﬁ (AF07) (0.9)
0
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2.4 Discussion

Plant is a rich source of biologically active natural products and plant-derived compounds
selected for use in medicine or agriculture, which are often structurally optimized to improve their
activity. There is usually an advantage to modifying the lead molecule and designing analogs that
will increase the activity and reduce negative impacts of the parent compound. The first step of the
present study was to synthesize and screen dillapiol analogs by CYP 3A4 isozyme inhibition for
comparison with dillapiol.

Within the tested analogs, both the alcohols 1 and 2 were less potent than dillapiol in inhibiting
P450 3A4. The data in Table 2-1 and Fig. 2- 4 showed that for the esters derived from the primary
alcohol 2, an increase in size of the R group, particularly if this is near the ester function, results in
increased P450 3A4 inhibition. For example, the acetate 4a (AF12) (R=CHj3) had essentially the same
inhibitory effect as dillapiol. The change in R from CH; (4a AF12) to CsH;; (4d AF04) and
cyclohexyl (4e AF22) resulted in increased inhibition by factors of 2.8 and 4.8, respectively. The
benzoyl ester (4g AF01) was 4.4 times more potent inhibitor than the methyl ester; the addition of
chlorine substituents to the aromatic ring further significantly increased the potency of these
compounds 6-fold (4h AF13, 4i AF08, and 4j AF02). The greatest change was observed when a
hydrogen in the benzyl group (4m AF29) was replaced by a second aromatic ring to yield R =
benzhydryl (4n AF23). This change resulted in increased inhibition by factors from 5 to more than
21. The benzhydryl ester, Sn (AF53), of the secondary alcohol 5 was twice as active (47 times more
potent than dillapiol).

Based on the available data, comparison of the same esters derived from dillapiol and
sessamol suggests that the removal of the 3-methoxy group in dillapiol did not have a significant

effect on the inhibition of the 3A4 enzyme. For example the benzoyl esters 4g (AF01) and 11a
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(AF38), inhibited this enzyme to essentially the same extent; the same conclusion can be drawn
when one compares data for the benzhydryl esters 4n (AF23) and11f (AF36) each of these
compounds were approximately 20 times as effective as dillapiol. The replacement of the 4-
methoxy group in the sessamol derivatives by a benzyl group, (11b AF47 and 11g AF46) lowers

the inhibitory activity of these compounds by a factor of 2-3.

The change from ester to ether was only briefly investigated. Based on the limited data
available, a comparison of the phenyl acetate 4m (AF29) and the two benzyl ethers 17 (AF31) it
appeared that the ethers are somewhat less potent than the corresponding esters. A series of ether, 8a-
8e derived from sessamol were also evaluated. These compounds where R is CH3, C¢H;3, CH,Ph and
CH,.(2,5-dimethoxyphenyl) showed only modest potency in comparison to dillapiol with the methyl
ether showing a 50% decrease, while the hexyl ether and the benzyl ether had a 6.4 and 4.8 fold
increase relative to dillapiol. The methoxy derivatives 8a (AF19), which lacks the second methoxy
group present in dillapiol, was somewhat less potent than dillapiol. Replacement of the methoxy
group by benzyl (8d AF16) or 2.5 dimethoxybenxyl (8e, AF15) gave compounds that were 4 to 7
times more potent in inhibiting CYP3A4 than dillapiol.

Qualitative analysis of the inhibition data for a variety of esters indicates that larger acyl
group attached to the alcohols 4, 5, and 11 and 12 gave higher in vitro inhibition of CYP3A4.
Additionally, it appears that the same esters derived from the secondary alcohols, for example Sn
(AF53) was approximately twice as potent as those obtained from the isomeric primary alcohols,
4n (AF23). Removal of one of the two methoxy groups in dillapiol yielded compounds such as 8,
11 and 12. This did not result in a significant decrease of the potency of derivatives compared to the
corresponding dillapiol analogs. In the case of the ethers 8¢, -8e the replacement of the remaining

methoxy group by other, “bulky” substituents such as the hexyl or benzyl groups resulted in an
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increase in the inhibitory property of these compounds relative to dillapiol. This suggests that the
reaction of the allyl derivative 7 with “bulky” alkylating agents such as benzhydrol and conversion
of such compounds to several of the esters of the type 11 and 12 should yield more potent inhibitors
than those shown in Table 2-1. Interestingly, COMSIA showed that the effect of the “bulky” groups
in the inhibitory effects was a mix of hydrophobic (44.2 %) and steric (17.4%) effects.

The importance of the QSAR relationship based on the current group of compounds is that it
points to new structures with predicted higher P450 3A4 inhibition. For example, the hydrophobic
CoMSIA contour suggests that the activity would significantly increase if we made changes that
improve the hydrophobicity over the orange color (Fig. 2-7). According to the electrostatic
CoMSIA contour (Fig. 2-8), the blue color indicates regions where electron deficiency enhanced
the biological activity, while the red color represented areas where the electron rich moieties were
favorable for the activity.

It has been determined that CYP6 clade of enzyme, the major cytochrome P450 family of
insects which conducts the detoxification in many insect pests, belong to the same clade as
CYP3family of humans and other mammals (Feyereisen, 2006). In the present study, many
dillapiol analogs exhibited higher inhibition levels with the human CYP3A4 than the parent
compound. It provided a number of molecules which show potential as insecticide synergists. The
analogs to be tested were grouped as either ester compounds, AF01, AF12, and AF23 for the first
generation synergists, or ether compounds, AF15, AF16, and AF31for the second generation
synergists. I expected that similar inhibition trends could be observed in the insect biological

testing.
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CHAPTER 3 DILLAPIOL AND ITS ANALOGS AS PYRETHRUM
SYNERGISTS FOR CONTROL OF OLIGOPHAGOUS COLORADO

POTATO BEETLE, LEPTINOTARSA DECEMLINEATA (SAY)

Preface

In this chapter, Chapter 4 and 5, analogs selected from chapter 2 were used to determine their potential
in insect models. Specifically, the synergistic activity, intrinsic toxicity, and mode of action of selected
analogs were determined with both oligophagous Colorado potato beetle and polyphagous European corn
borer. All experiments were conducted by myself with the exception of the intrinsic toxicity bioassay (in

Chapter 4) which was undertaken with Emerson Harkin, an undergraduate student of University of Ottawa.

3.1 Introduction

The widespread insect pest, the Colorado potato beetle, Leptinotarsa decemlineata (Say)
(Coleoptera: Chrysomelidae), is a leaf beetle originally native to the southwestern United States and
Mexico, and was first described by Thomas Say, who found the beetle on buffalo bur, Solanum
rostratum Dunal, in Missouri and Arkansas in 1824. Today the beetle has migrated throughout
much of North America, Europe, parts of Asia, and parts of Central America (Capinera, 2001). The
severe damage potential of this insect pest combined with its rapid ability to develop resistance to
any newly introduced insecticide has made it one of the most important pests of agricultural crops.

CPB is an oligophagous insect that feeds exclusively on the foliage of cultivated and wild
plants in the Solanaceae (Hsiao, 1985). It is a major insect pest on potato, tomato (Solanum
lycopersicum L.), eggplant (S. melongena L.), but rarely on pepper (Capsicum annuum L.)
(Capinera, 2001). In some cases, CPB can adapt its host range by accepting locally abundant

Solanum species (Mena-Covarrubias ef al., 1996; Horton et al., 1998a, 1998b) which confer
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increased survival probabilities to those beetle populations. As a gluttonous leaf feeder, the damage
caused by CPB can greatly reduce yield and even kill plants. During the whole life cycle, both
adults and larvae feed on the same plant foliage, but the fourth instar larvae are responsible for most
(~77%) of total leaf consumption (Capinera, 2001). Potato crops could be completely defoliated if
CPB larval densities are high enough (Hare, 1980).

CPB is notoriously difficult to control, and many control strategies available in integrated
pest management have been employed. The major techniques attempted include: 1) cultural control,
including common cultural practices such as crop rotation, manipulation of planting time and crop
varieties; 2) physical control, such as digging plastic-lined trenches along a field border in order to
intercept post-diapause CPB colonizing the crop in the spring; 3) biological control by using a
number of biological organisms that feed on or infect CPB to reduce CPB populations; 4) plant
resistance, for example, selection for toxic secondary metabolites, mainly glycoalkaloids, which are
present in solanaceous plants including potato, and confer plant resistance to herbivorous insects
(Tingey and Sinden, 1982; Sinden ef al., 1991; Pelletier et al., 2013). Unfortunately, most of these
methods have had limited success and potato and vegetable growers still rely heavily on the method
of last resort in integrated pest management (IPM): chemical control. This has been used as the
major approach to control CPB for more than 160 years, and has caused rapidly developed
resistance of CPB to almost all insecticides used for its control.

The first case of insecticide resistance in CPB populations was noted with the organochlorine
insecticide, DDT, in the 1950s (Quinton, 1955) and cross-resistance was observed soon afterwards
with other chlorinated hydrocarbons (Hofmaster et al., 1967). Over the past five decades CPB
developed resistance to the organophosphates and carbamates (Forgash, 1985) as well as virtually

all classes of insecticides used for its control (Kuhar, 2013). Research has demonstrated that
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insecticide synergists, such as PBO and S, S, S-tributyphosphorotrithioate (DEF) can decrease CPB
insecticide-resistance (Mohammadi Sharif et al., 2007).

In the previous chapter, the structure activity relationships for a large number of analogs of the
natural compound dillapiol were developed using a cytochrome P450 assay, which is useful in
predicting molecules that may be useful in reducing the rapid rate of insecticide metabolism in CPB.
In this chapter, I systematically examined the possibility of restoration of susceptibility to insecticides
in CPB using a selected number of these compounds as resistance modulators. Six analogs were
carefully selected, which included three ester compounds with inhibitory activity greater than
dillapiol (first generation analogs) and three ether compounds also with enhanced activity, but which

were stable to hydrolysis by insect esterases (second generation analogs) (Fig. 3-1).

3.2 Material and methods

3.2.1 Source of chemicals applied

The insecticide applied in the present study is pyrethrum which has been used for centuries as a
natural pesticide and it is one of the most commonly used non-synthetic insecticides in certified
organic agriculture (Isman, 2006). The commercial pyrethrum was grown in Kenya and extract was
obtained from Whitmire Micro-Gen (BASF, St. Louis, MO). The extract was purified by
supercritical fluid extraction with CO; at Loyalist College (Belleville, ON, Canada) (Kramp, 2010).

As mentioned in Chapter 2, dillapiol was prepared by steam distillation from the fruit of Piper
aduncum. The crude oil was purified using column chromatography. The purity was >95% as
determined by NMR. Six analogs were carefully selected, which included three ester compounds
(first generation analogs) and three ether compounds (second generation analogs) (Fig. 3-1).

For insect toxicity bioassays, all chemicals were dissolved in acetone and the different

solutions were prepared by combining pyrethrum and dillapiol or the analogs at a 1:5 (w:w) ratio.
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OCH, OCH, OCH,
0 0 OCHy 0 OCHj;

Fig. 3-1 Selected dillapiol analogs for testing insecticide synergistic activity. AF01

AF12 and AF23 are ester analogs; AF15, AF16, and AF31 are ether analogs.
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3.2.2 Laboratory bioassay

Insects:

Laboratory bioassay experiments were carried out with two Colorado potato beetle (CPB)
Leptinotarsa decemlineata Say strains: 1) Insecticide-resistant CPB (RS-CPB) were obtained from
the Department of Entomology, Michigan State University, East Lansing, MI, USA, and
maintained without exposure to insecticides for > 20 generations at the Southern Crop Protection
and Food Research Centre (SCPFRC), Agriculture and Agri-Food Canada (AAFC), London, ON
laboratory prior to use in the insect and biochemical assays. 2) The insecticide-susceptible CPB
(SS-CPB) were reared for >150 generations without exposure to insecticides at AAFC London.
Both CPB strains were reared on greenhouse grown potato Solanum tuberosum (var. Kennebec)
foliage and maintained in an insectary at 27 + 1°C, 65% + 5 RH and a photoperiod of 16:8 L:D.

Insect Bioassays

Two insecticide exposure methods, topical and ingestion, were used to test the synergistic
potential of dillapiol analogs against CPB with a pyrethrum discriminating concentration (DC) and

a range of pyrethrum concentrations.

The topical application bioassay was conducted by cutting 4 cm diameter leaf discs from
potato leaves collected from greenhouse-grown plants. Five second instar CPB larvae were
transferred to each leaf disc and a 1 pL dose of the test solutions was applied to the dorsal thoracic
region of the larvae using a 5 pLL micro-applicator (Hamilton Robotics, Reno, NV). CPB larvae
treated with acetone only served as controls. The treated as well as control larvae were held under
the same condition in a holding room at 27 + 1°C, 65% + 5 RH and a photoperiod of 16:8 L: D.
Mortality was recorded at 24 and 48 h by gently touching the larvae with a probe to assess response

and mobility. Moribund larvae were scored as dead.
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For the ingestion method, each leaf disc was dipped for 3 s into the same solutions prepared
for the topical method and then held in the fumehood for 20 min to ensure adequate drying of the
solutions before transferring the leaf disc to a Petri dish with a filter paper disc (Whatman #1)
underneath. Leaf discs dipped into the acetone alone served as the control treatment. Five second
instar CPB larvae were placed on each leaf disc and the petri dishes were put into the holding room.

Mortality was assessed at 24h as described previously.

Bioassays were replicated three times for each test concentration. The highest concentration
of each synergist applied in the combination was also tested singly to determine the inherent

toxicity to CPB in both topical and ingestion treatments.

Discriminating concentration (DC) bioassays were used to compare the synergistic potential
of dillapiol and its analogs with two diagnostic concentrations of pyrethrum. Pyrethrum
concentrations of 10 and 5 ppm for SS-CPB second instar larvae, and 50 and 10 ppm for RS-CPB
second instar larvae with the topical and ingestion treatments, respectively, were chosen, since each
produced less than 100% mortality among all treatments. The two pyrethrum concentrations were

tested alone as the unsynergized treatment.

The 50% lethal concentration (LCsg) of pyrethrum alone or pyrethrum plus each of the
different synergists was determined at 24 h and 48 h. A serial set of six concentrations of the
different solutions were made by the half-half dilution method. The degree of synergism was
estimated using a synergism ratio (SR), calculated by dividing the LCs, of pyrethrum alone by the

LCs of pyrethrum plus synergists at a 1:5 ratio.

At least three separate series of bioassays were run with the SS and RS strains at each of 4-5

concentrations for each pyrethrum/synergist combination giving a minimum of 30 larvae (3
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bioassays x 2 replicates/bioassay x 5 larvae/replicate) per concentration tested. Pyrethrum
concentrations were selected based on preliminary trials to provide a range of greater than 0 and

less than 100% mortality.

Observed mortality was corrected for natural mortality using Abbott’s correction (Abbott
1925). Results for a series were discarded or the series repeated if control mortality exceeded 10%

for 2 day bioassays.

3.2.3 Greenhouse trial

A greenhouse trial was used to compare the synergistic and residual activity of PBO and
dillapiol in combination with pyrethrum with a more realistic application method. The pyrethrum
and pyrethrum-dillapiol or PBO combinations were formulated with tetrahydrofurfuryl alcohol
(THFA; Penn Specialty Chemicals, Memphis, TN) and the emulsifier prepared from ethoxylated
castor oil Alkamuls EL-719 (A-719; Rhodia, Cranbury, NJ). Formulations were prepared with
pyrethrum alone at 6.4%, or pyrethrum at 0.64% in combination with PBO or dillapiol. The
formulation blank for all experiments consisted of 10% (wt: wt) A-719 and 90% (wt: wt) THFA. The
addition of pyrethrum or synergists in the formulation reduced the amount of THFA proportionally,
but the A-719 amount remained constant. One hour before application, 5 mL of four different
formulations were diluted in water 40X to obtain a concentration of pyrethrum at 10X or 100X the
LCsp concentration determined for the SS-CPB strain (16 ppm pyrethrum and 80 ppm dillapiol).

In the greenhouse at AAFC London, three pots of potato plants were placed in a triangle and
70 mL of each formulation was sprayed by hand using a misting sprayer. Leaves, one leaf per level,
were sampled from top, middle and bottom of plants at 1, 6 and 24 h post treatment. Leaves were

placed in the Petri dishes described in the previous laboratory bioassay section, and five 2™ instar
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SS-CPB larvae were carefully transferred onto the top of the leaf. The Petri dishes were put into the

holding room. Mortality was assessed at 24 h as described previously.

3.2.4 Microplot field trial

A microplot trial was used to compare the synergistic and residual activity of PBO and
dillapiol in combination with pyrethrum under more realistic field conditions. Microplots, 2.25 m x
0.9 m, 15 in total were planted with 2 rows x 5 potato (var. Kennebec) in early June 2012 at AAFC
London. The formulations applied for the field trial were identical with those prepared for the
greenhouse trial. In mid-July, the plants were sprayed with 560 mL of each solution for the entire
plot (40 mL / plant). Ten leaflets per treatment, each from a different plant, were collected from the
foliage at 1, 6, 12, and 24 h post-application. The leaflets were placed in a plastic Petri dish (9 cm)
lined with damp filter paper, labeled with date and treatment, and transported to the lab in a cooler
with freezer packs. Nine out of ten leaflets were separated randomly into three different replicates,
each in one Petri dish. Five second instar larvae were placed on each leaflet replicate and the Petri
dish were held in a growth room at 16:8 h photoperiod, 25°C daytime, 20°C night, and 50% RH.

Mortality was checked at 1, 6, 12 and 24 h post treatment.

3.2.5 Statistical Analysis

Probit analysis (SAS Institute, 2001) of the data generated was then completed to develop
regression lines and determine the LCsg values and 95% confidence interval (C.1.) for both the SS-
and RS-CPB for each pyrethrum/synergist combination.

The field and greenhouse trials were analyzed by two-way ANOVA and Bonferroni post hoc-
tests (GraphPad Prism 5). The log-transformed data and Arcsin-transformed data were subjected to

the general linear model procedure to test the significant differences between individual fractions.
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3.3 Results

3.3.1 Laboratory Bioassay
Synergistic effect of dillapiol analogs against SS-CPB
The LCs values for pyrethrum with or without dillapiol determined with 2" and 4™ SS-CPB
instar larvae (Table 3-1) were used to select a concentration of 5 ppm pyrethrum for the ingestion
method and 10 ppm for the topical method with the 2" instar SS-CPB larvae while 50 ppm
pyrethrum was chosen for both topical and ingestion treatment against 4™ instar larvae to combine
at a synergist ratio of 1:5 with dillapiol and the 1st generation analogs (ester compounds) AFO1,

AF12, and AF23.

After 24 h, AF23 was the only compound to significantly synergize pyrethrum compared to
pyrethrum alone by the topical method, but its inhibitory activity was not statistically higher than
dillapiol-pyrethrum combination. Similarly, AF23 and dillapiol both significantly increased the
CPB mortality compared to the unsynergized pyrethrum by the ingestion method (d.f. =4; 10;
F=10.64; p<0.05) (Fig. 3-2). All analogs had greater synergistic activity at half the concentration
applied with the ingestion method (5 ppm), compared to the topical method (10 ppm), with the

exception of AFO1 (Fig. 3-2).
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Table 3-1 The LCs, value for pyrethrum (Py) with or without dillapiol (95% C.I.)

and synergism ratio (SR) with 2" and 4™ instars SS-CPB larvae (24h).

Insecticide Topical Ingestion
with or
LCs (95% CI) LCs (95% CI)
without SR SR
synergists (ppm) (ppm)
. Py 9.3 (8.2-10.7) - 3.7 (2.1-6.4) -
larvae Py-+dillapiol 3.7 (2.3-6) 2.5 1.8 (1.1-2.8) 2.1
A tar Py 115 (89-199) - 113 (87-139.3) -
larvae Py+dillapiol  36.8 (18.5-78.3) 3.1 34.7 (25.4-56.9) 33
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Fig. 3-2 Comparison of 24 h adjusted mortality (= S.E.) for pyrethrum with or
without dillapiol or 3 ester analogs with 2" instar SS-CPB larvae by topical (10
ppm) and ingestion (5 ppm) treatment method. Bars with different letters
indicate a significantly higher mortality for the pyrethrum-synergist combination
compared with pyrethrum alone (Low-case letters for topical treatment, while
capital letters for ingestion treatment) (Two-way ANOVA and Bonferroni post-

hoc tests, p<0.05)
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