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Uptake and Distrib ution of Thr eelnsect Growth
Regulators— Di ubenzur on, Flucycloxuron and
Halofenozide—in Pupaeand Adults of Tenebrio molitor

SouadChebiral NoureddineSoltani} SarahMuylle? andGuy Smagghé

In atopical bioassaywith pupaeandadultsof the mealvorm Tenebriomolitor (Coleoptera:
Tenebrionidae) an important pestin storedproductsworldwide, threeinsect growth in-

hibitors (IGRs) weretested:the two chitin synthesignhibitors di ubenzuronand uc yclox-

uron, andthe ecdysoneagonisthalofenozidg RH-0345). To addresglifferencesn toxicity,

we determinedwith the useof a 1* C-labeledisotope,the patternof absorptionthroughthe
cuticleandthenthe distribution in the differentbody tissuesof gut, hemolymph jntegument
and reproductie organs(ovaries, testis). The rate of absorptionthroughthe cuticle was
highestfor uc ycloxuron,andthis concurredwith its high toxicity. In generalthe patterns
of absorptionfollowed a similar trend in young and old pupaeand in the adult stage.
Accumulationin the reproductie systemof femalesand maleswasrelatively high, which

mayexplainthe strongreproductie effectsof theIGRstested.In addition,we recordedarge
differencesdn the clearancef insecticidefrom the insectbody via the excrementswith the
chitin synthesisnhibitorsexhibiting higherratesthanhalofenozide.

KEY WORDS:Di ubenzuron; uc ycloxuron;halofenozidejnsecticidekinetics;absorption
throughthe cuticle;bodyaccumulationgxcretion;meaivorm.

INTRODUCTION

Becaus®f ernvironmentakoncernselatedto theuseof corventionalinsecticidesagro-
chemicalresearcthasfocusedon the discovery of more selectve compoundsthe insect
growthregulators(IGRs),whichinterferewith pestinsectgrowth anddevelopmen(3). The
chitin synthesisnhibitory benzglpherylurea(BPU)insecticidesuchasdi ubenzuronand

uc ycloxuronpreventthe molting processy inhibiting chitin synthesistherebycausing
abnormalendocuticulardepositionand abortve molting (3,6). In addition, the chitin

synthesisnhibitors(CSls)lik e di ubenzuronandrelatedcompoundsffectreproductiorin

severalinsectorders primarily by causingareductionin egg hatch(3,6,21).Besideghese
chemistries substituteddibenzglhydrazinederivatives have beendiscoveredin the past
decaddo actasnon-steroidahgonistf theinsectmoltinghormone20-hydroxyecdysos,
the latter representing new classof IGRs (2,3). RH-5849andtetufenozide(RH-5992)
werethe rst nonsteroidakcdysonegonistgeportedo induceprecociousandincomplete
molting in severalinsectorders,particularlyin Lepidoptera.Thesecompoundsnimic the
biologicalactiity of the naturalmolting hormone(2,14,28).Recently two new structural
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analogshave beendeveloped: methoxyfenozid¢RH-2485)andhalofenozidg RH-0345).
Methoxyfenozideas themostef cacious memberf thedibenzglhydrazineinsecticideto
reachthe marketplaceagainst_epidopterahalofenozides foundto possess hightoxicity
againstColeopterq1,2).

In this study the biochemicalandkinetic propertiesof the ecdysoneagonisthalofen-
ozideandtwo CSls,di ubenzuronand uc ycloxuron,wereinvestigatedn orderto explain
theirreportedoxicity againsthemeatvorm, Tenebriomolitor. T. molitor is a pestinsectof
worldwide importancecausinghigh lossedn storedproducts;moreover, mary meatvorm
populationshave developedresistanceéo mostclasse®f insecticidesHerewe determined,
with the use of a *C-labeledisotope, the rate of absorptionthroughthe cuticle after
topical application,excretionvia the excrementsanddistribution in differentbodytissues
in youngandolder pupaeandin femaleand male adultsof T. molitor. The purposeof
our investigationswas to explain differencesin toxicity againstpupaeand detrimental
reproductve effectsin adults. During the pastseveral years,this coleopterarpestinsect
hasbeenusedas a modelto investigatenormal developmentaland reproduction-related
events(21,25,26).

MATERIALS AND METHODS

Insects Mealwormswerecollectedfrom astockcolony andrearedonwheat our at27 C
and80%r.h. in almostcontinuousdarknesssreportedpreviously (26).

Chemicals A [**C]-radiolabeledsotopeof di ubenzuron(speci ¢ activity 15mCig 1)
and uc ycloxuron(speci c activity 22.2mCig *) werekindly suppliedby Solvay-Duphar
(Weesp the Netherlands).A technicalsample(99%) of halofenozideanda radiolabeled
14 C-t-butyl isotope(speci ¢ activity 24.0mCig 1) of thiscompoundverekindly provided
by Dr. G.R.Carlson(RohmandHaasResearchaboratoriesSpringHouse PA, USA). All
solventsusedwereof analyticalgrade.

Treatmentof insectswith 4C-labeledIGR  Newly ecdysedupaeandadultmalesand
femaleswvereindividually treatedwvith 1 | of anacetonesolutioncontaining22,406 2492
disintgyrationgperminute(dpm),45,102 4066dpmor 27,241 660dpmof di ubenzuron,

uc ycloxuron or halofenozide,respectiely, applied with a Hamilton micro-applicator
(Bonaduz,Switzerland)to the abdominalventral sternites. Controlswere treatedwith 1

| of acetoneFour replicatesof eachbioassaywereconducted At varioustime intervals

following treatmentcontrolandexperimentainsectsverecollectedandkeptin thefreezer
at—20 C prior to analysig(18).

Absorption thr ough the pupal cuticle Youngerpupae(0—4 h old) andolder pupae(2

daysold) weretreatedwith 1 | of radiolabeledGR asmentionedabove. The amounts
of radioactvity absorbednsidethe pupaeat differenttime intervals aftertopicaltreatment
were determinedby washingeachpupafor 15 min in 2 ml of acetonecontainedn a 20

ml plasticscintillationvial aspreviously optimized(5,13). Basedon thesevalues therate
of absorptiorthroughthe cuticle wascalculatedoy taking the differencebetweeramount
appliedandthe amountwashedoff with acetoneat variousdaysafter application. Four

replicateswere setup per time interval and per IGR. Then, acetonewas evaporatecdtio

drynesswith aSpeed¥c(Analis, Belgium)andtheamountof radioactvity wasdetermined
usingl0ml LumaSafeéPlus(Lumac,MechelenBelgium)andcountingsamplesn aWallac

liquid scintillationcounter(PerkinElmerLife SciencesZaventem Belgium)(13,18).
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Absorption through the adult cuticle One microliter of eachradiolabeledlGR was

appliedtopically on newly emeged adults (0—4 h old). After treatment,coupleswere

keptseparatelyn smallplasticpetridishes( 9 cm),andinsectswerecollectedatvarious
time intervals. Therateof absorptiorthroughthe adultcuticle wasdeterminedasreported
above for pupae After differentintervalsof treatmenwith radiolabel,adultswerewashed
by placingthemfor 15minin 20ml plasticscintillationvialsthatcontained2 ml of acetone.
Four replicategertime interval andper IGR were performed.The acetondrom samples
was pooled,evaporated and the amountof radioactvity was determinedusinga Wallac

liquid scintillationcounter(13,18).

Accumulation in the femaleand male adult body tissuesand excretion via excrements
Newly emegedadults(0—4 h old) weretreatedas describedabove. The distribution of

radioactvity in the body was determinedby dissectingthe adultsin an embryoglassto

separatehe reproductve system,the integument(including cuticle, muscles peritoneal
fat body and head), the digestive canal (including contentand Malpighian tubules) and
absorbinghe hemolymphon Iter paper Four replicatesveresetup pertimeinterval and
per IGR. The dissectedissuesandthe excrementsvere oxidized separatelyn a Packard
Biological Material SampleOxidizer Model 306 (Perkin EImer Life Sciences)andthe
gas(+['*C]dioxide) that was generatedvas collectedusing8 ml CarboSorld and10 ml

Perma uorE Plus(Packard Lumac,Belgium)accordinggo Medinaetal. (8). Theamount
of radioactvity wasmeasuredsdescribedabove.

Statistical Analysis All resultsare given in disintggrations per minute (dpm). The
amountof radioactvity thatpenetrateds expressedsa percentagef the averageamount
of radioactvity appliedfor eachlabelediIGR. Dataareexpressechasmeans SEM based
on four replicates. Datawere analyzedusing a one-way analysisof variance(ANOVA).
The leastsigni cant difference(LSD) comparisonof meanstest (P< 0.05) was usedto
determinghesigni canceof differencedetweersamplemeans.

RESULTS

Absorption through the pupal cuticle Di ubenzuron, uc ycloxuronandhalofenozide
were topically appliedto youngerand older pupaeand the rate of absorptionthrough
the pupal cuticle was followed (Fig. 1). Among the three IGRs tested, uc ycloxuron
exhibited the highestrate of absorption. Six days post-treatmentapproximately76—

85% uc ycloxuron was absorbednto the body of youngerand older pupae,whereas
percentagewereonly 44—-48%duringthesametime periodfor di ubenzuronand14-26%
for halofenozide.In addition,the ratesof absorptionthroughthe pupal cuticle indicated
thattheinsecticidesvereaccumulatedn the body at differentvelocities. Overall, thetwo

CSlswereabsorbednorerapidly thanhalofenozide At day 2 aftertopicaltreatment,12—

19% of ucycloxuronand 18—-31%of di ubenzuron were absorbedhroughthe cuticle

as comparedwith 12—-18%for halofenozide. Di ubenzuron and halofenozidereached
respectie plateausof approximately45% and20% at day 4 post-treatmentin contrast,
absorptionfor uc ycloxuronalreadyreacheda higherlevel (50-55%)at day 4 andthen

increasedo 80—85%atday6.

Absorption through the adult cuticle For uc ycloxuron, the radiolabelwas rapidly
absorbedhroughthe cuticleduringthe rst 2 days,achiezing 51% accumulatior(Fig. 2).
Thereafterpenetratiorreacheda maximumconcentratiorof 77%atday6. Theabsorption
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Fig. 1. Rateof absorptionthroughthe cuticle of di ubenzuron, uc ycloxuronandhalofenoziden

younger(0-4h old) andolder (2 d old) mealvorm pupaeat 2, 4 and6 daysaftertopical application.
Dataare expressedaspercentagegmeans SEM; n=4) of applied['* C]-labeledisotope. Rateof
absorptionwas calculatedby taking the differencebetweerthe amountappliedandthatwashedoff

with acetone.

of di ubenzuron followed a similar patternas uc ycloxuron, but the amountsabsorbed
werelower, viz. 53%atday6. For halofenozidethe percentag@ theadultstagewvasonly
9-34%at days4—6.

Accumulation in adult body tissues Levelsof di ubenzuronin the body of femaleand
maleadultsareshownnin Figure3. Mostof theradioactvity recoseredin adultswaspresent
in theintegument. Two dayspost-treatment, 10—12%wasretainedin the integumentof
bothfemalesandmales.Theamountsn gut (3—6%)andreproductve organs(ovariesand
testes)between3% and5%) andhemolymph(2—4%)followed a similar pro le in males
andfemales;the accumulatiorremainedalmostconstantduring the experimentalperiod.
For the otherCSl, uc ycloxuron,someavhathigherlevelswereretainedin theintegument
(16-18%). The gut containedapproximatelyl 7—25%,the gonads(ovariesandtestes)o—
9%, and the hemolymph10-14%. Irrespectve of adult gender 6—-11%o0f the ecdysone
agonisthalofenozideaccumulatedn the different body parts tested(gut, hemolymph,
integumentandreproductve system)Fig. 3).

Excretion via excrement As shown in Figure 4, there were considerabldifferences
in clearanceof the threelGRs from the insectbody via the excrements. Di ubenzuron
and uc ycloxuronwere excretedto a similar extentin femalesand males,andthe levels
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Fig. 2. Rateof absorptionthroughthe cuticle of di ubenzuron, uc ycloxuronandhalofenoziden
mealvorm adultsat 2, 4 and 6 daysafter topical application. Data are expressedas percentages
(means SEM:; n=4) of applied[** C]-labeledisotope.Rateof absorptionvascalculatedby taking
thedifferencebetweertheamountappliedandthatwashedff with acetone.

reachedor the two respectie CSlswere 67—77%and45-52%o0f the amountappliedat
day 6. Theselevelsweremuchhigherthanthelow excretionratesthatwereobsenedfor
halofenozidédetweerdays2 and6 aftertopicaltreatment4—16%of theamountapplied.

DISCUSSION

In orderto explain a differenttoxicity of the threeselectedGRs againstT. molitor,
we studiedtheir absorptionkinetics. Againstmealvorm pupae, uc ycloxuronhasbeen
reportedo bethe mosttoxic, followedby di ubenzuron(3 timesless)andhalofenozidg5
timesless);therespectie LD5, valuesfor uc ycloxuron,di ubenzuronandhalofenozide
werel.91,6.03and9.03 g perinsect(22-24).1t is strikingthatagoodcorrelationcouldbe
drawn betweerthe lattertoxicity valuesandthe currentabsorptiordata. For youngerand
older pupae,it wasclearthatthe rateof absorptiorthroughthe pupalcuticle washighest
for ucycloxuron,followed by the other CSl, di ubenzuron, and the lowestuptale was
obsenedfor theecdysonegonisthalofenozideHereit is notavorthy thattheorderof rate
of absorptionuc ycluxuron> di ubenzuron> halofenozideoncurswith adecrease the
hydrophobicityvalue(logP) of thethreerespectie IGRs: 6.9,3.9and3.2. In thepast,the
hydrophobiccharacteflogP) of IGRs wasreportedto be animportantfactorfor toxicity
againstChilo suppessalis(12), Spodoptea exigua (19), and Leptinotasa decemlineata
(10), andit wasrelatedto the structureof theinsectcuticlethatconsistdrom the outsideto
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Fig. 3. Accumulation of di ubenzuron, ucycloxuron and halofenozidein the gut (G), the

reproductie system(ovaries, Ov, or testis, Te), the hemolymph(H) andthe integument(l) after

topicalapplicationin femaleandmaleadultsof mealvorm. Dataareexpresse@spercentage§neans
SEM; n=4) of applied[** C]-labeledisotope.

theinsideof athin wax andcementayer, adenseepicuticleanda thick lamellatedchitin-
containingendocuticle.Iln addition,it shouldbe notedthatthe uptalke in older pupaewas
somavhat smallerthanin youngeronesfor halofenozideandthis was alsothe casefor
di ubenzuron,but only at 2 dayspost-topicakreatmeni{18 9%in olderpupaecompared
with 31 5% in youngerones;Fig. 1). This lower uptalke in older pupaeis expectedo be
theresultof alower permeabilityof its cuticle,becaus¢heendocuticlas thickerwith more
chitin-containinglamellaecomparedvith youngpupae(24). As is the casein pupaealso
in theadultsof T. molitor theabsorptiorthroughthe cuticlefor uc ycloxuronwashighest,
followedby di ubenzuronandthelowestuptale wasfor halofenozide Thesigni canceof
absorptioron toxicity of IGRswasalsoreportedfor otherinsects.El-Saidyetal. (4) and
Smaggheetal. (7) studiedtherateof absorptiorthroughthe cuticlein larvaeof thecotton
leafworm, Spodoptea littor alis, a pestof cottonandvegetablesAfter topicalapplication,
approximatelyl5% of di ubenzuronand 32% of te ubenzuronwerefoundto penetrate
the cuticle within 24 h. In this noctuid specieste ubenzuronwas 30% more toxic than
di ubenzuron(LDsg 3.1 gl/insect)ithus,thedifferencesn rateof absorptiorarere ected
in the toxicity of the respectie CSls. Similarly, contacttoxicity of di ubenzuonagainst
tsetse ies, Glossinaspp., correlatedwith cuticular absorption(7). Also in two beetle
speciesAubeonymusnariaeffanciscaeandLeptinotasa decemlineatd5), strongeffects
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Fig. 4. Excretionof di ubenzuron, uc ycloxuronandhalofenoziddrom thebodyvia theexcrements
aftertopical applicationin femaleandmaleadultsof mealvorm. Dataareexpressedspercentages
(means SEM;n=4)of applied[** C]-labeledisotope.

by halofenozideagreedwith ahigh absorptiorpercentagef 80%,whereasn lacevings
Chrysoperlacarneaand parasiticwaspsHyposoterdidymator Medinaet al. (8,9) and
Schneideret al. (15,16) reportedthat low effects of di ubenzuron and the ecdysone
agonistehufenozidglanalogof halofenozidefoncurredvith alow absorptioraftertopical
treatment.Thus,our experimentscon rm togetherwith otherreportsin the literaturethat
the rate of absorptionthroughthe insects cuticle is importantin the toxicity for IGRs.
This indicatesthat theselGRs posses& dermaltoxicity, andthattheir selectvity canbe
governedby therateof absorptiorthroughthe cuticle. In view of this, it is suggestedhat
theabsorptiorkineticsareanimportantfactorwhendesigningnew potentcompounds.
The current data concerningthe pharmacokineticof the testedIGRs in the adult
body shawved that they were absorbedthroughthe cuticle and then transportedto the
restof the organs. It was clearthat for the three IGRs, relatively high amountsof the
recoveredradioactvity in malesandin femaleswere presentat day 6 post-treatmenin
the integument: 10-12%for di ubenzuron, 16—-18%for uc ycloxuron and 7—11%for
halofenozide The integumentcontainsthe epidermakellsthatareecdysone-sensite and
thatproducetheinsects cuticle,andassuchthesecellsarethe primarytargetsfor thethree
testedGRs. In addition,thelevelsof radioactvity recoveredin thereproductve systemof
femalegovaries)andmaleg(testis)reachedB-5%of theappliedamountor di ubenzuron,
5-9%for uc ycloxuronand6-8%for halofenozide.As a consequenceaheserelatively
high percentagelelpto explainthestrongreproductve effectsof theIGRstested25-27);
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however, the exactworking mechanisnof CSlsandecdysonegonistson reproductions
notknown yet.

Next to absorptionthroughthe cuticle, excretion of IGRs via the fecesalsoplaysan
importantrolein thetoxicity of IGRs. In femaleandmaleadults,therateof excretionwas
highestfor di ubenzuron (67-77%at day 6), followed by uc ycloxuron(44-52%at day
6) and lowestfor halofenozide(15—-16%at day 6). To explain the impact of excretion
for IGRs, El-Saidy et al. (4) demonstratedhat nearly 70% of the absorbedamount
of di ubenzuron was excretedafter 24 h, and 60% of te ubenzuron. Also Neumann
and Guyer (11) reporteda ve timesfasterelimination of di ubenzuron comparedwith
chlor uazuronin S.littor alis caterpillarsandthis differencein excretionratewasre ected
in therespectretoxicities. Also for thegroupof ecdysonegonistsa morerapidclearance
via thefecesin combinationwith a highermetabolismwasreportedfor methoxyfenozide
(an analogof halofenozide)in a greenhouse-selectedtrain of S. exigua from Murcia
that helpedto explain a lower toxicity (20). In conclusion,asis reportedabove for the
rate of absorptionthroughthe cuticle, the rate of excretionvia the fecesis claimedasa
determiningfactorfor toxicity of the|GRstested.Thus,it is evidentthatthe fateof parent
non-metabolizedGR aftertopical treatmengxplainsits toxicologicalactvity in pestand
bene cialinsectspecies.

In conclusiontheresultsobtainedn this studyshaw thatadifferentialpharmacokinetic
pro le canhelpto explain toxicity values. It is evidentthat after topical application,the
rate of absorptionthroughthe cuticle shouldbe measured.Therewasa goodcorrelation
betweertherelatively highrateof absorptiorthroughthecuticlefor uc ycloxuronandthe
high toxicity of this IGR; andthe lower toxicities of di ubenzuron and halofenoziden
pupaeandadultscorrelatedwell with their lower ratesof absorptionthroughthe cuticle.
In addition,therelatively high accumulatiorratein the adultreproductve organs(ovaries
andtestis)of the IGRstestedhelpsto explaintheir strongreproductve effects. However, it
shouldbe notedthat extrapolationfrom topical toxicity resultsto oral feedingor injection
toxicity dataandvice versa shouldbe donewith caution. In this respectthe application
techniquds of greatimportancen interpretingtoxicologicaldata. We alsobelieve thatit
is necessaryo evaluatethis aspecibn a species-by-specidsmsis,especiallyfor IGRsthat
areusedin IPM programsto control target pestinsectsthat exist in an ervironmentwith
bene cial non-tagetinsects.In addition,it is necessaryo studythe relationshipbetween
toxicity andthe accessibilityof the parentinsecticidesandtheir metabolitedo the sitesof
actionfor eachspeciedeforedraving nal conclusions.
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