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Uptakeand Distrib ution of Thr eeInsectGrowth
Regulators– Di�ubenzur on, Flucycloxuron and

Halofenozide– in Pupaeand Adults of Tenebrio molitor

SouadChebira,1 NoureddineSoltani,1 SarahMuylle2 andGuySmagghe2;�

In a topicalbioassaywith pupaeandadultsof themealworm Tenebriomolitor (Coleoptera:
Tenebrionidae),an important pest in storedproductsworldwide, three insect growth in-
hibitors(IGRs)weretested:thetwo chitin synthesisinhibitorsdi�ubenzuronand�uc yclox-
uron,andtheecdysoneagonisthalofenozide(RH-0345).To addressdifferencesin toxicity,
we determinedwith the useof a 14 C-labeledisotope,the patternof absorptionthroughthe
cuticleandthenthedistribution in thedifferentbodytissuesof gut,hemolymph,integument
and reproductive organs(ovaries, testis). The rate of absorptionthrough the cuticle was
highestfor �uc ycloxuron,andthis concurredwith its high toxicity. In general,thepatterns
of absorptionfollowed a similar trend in young and old pupaeand in the adult stage.
Accumulationin the reproductive systemof femalesandmaleswasrelatively high, which
mayexplain thestrongreproductive effectsof theIGRstested.In addition,werecordedlarge
differencesin theclearanceof insecticidefrom the insectbodyvia theexcrements,with the
chitin synthesisinhibitorsexhibiting higherratesthanhalofenozide.
KEY WORDS:Di�ubenzuron; �uc ycloxuron;halofenozide;insecticidekinetics;absorption
throughthecuticle;bodyaccumulation;excretion;mealworm.

INTRODUCTION

Becauseof environmentalconcernsrelatedto theuseof conventionalinsecticides,agro-
chemicalresearchhasfocusedon the discovery of moreselective compounds,the insect
growthregulators(IGRs),whichinterferewith pestinsectgrowthanddevelopment(3). The
chitinsynthesisinhibitorybenzoylphenylurea(BPU)insecticidessuchasdi�ubenzuronand
�uc ycloxuronprevent themolting processby inhibiting chitin synthesis,therebycausing
abnormalendocuticulardepositionand abortive molting (3,6). In addition, the chitin
synthesisinhibitors(CSIs)likedi�ubenzuronandrelatedcompoundsaffectreproductionin
severalinsectorders,primarily by causinga reductionin egghatch(3,6,21).Besidesthese
chemistries,substituteddibenzoylhydrazinederivativeshave beendiscoveredin the past
decadeto actasnon-steroidalagonistsof theinsectmoltinghormone20-hydroxyecdysone,
the latter representinga new classof IGRs (2,3). RH-5849andtebufenozide(RH-5992)
werethe�rst nonsteroidalecdysoneagonistsreportedto induceprecociousandincomplete
molting in several insectorders,particularlyin Lepidoptera.Thesecompoundsmimic the
biologicalactivity of thenaturalmolting hormone(2,14,28).Recently, two new structural
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analogshave beendeveloped:methoxyfenozide(RH-2485)andhalofenozide(RH-0345).
Methoxyfenozideis themostef�caciousmemberof thedibenzoylhydrazineinsecticidesto
reachthemarketplaceagainstLepidoptera;halofenozideis foundto possessahightoxicity
againstColeoptera(1,2).

In this study, the biochemicalandkinetic propertiesof theecdysoneagonisthalofen-
ozideandtwo CSIs,di�ubenzuronand�uc ycloxuron,wereinvestigatedin orderto explain
theirreportedtoxicity againstthemealworm,Tenebriomolitor. T. molitor is apestinsectof
worldwideimportancecausinghigh lossesin storedproducts;moreover, many mealworm
populationshavedevelopedresistanceto mostclassesof insecticides.Herewedetermined,
with the use of a 14C-labeledisotope, the rate of absorptionthrough the cuticle after
topicalapplication,excretionvia theexcrements,anddistribution in differentbodytissues
in youngandolder pupaeand in femaleandmaleadultsof T. molitor. The purposeof
our investigationswas to explain differencesin toxicity againstpupaeand detrimental
reproductive effectsin adults. During the pastseveral years,this coleopteranpestinsect
hasbeenusedasa model to investigatenormaldevelopmentaland reproduction-related
events(21,25,26).

MATERIALS AND METHODS

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

Chemicals A [14C]-radiolabeledisotopeof di�ubenzuron(speci�c activity 15mCi g� 1)
and�uc ycloxuron(speci�c activity 22.2mCi g� 1) werekindly suppliedby Solvay-Duphar
(Weesp,the Netherlands).A technicalsample(99%) of halofenozideanda radiolabeled
14C-t-butyl isotope(speci�c activity 24.0mCi g� 1) of thiscompoundwerekindly provided
by Dr. G.R.Carlson(RohmandHaasResearchLaboratories,SpringHouse,PA, USA).All
solventsusedwereof analyticalgrade.

Treatmentof insectswith 14C-labeledIGR Newly ecdysedpupaeandadultmalesand
femaleswereindividually treatedwith 1 � l of anacetonesolutioncontaining22,406� 2492
disintegrationsperminute(dpm),45,102� 4066dpmor27,241� 660dpmof di�ubenzuron,
�uc ycloxuron or halofenozide,respectively, applied with a Hamilton micro-applicator
(Bonaduz,Switzerland)to the abdominalventralsternites.Controlsweretreatedwith 1
� l of acetone.Four replicatesof eachbioassaywereconducted.At varioustime intervals
following treatment,controlandexperimentalinsectswerecollectedandkeptin thefreezer
at –20 � C prior to analysis(18).

Absorption thr ough the pupal cuticle Youngerpupae(0–4 h old) andolder pupae(2
daysold) weretreatedwith 1 � l of radiolabeledIGR asmentionedabove. The amounts
of radioactivity absorbedinsidethepupaeat differenttime intervalsaftertopicaltreatment
weredeterminedby washingeachpupafor 15 min in 2 ml of acetonecontainedin a 20
ml plasticscintillationvial aspreviouslyoptimized(5,13).Basedon thesevalues,therate
of absorptionthroughthecuticlewascalculatedby takingthedifferencebetweenamount
appliedandthe amountwashedoff with acetoneat variousdaysafter application. Four
replicateswere set up per time interval and per IGR. Then, acetonewas evaporatedto
drynesswith aSpeedVac(Analis,Belgium)andtheamountof radioactivity wasdetermined
using10ml LumaSafePlus(Lumac,Mechelen,Belgium)andcountingsamplesin aWallac
liquid scintillationcounter(PerkinElmerLife Sciences,Zaventem,Belgium)(13,18).
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Absorption thr ough the adult cuticle One microliter of eachradiolabeledIGR was
appliedtopically on newly emerged adults(0–4 h old). After treatment,coupleswere
keptseparatelyin smallplasticpetri dishes(� 9 cm),andinsectswerecollectedat various
time intervals.Therateof absorptionthroughtheadultcuticlewasdeterminedasreported
abovefor pupae.After differentintervalsof treatmentwith radiolabel,adultswerewashed
byplacingthemfor 15min in 20ml plasticscintillationvialsthatcontained2ml of acetone.
Four replicatesper time interval andperIGR wereperformed.Theacetonefrom samples
waspooled,evaporated,andthe amountof radioactivity wasdeterminedusinga Wallac
liquid scintillationcounter(13,18).

Accumulation in the femaleand maleadult body tissues,and excretionvia excrements
Newly emergedadults(0–4 h old) were treatedasdescribedabove. The distribution of
radioactivity in the body wasdeterminedby dissectingthe adultsin an embryoglassto
separatethe reproductive system,the integument(including cuticle, muscles,peritoneal
fat body and head),the digestive canal(including contentand Malpighian tubules) and
absorbingthehemolymphon �lter paper. Four replicatesweresetuppertime interval and
per IGR. Thedissectedtissuesandtheexcrementswereoxidizedseparatelyin a Packard
Biological Material SampleOxidizer Model 306 (Perkin Elmer Life Sciences),and the
gas(+[14C]dioxide) that wasgeneratedwascollectedusing8 ml CarboSorbI and10 ml
Perma�uorE Plus(Packard,Lumac,Belgium)accordingto Medinaetal. (8). Theamount
of radioactivity wasmeasuredasdescribedabove.

Statistical Analysis All resultsare given in disintegrationsper minute (dpm). The
amountof radioactivity thatpenetratedis expressedasa percentageof theaverageamount
of radioactivity appliedfor eachlabeledIGR. Dataareexpressedasmeans� SEM based
on four replicates.Datawereanalyzedusinga one-way analysisof variance(ANOVA).
The leastsigni�cant difference(LSD) comparisonof meanstest (P< 0.05) was usedto
determinethesigni�canceof differencesbetweensamplemeans.

RESULTS

Absorption thr ough the pupal cuticle Di�ubenzuron, �uc ycloxuronandhalofenozide
were topically applied to youngerand older pupaeand the rate of absorptionthrough
the pupal cuticle was followed (Fig. 1). Among the threeIGRs tested,�uc ycloxuron
exhibited the highest rate of absorption. Six days post-treatment,approximately76–
85% �uc ycloxuron was absorbedinto the body of youngerand older pupae,whereas
percentageswereonly 44–48%duringthesametimeperiodfor di�ubenzuronand14–26%
for halofenozide.In addition,the ratesof absorptionthroughthe pupalcuticle indicated
thattheinsecticideswereaccumulatedin thebodyat differentvelocities.Overall, thetwo
CSIswereabsorbedmorerapidly thanhalofenozide.At day2 aftertopicaltreatment,12–
19% of �uc ycloxuron and 18–31%of di�ubenzuron were absorbedthroughthe cuticle
as comparedwith 12–18%for halofenozide. Di�ubenzuron and halofenozidereached
respective plateausof approximately45% and20% at day 4 post-treatment.In contrast,
absorptionfor �uc ycloxuronalreadyreacheda higher level (50–55%)at day 4 andthen
increasedto 80–85%at day6.

Absorption thr ough the adult cuticle For �uc ycloxuron, the radiolabelwas rapidly
absorbedthroughthecuticleduringthe�rst 2 days,achieving 51%accumulation(Fig. 2).
Thereafter, penetrationreachedamaximumconcentrationof 77%atday6. Theabsorption
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Fig. 1. Rateof absorptionthroughthe cuticle of di�ubenzuron, �uc ycloxuronandhalofenozidein
younger(0–4h old) andolder(2 d old) mealworm pupaeat 2, 4 and6 daysaftertopicalapplication.
Dataareexpressedaspercentages(means� SEM; n=4) of applied[14 C]-labeledisotope. Rateof
absorptionwascalculatedby takingthedifferencebetweentheamountappliedandthatwashedoff
with acetone.

of di�ubenzuron followed a similar patternas �uc ycloxuron, but the amountsabsorbed
werelower, viz. 53%atday6. For halofenozide,thepercentagein theadultstagewasonly
9–34%at days4–6.

Accumulation in adult body tissues Levelsof di�ubenzuronin thebodyof femaleand
maleadultsareshown in Figure3. Mostof theradioactivity recoveredin adultswaspresent
in the integument.Two dayspost-treatment,� 10–12%wasretainedin the integumentof
bothfemalesandmales.Theamountsin gut (3–6%)andreproductiveorgans(ovariesand
testes)(between3% and5%) andhemolymph(2–4%)followeda similar pro�le in males
andfemales;theaccumulationremainedalmostconstantduring theexperimentalperiod.
For theotherCSI, �uc ycloxuron,somewhathigherlevelswereretainedin the integument
(16–18%).Thegut containedapproximately17–25%,thegonads(ovariesandtestes)5–
9%, and the hemolymph10–14%. Irrespective of adult gender, 6–11%of the ecdysone
agonisthalofenozideaccumulatedin the different body parts tested(gut, hemolymph,
integumentandreproductivesystem)(Fig. 3).

Excretion via excrement As shown in Figure 4, therewere considerabledifferences
in clearanceof the threeIGRs from the insectbody via the excrements.Di�ubenzuron
and�uc ycloxuronwereexcretedto a similar extent in femalesandmales,andthe levels
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Fig. 2. Rateof absorptionthroughthe cuticle of di�ubenzuron, �uc ycloxuronandhalofenozidein
mealworm adultsat 2, 4 and 6 daysafter topical application. Data are expressedas percentages
(means� SEM; n=4)of applied[14 C]-labeledisotope.Rateof absorptionwascalculatedby taking
thedifferencebetweentheamountappliedandthatwashedoff with acetone.

reachedfor the two respective CSIswere67–77%and45–52%of theamountappliedat
day6. Theselevelsweremuchhigherthanthelow excretionratesthatwereobservedfor
halofenozidebetweendays2 and6 aftertopicaltreatment:4–16%of theamountapplied.

DISCUSSION

In order to explain a different toxicity of the threeselectedIGRs againstT. molitor,
we studiedtheir absorptionkinetics. Againstmealworm pupae,�uc ycloxuronhasbeen
reportedto bethemosttoxic, followedby di�ubenzuron(3 timesless)andhalofenozide(5
timesless);therespective LD50 valuesfor �uc ycloxuron,di�ubenzuronandhalofenozide
were1.91,6.03and9.03� g perinsect(22-24).It is strikingthatagoodcorrelationcouldbe
drawn betweenthelatter toxicity valuesandthecurrentabsorptiondata.For youngerand
olderpupae,it wasclearthat the rateof absorptionthroughthepupalcuticlewashighest
for �uc ycloxuron, followed by the otherCSI, di�ubenzuron, and the lowestuptake was
observedfor theecdysoneagonisthalofenozide.Hereit is noteworthythattheorderof rate
of absorption�uc ycluxuron> di�ubenzuron> halofenozideconcurswith adecreasein the
hydrophobicityvalue(logP)of thethreerespective IGRs: 6.9,3.9and3.2. In thepast,the
hydrophobiccharacter(logP)of IGRs wasreportedto be an importantfactorfor toxicity
againstChilo suppressalis(12), Spodoptera exigua (19), andLeptinotarsa decemlineata
(10),andit wasrelatedto thestructureof theinsectcuticlethatconsistsfrom theoutsideto
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Fig. 3. Accumulation of di�ubenzuron, �uc ycloxuron and halofenozidein the gut (G), the
reproductive system(ovaries,Ov, or testis,Te), the hemolymph(H) and the integument(I) after
topicalapplicationin femaleandmaleadultsof mealworm. Dataareexpressedaspercentages(means
� SEM;n=4)of applied[14 C]-labeledisotope.

theinsideof a thin wax andcementlayer, a denseepicuticleanda thick lamellatedchitin-
containingendocuticle.In addition,it shouldbenotedthat theuptake in olderpupaewas
somewhat smallerthanin youngeronesfor halofenozide,and this wasalsothe casefor
di�ubenzuron,but only at 2 dayspost-topicaltreatment(18� 9%in olderpupaecompared
with 31� 5% in youngerones;Fig. 1). This lower uptake in olderpupaeis expectedto be
theresultof alowerpermeabilityof its cuticle,becausetheendocuticleis thickerwith more
chitin-containinglamellaecomparedwith youngpupae(24). As is thecasein pupae,also
in theadultsof T. molitor theabsorptionthroughthecuticlefor �uc ycloxuronwashighest,
followedby di�ubenzuronandthelowestuptakewasfor halofenozide.Thesigni�canceof
absorptionon toxicity of IGRswasalsoreportedfor otherinsects.El-Saidyet al. (4) and
Smaggheet al. (7) studiedtherateof absorptionthroughthecuticlein larvaeof thecotton
leafworm,Spodoptera littoralis, a pestof cottonandvegetables.After topicalapplication,
approximately15% of di�ubenzuron and32% of te�ubenzuronwere found to penetrate
the cuticle within 24 h. In this noctuidspecies,te�ubenzuronwas30% moretoxic than
di�ubenzuron(LD50 3.1 � g/insect);thus,thedifferencesin rateof absorptionarere�ected
in the toxicity of the respective CSIs. Similarly, contacttoxicity of di�ubenzuonagainst
tsetse�ies, Glossinaspp., correlatedwith cuticular absorption(7). Also in two beetle
species,AubeonymusmariaefranciscaeandLeptinotarsadecemlineata(5), strongeffects
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Fig. 4. Excretionof di�ubenzuron,�uc ycloxuronandhalofenozidefrom thebodyvia theexcrements
aftertopicalapplicationin femaleandmaleadultsof mealworm. Dataareexpressedaspercentages
(means� SEM;n=4)of applied[14 C]-labeledisotope.

by halofenozideagreedwith ahigh absorptionpercentageof � 80%,whereasin lacewings
Chrysoperlacarneaand parasiticwaspsHyposoterdidymator, Medina et al. (8,9) and
Schneideret al. (15,16) reportedthat low effects of di�ubenzuron and the ecdysone
agonisttebufenozide(analogof halofenozide)concurredwith alow absorptionaftertopical
treatment.Thus,our experimentscon�rm togetherwith otherreportsin the literaturethat
the rate of absorptionthroughthe insect's cuticle is importantin the toxicity for IGRs.
This indicatesthat theseIGRs possessa dermaltoxicity, andthat their selectivity canbe
governedby therateof absorptionthroughthecuticle. In view of this, it is suggestedthat
theabsorptionkineticsareanimportantfactorwhendesigningnew potentcompounds.

The current data concerningthe pharmacokineticsof the testedIGRs in the adult
body showed that they were absorbedthrough the cuticle and then transportedto the
rest of the organs. It was clear that for the threeIGRs, relatively high amountsof the
recoveredradioactivity in malesand in femaleswere presentat day 6 post-treatmentin
the integument: 10–12%for di�ubenzuron, 16–18%for �uc ycloxuron and 7–11%for
halofenozide.Theintegumentcontainstheepidermalcellsthatareecdysone-sensitiveand
thatproducetheinsect'scuticle,andassuchthesecellsaretheprimarytargetsfor thethree
testedIGRs. In addition,thelevelsof radioactivity recoveredin thereproductivesystemof
females(ovaries)andmales(testis)reached3–5%of theappliedamountfor di�ubenzuron,
5–9%for �uc ycloxuronand6–8%for halofenozide.As a consequence,theserelatively
highpercentageshelpto explainthestrongreproductiveeffectsof theIGRstested(25–27);
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however, theexactworking mechanismof CSIsandecdysoneagonistson reproductionis
not known yet.

Next to absorptionthroughthe cuticle, excretionof IGRs via the fecesalsoplaysan
importantrole in thetoxicity of IGRs. In femaleandmaleadults,therateof excretionwas
highestfor di�ubenzuron(67–77%at day6), followedby �uc ycloxuron(44–52%at day
6) and lowest for halofenozide(15–16%at day 6). To explain the impact of excretion
for IGRs, El-Saidy et al. (4) demonstratedthat nearly 70% of the absorbedamount
of di�ubenzuron was excretedafter 24 h, and � 60% of te�ubenzuron. Also Neumann
andGuyer (11) reporteda � ve times fastereliminationof di�ubenzuron comparedwith
chlor�uazuronin S.littoralis caterpillars,andthisdifferencein excretionratewasre�ected
in therespectivetoxicities.Also for thegroupof ecdysoneagonists,amorerapidclearance
via thefecesin combinationwith a highermetabolismwasreportedfor methoxyfenozide
(an analogof halofenozide)in a greenhouse-selectedstrain of S. exigua from Murcia
that helpedto explain a lower toxicity (20). In conclusion,as is reportedabove for the
rateof absorptionthroughthe cuticle, the rateof excretionvia the fecesis claimedasa
determiningfactorfor toxicity of theIGRstested.Thus,it is evidentthatthefateof parent
non-metabolizedIGR after topical treatmentexplainsits toxicologicalactivity in pestand
bene�cial insectspecies.

In conclusion,theresultsobtainedin thisstudyshow thatadifferentialpharmacokinetic
pro�le canhelp to explain toxicity values. It is evident that after topical application,the
rateof absorptionthroughthecuticleshouldbe measured.Therewasa goodcorrelation
betweentherelatively highrateof absorptionthroughthecuticlefor �uc ycloxuronandthe
high toxicity of this IGR; and the lower toxicities of di�ubenzuron andhalofenozidein
pupaeandadultscorrelatedwell with their lower ratesof absorptionthroughthe cuticle.
In addition,therelatively high accumulationratein theadultreproductiveorgans(ovaries
andtestis)of theIGRstestedhelpsto explaintheirstrongreproductiveeffects.However, it
shouldbenotedthatextrapolationfrom topicaltoxicity resultsto oral feedingor injection
toxicity dataandvice versa shouldbe donewith caution. In this respect,the application
techniqueis of greatimportancein interpretingtoxicologicaldata.We alsobelieve that it
is necessaryto evaluatethis aspecton a species-by-speciesbasis,especiallyfor IGRsthat
areusedin IPM programsto control targetpestinsectsthatexist in an environmentwith
bene�cial non-targetinsects.In addition,it is necessaryto studytherelationshipbetween
toxicity andtheaccessibilityof theparentinsecticidesandtheir metabolitesto thesitesof
actionfor eachspeciesbeforedrawing �nal conclusions.

ACKNOWLEDGMENTS

This researchwassupportedby agrant-in-aidfrom theUniversityof Annaba(Algeria) to S.Chebira.Dr. G.
Smaggheacknowledgessupportfrom theFundof Scienti�c Research– Flanders(FWO – Vlaanderen,Belgium).

REFERENCES

1. Carlson,G.R.,Dhadialla,T.S.,Hunter, R.,Jansson,R.K., Jany, C.S.,Lidert,Z. etal. (2001)Thechemicaland
biologicalpropertiesof methoxyfenozide,a new insecticidalecdysteroidagonist.PestManag. Sci.57:115-
119.

2. Dhadialla,T.S.,Carlson,G.R.andLe, D.P. (1998)New insecticideswith ecdysteroidalandjuvenilehormone
activity. Annu.Rev. Entomol. 43:545-569.

3. Dhadialla, T.S., Retnakaran,A. and Smagghe,G. (2005) Insect growth and development disrupting
insecticides.in: Gilbert, L.I., Kostas,I. andGill, S. [Eds.] Comprehensive InsectMolecularScience.Vol.
6. PergamonPress,New York, NY. pp.55-116.

194 S.Chebiraet al.



4. El-Saidy, M.F., Auda, M. and Degheele, D. (1989) Detoxi�cation mechanismsof di�ubenzuron and
te�ubenzuronin thelarvaeof Spodoptera littoralis (Boisd.).Pestic.Biochem.Physiol. 35:211-222.
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9. Medina,P., Smagghe,G.,Budia,F., Tirry, L. andViñuela,E. (2003)Toxicity andabsorptionof azadirachtin,
di�ubenzuron,pyriproxyfen, andtebufenozideafter topical applicationin predatorylarvaeof Chrysoperla
carnea(Neuroptera:Chrysopidae).Environ.Entomol. 32:196-203.

10. Nakagawa, Y., Smagghe,G., Kuhimiya, S., Hattori, K., Ueno, T., Tirry, L. et al. (1999) Quantitative
structure-activity analysisof insectgrowth regulators:XVI. Substituenteffectsof dibenzoylhydrazineson
theinsecticidalactivity to ColoradopotatobeetleLeptinotarsadecemlineata. Pestic.Sci. 55:909-918.

11. Neumann,R. andGuyer, W. (1983)A new chitin synthesisinhibitor CGA 112'913: its biochemicalmode
of actionascomparedto di�ubenzuron.Proc. 10th Int. Congr. Plant Protection(Brighton,UK), vol. 1, pp.
445-451.

12. Oikawa, N., Nakagawa, Y., Nishimura,K., Ueno, T. and Fujita, T. (1994) Quantitative structure-activity
analysisof larvicidal 1-(substitutedbenzoyl)-2-benzoyl-1-tert-butylhydrazines againstChilo suppressalis.
Pestic.Sci.41:139-148.

13. Perez-Farinos,G., Smagghe,G., Marco,V., Tirry, L. andCastãnera,P. (1998)Effectsof topicalapplication
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