


Abstract 

Background 

N,N-Diethyl-3-methylbenzamide (deet) remains the gold standard for insect repellents. 

About 200 million people use it every year and over 8 billion doses have been applied 

over the past 50 years. Despite the widespread and increased interest in the use of 

deet in public health programmes, controversies remain concerning both the 

identification of its target sites at the olfactory system and its mechanism of toxicity in 

insects, mammals and humans. Here, we investigated the molecular target site for 

deet and the consequences of its interactions with carbamate insecticides on the 

cholinergic system. 

Results 

By using toxicological, biochemical and electrophysiological techniques, we show that 

deet is not simply a behaviour-modifying chemical but that it also inhibits 

cholinesterase activity, in both insect and mammalian neuronal preparations. Deet is 

commonly used in combination with insecticides and we show that deet has the 

capacity to strengthen the toxicity of carbamates, a class of insecticides known to 

block acetylcholinesterase. 

Conclusion 

These findings question the safety of deet, particularly in combination with other 

chemicals, and they highlight the importance of a multidisciplinary approach to the 

development of safer insect repellents for use in public health. 





To elucidate repellent toxicity in insects, we first assessed the sensitivity of the dengue 

vector Aedes aegypti L. (Diptera:Culicidae) to deet -treated filter papers using World 

Health Organization (WHO) bioassays [19]. Figure 1 shows that deet caused dose-

dependent mortality at doses ranging from 400 to 1200 � g/cm2 [4, 20]. This range 

corresponds to the lower range of doses usually applied to human skin for personal 

protection. Topical applications of deet on the mosquito Culex pipiens 

quinquefasciatus Say (Diptera:Culicidae) resulted in an LD50 (lethal dose for 50% of 

exposed mosquitoes) and an LD90 of deet for adult females of 393.3 ± 25.4 (standard 

error of the mean; s.e.m.) and 1103.0 ± 25.4 ng of active ingredient /mg of mosquito 

(ng a.i./mg, respectively). For comparison, the LD50 and LD90 of propoxur (2-(1-

Methylethoxy) phenol methylcarbamate) were 2.6 ± 0.2 and 10.5 ± 1.6 ng a.i./mg 

female, respectively, indicating that the amount of deet required to kill mosquitoes was 

about 150 times higher than that for propoxur, an acetylcholinesterase (AChE, EC 

3.1.1.7) inhibitor. However, the slopes of the regression lines for mosquito mortality for 

deet (3.67 ± 0.85) and propoxur (3.35 ± 0.50) did not differ significantly. This indicated 

a similar heterogeneity of response by the mosquitoes with respect to the toxic effect 

of the two molecules. 

Neurophysiological effects of deet  on insect and mammalian neuronal 

preparations  

Based on these observations, we investigated the neurophysiological effects of deet 

on the cercal-afferent giant-interneuron synapses in the terminal abdominal ganglion 

of the cockroach Periplaneta americana L. (Dyctioptera: Blattidae), known to present 

many functional analogies with other insect systems [21]. The single-fibre oil-gap 

method [22] is a well-adapted electrophysiological technique for the cockroach CNS, 

which allows investigation of the effects of such compounds at the synaptic level. Deet 

dissolved in physiological saline was applied at two concentrations (0.5 and 1 µM) on 

the synaptic preparation by superfusion into the experimental chamber. Bath 

application of deet produced a biphasic effect on excitatory post synaptic potential 

(EPSP) amplitudes. As illustrated in Figure 2a (blue bars), deet (1 µM) produced an 

increase in EPSP amplitude within the first 3 min (118 ± 4% s.e.m., F1.18 = 29, P < 

0.001, n = 10, Figure 2a). This effect was also observed at 0.5 µM deet (113 ± 5% 

s.e.m. at 0.5 µM, F1.14 = 32, P < 0.001, n = 8). After 3 min, a time-dependent decrease 

in EPSP amplitude was observed compared with controls, which was more 





constant of synaptic events on mammalian neuromuscular preparations (500 µM) 

compared with cockroach synaptic preparations (1 µM). 

Characterization of cholinesterase inhibition by deet 

To ascertain the inhibition of cholinesterases by deet, we analysed, in vitro, the effect 

of deet on the activity of purified AChE from D. melanogaster (DmAChE) and both 

acetyl and butyrylcholinesterases (EC 3.1.1.8) from human (HuAChE and HuBChE). 

As illustrated in Figures 3a, 3b, and 3c, incubation of each enzyme with the substrate 

and deet (from 1 to 10 mM) resulted in a strong reduction of enzyme activity. This 

indicates that deet is capable of inhibiting the hydrolysis of acetylthiocholine (ATCh) 

and butyrylthiocholine (BTCh) by AChEs. As preincubation of the enzyme with deet in 

the absence of substrate did not change the extent of inhibition, and as dilution of the 

inhibited enzyme restored enzyme activity, Deet can be considered as a reversible 

inhibitor of cholinesterases. Deet has also the capacity to diminish the rate of AChE 

carbamoylation by propoxur (Figures 3d and 3e), indicating that both molecules act as 

competitive inhibitors for the enzyme. 

The kinetics of substrate hydrolysis by cholinesterases are complex. The 

substrate first binds to a peripheral site, located at the entrance of the active site 

gorge, and then slides down to the catalytic site, buried 20 Å inside the protein 

(Additional file 1). Simultaneous kinetic analyses of inhibition of substrate hydrolysis 

and carbamoylation allowed us to estimate the binding constants of DEET for the two 

substrate binding sites of cholinesterases. Binding of deet at the peripheral site was 

estimated to be 1.02 ± 0.03, 8.39 ± 6.97 and 0.37 ± 0.05 mM for DmAChE, HuAChE 

and HuBChE, respectively (Table 1). Binding of deet at the catalytic site located at the 

bottom of the active site gorge was not necessary to describe inhibition of DmAChE 

and was estimated as 4.67 and 1.08 mM for HuAChE and HuBChE, respectively 

(Table 1). Thus, deet would enter into the active site gorge of HuAChE and HuBChE, 

but not that of DmAChE, resulting in a stronger inhibition of human enzymes. This 

hypothesis was consistent with structural data showing the active site gorge of 

DmAChE to be about 50% narrower than the active site of HuAChE [28]. To determine 

whether the accommodation and binding of deet was possible within the active site of 

vertebrate AChE, it was docked as a tetrahedral adduct on the catalytic serine of 

human AChE crystal structure (1B41). Minimal adaptation of the side chains of 



adjacent residues in the active side of HuAChE suggests the accommodation of deet 

in a catalytic site is possible (Figure 3f). 

Interactions between deet and cholinesterase compounds 

Having established that deet binds to the active site of cholinesterases and then 

hinders the entrance of substrates, we investigated its potential interaction with 

carbamate insecticides. The effects of topical applications of a range of deet doses 

combined with a range of propoxur doses applied to C. quinquefasciatus were not in 

agreement with a model based on the hypothesis of an additive effect for the two 

compounds (Figure 4a). Several models of interactions between the two chemicals 

were subsequently tested. The best fit took into account a synergistic interaction 

involving the effect of deet on the insecticidal effect of propoxur (Figure 4b). Further 

electrophysiological experiments were conducted on P. americana preparations to 

assess deet and propoxur interactions at the synaptic level (Figure 4c). After pre-

treatment of atropine and when applied alone, both propoxur (P) and deet (D1 and 

D2) significantly increased EPSP amplitude compared with the control (P < 0.01 and P 

< 0.001, respectively). In the presence of atropine, however, subsequent application of 

deet + propoxur (P+D) did not cause a greater effect on post-synaptic potentials than 

that caused by deet alone at the same concentrations. Propoxur+D1 was almost equal 

to D1; the difference between them was not significant (F1.16 = 0, P < 0.95, n = 8). 

Similarly, there was no difference between P+D2 and D2 (F1.16 = 0, P < 0.92, n = 8). 

This indicates that propoxur and deet acted similarly on the same target site in the 

insect cholinergic system. 

However, a different trend was noted on mouse isolated phrenic 

hemidiaphragm muscles. Indeed, when neostigmine (3 µM) was perfused in the 

continuous presence of 500 µM deet, the decay time constant of synaptic responses 

was about two fold more prolonged than with deet alone (Figure 4d). Recordings of full 

(maximum) size endplate potentials (EPPs) in response to a single or paired nerve 

stimuli, either in the presence of 500 µM deet or in the presence of deet plus 3 µM 

neostigmine, showed a marked prolongation of the decay phase of the EPPs in the 

presence of deet and neostigmine (Figure 4e). These results indicated that deet (i) 

had an inhibitory action on AChE in mouse hemidiaphragm endplates that was not 

maximal at the concentration used; (ii) did not prevent subsequent action of 

neostigmine on endplate AChE; and (iii) was less active, on an equimolar basis, than 















31. Pennetier C, Corbel V, Boko P, Odjo A, N'Guessan R, Lapied B, Hougard JM: 

Synergy between repellents and non-pyrethroid insec ticides strongly 

extends the efficacy of treated nets against Anophe les gambiae . Malar J 

2007, 6:38. 

32. Abu-Qare AW, Abou-Donia MB: Simultaneous determination of malathion, 

permethrin, DEET (N,N-diethyl-m-toluamide), and the ir metabolites in rat 

plasma and urine using high performance liquid chro matography . J Pharm 

Biomed Anal 2001, 26(2):291-299. 

33. Global Optimization by Simulated Annealing (GOSA) .[Erreur ! Référence 

de lien hypertexte non valide. . 

34. Finney D: Probit Analysis . Cambridge, United Kingdom: Cambridge University 

Press; 1971. 

35. French and European Community guidelines for labora tory animal 

handling .[http://ec.europa.eu/environment/chemicals/lab_animals/proposal_en.

htm]. 

36. Montero-Solis C, Gonzalez-Ceron L, Rodriguez MH, Cirerol BE, Zamudio F, 

Possanni LD, James AA, de la Cruz Hernandez-Hernandez F: Identification 

and characterization of gp65, a salivary-gland-spec ific molecule 

expressed in the malaria vector Anopheles albimanus . Insect Mol Biol 

2004, 13(2):155-164. 

37. Chaabihi H, Fournier D, Fedon Y, Bossy JP, Ravallec M, Devauchelle G, 

Cerutti M: Biochemical characterization of Drosophila melanoga ster 

acetylcholinesterase expressed by recombinant bacul oviruses . Biochem 

Biophys Res Commun 1994, 203(1):734-742. 

38. Ellman GL, Courtney KD, Andres V, Jr., Feather-Stone RM: A new and rapid 

colorimetric determination of acetylcholinesterase activity . Biochem 

Pharmacol 1961, 7:88-95. 

39. Stojan J, Golicnik M, Fournier D: Rational polynomial equation as an 

unbiased approach for the kinetic studies of Drosop hila melanogaster 

acetylcholinesterase reaction mechanism . Biochim Biophys Acta 2004, 

1703(1):53-61. 

 

Figure legends 

Figure 1 













Additional files provided with this submission:

Additional file 1: additionnal file 1.doc, 219K
http://www.biomedcentral.com/imedia/1475890159272794/supp1.doc

http://www.biomedcentral.com/imedia/1475890159272794/supp1.doc

