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Summary 

The permeability of liposome membranes is increased by organophosphorus 
and organochlorinated insecticides at concentrations of 10-s--10 -4 M. The 
order of effectiveness is similar to the toxicity of  the compounds to mammals, 
and is the following for permeation of  non-electrolytes and for valinomycin- 
induced permeation of K*: parathion > 1,1,1-trichloro-2,2-bis(p-chlorophenyl) 
ethane (DDT) ~ aldrin > >  malathion > lindane. The degree of effectiveness 
for X-537A-induced permeation of Ca ~÷ was the following: aldrin >/DDT 
parathion > >  malathion > lindane. The organophosphorus compound, ethyl 
azinphos (10 -4 M), dramatically increases the permeability of liposome mem- 
branes to all the tested substances, probably as a consequence of surfactant 
effects. Some organochlorinated insecticides appear to react with cation iono- 
phores and modulate their motion across lipid membranes. 

It is suggested that  the insecticides may exert some of their toxic actions by 
modifying certain mechanisms in the cell membrane. 

Introduct ion 

In recent years, chemical insecticides have been very widely used for reasons 
of health and to aid in food production. However, new problems have arisen, in 
particular the appearance of resistant races of pests, toxic effects on animals 
and man, and persistance of  pesticides in environment [ 1--3]. 

Persistance of  organochlorinated insecticides in the environment is particu- 
larly marked. These compounds are concentrated in lipid systems of organisms 
[4] and may exert their toxic actions on peripheral and also on central nervous 
system [1,3] by modifying the normal nerve conduction. Analogs of DDT are 

Abbrevations: aldrin, 1,2,3,4,10,10-hexachloro-l,4,4a,5,8,8a-hexahydro-l,4~endo-5,8-exo-dimethano 
naphthalene;  azinphos (ethyl), O,O-dicthyl-S-[4-oxo-l,2,3-benzotriazin-3(4H)-ylmethyl]-phosphorothio- 
ate; lindane, 1,2,3,4,5,6-hexachlorocyclohexane; DDT, 1,1,1-trichloro-2,2-bis (p-chlorophenyl) ethane; 
malation, O,O-dimethyl phosphorodithioate of diethyl mercaptosuccinate; parathion, O,O-diethyl O-p- 
nitrophenyl phosphorothioate; CCCP, carbonyl cyanide m-chlorophenyl hydrazone. 
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known to alter the normal patterns of  the action potentials by modifying the 
conductance of  axon membranes to Na ÷ and K ~ [5,6]. These effects of  chlo- 
rinated compounds  are sometimes temperature dependent,  being favored by 
low temperatures [3,7]. Therefore, it seems that  the interaction of  these com- 
pounds with biological systems is of  a physical nature. 

Organophosphorus insecticides are much less persistent in the environment 
and biosystems than chlorinated compounds,  and there is no evidence of  accu- 
mulation in animal tissues [2]. These compounds,  in oxon form, are powerful 
inhibitors of acetylcholinesterase [2,8,9] and cause disturbances at nerve 
synapses and neuromuscular junctions. However, certain toxic effects do not  
appear to be related to inhibition of  acetylcholinesterase [2]. An additional 
toxic effect of organophosphorus compounds is chronic neurotoxici ty due to 
unknown mechanisms. 

Though the precise mechanisms of  insecticide action are unknown,  the avail- 
able data are consistent with the idea that most  of  the compounds interact 
presumably with membrane processes. 

The present work was directed towards the elucidation of  the action of  
insecticides on basic membrane mechanisms. Evidence is presented that insecti- 
cides increase the permeation rates of  lipid membranes to non-electrolytes and 
to cation-ionophore complexes. 

Materials and Methods 

(1) Preparation of liposomes. Liposomes were prepared from egg phosphati- 
dylcholine, dicetyl phosphate and cholesterol in 50 mM choline chloride as 
described elsewhere [10]. The molecular ratio of  liposome contents was 96% 
phosphatidylcholine (or 66% phosphatidylcholine plus 30% cholesterol) and 
4% dicetyl phosphate. A thin film of the dried mixture was shaken with 50 mM 
choline chloride to obtain a suspension of  about  23 mM in lipid. The liposome 
suspensions were let to stand for several hours at room temperature before use. 

(2) Turbidimetry measurements. The osmotic swelling of  liposomes was fol- 
lowed in thermostat ted conditions in a Spectronic 20 spectrophotometer  
attached to a recorder. The change in turbidity was followed at 450 nm after 
adding rapidly 20 pl of  liposome suspension to 3.0 ml of  isosmotic solutions 
containing the substances whose permeation rates were to be studied. The con- 
tents were mixed very efficiently by a magnetic flea rotating at 400 rev./min. 
Temperature measurements were made in the cuvette with a thermistor probe 
and readings were taken to within 0.1°C. The insecticides and the ionophores 
under test were added from ethanol solutions. Control experiments showed 
that the amounts of  added ethanol were without  effect  on the reactions. 

This methodology can be used to estimate permeation rates of  externally 
added substances since the lipid membranes are very impermeable to choline 
ions (cf. ref. 11) which are present in the inner space of  liposomes. 

(3) Measurements of proton production. Measurements of  proton produc- 
tion were made from pH trace recordings in conditions stated in t he  legends 
of  figures. In order to obtain accurate data, 60 ~1 of  l iposome suspensions were 
added to 3.0 ml of  assay media. 

(4) Reagents. The reagents used were of  analytical grade. Egg phosphatidyl- 
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choline (type V-E), CCCP, valinomycin, cholesterol (pure standard) and dicetyl 
phosphate were obtained from Sigma. The insecticides were obtained from 
Supelco, Inc. The compound ethyl azinphos was purified from the commercial 
material by recrystallization twice from ethanol. The antibiotic ionophore 
X-536A was generously supplied by Dr. Julius Berger (Hoffman-La Roche). 

Results 

(1) Permeability of liposomes to non-electrolytes 
Organophosphorus and organochlorinated insecticides increase the perme- 

ability of liposome membranes to urea and to erythritol (Fig. 1). The most 
effective insecticide was ethyl azinphos which induced high permeation rates 
at a concentration of  10 -4 M. However, this effect may be a consequence of a 
surfactant action, since similar results were observed for electrolytes which nor- 
mally do not  permeate lipid membranes. Therefore, we shall not emphasize 
herein the effect of  this insecticide. 

Fig. 1 shows that  parathion has an effect even at concentrations as low as 
10 -s M, but the other organophosphorus compound,  malathion, shows a very 
limited effect even at concentrations of 10 -4 M. These effects parallel the rela- 
tive toxicity of these compounds in mammals [1]. 

The chlorinated compounds, DDT and aldrin, exert measurable effects at 
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Fig. 1. E f f ec t  of  insect ic ides  on  osmot i c  swell ing of  l iposomes  in i sosmot ic  so lu t ions  of  u rea  and  e ry th -  
r i tol .  The  insect ic ides  were  de l ivered  ~ o m  e thanol ic  solut ions  p r io r  to  the  add i t ion  of  l iposomes .  Th e  
a m o u n t  of  e t hano l  added  ( few #1) was  w i t h o u t  e f f e c t .  Th e  r eac t ions  were  in i t ia ted  by  adding  l iposomes  
(20/~1) and  changes  in t u rb id i ty  of  the  suspensions  were  con t inuous ly  r e c o r d e d  a t  r o o m  t e m p e r a t u r e .  A 
refers  to n o r m a l  l iposomes  and  B to  cho les te ro l -con ta in ing  l iposomes .  Symbol s :  C, con t ro l ;  AZ,  e t h y l  
az inphos ;  P, pvxath ion;  M, m a l a t h i o n ;  D, DDT;  AL ,  a ldr in;  L, l indane .  Th e  n u m b e r s  re fe r  to concen t r a -  

t ion  (M). 
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concentrations greater than 10 -s M. In contrast, lindane has almost no effect 
at concentrations of  10 -4 M. The order of  effectiveness for the increase of  per- 
meation of non-electrolytes is parathion > DDT > aldrin > >  malathion > 
lindane. 

Fig. 1 also shows that liposomes containing cholesterol are less permeable 
than normal liposomes, in accordance with the results of  other investigators 
[12,13].  However, the permeability of  these liposomes is as affected by the 
insecticides under test as in liposomes without  cholesterol. 

The initial rates of  osmotic swelling depend on temperature and linear Arrhe- 
nius plots were obtained. We consistently found that the incorporation of  cho- 
lesterol in liposomes increases the energies of  activation of  urea permeation 
(Table I). These observations are not  consistent with the conclusions of  refs. 
12 and 14, but  we assume that the discrepancy is a result of  the use of  urea in 
this work rather than the use of  polyols. Unfortunately,  Arrhenius plots for the 
permeation of  erythritol could not  be elaborated, since the permeability of  the 
liposomes used is very limited below 20°C and, thus, no accurate estimations of  
the initial rates of  swelling could be made. Furthermore, both  categories of 
insecticides, e.g. organophosphorus and organochlorinated compounds,  lower 
the energies of  activation of  urea permeation by  4--8 kcal/mol in cholesterol- 
containing liposomes (Table I), but  no significant effects were observed for 
control liposomes. 

(2) Permeability of liposomes to electrolytes 
The permeability of  liposome membranes to electrolytes is rather low with 

the exception to a m m o n i u m  acetate (Fig. 2). The insecticides under test 
increase t he  permeability of  lipid membranes to this salt in a similar fashion as 
that described for non-electrolytes. Parathion appears to be the most  effective 
compound in causing an increase of  permeability. The effect of  malathion is 
smaller than that of  parathion and the chlorinated compounds,  DDT and 
aldrin, have intermediate effects, lindane was almost without  effect. Estima- 
tions of  the energies of  activation of  the permeation process could not  be 
made, since no linear Arrhenius plots could be obtained, presumably as a con- 
sequence of  a complex permeation mechanism. 

T A B L E  I 

E F F E C T  O F  I N S E C T I C I D E S  O N  T H E  E N E R G I E S  O F  A C T I V A T I O N  (ca l / rno l )  O F  I N I T I A L  S W E L L I N G  
R A T E S  IN I S O S M O T I C  S O L U T I O N S  O F  U R E A  

The second  number  in each exper iment  refers to  cholesterol-containing l iposomes .  

E x p e r i m e n t  C o n t r o l  P a r a t h i o n  M a l a t h i o n  D D T  A l d r i n  
( 1 0  -4  M) ( 1 0 - 4 M )  ( 1 0 - 4 M )  ( 1 0 - 4 M )  

1 1 2  8 8 8  9 1 4 0  13  3 9 3  
18  9 0 0  1 0  7 8 5  1 3  5 2 7  

2 1 0  8 7 7  1 0  2 3 7  
1 7  7 1 1  1 8  8 2 9  

3 13  0 4 1  1 3  4 3 6  
17  9 4 1  1 4  2 4 5  
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Fig.  2. E f f e c t  o f  insec t i c ides  on  swel l ing  of  l i p o s o m e s  in  i s o s m o t i c  so lu t ions  of  a m m o n i u m  ace t a t e .  T h e  
e x p e r i m e n t a l  c o n d i t i o n s  were  s imi la r  to  those  desc r ibed  f o r  F ig .  1. 

In accordance with previous work [11,15],  we could only observe swelling 
of  liposomes in isosmotic solutions of  potassium acetate when a K* ionophore 
(valinomycin) and a proton carrier (CCCP) were added together. Neither 
valinomycin, nor CCCP alone could induce swelling of  liposomes in potassium 
acetate media. Furthermore,  ionophore-induced swelling was only observed in 
solutions of  potassium acetate, but  not  in solutions of  KC1 (Fig. 3). Moreover, 
a net proton product ion dependent  on pH of media, and, thus, on ApH across 
the membranes (pH of  internal solution is 5.0), was observed in KC1 but  not  in 
potassium acetate solutions. These findings suggest that  K ÷ exchange with pro- 
tons and that acetate ions bind the protons released into the medium, thus, 
dissipating the proton gradient and the acetic acid so formed, passes the mem- 
branes. The overall effect  of  the process is the movement  of  K ÷ and acetate 
ions into the inner aqueous  space of  the liposomes, thus causing osmotic swell- 
ing. 

The insecticides under test exert  significant effects on ionophore-induced 
swelling in potassium acetate solutions (Fig. 4) and the effectiveness of  the 

"~0.02,4 
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Fig.  3. Swel l ing  o f  l i p o s o m e s  in  i s o s m o t i c  so lu t ions  o f  p o t a s s i u m  sal ts  (50 m M )  a n d  p r o t o n  m o v e m e n t s  
ac ross  the  l ipid m e m b r a n e s .  V a l i n o m y c i n  a n d  CCCP w e r e  a d d e d  t o g e t h e r  ( a r rows)  a n d  t h e  f inal  c o n c e n t r a -  
t ions  were  2 .4  a n d  13.3  /~M, r e spec t i ve ly .  T h e  u p p e r  t r aces  are  swel l ing  r e c o r d i n g s  a n d  t h e  l ower  t r aces  
s h o w  p r o t o n  m o v e m e n t s .  T h e  r e a c t i o n s  were  ca r r i ed  o u t  a t  r o o m  t e m p e r a t u r e .  I n t e r n a l  so lu t i on  of  l ipo- 

s o m e s  was  50 m M  cho l ine  ch lor ide  a t  p H  5.0.  
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Fig .  4.  Effect  o f  insect ic ides  on  ionophore- induced  swell ing o f  l iposomes  in potass ium acetate so lut ions .  
Swel l ing was  induced b y  adding at arrows the i onophores  CCCP ( 1 3 . 3  /~M) and va l inomycin  (2 .4  DM) to  
l i p o s o m e  suspensions  containing the l isted insect ic ides .  The exper imenta l  condi t ions  were similar to  those  
o f  Fig .  1 .  The exper iments  wi th  e thy l  az inphos  were particularly diff icult  to  carry out ,  s ince the insecti-  
cide decreases the turbidity o f  ] iposome suspensions  even in the  absence  o f  the i o n o p h o r e .  

compounds  is similar to that described for non-electrolytes: parathion > 
DDT ~ aldrin > >  malathion > lindane. Furthermore, some of  the compounds,  
viz. the organochlorinated insecticides DDT and aldrin, increase the energies of  
activation of  carrier-mediated permeation of  K* (Table II), suggesting a temper- 
ature-dependent interaction with the carrier system. 

The effects  of  insecticides on osmotic swelling of  l iposomes in solutions of  
calcium acetate induced by the ionophore X-537A are summarized in Fig. 5. 
The mechanism of  calcium acetate permeation into the liposomes is probably 
similar to that of  potassium acetate, since X-537A act as exchanger for Ca 2÷ 
and protons. 

In contrast to the results reported above, the chlorinated compounds,  aldrin 
and DDT are the most  effective and the relative effectiveness is as follows: 
aldrin/> DDT > parathion > >  malathion > lindane. This different order of  
effectiveness may be a consequence of  selective interaction of  aldrin and DDT 
with the Ca2+-ionophore complex which results in an increase of  the perme- 
ation rate of  the complex across the lipid membranes. However, the energies of  
activation of  the permeation process are not  significantly altered by these insec- 
ticides (Table III). 

T A B L E  II 

E F F E C T  O F  I N S E C T I C I D E S  O N  T H E  E N E R G I E S  O F  A C T I V A T I O N  O F  I O N O P H O R E - I N D U C E D  
I N I T I A L  S W E L L I N G  R A T E S  O F  L I P O S O M E S  IN I S O S M O T I C  S O L U T I O N S  O F  P O T A S S I U M  A C E -  
T A T E  

The second  number  in each exper iment  refers to  cholesterol -containing l iposomes .  

Exper iment  Controls  Parathion Malathion D D T  Aldrin 
(10 -4 M) (10 -4 M) (10 -4 M) (10 -4 M) 

1 11 800 11 850 11 920 
1 5  6 5 0  1 5  5 3 0  1 5  6 4 0  

2 1 3  3 2 0  1 8  3 3 0  
1 8  1 1 0  2 3  84O 

3 I 0  8 3 0  1 4  1 1 0  
16  2 4 0  1 9  9 2 0  
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Fig. 5. Effect of insecticides on liposomc swettLag induced by X-537A in isosmotic solutions of calcium 
ace ta te .  The  e x p e r i m e n t a l  cond i t ions  were  s imilar  to  those  of  Fig. 4. Swell ing was  i n d u c e d  b y  adding  at  
a r rows  the  i o n o p h o r e  X - 5 3 7 A  (6.6 ~tM). As desc r ibed  in legend  of  Fig. 4, the  e x p e r i m e n t s  wi th  e thy l  
az inphos  were  di f f icul t  to  ca r ry  ou t .  

T A B L E  I I I  

E F F E C T  OF I N S E C T I C I D E S  ON T H E  E N E R G I E S  OF A C T I V A T I O N  ON X - 5 3 7 A - I N D U C E D  I N I T I A L  
S W E L L I N G  R A T E S  OF LIP OS OM ES  IN IS OS M OTIC S O L U T I O N S  OF C A L C I U M  A C E T A T E  

The  second  n u m b e r  in each  e x p e r i m e n t  refers  to  cho les te ro l -con ta in ing  l iposomes .  

E x p e r i m e n t  Cont ro l s  P ~ a t h i o n  Mala th ion  D D T  Aldr in  
(I0 -5 M) (104M) (I0 -5 M) (I0 -5 M) 

1 17 520 18 110 
17 730  17 340  

2 17 810  - -  18 120  
17 720  17 320  

3 15 420  17 3 3 0  
18 210  18 320  

4 14 72O 17 100  
15 640  16 410  

Discussion 

(1) Permeability of liposomes to non-electrolytes 
Several investigators have shown that the permeabili ty of  lipid membranes to 

non-electrolytes is a funct ion of  the fluidity of  membrane lipids [12--14].  The 
insecticides under test increase the permeabili ty to urea and erythritol wi thout  
apparent disruption of  the lipid membranes,  since the liposomes exhibit  osmo- 
tic swelling in isosmotic solutions of  non-electrolytes. Furthermore,  no swelling 
was promoted  by  insecticides in solutions of  non-permeant electrolytes such as 
salts of potassium, sodium and calcium. Furthermore,  swelling in potassium 
and calcium electrolytes, was only observed in the presence of  specific iono- 
phores. Therefore, it appears that  the insecticides do not  induce detergent-like 
permanent  damage of  lipid membranes.  Since it is rather difficult to assign 
carrier properties to the insecticides, it is suggested that  the observed effects 
are a consequence of  an increase of  the fluidity of  membrane lipids promoted 
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by the compounds.  The results also suggest that  the insecticides may perturb 
somewhat the interaction of cholesterol with other membrane lipids, since the 
energies of activation of urea permeation in cholesterol-containing liposomes 
are significantly lowered. 

The detailed effects of  insecticides on the physical state of  membrane lipids 
are currently under study in our laboratory. 

(2) Permeability of liposomes to electrolytes 
The general behaviour of tested insecticides in the osmotic swelling of lipo- 

somes promoted by the ionophores is similar to that  described for non-electro- 
lytes and for "permeant"  electrolytes such as ammonium acetate. Thus, it 
appears that the insecticides modify the permeability of  the cation-ionophore 
complexes presumbaly by altering the fluidity of  membrane lipids. 

Surprisingly, the degree of  effectiveness of insecticides on the permeation 
of Ca 2÷ promoted by X-537A is different from that described for K*-valino- 
mycin complex, ammonium acetate and non-electrolytes. Therefore, it is 
reasonable to suggest that  the insecticides, DDT and aldrin, interact with the 
Ca2+-ionophore complex. 

The results obtained for energies of activation are difficult to interpret at the 
moment .  The effects may be a consequence of temperature-dependent inter- 
actions of the insecticides with the membrane components  and with the iono- 
phores, occurring simultaneously. The results do not  permit us to distinguish 
between the various components  of interest. However, they provide evidence 
that membrane events depending on temperature are affected by the insec- 
ticides. 

(3) Biological significance 
The results permit  us to assign to the insecticides general effects on mem- 

brane basic mechanisms, namely, permeability and interaction with transport 
mediated by simple carriers. Relatively low concentrations of  the insecticides, 
varying from 10 -s to 10 -4 M have significant effects. We realize that it is rather 
difficult to compare these effective concentrations with the doses reported to 
be toxic for rats and other mammals [ 1 ], since the partition of  the compounds 
among the various biological systems is unknown.  Furthermore,  some insecti- 
cides accumulate preferentially in lipid domains of  cells and organisms [3,4] so 
that  the local concentrations near the membranes may be rather different than 
those obtained under the assumption of an homogeneous distribution of the 
compounds.  

The available biochemical data about the mode of action of insecticides pro- 
vide evidence that  the organophosphorus compounds are potent  inhibitors of 
acetylcholinesterase, but  their delayed action, i.e. the chronic neurotoxic effect 
has not  been yet  explained. More and more, it is apparent that  most of the 
compounds,  organophosphorus or organochlorinated, interact with membrane 
events, including nerve conductance [5,6], plasma membrane [7,16,17] and 
organelle enzyme activities [18--22]. Furthermore,  recent work provides evi- 
dence that organophosphorus insecticides, besides their typical action as inhibi- 
tots of  acetylcholinesterase, they interfere as well with the allosteric behaviour 
of the enzyme through interaction with the membrane lipids [23]. Therefore, 
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the insecticides, besides particular modes of  action, may exert their toxic 
effects at the membranes. 

Our results provide evidence that insecticides modify  basic membrane 
mechanisms, e.g. permeability to non-electrolytes and transport of  cations 
mediated by ionophores. Furthermore, the effectiveness of  the yarious com- 
pounds parallels quite well their relative degree of  toxicity to mammals [ 1 ]. 

Studies of  the effect of  insecticides on membrane processes such us energetic 
transport of  cations are under consideration for further studies. 
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