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The effect of insulin on the bilayer properties of dimyristoylphospharidyicholine liposomes at the gel and the liquid 
crystalline state was measured by differential scanning calorimetry and absorbance at 450 nm. It is found that insulin 
promotes a decrease in the enthalpy of the gel-liquid crystalline transition without displacing the transition temperature. 
Under these conditions the lyric action of monomyristoylphospatidylcboline is enhanced, decreasing the critical lyric 
concentrations to values comparable to the bilayer at the gel state. The effect of the iysoderivate on liposomes in 
contact with increasing concentrations of insulin promotes a reorganization of the lipids into smaller particles as 
inferred from fluorescence dequenching, turbidity and exclusion chromatography assay. It is concluded that the action 
of lysoderivates can he enhanced, at temperatures above the transition temperaturc, by proteins that without spanning 
the lipid bilayers can perturb the bilayer interface. 

Introduction 

The secretion of insulin implies a number of physio- 
logical events accompanied by chemical and physical 
modifications in the lipid bilayer of the granules and 
plasma cell membranes [1-3]. One of these chemical 
changes corresponds to the appearance of lysoderivates 
[4-5]. The physical changes are repre:;ented by modifi- 
cations in the membrane fluidity which favours the 
fusion of the granule with the cell membrane [6]. 

The effectiveness of lysoderivates to promote lysis in 
lipid membranes is closely related to the physical state 
of the bilayer. The maximum lytic effect is produced 
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around the phase transition temperature or in a phase 
separation boundary [7-12]. In the later case, insertion 
of proteins that span lipid membranes such as glyco- 
phorin or band 3 protein, enhances the lysoderivate 
lytic action upon bilayers at the liquid crystalline state 
[7,8]. On the other hand, liposomes in the gel state are 
more sensitive to the lyric action when shrunken in 
hypertonic media [9]. Thus, water-soluble compounds 
could affect lytic action by changes in the water activity 
or interacting directly on the membrane surface. Insulin 
adsorbs on liposome surfaces and it is able to promote 
changes in the fluidity of membranes containing acidic 
phospholipids [13,14]. Since different stimulators of in- 
sulin secretion induce the production of lysoderivates 
the lytic effect of these compounds might be enhanced 
by changes promoted by insulin itself on the granule 
membrane. Therefore, it appears of interest to test 
whether this hormone modifies the response of lipo- 
somes to lyric agents. With this purpose we have studied 
the membrane stability induced by lysophosphatidyl- 
choline in relation to the insulin-bilayer interaction 
below and above the phase transition temperature. 



Materials and Methods 

L-a-Dimyristoyl (DMPC) and L-a-monomyristoyl- 
phosphatidylcholines (LPC) were obtained from Avanti 
Polar Lipids Inc. (Birmingham). The purity of these 
compounds was tested by thin-layer chromatography. 
All samples gave a single spot when developed under 12 
vapours. Therefore, they were used without further 
purification. Water was twice distilled in a milli Q 
standard equipment. All other chemicals used were of 
analytical grade. Insulin solutions were prepared with 
crystalline sheep insulin-Zn dissolved in 0.1 M HC1 and 
adjusting the final volume to 1 ml with 10 mM Tris-HC1 
buffer (pH 7.4) to obtain a final concentration of 3 
mg/ml.  Care was taken to maintain the pH at 7.4 in all 
dilutions in order to avoid protein precipitation which 
may interfere with the measurements. 

Multilamellar iiposomes were prepared according to 
Bangham's method [15]. A film obtained by evaporation 
of a chloroform solution in a round bottom flask was 
dispersed above the transition temperature in buffer 10 
mM Tris-HCl (pH 7.4). Insulin was directly added to 
the external media of the preformed liposomes or added 
to the aqueous solution in which the lipid film was 
dispersed. 

The influence of insulin on the phase transitions was 
measured by absorbance changes at 450 nm according 
to the method developed by Rowe [17] and by calorime- 
try. Insulin was present either in the outer and the inner 
media or only on the outer media in concentrations 
below and above those corresponding to physiological 
conditions. 

Absorbance changes in the lipid suspension were 
used to monitor the phase transition. The absorbance 
decrease in the main phase transition is primarily due to 
a change in the refractive index which accompanies the 
lipid density change [17,26]. No aggregation was de- 
tected in the presence or in the absence of insulin when 
liposomes above the transition temperature were eluted 
through Sepharose 2B columns. In both cases, iipo- 
somes were eluted through the column without adding 
any dye marker in order to avoid modifications in the 
insulin adsorption. The lipid content in the fractions 
eluted from the column were detected adding to each of 
them an aliquot of merocyanine 540 and measured at 
570 nm. 

The calorimetric study as a function of the insul in/  
lipid ratio was performed in a Dupont 910 calorimeter. 
Batches of 10-15 mg of wet samples were warmed up at 
a rate of 2 C ° / m i n  between 0 and 40°C. In these 
cases, in order to increase the sensitivity, liposomes 
were prepared by dispersing the lipids in insulin solu- 
tions of different concentrations. Similar results were 
obtained with scanning rates of 1 C° / ra in .  The en- 
thalpic changes at the phase transition were calculated 
from the area under the main peak. The calorimeter was 
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calibrated using the isotherm for indium (In) fusion as 
stated by ASTM-E 698-79 norm. The baseline was 
obtained previous to each run with two samples of 
equal calorific capacitance (usually a~r). The total mass 
of phospholipids was obtained by phosphorus de- 
termination using the Fiske-SubbaRow method after 
convertion to inorganic phosphate b y  digestion in per- 
chloric acid during one hour at 200 °C [16]. 

The lytic effect of LPC was determined by measuring 
the decrease in the absorbance at 450 nm upon succes- 
sive additions of LPC to a liposome dispersion as 
shown in previous work [9-11]. 

A sample of liposomes which represents 0.2 mg/ml  
of lipids was titrated with LPC in a thermostated cuvette 
of a spectrophotometer with automated stirring. The 
absorbances were recorded after equilibration. At a 
given LPC concentration the absorbance of the lipo- 
some sample decreases as a function of the lyso-com- 
pound concentration. The intersection of the straight 
line for absorbance values obtained at low LPC con- 
centrations with that obtained at high LPC concentra- 
tions is taken as the critical lytic concentration (CLC) 
The changes in absorbance were correlated with the 
lipid redistribution and the changes in the mean size of 
the liposomes induced by the LPC action by means of 
fluorescence dequenching and exclusion chromatog- 
raphy, respectively. The fluorescence assays were per- 
formed using octadecylrhodamine as a membrane probe. 
Chromatography was performed in Sepharose CL-2B 
gel columns using isotonic buffer (pH 7.4) for the 
elution. Liposomes prepared with 6-7% octadecyl- 
rhodamine were seen in the column before and after the 
incubation with LPC at 30 °C in the presence of insulin. 
According to previous reports, these percentages of 
octadecylrhodamine do not affect the membrane [9] The 
volume fractions of 0.5 ml were treated with Triton 
X-100 to obtained the 100% of dequenching (Far) and 
measured in a spectrofluorometer (excitation wave- 
length: 560 nm; emission wavelength: 590 nm). The 
percentage of dequenching at each volume fraction was 
calculated by means of the relation 1 0 0 - ( F T - F ) / F  T .  

The absorbance and fluorescence values were obtained 
in a continuously stirred cuvette where temperature was 
controlled witF,:.n + 0.5 o C. The fluorescence anisotropy 
determinations were performed using diphenyl- 
hexatriene as a probe. Calculations were done by means 
of the relation 

r = ( l l l - l l G ) / ( I I I  + 2 I.G) 

where Ill and I± are the intensities of the emission at 
A.4A. nm obtained with the analyzer parallel or per- 
pendicular, respectively, to the direction of polarization 
of the excitation beam. The molar ratio of probe to PC 
was 1:200. In all experiments, corrections for light 
scattering blank were made measuring the excitation/ 
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emission ratio in the absence of the fluorophore. I, and 
I .  values were corrected with the phototube sensitivity 
by the geometrical factor (G). 

Results 

The results shown in Figs. 1, 2, and 3 denote that the 
response of DMPC liposomes to heating-cooling cycles 
across the phase transition temperature are markedly 
different in the presence of insulin (Fig. 1), mono- 
myristoylphosphatidylcholine (Fig. 2) and insulin plus 
monomyristoylphosphatidylcholine (Fig. 3). The de- 
crease in absorbance observed when liposomes go from 
the gel to the liquid crystalline state disappears in the 
presence of insulin. The absorbance values obtained 
during the heating and the cooling of each type of 
samples show no hysteresis in all cases. The 100~ values 
for liposomes with and without insulin correspond to 
the same absorbance. The transition disappears because 
the absorbance at temperatures higher than the transi- 
tion increases with insulin to reach those values corre- 
sponding to the gel state. 

The absorbance values obtained after cooling DMPC 
liposomes heated in the presence of lysoPC and in the 
absence of insulin are below those obtained before the 
heating (Fig. 2). However, the same type of experiments 
performed in the presence of insulin shows that, after 
the heating, the decrease of temperature promotes a 
further decrease in absorbance. When liposomes are 
heated in the presence of lysoPC the absorbance de- 
creases to the same extent both in the absence or in the 
presence of insulin (0.65 to 0.4 in the first case and 0.65 
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Fig. 1. Absorbance changes as a function of temperature for dimyris- 
toylphosphatidyicholine. Liposomes without insulin (zx). Liposomes 
with 3.63 mol~ insulin (11). Data correspond to warming up and 

cooling down assays in both cases. 
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Fig. 2. Absorbance changes as a function of temperature for di- 
myristoylphosphatidylcholine liposomes in the presence of mono- 
myristoylphosphatidylcholine. Absorbance changes during the warm- 
ing up (z~) and the cooling down (A) of a dispersion containing 0.057 

mM LPC in the absence of insulin. 

to 0.33 in the second). However, a more pronounced 
absorbance decrease is obser~cd when the samples are 
cooled in the presence of insulin. This suggests that the 
action of the lysoderivate takes place when the mem- 
brane phase goes from the fluid state to the gel state. 
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Fig. 3. Absorbance changes as a function of temperature for dimyris- 
toyiphosphatidylcholine liposomes in the presence of mono- 
myristoylphosphatidylcholine and insulin. Absorbance changes during 
the warming up (z0 and the cooling down (a) of a dispersion contain- 

ing 0.057 mM LPC in the presence of 1.42-10- 2 mM insulin. 
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Fig. 4. Effect of insulin on the enthalpy, the absorbance change at the 
phase transition and the anisotropy of dimyristoylphosphatidyicholine 
liposomes. (a) Enthalpic changes measured by differential scanning 
calorimetry (D). Absorbance decrease at the phase transition mea- 
sured at 450 nm (z~). (b) Fluorescence anisotropy of liposomes in the 

fluid state as a function of insulin concentration. 

The contribution of insulin to the formation of a gel 
phase above the transition temperature is inferred from 
the absence of the change of absorbance at the phase 
transition in Fig. 1. The difference in the absorbance 
between the gel and the fluid state disappears with the 
insulin/Epid ratio and it is related with the enthalpic 
change measured by calorimetry (Fig. 4a). While the 
absorbance change at the phase transition decreases 
parallel to the enthalpy, no changes in the fluorescence 
anisotropy were observed in the same range of insulin/ 
lipid ratio (Fig. 4b). The mean standard deviation of the 
DSC determinations was + 0.4. No changes in the tran- 
sition and pre-transition temperature were observed. 

The observation that insulin promotes a decrease in 
the enthalpic change would be in agreement with the 
finding that insulin adsorbs on lipid membranes in the 
fluid state but not in the gel state [21]. However, the 
invariance of the membrane anisotropy suggests that 
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the effect of insulin would be constrained to the mem- 
brane interface. 

Concordantly, the CLC obtained with liposomes in 
the fluid state decreases with the increase in the in- 
sulin/lipid ratio (Fig. 5). It is observed that the values 
obtained with absorbance and fluorescence approach 
those found for liposomes in the gel state when insulin 
is increased (Fig. 6). 

The LPC action on lipo~omes in the fluid state 
treated with insulin promotes a lipid redistribution and 
a decrease in the mean size of the particles, most 
probably micelles as described in previous reports [7]. 
Liposomes without treatment of LPC incubated with 
insulin elute in the front of a Sepharose column (Fig. 7). 
After incubation of liposomes in the presence of 5-6 
mol% insulin at 30°C with LPC concentrations above 
0.1 mM according to Fig. 5, the elution gives the major 
peak at 8-9 ml. In concordance, the amount of lipo- 
somes of the original size at 3-4 ml is significantly 
decreased. Thus, the decrease in turbidity observed 
above the CLC in Fig. 5 corresponds to a decrease in 
the mean particle size of the sample. The percentage of 
dequenching obtained by adding Triton is nearly the 
same in both peaks denoting that the lipid/octadecyl- 
rhodamine ratio is maintained in both types of particles. 

However, when LPC is added to a sample containing 
liposomes with octadecylrhodamine and liposomes 
without the dye an increase in fluorescence is obtained 
as a function of the LPC conceatration above the CLC 
(Fig. 5). Thus, the disruption of the liposomes to smaller 
particles is accompanied by a redistribution of lipids 
between the membranes. 

The CLC is clearly sensitive to the insulin concentra- 
tion when it is determined by absorbance changes or 
with the octadecylrhodamine assay. The differences be- 
tween the CLC values between both methods are due to 
the fact that absorbance detects the larger particles 
which contribute in a greater extent to the turbidity. In 
the fluorescence assay small and large particles are 
equally affected by the LPC action giving lower values 
of CLC. When the CLC is determined by fluorescence 
dequenching, the slope taken near the CLC gives lower 
values than those obtained with points far from it. 
These values are within the limits denoted by the error 
bars in Fig. 6. 

Discussion 

The changes in the light scattering with temperature 
have been mainly attributed to the change in the refrac- 
tive index occurring at the phase transition. This is a 
reversible change. An irreversible increase of ab- 
sorbance (or turbidity) is attributed to the fusion of 
particles [26,27]. 

The results from Sepharose columns indicate that the 
changes in absorbance in the absence of LPC corre- 
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Fig. 5. Effect of lysoPC on dimyristoylphosphatidylcholine iiposomes as a function of insulin concentration. (a) Changes induced by LPC on 
DMPC liposomes measured by absorbance changes at 450 nm in the presence of 1.21-10 -2 (El), 2.43-10 -2 (B), 3.63-10 -2 (@) and 6.05-10 -2 (a) 
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critical lytic concentration. 

spond to the reversible change at the phase transition. 
However, in the presence of LPC the hormone promo- 
tes a decrease in absorbance which is due to the disrup- 
tion of the liposomes into smaller particles. 

Insulin produces a decrease of enthalpy at the phase 
transition and induces an enhancement of the lyric 
action of LPC. 
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Fig. 6. Critical lytic concentration of LPC as a function of the 
insulin/lipid ratio on DMPC liposomes, zx, CLC determined by 
absorbance changes as described in Fig. 5 for liposomes in the gel 
state (18°C). a, CLC determined by absorbance changes for lipo- 
somes in Ihe fluid state. I ,  CLC determined by fluorescence de- 

quenching for liposomes in the fluid state. 

The enthalpic change is accompanied by a decrease 
in the absorbance change at the phase transition. The 
contribution to the absorbance of a liposome sample 
upon melting are the refractive index of the dispersed 
particles and the anisotropy of the membrane phase 
[17,22,26]. As the hormone has no effect on the fluores- 
cence anisotropy the effect on the absorbance at 450 nm 
at the phase transition without LPC, can be due to 
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after the treatment with 0.1 M lysoPC at 30°C in the presence of 4 

mol~ insulin. 



changes in the refractive index of the particles [17,21]. 
Thus the enthalp~c decrease of Fig. 4 is related to the 
perturbations in the membrane interface with no effect 
on the hydrocarbon core. The hormone does not dis- 
place the transition temperature denoting that there is 
no effect on the packing of the cooperative units in the 
range 1-2.5 mol% for insulin/lipid ratio as confirmed 
by the unchanged values of anisotropy 

This insulin/lipid ratio corresponds to a total 
phenylalanine concentration of 0.08 mM. Peptides of 
phenylalanine and glycine have been shown to promote 
a very slight decrease in the transition temperature of 
DMPC (less than 0.1°C) only in a range of 12 mM 
concentration [24] for which a 8.19 cal/mol enthalpic 
change has been found. 

However, insulin promotes a decrease in area, pro- 
portional to the enthalpy at the main transition, with a 
negligible change in the peak width. As the hydro- 
carbon core is not altered, it can not be ruled out that 
the cooperative milts contributing to the transition 
would belong to those regions of the bilayer near the 
headgroups [28]. 

Previous calorimetric work has demostrated that 
phenylalanine-containing peptides induce a phase sep- 
aration in the plane of the bilayer at pept ide/DMPC 
liposome mixtures with 15 mol% peptide containing 
phenylalanine. Thus, the amino acids of the protein 
would act as impurities in the membrane surface induc- 
ing phase boundaries with a negligible effect on the 
hydrocarbon core as suggested by the anisotropy assays 
but enhancing the LPC action. 

In this regard it is worth discussing the results of 
Figs. 2 and 3. When liposomes are displaced from the 
gel to liquid crystalline phase across the transition tem- 
perature in the presence of the lysocompound and then 
they are returned to the original gel state, the results are 
quantitatively different if insulin is present in the 
medium. In the absence of insulin, when the tempera- 
ture is decreased the absorbance value returns to one 
which is lower than that obtained at the same tempera- 
ture before the warming up of the preparation but 
higher than that found at high temperatures. This indi- 
cates that not all the liposomes are lysed during the gel 
to liquid crystalline cycle at this LPC concentration. 
Experiments performed at the same lysoPC concentra- 
tions in the presence of insulin showed that absorbance 
decreases much more, attaining values lower than those 
corresponding to the liquid crystalline state. This sug- 
gests that lysocompounds in the presence of insulin can 
act at the phase boundary appearing when membrane 
goes from the liquid crystalline to the gel state. 

The lytic effect of LPC is more effective when gel 
and liquid crystalline states coexist in the membrane [7]. 
This coexistence has been induced by inserting into the 
membrane, proteins that span the membrane bilayer 
such as glycophorin and band 3 protein. In these cases 
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proteins would induce a gel-like structure around them 
promoting a phase boundary where lysocompound can 
intercalate [7,8]. 

The present results show that insulin promotes the 
action of lysoPC. Since insulin seems to interact mainly 
with the membrane interface without affecting the apolar 
region [19], the LPC action would be due to changes in 
the headgroup regi_oa of the lipid bilayer. It must be 
recalled that the lyric effect is also enhanced by the 
osmotic shrinkage of liposomes in the gel state. In this 
case, the appearance of hydrophobic sites on the mem- 
brane surface were observed without alterations in the 
anisotropy of the hydrocarbon core [9]. 

In conclusion, an aqueous soluble protein such as 
insulin induces an enhancement of the lyric action when 
it interacts with membranes in the liquid crystalline 
state. 

Acknowledgements 

Authors are grateful to Dr. E. Rivas for reading the 
manuscript and to CIDCA (UNLP) for the facilities in 
calorimetric determinations. We also acknowledge the 
excellent drawings of Arch. Celina B. Barrios. E.A.D. 
and J.J.G. are members of the research career of CON- 
ICET (Rep. Argentina) and G.A.S. is recipient of a 
fellowship of the same institution. This work was sup- 
ported by funds from CONICET (Rep. Argentina). 

References 

1 Best, L. and Malaisee, W.J. (1983) Diabetologia 25, 299-305. 
2 Harrison, D.E., Ashcroft, S.Y.H., Cristie, M.R. and Lord, J.M 

(1984) Experientia 40, 1075-1084. 
30rci ,  L. (1982) Diabetes 31,538-565. 
4 Metz, S.A. (1986) Diabetes 35, 808-817. 
5 Metz, S.A. (1986) J.Pharmacol. Exp. Ther. 238, 819-832. 
6 Hyslop, P.A., York, D.A. and Sauerheber, R.D. (1984) Biochim. 

Biophys. Acta 776, 267-278. 
7 De Gier, J., Mandersloot, J.G., Schipper, N.L.M., Van der Steen, 

A.T.M. and Van Deenen, L.L.M. (1983) in Liposomes Letters 
(Bangham, A.D., ed.), Academic Press, New York. 

8 KurakaL S., Nojuma, S. and lnoue, K. (1981) J. Biochem. 90, 
657-663. 

9 Senisterra, G.A., Disalvo, E.A. and Gagliardino, J.J. (1988) Bio- 
chim. Biophys. Acta 941, 26,~-270. 

10 Mandersloot, J.G., Reman, F.C., Van Deenen, L.L.M. and De 
Gier, J. (1975) Biochim. Biophys. Acta 382, 22-26. 

11 Harlos, K., Vaz, W. and Kovatchev, S. (1977) FEBS Lett. 77, 
7-10. 

12 Domen, R.P. and Kaplan, H. (1987) Biochemistry 26, 303-308. 
13 Farias, R.N., Lopes Vitals, A. and Morero, R.D. (1986) J. Biol. 

Chem. 261, 15508-15512. 
14 Farias, R.N. (1987) Biochim. Biophys. Acta 906, 459-468. 
15 Bangham, A.D., De Gier, J. and Grenville, G.D. (1976) Chem. 

Phys. Lipids 1, 225-246. 
16 Fiske and SubbaRow (1925) J. Biol. Chem. 66, 375. 
17 Veiro, J.A., Nambi, P., Herold, L.L. and Rowe, E.S. (1987) Bio- 

claim. Biophys. Acta 900, 230-238. 
18 Cuatrecasas, P. (1969), Prec. Natl. Acad. Sci. USA 63, 450. 
19 Dutta-Roy, A.K., Ray, T.X. and Sinha, A.K. (1985) Biochim. 

Biophys. Acta 816, 181-190. 



154 

20 Rand, R.P. and Sen Gupta, S. (1972) Biochemistry 11,945-949. 
21 Wiessnev, J.H. and Hwang, K.J. (1982) Biochim. Biophys. Acta 

689, 490-498. 
22 Peterson, N.O. and Chan, S.I. (1978) Biochim. Biophys. Acta 509, 

111-128. 
23 Triiuble, H. and Haynes, H. (1971) Chem. Phys. Lipids 7, 324. 
24 Epand, R.M." and Sturtevant, J.M. (1984) Biophys. Chem. 19, 

355-362. 

25 Jacobs, R.E. and White, S. (1986) Biochemistry 25, 2605-2612. 
26 Yi, P.N. and McDonald, R.C. (1973) Chem. Phys. Lipids 11, 

114-134. 
27 Avramovic-Zikic, O. and Colbow, K. (1978) Biochim. Biophys. 

Acta 512, 97-104. 
28 Jain, M.K. and Wu, N.M. (1977) J. Membr. Biol. 34,157-201. 


