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Summary. Furosemide is a surface-active anion and it tends to 
displace lipid monolayers from the surface at positive polariza- 
tions lowering their potential stability range. The efficiency of 
the penetration and the displacement increases with decreasing 
surface pressure of the monolayer. Lower capacitance at a wider 
potential range corresponds to higher surface pressure. Mono- 
layers with higher capacitances are indeed more readily pene- 
trated and displaced as demonstrated by further increase in their 
capacitance and increase in their proton conductance. Furo- 
semide raises the capacitance of the monolayer in the stable 
region due to intercalation between the head groups thus reduc- 
ing the thickness of the hydrocarbon layer. In pure PC mono- 
layer about 10% increase in capacitance is observed in the pres- 
ence of 6 • 10 -4 M furosemide. The effect of furosemide 
becomes more pronounced with increasing sphingomyelin con- 
tent in the mixed monolayers. The monolayer of PE is more 
condensed and its capacitance is lower (-1.45 /xF/cm 2) and is 
stable in a wider potential range than that of PC. It is less af- 
fected by furosemide and concentrations higher than 10 -3 M are 
required to narrow the stability range and to increase the capaci- 
tance. 

Key Words furosemide - phospholipid monolayers - capaci- 
tance ,  polarographic current 

Introduction 

Furosemide is a loop diuretic acting primarily via 
inhibition of active readsorption of CI- in the lumen 
of the diluting (ascending) segment of the loop of 
Henle (Allen, 1983). Indirectly it also prevents reab- 
sorption of Na + which follows CI- passively. It is 
used to promote Na + and water excretion but con- 
comitantly it also increases potassium excretion. 
Furosemide-sensitive transport systems have also 
been observed and recently subjected to detailed 
investigation in human red cells (Canessa et al., 
1986). Furosemide also has some adverse side ef- 
fects (Allen, 1983). On the way to the target sites as 
well as to the sites where it may have adverse ef- 

fects, furosemide has to cross various membrane 
barriers. Moreover, its action on different sites may 
be influenced by its effect on the phospholipids em- 
bedding the site. The understanding of the interac- 
tion of furosemide with phospholipids becomes 
therefore of major importance. The extremely low 
solubility of furosemide in hydrocarbons excludes 
the possibility of its action on phospholipid mono- 
layers through the hydrocarbon layer. All its effect 
on either the structure or the permeability of phos- 
pholipid layer may proceed only via its interaction 
with the polar groups. 

In this work we show the effect of furosemide 
on the structure and the permeability of different 
phospholipid monolayers. 

Materials and Methods 

Interaction of furosemide with spread monolayers of phospholi- 
pids was investigated on a dropping mercury electrode as de- 
scribed elsewhere (Pagano & Miller, 1973; Miller, Rishpon & 
Tannenbaum, 1976; Miller & Rishpon, 1977). The procedure can 
be summarized as follows: the lipids were spread from a 1 mg/ml 
solution in hexane contained in 1 to 2% ethanol on the surface of 
a buffered solution (pH 8) containing different concentrations of 
furosemide in a polarographic cell with a surface area of 35 cm 2 
until reaching a surface concentration of 0.5/zg/cm 2. This surface 
concentration is equivalent to nearly two fully compressed 
monolayers (Lecompte & Miller, 1987). This excess is necessary 
to allow for the depletion by the passing mercury drops which 
removes from the air/water interface a monolayer area section 
equal to the area of each passing drop. The dropping mercury 
electrode was positioned about 0.4 mm above the surface so that 
after detachment of each drop the contact with the surface was 
broken for 1 to 2 sec. The growing drop then contacted the 
monolayer which was transferred to the mercury interface where 
its capacitance was measured by phase-controlled AC polarogra- 
phy and its permeability to protons by DC polarography measur- 
ing oxygen reduction current using a PAR 170 polarograph. 
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Fig. 1. Dif ferent ial  capacitance of  pure PC (a) and of  90% PC/ 
10% BSM monolayers (b) as a funct ion of  potential relative to 
normal Ag/AgCI electrode in the presence of different concentra- 
tions of furosemide at pH 8.3. Furosemide concentrations: 0-  
without points; 2 x 10-4-O; 6 x 10-4-A; 10-3-A; 2 x 10-3-I-1; 
4 x 1 0 - 3 - 0  

Results 

MONOLAYER CAPACITANCE 

It is important for the capacitance and even more so 
for the permeability measurements of the mono- 
layers to maintain them in a faultless state. Cracks 
or voids occupying an area fraction of the mono- 
layer give proportionally increased capacitance val- 
ues, but may give completely leaky monolayers. 
Folds have negligible effects either on capacitance 
or conductance. Since monolayers below the phase 
transition do not reseal instantaneously when 
cracks are formed during the growth of the mercury 
drops, their capacitances and their permeabilities 
were very unsteady. We restricted therefore our in- 
vestigation to monolayers of lipids above their 
phase transition. We studied monolayers of egg PE 
and egg PC and of mixtures of egg PC with up to 
33% bovine brain sphingomyelin (BSM) at 28~ at 
which temperature all these lipids and even the lipid 
mixture containing 33% BSM are known to be in the 
liquid crystalline phase (Untracht & Shipley, 1977). 

We also measured the effect of furosemide on the 
capacitances and on the permeabilities of mono- 
layers of DPPC and BSM at around 50~ 

In Fig. l(a) and (b) the capacitance of a con- 
densed monolayer of egg PC and of (1/9) mixture of 
BSM/PC in the presence of different concentrations 
of furosemide is presented as a function of poten- 
tial. In the absence of furosemide the PC monolayer 
is stable between -120 and -800 mV relative to N 
Ag/AgCI electrode. This corresponds to the range 
of +340 to -340 mV relative to the zero charge 
point (electrocapillary maximum) where the electri- 
cal field across the monolayer is zero. The minimal 
measured capacitance is 1.8 p,F/cm 2 around the 
zero charge point when the lipids are oriented with 
their hydrocarbon chairs towards the mercury sur- 
face and it increases abruptly at +340 and -340 mV 
relative to the zero charge point. At the positive 
polarization the monolayer is displaced from the 
surface while at the negative polarization it is reori- 
ented (Miller & Rishpon, 1977; Lecompte & Miller, 
1980). Increasing concentrations of furosemide nar- 
row the stability range of the monolayers and in- 
crease their capacitance. The narrowing of the 
range proceeds from the positive polarization which 
is in keeping with the properties of furosemide as a 
surface-active anion. It adsorbs in the whole poten- 
tial region but more strongly on the positively 
charged mercury surface from where it displaces 
the hydrocarbon chains of the lipids. As a surface- 
active anion it also shifts the zero charge point 
(electrocapillary maximum) toward negative poten- 
tials. At the same time the capacitance of the mono- 
layer in the stable region increases gradually with 
the concentration of furosemide up to 2.75 p,F/cm z 
in the presence of 4 x 10 -3 M furosemide. Addition 
of sphingomyelin to PC in a mixed monolayer nar- 
rows the stability range, until at 33% BSM the sta- 
bility range is down to 550 mV. Lower concentra- 
tions of furosemide are required to disrupt the 
mixed monolayers. As in pure PC monolayers furo- 
semide affects the mixed monolayer stability mainly 
at positive polarization. In Fig. l(b) the capacitance 
curves of a monolayer containing 90% PC and 10% 
BSM in the presence of different concentration of 
furosemide are presented. The stability region is 
narrowed and the effect of furosemide on it is more 
pronounced than in pure PC. This trend continues 
with increasing concentration of BSM. In Fig. 2 the 
potential range of monolayer stability in the pres- 
ence of different concentrations of furosemide is 
presented as a function of BSM content. 

The stability of the monolayers decreases as the 
temperature increases. We measured the capaci- 
tance of pure monolayers of DPPL and of BSM 
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Fig. * Potential range stability of  mixed PC/BSM monolayers  in 
the presence o f  different concent ra t ions  of furosemide as a func- 
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above their phase transition at 46 and at 48~ The 
capacitance of  both monolayers  was about 2/xF/cm 2 
at the zero charge point. The stability range was 
found to be between 250 and 600 mV relative to N 
Ag/AgCI electrode for BSM and between 230 and 
720 mV for DPPC. The effect of furosemide paral- 
lels the stability range. 10 -3  M furosemide suffices to 
displace the BSM monolayer  except  for a narrow 
range between -550  and - 7 0 0  mV relative to NAg/ 
AgCI electrode.  At the same concentrat ion of fu- 
rosemide a more or less stable DPPC monolayer  is 
retained between - 5 0 0  and -750  V. The capaci- 
tances at the minimum in the presence of l0 -3 M fu- 
rosemide are about 4 /xF/cm 2 for DPPC and higher 
for BSM. 

Phosphatidylethanolamine (PE) as seen from 
Fig. 3(a) and (b) gives more condensed monolayers 
than PC. The specific capacitance of  the very broad 
minimum of  the capacitance versus potential curve 
is only 1.45 to 1.5/xF/cm 2. Even at potentials more 
negative than the rearrangement potential ( -900  
mV relative to N calomel electrode) the capaci- 
tances are around 4 /xF/cm 2 and they increase 
sharply at -1 .1  V. Furosemide has a very small 
effect on these monolayers  and at pH 8.3 a concen- 
tration of  1.2 x 10 -2 M is required to shift the posi- 
tive monolayer  breakdown potential from -200  to 
- 3 5 0  mV relative to 1 N Ag/AgCI electrode. At pH 
7 (Fig. 3b) 8.6 • 10 .3 g of  furosemide is required to 
shift the positive breakdown potential from - 150 to 
- 3 2 5  mV. The PE monolayer  is slightly negatively 
charged at pH 8.3 which shifts the potential of the 
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Fig. 3. Differential capaci tance  of PE monolayers  at pH 8.3 (a) 
and at pH 7 (b) as a funct ion o f  potential relative to N Ag/AgCI 
electrode. Furosemide  concentra t ions:  0 -wi thout  points: 0 - - ( 3  
2.15 x 10-s; @--@ 4 x 10-~; Az3 r.3 x 10-s; AA 8.6 x 10-3: 
[] 1.2 x 10 -2 

stability region; however  the effect of furosemide is 
only slightly pH dependent .  As in the case of the 
other lipid monolayers ,  furosemide increases the 
monolayer  capaci tance in the stable region around 
the zero charge point. In the case of PE monolayer 
the increase is from 1.45 to 1.85/xF/cm 2 in the pres- 
ence of  0.86 x 10 .2 M furosemide at pH 7 and from 
1.52 to 1.96/xF/cm 2 in the presence of 1.2 x 10 -2 M 
at pH 8.3. 

P R O T O N  P E R M E A B I L I T Y  

One way to measure proton permeability is to mea- 
sure reduction currents  of  02. The lipid layers are 
completely permeable to oxygen and its reduction is 
controlled by the access of proton required for the 
reduction to hydrogen peroxide (Bach & Miller, 
1970). The modulation of  proton permeability by fu- 
rosemide is bound to express  itself in the reduction 
current of  02. In Fig. 4 the reduced current i/i,, of 
oxygen reduction through a DC monolayer  in the 
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Fig. 4. Reduced  oxygen  reduction current  i/i,, (1,, = the current  in 
the absence  o f  monolayers  as a function of  potential relative to N 
Ag/AgCI electrode in the  presence o f  a condensed  monolayer  of  
PC and different  concen t ra t ions  of  furosemide:  O - - O  0; A 4 x 
10-4; �9 1 x 10-3; �9 2 x 10 -~ and [] 3 x 10 -~ furosemide 

presence of different concentrations of furosemide 
is presented, i,, is the current in the absence of the 
lipid monolayer and of furosemide under otherwise 
identical conditions. 

In the absence of furosemide the reduced cur- 
rent reaches a minimum of about 0.01 at around 
-0.2 V. At -0.15 V the monolayer becomes unsta- 
ble and the current increases abruptly when we pro- 
ceed towards positive potentials. The reduced cur- 
rent increases mildly with the negatively of the 
potential up to -0 .5  V when its increase with poten- 
tial becomes successively steeper until at -0 .7  V 
where the monolayer stability decreases the current 
picks up abruptly. The gradual increase in current 
can be attributed in part to the increase in the rate of 
the electrode process. Furosemide at a concentra- 
tion of 4 x 10 -4 M displaces the monolayer at anodic 
potentials and a stable monolayer is obtained only 
at -0.28 V relative to N Ag/AgCI electrode. The 
permeability of the monolayer in the potential re- 
gion between -0 .3  to -0.7 V in the presence of 2 • 
10 -4 M furosemide is little lower than in its absence, 
which is in keeping with the lower capacitance val- 

ues (Fig. la). At higher concentrations of furo- 
semide the instability region shifts to more negative 
potentials and the permeability of the stable mono- 
layer increases with increasing concentration of 
furosemide. At the same time the current at positive 
polarizations up to -0.125 V is strongly reduced. In 
this potential region the anionic furosemide adsorbs 
on the mercury surface and impedes the electron 
transfer from the electron. 

The effect of furosemide on the proton perme- 
ability of PE monolayers and of mixed monolayers 
of PC with BSM was also measured but is not 
shown. Furosemide up to 2 x 10 -3 M affects very 
little the permeability of the PE monolayer in the 
stable region even though, and as evident also from 
the capacitance curves, it shifts the anodic displace- 
ment potential to more negative values. It affects 
the proton permeability appreciably above 5 x I0 -3 
M. At this concentration it also increases the con- 
ductance of PE bilayers (Bach et al., 1988). Furo- 
semide, already at low concentrations makes the 
mixed monolayers of PC with BSM extremely 
leaky. In every case, including in the absence of 
lipid monolayer, furosemide reduces the current at 
polarizations more positive than -0.125 V relative 
to 1 N Ag/AgCI electrode. 

Discussion 

The effect of furosemide on lipid monolayers at the 
mercury/water interface is through competition 
with the lipid molecules for surface sites and 
through interaction with the head groups. Furo- 
semide can penetrate the lipid layer and compete 
with the Iipid molecules for surface sites and even- 
tually may displace them from the surface. Being a 
surface-active anion, it adsorbs and exerts this ef- 
fect mainly at positive polarizations. As a result, the 
anodic breakdown of the lipid monolayer shifts to- 
wards more negative potentials as the furosemide 
concentration increases. With the head groups it 
interacts at all polarizations. At low concentrations 
it interacts with the head groups aligning them and 
inducing stronger attractive intermolecular interac- 
tion resulting in decrease in capacitance. At higher 
concentration it intercalates between the head 
groups increasing the mean area per liquid molecule 
and thus raising the capacitance. 

Absorption of furosemide and its effect on the 
surface concentration of lipids FL determines the 
change in surface tension in the following way: 

- d T  = FFdt~F + FLdtzL + F H , o d / z H , o .  ( I )  

The last term in Eq. (1) can be neglected since the 
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molar fraction of furosemide is always below 2 x 
l0 -4 and 

dlxr R T  dp.H._o R T  
dXe = -~F >> ~ -- 1 -- XF" (2) 

The total variation of the surface tension -Ay,  after 
increasing the molar fraction of furosemide from 0 
to XF, is 

JvL{x,=o}fr~{x~} FLd In FL + fx~ FFd In XF] --Ay = R T  

Hg = RT[FL(x,~ - FL{x,=0} + (K"  + K,~ ) XF]. (3) 

K~, is related to the distribution coefficient mea- 
sured between water and liposomes (Kp) 

Kp 8 ~ 10_SK p 
K;, = VH20 

where 8'is the monolayer thickness ~18 to 20 A. 
K, Hg is the adsorption coefficient at a site between 
the hydrocarbon chains on the mercury surface. It 
is usually low since it involves penetration between 
hydrocarbon chains. We imply here two popula- 
tions of furosemide molecules, one in contact with 
the mercury surface and the other adsorbed in the 
polar region. The furosemide in contact with the 
mercury surface occupies usually very small area 
fraction 0 with a specific capacitance CF. The mea- 
sured capacitance is then a sum of the capacitances 
of the furosemide and of the liquid domains Co. 

C-~, OC F -,~ (1 - O)CL 

and 

0/(1  - -  0)  = KHmgXF . (4) 

The capacitance of the lipid domain depends on the 
thickness of the lipid layer and assuming incom- 
pressibility. 

! 

FLCL = c o n s t a n t  

and 

(r'LCL){F=O) = I"LCL ]"L = ( l  - -  0)1"~ (5) 

where F~ is defined as the surface concentration in 
the lipid domain. Hence 

F L -----( l -  O)FL{F=O)(1 n t- CL{F=O) -- C L). 
CL (6) 

The distribution coefficient of furosemide between 
liposomes of different kinds and water, Kp, is 
around 20, which makes Km ~ 2 x 10 -7  mole . 
cm -2. When varying the furosemide concentration 
between 2 x 10 -4  M to 10 -2 M (XF = 3.6 x 10 -6  to 
1.8 • 10 -4) its surface concentration varies between 
- 7  x 10 -13 and 3.6 x 10 -jl moles/cm z or 43 x 101~ 
and 22 x 1012 molecules/cm 2. This corresponds to 
one furosemide per 400 to 8 molecules of lipid. One 
furosemide per 200 or more lipid molecules causes 
their alignment resulting in thickening of the lipid 
layer and in lowering its capacitance. Only at higher 
surface concentrations the furosemide molecules 
intercalating between the polar residues of the lip- 
ids, expand the monolayer reducing the thickness of 
its hydrocarbon layer and increasing the capaci- 
tance. If the cross-sectional areas of the furosemide 
and of the polar group of the lipid are aF and at., 
respectively, then in the lipid domain 

A1 p = FL(F=0) -- F~ -~ = I'F aF 
aL 

CL - CLIF=Ol 
= FL{F=0) CL (7) 

where F~ j-~ is the surface concentration of the lipid 
in the not displaced lipid domain 

F{I-0)  = I 'L 

z. I - 0  

and 

CL = OL{F=o~Cr{F=O} . (8) 
0_.s 

FL{F=0} -- K,',XF 
aL 

C in Eq. (4) becomes then 

C P 
C -~- OC F -~ ( l  - 0) --L(F=O}--L(F=O) . (9) 

a.,_~F 
FL(F=0) --  K m X F  

aL 

Knowing or assuming a value for CF, we can calcu- 
late 0, which represents the degree of penetration of 
furosemide into the hydrocarbon layer. We as- 
sumed that CF equals the capacitance of a con- 
densed monolayer of furosemide measured in solu- 
tion in the presence of a high concentration of 
furosemide. In the Table the calculated values of 0, 
of the hydrocarbon penetration and binding con- 
stant to the mercury Km Hg of furosemide as well as 
Ay calculated by Eq. (3) are presented. K m  Hg w a s  

obtained from the calculated values of 0. In the case 
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Table, Effect of furosemide on the capacitance of monolayers of PE, PC and of a mixture of 20% SM 
and 80% PC at -0 .5  V relative to N calomel electrode 

a. PE 
Xr C(l~Flcm 2) K :. 10 7 A-/(d yn/cm) 

2 • 10 -5 1.45 2.9 • 10 -7 0.17 
7.75 • 10 -5 1.6 3.45 • 10 -7 0.8 
1.55 x 10 -4 1.75 2.6 • 10 -7 1.25 

b. PC (K" = 2.2 x 10 -7 mole/cm 2) 
XF C(poF/cm 2) 0 K~g(mole/cm -') 57 

1.1 x 10 -5 2 0.0061 2.54 x 10 -7 0.5 
1.8 x 10 -5 2.15 0.0t72 3.05 • l0 -7 0.4 
3.6 x 10 -5 2.4 0.0215 2.7 • l0 -7 1.4 
7.2 x 10 -5 2.75 0.035 2.2 x 10 -7 2.0 

c. 20% SM 80% PC (K" = 2.2 x 10 .7 mole/cm-') 
3.6 x 10 -6 2.2 0.0076 9.5 x 10 -7 0.475 
1.1 x 10 -5 2.5 0.0186 7.75 • 10 -7 1.05 
1.8 x 10 -s 2.8 0.0314 7.85 • 10 -7 1.5 

of PE, 0 was assumed to be zero and Km was calcu- 
lated for this condition. 

The values for the interaction coefficient of 
furosemide for Km with PE monolayers in the Table 
correspond to distribution coefficients of Kp be- 
tween 23 and 31 which is about equal to those mea- 
sured with PE suspensions (Bach et al., 1987). 
There is evidently no tendency for furosemide to 
penetrate the dense hydrocarbon layer of the PE 
monolayers. The tendency of  furosemide to pene- 
trate increases with decreasing density of the lipid 
monolayer. The hydrocarbon penetration mercury 
adsorption coefficient KE g through the PC mono- 
layer is about equal to the adsorption coefficient to 
the polar region while in the even more expanded 
mixed monolayers of 20% SM 80% PC it is about 
three times larger. The measured proton transport 
across the monolayers confirms at least qualita- 
tively the calculated values of  0 in the different 
monolayers. In the PE monolayers where the area 
fraction 0 of the hydrocarbon layer penetrated by 
furosemide approaches zero, the conductance is 
also less affected by furosemide. Only at relatively 
high concentrations (>2 x 10 -3 M) the conductance 
increases appreciably. Penetration in the present 
case also reflects interaction with the memory sur- 
face and it probably does not occur in lipid bilayers. 
The penetration of the head group region and subse- 
quent expansion of  the bilayer is a general phenom- 
enon. 

I wish to thank Mr. Haim Graet for his technical help. 
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