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Abstract: Hemolysis induced by 2 amphipathic agents, verapamil and chlorpromazine, was investigated
in various incubation conditions. Changes in absorbance of erythrocyte suspension were monitored by
absorption spectrophotometry at a wavelength of 590 nm. The hemolysis induced by verapamil or chlor-
promazine is of the permeability type. The resistance of erythrocytes to verapamil is much higher than
their resistance to chlorpromazine. No evident difference is found between human and pig erythrocytes in
their resistance to verapamil. Only a small decrease in the rate of hemolysis induced by verapamil is ob-
served in isotonic CaCl,, MgCl, or K,SO, solutions, compared to 160 mM KCI (the standard incubation
medium). The changes in hemolytic activity of chlorpromazine in the presence of the divalent cations and
anions are less evident. No decrease in hemolytic activity of chlorpromazine and verapamil is observed
in the sucrose medium. The hemolytic activity of both the agents increases when they act in combination
with polyene antibiotic amphotericin B. The results indicate a strong synergy between amphotericin B
and verapamil or chlorpromazine. By contrast, a combined effect of verapamil and chlorpromazine on
erythrocytes leads to a decrease in their hemolytic activity. This indicates antagonism between verapamil
and chlorpromazine.
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INTRODUCTION

Verapamil is a calcium channel blocker, commonly used in cardiovascular dis-
eases (McTavisH & SorkiIN 1989). It may act as a chemosensitizer of p-glycoprotein
or multidrug resistance protein 1 - MRP1 (SPEELMANS et al. 1995; SaLERNO et al. 2004,
MEIER et al. 2006; PERrROTTON et al. 2007), which are membrane proteins responsible
for multidrug resistance (MDR). Verapamil may lead to the reversal of MDR by
direct binding to p-glycoprotein (MEIER et al. 2006) or by changing the membrane
fluidity and permeability (Drori et al. 1995; Pajeva et al. 1996).

Chlorpromazine is a tricyclic phenothiazine derivative, widely used in the treat-
ment of neurological disorders like schizophrenia (LIEBERMAN et al. 2003). It may act
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as a chemosensitizer of p-glycoprotein (AanismMaa & SEeLIG 2007) and it enhances
the cytotoxic effect of some anticancer drugs (Wapkins & HouGgHToN 1993; BEBAWY
et al. 2001).

Both the amphipathic agents, verapamil and chlorpromazine, show a high affini-
ty to membrane anionic phospholipids located within the inner layer of the cell mem-
brane (ANTENEODO et al. 1995; SPEELMANS et al. 1995; CHEN et al. 2003; WISNIEWSKA &
Wornicka-GruBisz 2004; PickHorz et al. 2007). Studies on human erythrocytes have
shown that both the agents induce the formation of stomatocytes, i. e. invaginated
erythrocytes (DEUTICKE 1968; ScHREIER et al. 1992; CHeN et al. 1997; SuwaLSKy et
al. 2008, 2010). According to the bilayer couple hypothesis (SHEETZ & SINGER 1974),
stomatocytosis can be explained by favorable interaction of both the agents with the
inner layer of the erythrocyte membrane.

The interaction of verapamil and chlorpromazine with membranes is modified
by changes in phospholipid distribution or cholesterol content (Mason et al. 1992;
CASTAING et al. 2003a; WISNIEWSKA & WoLNICKA-GLUBISZ 2004; WoLNICKA-GLUBISZ et
al. 2009). Membrane potential profile (PoHL et al. 1998) and ionic strength (CAsTA-
ING et al. 2003b) strongly influence the membrane activity of verapamil. Differences
in membrane activity of chlorpromazine have been found for its neutral and proto-
nated state (WAINBERG et al. 1988; BENNouNA et al. 1997; AnyayaucH et al. 2003;
WisNIEWsKA & WoLNIcKA-GLUBISZ 2004).

The effect of verapamil and chlorpromazine on the membrane strongly depends
on their concentrations (ZacHowskl & DuranD 1988; HAGERSTRAND et al. 2006;
MicHaLak et al. 2007; WATTs & Hanpy 2007; SuwaLsky et al. 2008). At high concen-
trations, verapamil and chlorpromazine induce hemolysis (LIEBER et al. 1984; Mo-
riMOTO et al. 1995; Warts & Hanpy 2007; Suwarsky et al. 2008). There are some
studies on the influence of physicochemical conditions of incubation medium on the
hemolytic activity of verapamil and chlorpromazine (LIEBER et al. 1984; MoriMoTO et
al. 1995; Anyavaucth et al. 2003; Watts & Hanpy 2007). However, the mechanism of
the increase in membrane permeability induced by the amphipaths is still not clear.

The results of our previous studies on mammalian erythrocytes treated with am-
phipathic polyene antibiotic amphotericin B have revealed a high dependence of the
polyene hemolytic activity on the species and specimen features of the erythrocyte
membrane (KNoprik-SkrockA & BieLawski 2002, 2005; Knorik-Skrocka et al. 2003,
2006; Knopik-SkrockA & BurpaNczyk 2004). The rate of hemolysis induced by
amphotericin B is highly decreased in media with different-sized markers (Knopik-
SkrockA & BIeLawskr 2002; Knoprik-SkrockA et al. 2003, 2007; KNOPIK-SKROCKA &
BurpaNczyk 2004). The hemolytic activity of amphotericin B is an effect of forma-
tion of antibiotic-sterol channels (BRAITBURG et al. 1980; CyBuLskA et al. 1995). Our
carlier results suggested that these channels differ in diameter and selectivity.

In the present paper, the hemolytic activity of verapamil and chlorpromazine
was investigated in incubation media with various ions or sucrose and the results are
compared with those obtained for amphotericin B. With regard to a high affinity of
amphotericin B to membrane cholesterol (CHARBONNEAU et al. 2001) and its compe-
tition for membrane target with other polyene antibiotics (BRAITBURG et al. 1980),
changes in the hemolytic activity of verapamil and chlorpromazine as a result of their
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combined action with amphotericin B have been investigated. The hemolytic effect
of combined action of verapamil with chlorpromazine has been also examined.

MATERIALS AND METHODS

Preparation of erythrocyte suspension

The 1-day concentrate of human erythrocytes in a polyvinyl bag, with reduced
plasma content, was obtained from a blood bank. The erythrocyte concentrate was
stored at 4°C with the addition of CPD (citric acid monohydrate 206 mg, sodium
citrate dihydrate 1.66 g, sodium dihydrogenophosphate monohydrate 140 mg, glu-
cose monohydrate 1.61 g, water 63 mL) and ADSOL formula (sodium chlorate 900
mg, glucose monohydrate 2.2 g, adenine 2.7 mg, mannitol 750 mg, water 100 mL).
After 24 h, the concentrate was used to prepare the erythrocyte suspension. Pig blood
was obtained from a slaughterhouse freshly after venipuncture. As described earlier
(Knopik-Skrocka et al. 2003), pig blood was stored for up to 24 h at 4°C in the pres-
ence of citrate and glucose. The procedure of erythrocyte suspension preparation was
the same as described earlier (KnopPik-SkrockA & BreLawski 2005; KNOPIK-SKROCKA
et al. 2007). The final concentration of erythrocytes suspended in the incubation me-
dium was 0.25 pl of total erythrocyte volume/mL (2.8 x 10° erythrocytes/mL).

Preparation of stock solutions

Verapamil hydrochloride and chlorpromazine hydrochloride were obtained from
Sigma-Aldrich. The stock solution of verapamil in distilled water was 20 mM and
that of chlorpromazine was 7.5 mM. Amphotericin B was from Fluka, and its 0.54
mM stock solution was prepared in dimethylformamide (Fluka). The dimethylfor-
mamide in the incubation medium had no effect on the erythrocytes. All the stock
solutions were prepared freshly before experiments.

Incubation conditions

The standard incubation medium of erythrocytes was 160 mM KCI. This solu-
tion, as well as the other media tested (107 mM CacCl,, MgCl,, K,SO,, and 300 mM
sucrose), were taken as isoosmotic to the cell interior. The concentration of the stock
solution of the salts or sucrose was twice that of isotonicity. The final concentration
was obtained by mixing an appropriate volume of the stock solution of the salt, the
hemolytic agent and distilled water.

The experiments were performed at 37°C. As described earlier (KNoPIK-SKROCKA
& BieLawski 2005; Knopik-Skrocka et al. 2007), erythrocytes were incubated with-
out any buffer added. The pH of the incubation medium was 6.8. This value was
obtained by addition of 160 mM KOH or HCL

Measurements of hemolysis

In standard experiments, the required amounts of verapamil or chlorpromazine
stock solutions were preincubated in isoosmotic KCI for 10 min at 37°C in test tubes
(inner diameter of 14 mm). Total volume of the medium in the tubes was 10 mL.
Next, the erythrocyte suspension was added and mixed with the incubation medium.
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The absorbance was measured at selected time intervals. The suspension was mixed
frequently to avoid erythrocyte sedimentation. In all the experiments, the erythrocyte
suspension absorbance was measured in the control tube, without the hemolytic agent
added.

The absorbance of the erythrocyte suspension was measured as described previ-
ously (Knopik-Skrocka & BieLawski 2005) with the use of spectrophotometer Epoll
2000 Eco (EMCO, Warsaw) at A=590 nm. At this wavelength, the absorbance of
lysed erythrocytes is very low and independent of pH. Most of the absorbance is due
to light scattering, which decreases with increasing in volume and lysis of erythro-
cytes. Participation of light absorption in the absorbance is low.

Estimation of erythrocyte resistance to verapamil and chlorpromazine

The resistance of erythrocytes to verapamil or chlorpromazine was evaluated
as the agent concentration that induces 50% erythrocyte hemolysis during 30 min of
incubation (Cs,). The Cs, value was interpolated from the agent concentration-hemo-
lysis rate curve (KnopPik-SkrockA & BieLawski 2005).

Statistical significance between the groups of results compared was determined
using Student’s 7 test. P < 0.05 was taken as the threshold of significance.

RESULTS

The effect of verapamil on the absorbance of the human erythrocyte suspension
in standard incubation conditions is presented in Fig. 1. After addition of erythrocytes
at zero time of incubation, there is a slow drop in absorbance. It is followed by a faster
drop in absorbance, reaching finally the lowest value (minimal absorbance). During
the initial slower drop, swelling of erythrocytes occurs. When the critical volume of
the cells is exceeded, hemolysis occurs, monitored as the second, faster drop in ab-
sorbance. At 4 mM verapamil, the rate of absorbance drop is rather low (Fig. 1). The
first phase, corresponding to erythrocyte swelling, lasts 60 min and the absorbance
value decreases from about 0.570 to 0.420. Next, the rate of absorbance drop increases
due to cell lysis, leading to complete hemolysis at the absorbance of 0.030. Complete
hemolysis takes place at about 100 min.

The increase in verapamil concentration is associated with an increase in the rate
of human erythrocyte swelling and lysis (Fig. 1). All the cells are lysed at both high
and low verapamil concentrations. Similar results were obtained for pig erythrocytes
treated with verapamil (curves not shown).

The kinetics of hemolysis induced by chlorpromazine (Fig. 2) does not differ
from the kinetics of hemolysis caused by verapamil. The process expressed by this
type of time-absorbance curves (Figs. 1-2) can be classified as the permeability type
of hemolysis (BieLawski 1990). This type of hemolysis allows the calculation of the
rate of hemolysis as the reciprocal of the time (min') at which 50% of erythrocytes
are lysed. If correction is made for swelling, it corresponds to the absorbance de-
crease equal to 55% of the maximal absorbance decrease. The dependence of the rate
of human erythrocyte hemolysis on verapamil concentration in standard incubation
conditions is presented in Fig. 3. The slope of the curve increases to a concentration
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Fig. 1. Influence of verapamil concentration on the dependence of human erythrocyte suspension
absorbance (A) on incubation time (t). Incubation medium: 160 mM KCl, 37°C. Verapamil concen-
trations are given in mM in the figure
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Fig. 2. Influence of chlorpromazine concentration on the dependence of human erythrocyte suspen-
sion absorbance (A) on incubation time (t). Incubation medium: 160 mM KCIl, 37°C. Chlorproma-
zine concentrations are given in mM in the figure
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Fig. 3. Influence of verapamil concentration on the rate of human erythrocyte hemolysis (V). Incu-
bation medium: 160 mM KCl, 37°C

of about 6 mM verapamil. At higher concentrations, the slope of the curve gradually
decreases. This decrease may be an indication of saturation of the membranes with
verapamil. Interpolation of the concentration-rate curves, such as the one in Fig. 3,
enables evaluation of the resistance of the erythrocytes to verapamil and chlorpro-
mazine (Cs,). The resistance was calculated as the concentration that induces lysis of
50 % erythrocytes during 30 min (Table 1). The hemolytic activity of verapamil to
human and pig erythrocytes does not differ significantly. It is much lower than the
hemolytic activity of chlorpromazine.

There are relatively small differences in the hemolytic activity of verapamil in
the media of various chemical compositions. With regard to high erythrocyte resist-
ance to verapamil, we estimate the influence of the medium chemical composition on
verapamil hemolytic activity in the experiments with constant verapamil concentra-
tion and various concentrations of the solutions tested. The isotonicity of the media
was kept constant by mixing appropriate volumes of their isoosmotic solutions with
160 mM KCI. The constant 5 mM verapamil was chosen as close to the Cs, value.
The kinetics of hemolysis induced by this concentration of verapamil in increasing
concentrations of CaCl, in the incubation medium is presented in Fig. 4. An increase
in the time of hemolysis is observed when Ca*", concentration is increased. At 0 mM
Ca?" the complete hemolysis is finished after about 50 min. When the concentration
of Ca*" equals to 11 mM, the time of hemolysis increases to about 100 min. At higher
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Table 1. Resistance (Csy) of human and pig erythrocytes to verapamil, chlorpromazine and ampho-
tericin B in 160 mM KCl

Chlorpromazine

Verapamil Amphotericin B
Erythrocytes C.o (MM) Cs (mM) Cyo (MM)
Human 4.785 +0.664 (10) 0.277 £0.062 (8) 0.00198 +£0.000318 (10)*
Pig 4.417 +£0.461 (7) - 0.00090 £0.0010 (11)°

Cs, values are means £SD calculated from () measurements.

aResults from Knopik-Skrocka & Bielawski (2005).

Results from Knopik-Skrocka et al. (2003).

For human erythrocytes, pair-wise differences between the 3 agents are significant at P < 0.001.
Differences between human and pig erythrocytes are not significant for verapamil but significant at
P <0.01 for amphotericin B.

concentrations of Ca?’, there is a slower drop in absorbance, and the hemolysis is
incomplete in 200 min.

No evident increase in absorbance of the erythrocyte suspension is observed
before the hemolysis induced by verapamil. Similar results to those in CaCl, were
obtained in the other media tested. Fig. 5 presents the dependence of the rate of
hemolysis induced by SmM verapamil on CaCl,, MgCl, and K,SO, concentration in
the incubation medium. The decrease in the rate of hemolysis is beginning with the
low concentrations of Ca*", Mg*" and SO,*. The main difference between the action
of these ions consists in the final decrease in the rate of hemolysis. The ratios of the
rate of hemolysis induced by verapamil in the solutions tested to that in KCl are pre-
sented in Table 2. Divalent cations are slightly more effective than SO,* in decreasing
of verapamil activity.

Table 2. Effect of replacing KCl in the incubation medium with isoosmotic solutions of several salts
and sucrose on the rate of human erythrocyte hemolysis induced by 5.0 mM verapamil

Incubation medium ViVia
107 mM CaCl, 0.27
107 mM MgCl, 0.23
107 mM K,SO, 0.65
300 mM sucrose 1.32

*Ratio of the rate of hemolysis induced by verapamil in the given medium to that in KCI. The va-
lues are means of 2 measurements
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Fig. 4. Effect of CaCl, concentration in the incubation medium on the dependence of human erythro-
cyte suspension absorbance (4) on incubation time (f). Verapamil concentration 5 mM, 37°C. Con-
centrations of CaCl, are given in mM in the figure. K = 160 mM KCI without verapamil. Ca = 107
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Fig. 5. Effect of CaCl,, MgCl, and K,SO, concentration in the incubation medium on the rate of
hemolysis (V) induced by 5 mM verapamil, 37°C
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The changes in hemolytic activity of chlorpromazine caused by modifications
of the chemical composition of the incubation medium are even less evident than
those obtained for verapamil. Like in the standard incubation medium, the Cy, was
calculated in all other media tested from interpolation of concentration-rate curves.
The final results are presented as the ratios of Cs, in 107 mM CaCl,, MgCl, K,SO,
and in 300 mM sucrose to the Cs, in KCI (Table 3). Only a very small increase in the
resistance of the erythrocytes to chlorpromazine is observed in the presence of 107
mM CaCl,, MgCl, and K,SO,. In 300 mM sucrose, the resistance of erythrocytes is
lower than in the standard medium.

Table 3. Effect of replacing KCl in the incubation medium with isoosmotic solutions of several salts
and sucrose on the resistance of human erythrocytes to chlorpromazine

Incubation medium Cso/Csoxer”
107 mM CaCl, 1.28
107 mM MgCl, 1.46
107 mM K,SO, 1.18
300 mM sucrose 0.61

*Ratio of the resistance (Cs) in the given medium to that in KCI. The values are means of 2 mea-
surements.

The influence of combined action of verapamil with polyene antibiotic ampho-
tericin B in 160 mM KCl is presented as a competition plot (Fig.6). The reference
concentrations of the hemolytic agent verapamil (a,) and of amphotericin B (b,) were
chosen in such a way that the rate of hemolysis at a, and b, were close to those at their
C,, values. Next, the verapamil solution at concentration a, was mixed with ampho-
tericin B solution at concentration b, in various proportions (p) and the rate of hemo-
lysis in these solutions was measured. In Fig. 6, the coordinate x presents the values
of p in the range from 0 to 1. At p =0, verapamil is alone, while at p = 1, amphotericin
B is alone. At the other p values, the concentrations a and b are varied together in
such a way that @ = (1-p)a, and b = pb,. On the coordinate y, the rate of hemolysis (V)
is presented. The rate of hemolysis increases gradually with p value increase to p =
0.5. In this proportion, the rate of hemolysis is about 10 times higher than the rate of
hemolysis at p = 0 (verapamil alone) and p = 1 (amphotericin B alone). At p values
higher than p = 0.5, the rate of hemolysis is diminished. The results indicate strong
synergy between verapamil and amphotericin B.

Similar results were obtained with chlorpromazine and amphotericin B (Fig. 7).
The highest synergistic effect between chlorpromazine and the polyene is observed
at p = 0.5. The rate of hemolysis is about 14 times higher then, the rate of hemolysis
induced by these agents applied singly. An opposite effect on the rate of hemolysis
was found for a combination of verapamil and chlorpromazine (Fig. 8). The lowest
rate was obtained at p = 0.5. The rate of hemolysis at p = 0 and p = 1 was about 2.5
times higher than at p = 0.5.
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Fig. 6. Influence of combined action of verapamil with amphotericin B on the dependence of the

rate of human erythrocyte hemolysis (¥) on p (proportion of amphotericin B in the mixture). The
reference concentration g, (verapamil) was 4.5 mM. The reference concentration b, (amphotericin
B) was 2.0 uM. The concentrations were chosen so that the effect of verapamil and the polyene,

applied singly, was equal to Cs,. Incubation medium: 160 mM KCl, 37°C
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Fig. 7. Influence of combined action of chlorpromazine with amphotericin B on the dependence of

the rate of human erythrocyte hemolysis (¥) on p (proportion of amphotericin B in the mixture).
The reference concentration a, (chlorpromazine) was 0.20 mM. The reference concentration b,

(amphotericin B) was 2.9 uM. Other explanations as in Fig. 6
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Fig. 8. Influence of combined action of verapamil with chlorpromazine on the dependence of the
rate of human erythrocyte hemolysis (V) on p (proportion of chlorpromazine in the mixture). The
reference concentration a, (verapamil) was 6.0 mM. The reference concentration b, (chlorpromazi-
ne) was 0.30 mM. Other explanations as in Fig. 6

DISCUSSION

In the present work, we investigated the hemolysis caused by the 2 amphipathic
agents (verapamil and chlorpromazine) in various incubation conditions. Hemolytic
concentrations of verapamil and chlorpromazine, used in the present paper, are simi-
lar to those reported earlier (KnasNoBis et al. 1982; LieBeR et al. 1984; HENDRICH et
al. 2002; Warts & Hanpy 2007; SuwaLsky et al. 2008, 2010). They are higher than
the therapeutic and toxic concentrations of each of the agents alone. Therapeutic
plasma concentrations of chlorpromazine range from 0.1 to 1 uM (KoLakowsKA et
al. 1976), or up to 5 uM (Dorson et al. 1988). Toxic effects of the drug may appear
by its plasma concentration equivalent to approximately 3 uM (RivEra-CaLIMLIM et
al. 1973). The range of therapeutic concentrations of verapamil at its typical dose
during cardiac care is about 4 uM. However, overdosing would result in circulating
verapamil concentration of around 325 uM (Watts & Hanpy 2007). Its toxicity ap-
pears above approximately 2 uM verapamil in plasma (MussHoOFF et al. 2004). Such
low concentrations of verapamil are not able to induce hemolysis. It was found that 5
UM verapamil only altered the shape of erythrocytes inducing stomatocytosis, while
hemolysis is caused by 5 mM verapamil (SuwaLsky et al. 2010). The last result is in
agreement with our mean verapamil Cs, value.
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The resistance of erythrocytes to verapamil is evidently higher than their resist-
ance to chlorpromazine. The difference is most probably a consequence of higher
chlorpromazine lipophilicity (Pyka et al. 2006). Both the agents are much less effec-
tive towards erythrocytes than the polyene antibiotic amphotericin B, studied earlier
(Knopik-SkrockA & BieLawski 2005; KNopik-SKRocKA et al. 2006). The polyene is
hemolytically active only in the self-associated form (Borarp et al. 1991). Present
results compared to critical micellar concentrations of chlorpromazine and verapamil
(AanismMaA & SEELIG 2007) indicate that monomer forms of these agents are able to
induce hemolysis.

No evident difference was found in the resistance of human and pig erythrocytes
to verapamil. Similar results were earlier described for chlorpromazine-induced he-
molysis in erythrocytes of various species of mammals (BIEry et al. 1978). In contrast,
our previous studies with amphotericin B have revealed a high dependence of the
polyene hemolytic activity on species-specific properties of the mammalian erythro-
cyte membrane (Knopik-SKrocka et al. 2003; KNopik-SKROCKA & BuLDANCZYK 2004).
Hence, it can be assumed that the hemolytic activity of verapamil and chlorproma-
zine, compared to amphotericin B, is much less sensitive to the species-specific dif-
ferences in the molecular organization or composition of the mammalian erythrocyte
membranes.

The kinetics of hemolysis induced by verapamil is very similar to that caused by
chlorpromazine and can be classified as the permeability type of hemolysis (BIELAWSKI
1990). The process corresponds to that caused by amphotericin B (KNOPIK-SKROCKA
& BieLawski 2005). However, the rate of hemolysis induced by the polyene is greatly
decreased in the presence of divalent cations, anions and disaccharides. The hemo-
lysis caused by the polyenes is preceded by a high increase in erythrocyte suspen-
sion absorbance (Knopik-SkrockaA et al. 2003, 2007; KNoPIK-SKROCKA & BULDANCZYK
2004). This increase is an effect of the faster efflux of K", compared to the slower
influx of divalent ions or disaccharides, and erythrocyte shrinkage. It has been inter-
preted that amphotericin B forms with membrane cholesterol highly selective chan-
nels (Knopik-Skrocka & BieLawski 2002; Knopik-Skrocka et al. 2003, 2007).

By measuring chlorpromazine-induced uptake of mono- and disaccharides,
LieBER et al. (1984) concluded that chlorpromazine induces colloid osmotic hemo-
lysis resulting not from the direct creation of large holes but from the opening of
small holes, which lead to a selective increase in membrane permeability. Accord-
ing to the results of Katsu et al. (2007), chlorpromazine, similar to the polyene
antibiotic filipin, forms in liposomes pores permeable simultaneously to K* and
calcein. Their radius is higher than that of pores formed by amphotericin B (KaTsu
et al. 2007). From our previous kinetics studies, we concluded that filipin-induced
hemolysis is of the damage type, which can be explained by formation of large
perforations, permeable to substances of low molecular weight as well as mac-
romolecules, including hemoglobin (KNopik-Skrocka & BieLawski 2002; KNopik-
Skrocka et al. 2003).

The present results show a low sensitivity of the hemolytic activity of verapamil
and chlorpromazine to changes in the chemical composition of the incubation me-
dium. Among the media examined, CaCl, and MgCl, are distinguished by the highest
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decrease in hemolytic activity of verapamil. Only a small increase in the resistance
of erythrocytes to chlorpromazine is observed in the presence of divalent ions. In
the sucrose medium, instead of the decrease, an increase in the hemolytic activity of
chlorpromazine and verapamil is observed. We suggest that hemolysis induced by
chlorpromazine as well as verapamil is an effect of the formation of pores with low
selectivity. However, their diameter is not large enough to cause hemoglobin escape,
typical for filipin action. The erythrocyte membranes treated with verapamil or chlo-
rpromazine are more permeable to sucrose than to divalent cations. Divalent cations
are known agents that interact with erythrocyte membranes and inhibit the activity of
many pore-forming substances by screening of the membrane charges (BASHFORD et
al. 1988). With regard to the protonated state of verapamil (PoHL et al. 1998), as well
as chlorpromazine (AHYAaYAUCH et al. 2003; WiSNIEWsKA & WoLNIcKA-GLUBISZ 2004),
at pH under and near the physiological value, the activity of both the amphipaths in
the media of divalent cations is not modified by salt formation.

The permeabilizing action of verapamil is increased in the presence of other
MDR modulators (CasTAING et al. 2007). Combinations of chemical agents may ex-
hibit a greater effect than that expected from the action of single agents (BERENBAUM
1989). A useful method for assessing synergy or antagonism is the competition plot
proposed by CastanG et al. (2007). This method was earlier described as a sim-
ple test of enzyme-catalyzed reactions (CHEVILLARD et al. 1993; CArRDENAS 2001). In
the present study, the competition plot was also used to investigate the changes in
hemolytic activity of verapamil and chlorpromazine, acting in combination with am-
photericin B. We found that the hemolytic activity of verapamil and chlorpromazine
is markedly enhanced in the presence of the polyene. The results indicate strong
synergy between verapamil and amphotericin B, as well as between chlorpromazine
and the polyene.

Amphotericin B is able to inhibit the hemolytic action of the polyene antibiotic
filipin (BRAJTBURG et al. 1980). The antagonism between these polyenes is interpreted
as the effect of competition for cholesterol as a membrane target (BRAITBURG et al.
1980). The increase in membrane cholesterol content decreases the binding of vera-
pamil to the membrane lipid bilayer (MasoN et al. 1992). Cholesterol alters the lipid
bilayer hydrocarbon core structure in a manner that makes verapamil partitioning into
the membrane less energetically favorable. CAsTAING et al. (2003a) show that choles-
terol modifies the permeabilizing activity of verapamil and other MDR modulators.
This effect is dependent on cholesterol proportion in the membrane. The interaction of
chlorpromazine with lipid membranes is also reduced by the presence of cholesterol
(LuxnaT & GaLLa 1986; Takegamr et al. 1999; WisNiEwska & WOLNICKA-GLUBISZ
2004; WoLnNicka-Gruisz et al. 2009). This effect was explained by the rigidifying
effect of cholesterol and a decrease in amphipath partition coefficient.

One possible explanation of the potentiation of hemolytic activity of verapamil
and chlorpromazine in combination with amphotericin B, may be associated with
changes in the molecular organization of membrane cholesterol and increased ac-
cessibility of anionic phospholipids to verapamil or chlorpromazine. The increase
in hemolytic activity of the polyene acting with verapamil or chlorpromazine can be
explained by facilitation of the amphotericin-B—cholesterol interaction.
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The results obtained for the combination of verapamil with chlorpromazine in-
dicate antagonism between these agents. A competition for the anionic phospholipids
as membrane targets may be a reasonable explanation of this effect.
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