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Racemic verapamil and close structural derivatives gallopamil and
devapamil complietely reverse chloroquine-resistance in falciparum malaria
at 1-2 micromolar concentrations. If the R-(+) isomers of these calcium
channel inhibitors are used, chloroguine-resistance is again completely
reversed at similar doses. However, these R-{+) isomers do not bind to
cardiovascular calcium channels which are stereospecific for the S-(-)
isomer of the drugs. Further since calcium channel inhibition is not
involved, toxicity associated with this activity can be avoided. Therefore
it is possible that a series of R-(+) isomers could be found that alter the
resistant state without possessing significant toxicity. It is postulated
that these Tipophilic drugs are interacting with the mechanism of
resistance, possibly a multidrug resistance glycoprotein pump. o 1988 academic

Press, Inc.

Malaria is implicated in the death of approximately 1 million indivi-
duals each year (l). It is a disease that affects children to a much
greater extent than adults since immunity is rather slow to develop. A
major problem in many tropical regions is that most useful drugs against
malaria (e.g., chloroquine, chloroquine congeners, etc.) are losing their
effectiveness (2). The spread of this drug resistance is becoming more
rapid and appears to be expanding into new areas where the carrier
Anopheles or similar mosquito exists. Chloroguine-resistant strains of
falciparum malaria originally were recognized in South America and
Southeast Asia around the time of the Vietnam war. Similar strains are now
found in East Asia and Subsaharan Africa (3).

Until recently there were mainly two approaches used to counteract the
problem of drug resistance. Either new drugs were sought that would inhi-
bit the growth of the parasite or vaccines could be developed which would
help prevent infection (4). Resistance to the newly developed drugs, such
as mefloquine, appears to be occuring almost before there is widespread
distribution of the drug (5). Vaccines seem to be directed to a short term
protection of the immunologically-naive individual. Since the disease is
mostly a problem for people in the third world, that is, to those who have
already been exposed to the parasite, protection by vaccines would seem to
be an impractical solution to the drug resistance problem.

A new approach was taken by Martin and associates (6) when they found
that verapamil can reverse the resistance to chloroguine in several strains
of chloroquine-resistant falciparum malaria (CRFM). This work was pat-
terned after a similar observation in cases of multiple drug resistance in
cancer (7). However, a major difficulty in this approach to treatment of
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Figure 1. Structures of Verapamil and derivatives Gallopamil and Devapamil.

both diseases, and probably also to the treatment of multiple drug
resistance in bacteria, is that the doses of + verapamil needed to reverse
the drug resistance often are toxic (8). Therefore this use of verapamil
may be impractical. Originally verapamil was used in the treatment of
angina pectoris and, more recently, in hypertension and cardiac arrhythmias
(9). It has been recognized that verapamil probably exerts its therapeutic
effects by blocking cardiovascular calcium channels (10).

Are there less toxic derivatives of verapamil that can reverse
resistance to chloroquine? Could alternative factors play a role? (Closer
examination of this problem reveals that verapamil is a racemic mixture
consisting of S-(-) and R-(+) isomers (l1l). Further, it has been shown
that it is the S-(-) rather than the R-(+) isomer that binds to cardio-
vascular calcium channels (12), i.e. the calcium channel appears to be
sterospecific (13). This observation raises the following questions.

Would the R(+) isomer reverse the resistance to chloroquine exhibited by
the falciparum malaria strains? Is resistance related to the calcium chan-
nels or is the effect of verapamil related to a hydrophobic interaction with
the mechanism of resistance? If the R-(+) isomer were effective would this
separate the reversal of resistance from the cardiovascular toxicity caused
by the S-(-) isomer which binds to the calcium channel? The purpose of this
research effort is an attempt at answering these important questions.

Since preliminary work indicated that reversal of chloroquine resistance
is probably related to structural differences among the isomers and deriva-
tives of verapamil our initial work was done with the racemic mixtures and
R-(+) isomers of verapamil, gallopamil, and devapamil. The structure of
these compounds is given in figure one.

MATERIALS AND METHODS

The drugs + verapamil, + gallopamil and + devapamil and their R-(+)
isomers were kindly supplied by Knoll AG Pharmaceutical Co., Ludwigshafen,
Federal Republic of Germany. The absolute configuration of R-(+) verapamil
was established by Ramuz (14). The drugs were dissolved in dimethy!l
sulfoxide (DMSO) to make a stock solution (1x10-2 M) and later diluted
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appropriately for assay. The final concentration of DMSO was less than
0.1% which has been shown to exert no inhibitory effect on the growth of
the parasite.

Chloroquine (CQ) diphosphate, a gift from the Winthrop-Sterling Drug
Company, Renssalaer, New York, U.S.A., also was utilized in these
experients and was dissolved in phosphate buffer (pH 7.2).

FCMSU1/Sudan strain and cloned Indochina (W-2) strain of P. falciparum
were kindly donated by Dr. J.B. Jensen and Dr. W.K. MiThous respectively.
The former is sensitive to CQ and the latter is resistant to CQ. Both
strains have been maintained in our laboratory for almost one year. The
two strains of the parasite were cultured according to the candle jar
method of Trager and Jensen (15). In a given experiment, 4-day-old Petri
dish cultures (approx. 10% parasitemia) were diluted with medium containing
an amount of noninfected type A human erythrocytes to obtain a culture with
a final hematocrit of 1.5% and parasitemia of 0.5-1.0%. The resulting
culture was ready for addition to microtitration plates with 96 flat-bottom
wells,

The testing procedure used was similar to that described by Desjardins
et al. (16). Briefly, the final volume added to each of the 96-well micro-
titration plates was 250 p1 and consisted of 25 ul of complete medium with
or without CQ, 175 ul of either the parasitized culture or a nonparasitized
human erythrocyte control, and 25 ul of complete medium with or without
verapamil or derivative; and 25 ul (0.5uCi) [2,8-°H]adenosine. The micro-
titration plates were incubated in a candle jar for 24 hr at 37°C.

As the malaria parasite grows 3H-adenosine is metabolized and incor-
porates into polymeric RNA and DNA (18). The labeled polymers are trapped
on glass fiber filters and unincorporated material is washed away. In the
absence of drug there is 100% incorporation of the labeled material. When
drugs interfere (directly or indirectly), an inhibitory dose of 50% (ICsQ)
can be calulated (19). This formed the basis for the initial screening
system for antimalarial drugs (20-24). The experiments were repeated three
times except where noted. Statistical analysis was done using Student's t
test for significance (19).

RESULTS AND DISCUSSION

Initially the direct toxic effects of + verapamil + gallopamil and +
devapamil in 1-2 micromolar doses was assessed and no apparent toxicity was
found (data not presented). In Table I the reversal of chloroguine
resistance of Plasmodium falciparum (malaria) was studied at 1-2 micromolar
doses of racemic verapamil (V), gallopamil (G) or devapamil (D). Complete
reversal of chloroguine resistance was observed (R/S ratio approximately 1)
when any of these drugs were included in the culture medium, + V was
included to confirm the original work of Martin et al. (6) who studied the
drug in the same parasite strain.

Our data now extends this observation to the derivatives G and D.
Since it is known that cardiovascular tissue exhibits a stereospecificity
for the S-(-) isomer of verapamil and derivatives (13), the R-(+) isomer
was tried in hopes of escaping the acute toxicity associated with high
dose + V. In Table II the R-(+) isomers of V, G and D are used to
completely reverse resistance to chloroquine in falciparum malaria (R/S
ratio approximately 1). These compounds reportedly have 1/10 the acute
toxicity of + verapamil (12). Although all of these isomers reverse
chloroquine resistance, G appears to be about twice as potent as the other
two drugs. Similar potency differences have been reported for the car-
diovascular effects of (+) gallopamil (25).

If R-(+) isomers of verapamil and derivatives reverse resistance to
chloroquine it seems likely we are dealing with a non-stereospecific

478



Vo

1. 155, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Table I

REVERSAL OF CHLOROQUINE-RESISTANT STRAIN OF
P.FALCIPARUM BY (+)-VERAPAMIL/DERIVATIVES

IC5p OF CQ VS P.FALCIPARUM (MEANS + S.D. nM)*
DRUGS** RATIO
SENSITIVE STRAIN RESISTANT STRAIN (R/S)
cot 15.1 56.6 3.8
CQ + Vi+ 21.4 12.4 0.5
CQ + Vos 20.5 6.8 0.3
cqQ 22.4 + 5.84 111.8 + 19.0 5.0
CQ + G1 27.3 ¥ 5.5 40.2 ¥ 7.08 1.5
€Q + G2 25.8 ¥ 7.5 25.0 ¥ 8.12 1.0
cQ 18.0 + 2.1# 138.2 + 2.6 7.7
cQ + D3 26.9 ¥ 4.5 49.2 + 8.13 1.8
€Q + D2 22.4 ¥ 3.8 20.7 ¥ 3.23,b 0.9

* Tne data in the table result from 3 trials except where noted with mark +
(n=2).

** 1 and V2, G] and Gp, and D1 and Dp: 1x10- -6 and 2x10-6 M of (+)-verapamil,
(+)-gallopamil and (+)- devapamil respectively; CQ=chloroquine.

# Significant difference (P<0.05) between sensitive and resistant strain.

a sSignificant difference (P<0.05) between resistant strain with and without
the drug, as compared with data of CQ alone.

b significant difference (P<0.05) between resistant strain with different doses
of the drug.

interaction not associated with a binding to cardiovascular calcium chan-
nels. We postulate that this may be a hydrophobic interaction with the
mechanism of resistance itseif. Such an interaction would not display a
stereospecific preference for either S-(-) or R-(+) isomers. Since the
mechanisms involved in chloroquine and mefloquine resistance appear to be
similar, drug resistance in malaria may be related to the multiple drug
resistance found in cancer chemotherapy. The latter resistance involves a
membrane glycoprotein of 150-170Kd (7) which is intertwined with the
membrane of the resistant cancer cell (26). It is believed that the anti-
cancer drug enters the resistant cell, but is immediately pumped out of the
cell by this glycoprotein with ATPase activity (27). Racemic verapamil
innibits the pump and resistance to multiple anticancer drugs is thereby
reversed, If the pump in multiple drug resistant cancer cells is similar to
the one in malaria, then R-(+) verapamil and similar derivatives should be
useful in treating both of these diseases.

Ryall (28) stated that it is unclear whether reversal of drug
resistance by verapamil in malaria is a consequence of effects on calcium
homeostasis, an altered lysosomal function or results from change in
membrane permeability. It would seem that altered cellular permeability is
the likely option but only further work will completely clear the issue.

Since R-(+) lipophilic drugs with verapamil-like activity can reverse
chloroquine resistance, surely within the 3000 or so verapamil derivatives
that have been synthesized there is a compound that produces a reversal of
chloroquine resistance without having major toxic effects to humans.
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Table 11

REVERSAL OF CHLORQQUINE-RESISTANT STRAIN OF
P.FALCIPARUM BY (R®)-(+)-VERAPAMIL/DERIVATIVES

ICs0 OF CQ VS P.FALCIPARUM (MEAN + S.D. nM)*

DRUGS** RATIO

(R/S)

SENSITIVE STRAIN RESISTANT STRAIN

cQ 32.3 + 10.5# 157.5 + 59.4 4.9
CQ + Vi 29.3% 7.3 72.0 ¥ 22.42 2.5
€Q + V2 2.7+ 6.0 39.7 ¥ 14.32 1.5
cQ 20.3 + 3.4¢ 119.5 + 15.0 5.9
€Q + 61 25.4F 7.7 35.2 F 5.62 1.4
CQ + G2 23.1% 9.8 23.9F 8.1 1.0
cq 4.6 + 7.7% 137.8 + 12.2 5.6
cQ + D1 2.6 ¥ 6.2t 36.5 ¥ 3.82 1.5
€Q + D 22,4 % 5.6 30.8 ¥ 2.83,D 1.4
CQ + D4 22,0+ 2.1 23.7F 6.23:p 1.1

@ R is from R, S convention of organic chemistry

* A1l of the data in the table results from 3 trials.

** V1 and Vp, G and Gp, and D1, Dp and Dg 1 x 10-6, 2 x 10-6 and 4 x 10-6 M of
(R)-(+)-verapamil, (R)-(+)-gallopamil and (R)-(+)-devapamil Respectively; CQ
= chloroguine.

# Significant difference (P<0.05) between sensitive and resistant strain.

a Significant difference (<0.05) between resistant strain with and without the
drug, as compared with the data of CQ alone.

b Significant difference (P<0.05) between resistant strain with different con-
centrations of the drug.
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