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Racemic verapamil and close structural  der ivat ives gallopamil and 
devapamil completely reverse chloroquine-resistance in falciparum malaria 
at 1-2 micromolar concentrations. I f  the R-(+) isomers of these calcium 
channel inh ib i to rs  are used, chloroquine-resistance is again completely 
reversed at s imi lar  doses. However, these R-(+) isomers do not bind to 
cardiovascular calcium channels which are stereospecif ic for the S-(-) 
isomer of the drugs. Further since calcium channel inh ib i t ion  is not 
involved, t o x i c i t y  associated with this a c t i v i t y  can be avoided. Therefore 
i t  is possible that a series of R-(+) isomers could be found that a l ter  the 
resistant  state without possessing s ign i f i cant  t ox i c i t y .  I t  is postulated 
that these l i poph i l i c  drugs are interact ing with the mechanism of 
resistance, possibly a multidrug resistance glycoprotein pump. ®i98~Aoad~io 
Press, Inc. 

Malaria is implicated in the death of approximately 1 mi l l ion i nd i v i -  
duals each year ( i ) .  I t  is a disease that affects chi ldren 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 the i r  
effectiveness (2). The spread of th is  drug resistance is becoming more 
rapid and appears to be expanding into new areas where the car r ie r  
Anopheles or s imi lar  mosquito ex is ts .  Chloroquine-resistant strains of 
falciparum malaria o r i g i na l l y  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 Afr ica (3). 

Unti l recently there were mainly two approaches used to counteract the 
problem of drug resistance. Either new drugs were sought that would inh i -  
b i t  the growth of the parasite or vaccines could be developed which would 
help prevent infect ion (4). Resistance to the newly developed drugs, such 
as mefloquine, appears to be occuring almost before there is widespread 
d is t r i bu t ion  of the drug (5). Vaccines seem to be directed to a short term 
protect ion of the immunologically-naive indiv idual .  Since the disease is 
mostly a problem for people in the th i rd world, that is ,  to those who have 
already been exposed to the parasite, protection by vaccines would seem to 
be an impractical solut ion 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 chloroquine in several strains 
of chloroquine-resistant falciparum malaria (CRFM). This work was pat- 
terned after a s imi lar  observation in cases of mult iple drug resistance in 
cancer (7). However, a major d i f f i c u l t y  in th is approach to treatment of 
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Structures of Verapamil and derivatives Gallopamil and Devapamil. 

both diseases, and probably also to the treatment of mul t ip le drug 
resistance in bacter ia,  is that the doses of + verapamil needed to reverse 
the drug resistance often are toxic (8). Therefore th is use of verapamil 
may be impract ical .  Or ig ina l ly  verapamil was used in the treatment of 
angina pectoris and, more recent ly,  in hypertension and cardiac arrhythmias 
(9). I t  has been recognized that verapamil probably exerts i t s  therapeutic 
ef fects by blocking cardiovascular calcium channels ( i0) .  

Are there less tox ic  der ivat ives of verapamil that can reverse 
resistance to chloroquine? Could a l ternat ive factors play a role? Closer 
examination of th is problem reveals that verapamil is a racemic mixture 
consist ing of S-(-)  and R-(+) isomers ( i i ) .  Further, i t  has been shown 
that i t  is the S-(-)  rather than the R-(+) isomer that binds to cardio- 
vascular calcium channels (12), i .e .  the calcium channel appears to be 
sterospeci f ic  (13). This observation raises the fol lowing 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 ef fect  of verapamil related to a hydrophobic interact ion with 
the mechanism of resistance? I f  the R-(+) isomer were ef fect ive would th is 
separate the reversal of resistance from the cardiovascular t o x i c i t y  caused 
by the S-(-)  isomer which binds to the calcium channel? The purpose of th is 
research e f fo r t  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- 
t ives of verapamil our i n i t i a l  work was done with the racemic mixtures and 
R-(+) isomers of verapamil, gallopamil, and devapamil. The structure of 
these compounds is given in f igure one. 

MATERIALS AND METHODS 

The drugs + verapamil, + gallopamil and + devapamil and the i r  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 dimethyl 
sulfoxide (DMSO) to make a stock solut ion (lxlO -2 M) and la ter  di luted 
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appropr ia te ly  for  assay. The f ina l  concentration of DMSO was less than 
0.1% which has been shown to exert  no i nh ib i t o r y  e f fec t  on the growth of 
the parasi te.  

Chloroquine (CQ) diphosphate, a g i f t  from the Winthrop-Sterl ing Drug 
Company, Renssalaer, New York, U.S.A., also was u t i l i z e d  in these 
experients and was dissolved in phosphate buf fer  (pH 7.2). 

FCMSU1/Sudan s t ra in  and cloned Indochina (W-2) s t ra in  of P. falciparum 
were k indly donated by Dr. J.B. Jensen and Dr. W.K. Milhous respect ive ly .  
The former is sens i t ive  to CQ and the l a t t e r  is res is tan t  to CQ. Both 
st ra ins have been maintained in our laboratory for  almost one year. The 
two stra ins of the parasi te were cul tured according to the candle j a r  
method of Trager and Jensen (15). In a given experiment, 4-day-old Petr i  
dish cul tures (approx. 10% parasitemia) were d i lu ted with medium containing 
an amount of noninfected type A human erythrocytes to obtain a cu l ture with 
a f ina l  hematocrit of 1.5% and parasitemia of 0.5-1.0%. The resu l t ing  
cu l tu re  was ready for  addit ion to m ic ro t i t r a t i on  plates with 96 f la t -bot tom 
wel ls .  

The test ing procedure used was s imi lar  to that described by Desjardins 
et  al. (16). B r i e f l y ,  the f i na l  volume added to each of the 96-well micro- 
t i t r a t i o n  plates was 250~I  and consisted of 25 #I of complete medium with 
or wi thout CQ, 175 ~I of e i ther  the parasi t ized cul ture or a nonparasit ized 
human erythrocyte cont ro l ,  and 25 #I of complete medium with or wi thout 
verapamil or der iva t i ve ;  and 25 #I (O.5#Ci)  [2,8-3H]adenosine. The micro- 
t i t r a t i o n  plates were incubated in a candle ja r  for  24 hr at 37°C. 

As the malaria parasi te grows 3H-adenosine is metabolized and incor- 
porates into polymeric RNA and DNA (18). The labeled polymers are trapped 
on glass f i b e r  f i l t e r s  and unincorporated material is washed away. In the 
absence of drug there is 100% incorporat ion of the labeled mater ia l .  When 
drugs i n te r fe re  ( d i r ec t l y  or i n d i r e c t l y ) ,  an i nh ib i t o r y  dose of 50% (IC50) 
can be calulated (19). This formed the basis for the i n i t i a l  screening 
system for  ant imalar ia l  drugs (20-24). The experiments were repeated three 
times except where noted. S ta t i s t i ca l  analysis was done using Student's t 
tes t  for  s igni f icance (19). 

RESULTS AND DISCUSSION 

I n i t i a l l y  the d i rec t  tox ic  e f fec ts  of + verapamil + gallopamil and + 
devapamil in 1-2 micromolar doses was assesTed and no ap-parent t o x i c i t y  was 
found (data not presented). In Table I the reversal of chloroquine 
resistance of Plasmodium falciparum (malaria) was studied at 1-2 micromolar 
doses of racemic verapamil (V), gallopamil (G) or devapamil (D). Complete 
reversal of chloroquine resistance was observed (R/S ra t io  approximately 1) 
when any of these drugs were included in the cu l ture medium, + V was 
included to confirm the or ig ina l  work of Martin et al. (6) who--studied the 
drug in the same parasi te s t ra in .  

Our data now extends this observation to the der ivat ives G and D. 
Since i t  is known that cardiovascular t issue exh ib i ts  a s te reospec i f i c i t y  
for  the S-(-)  isomer of verapamil and der ivat ives (13), the R-(+) isomer 
was t r ied  in hopes of escaping the acute t o x i c i t y  associated with high 
dose + V. In Table I I  the R-(+) isomers of V, G and D are used to 
completely reverse resistance to chloroquine in falciparum malaria (R/S 
ra t i o  approximately 1). These compounds repor tedly  have 1/10 the acute 
t o x i c i t y  of + verapamil (12). Although al l  of these isomers reverse 
chloroquine ~esistance, G appears to be about twice as potent as the other 
two drugs. Simi lar potency d i f ferences have been reported for  the car- 
diovascular e f fec ts  of (+) gallopamil (25). 

I f  R-(+) isomers of-verapamil and der ivat ives reverse resistance to 
chloroquine i t  seems l i k e l y  we are dealing with a non-stereospeci f ic  
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Table I 

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

DRUGS** 
IC50 OF CQ VS P.FALCIPARUM (MEANS ~ S.D. nM)* 

SENSITIVE STRAIN RESISTANT STRAIN 

RATIO 

(R/S) 

CQ + 15.1 
CQ + Vl+ 21.4 
CQ + V2+ 20.5 

CQ 22.4 + 5.8# 
CQ + GI 27.3 ¥ 5.5 
CQ + G2 25.8 T 7.5 

CQ 18.0 + 2.1# 
CQ + D1 26.9 ¥ 4.5 
CQ + D2 22.4 T 3.8 

56.6 3.8 
12.4 0.5 
6.8 0.3 

111.8 + 19.0 5.0 
40.2 ¥ 7.0 a 1.5 
25.0 ¥ 8.1 a 1.0 

138.2 + 2.6 7.7 
49.2 T 8.1 a 1.8 
20.7 T 3.2a,b 0.9 

* The data in the table result from 3 t r ia ls  except where noted with mark + 
(n=2). 

** V1 and V2, GI and G2, and D 1 and D2: lxlO -6 and 2x10 -6 M of (~)-verapamil, 
(+)-gallopamil and (+)-devapamil respectively; CQ:chloroquine. 

# STgnificant d i f fere~e (P<O.05) between sensitive and resistant strain. 
a Significant difference (P<O.05) between resistant strain with and without 

the drug, as compared with data of CQ alone. 
b Significant difference (P<O.05) between resistant strain with dif ferent doses 

of the drug. 

in terac t ion  not associated with a binding to cardiovascular calcium chan- 
nels. We postulate that th is  may be a hydrophobic in terac t ion  with the 
mechanism of resistance i t s e l f .  Such an in terac t ion would not d isplay a 
s tereospeci f ic  preference for  e i ther  S-(-) or R-(+) isomers. Since the 
mechanisms involved in chloroquine and mefloquine resistance appear to be 
s im i l a r ,  drug resistance in malaria may be related to the mul t ip le  drug 
resistance found in cancer chemotherapy. The l a t t e r  resistance involves a 
membrane glycoprotein of 150-170Kd (7) which is intertwined with the 
membrane of the res is tan t  cancer ce l l  (26). I t  is  believed that the ant i -  
cancer drug enters the res is tan t  c e l l ,  but is immediately pumped out of the 
ce l l  by th is  glycoprotein with ATPase a c t i v i t y  (27). Racemic verapamil 
i n n i b i t s  the pump and resistance to mul t ip le  anticancer drugs is thereby 
reversed. I f  the pump in mul t ip le  drug res is tant  cancer ce l ls  is s im i l a r  to 
the one in malar ia,  then R-(+) verapamil and s im i la r  der iva t ives should be 
useful in t rea t ing  both of these diseases. 

Ryal] (28) stated that i t  is unclear whether reversal of drug 
resistance by verapami] in malaria is a consequence of e f fects  on calcium 
homeostasis, an altered lysosomal function or resu l ts  from change in 
membrane permeabi l i ty .  I t  would seem that altered c e l l u l a r  permeabi l i ty  is 
the l i k e l y  option but only fu r ther  work w i l l  completely clear the issue. 

Since R-(+) l i p o p h i l i c  drugs with verapami l - l ike a c t i v i t y  can reverse 
chloroquine resistance, surely wi th in the 3000 or so verapamil der iva t ives  
that  have been synthesized there is a compound that produces a reversal of 
chloroquine resistance without having major tox ic  e f fects  to humans. 
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Table I I  

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

IC50 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 ¥ 22.4a 2.5 
CQ + V2 26.7 ¥ 6.0 39.7 ¥ 14.3 a 1.5 

CQ 20.3 + 3.4# 119.5 + 15.0 5.9 
CQ + G1 25.4 ¥ 7.7 35.2 ¥ 5.6 a 1.4 
CQ + G2 23 .1¥  9.8 23.9 ¥ 8.1 a 1.0 

CQ 24.6 + 7.7# 137.8 + 12.2 5.6 
CQ + DI 24 .6¥  6.2# 36.5 ¥ 3.8 a 1.5 
CQ + D2 22 .4T  5.6 30.8 ¥ 2.8a, b 1.4 
CQ + D4 22.0 ¥ 2.1 23.7 T 6.2a,b 1.1 

@ R is from R, S convention of organic chemistry 
* Al l  of the data in the table results from 3 t r i a l s .  
** V1 and V2, GI and G2, and DI, D 2 and D 4 1 x 10 -6 , 2 x 10 -6 and 4 x 10 -6 M of 

(R)-(+)-verapamil, (R)-(+)-gallopamil and (R)-(+)-devapamil Respectively; CQ 
= chloroquine. 

# S ign i f icant  difference (P<O.05) between sensit ive and resistant stra in.  
a Signi f icant  difference (<0.05) between resistant strain with and without the 

drug, as compared with the data of CQ alone. 
b Signi f icant  dif ference (P<O.05) between resistant strain with d i f ferent  con- 

centrations of the drug. 
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