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Reversal of Chloroquine Resistance in Malaria
Parasite Plasmodinm falciparum by Desipramine

ALan ]. BrroNnTL* ALBERT STOERDSMA, PETER . McCANN,
DEenwis E. Ky, A M. T ObuoLra, RIcHARD N. Rossan,
Witsur K. Mitnous, Davip E. Davipson, Ji.

Desipramine and several other tricyclic antidepressant drugs reverse chloroquine
resistance in Masmoedium falcipasum in vitro at concentrations ohserved in the plasma of
human paticnts treated for depression. Reversal of resistance is associated with
increased chloroquine accumulation in the parasite, probably because of inhibition of 4
putative chloroquine cfflux pump, When owl mankeys (Aotus lemurinus lemurins)
infected with chloroquine-resistant Plusmedivm falciparsm were treated with chloro-
quine plus desipramine, their parasitenias were rapidly suppressed. Desipramine was
found to be one of the most effective compounds ver described for the reversal of
chloroquine resistance both in vitro and in vive.

HLOBOQUINE, A d-AMINOQUIMNG-

line ineroduced for che trearment of

malaria over 40 vears ago (1, i

highly effective againse susceptible strains of

Plasmadivm faliiparm; however, chlarequine
resistance, which was firsc reported in 19461
{20, o Gocurs inmaest geographic regions
where malaria s endemie. It 18 now known
thiat  Tesistant plasmodia accumulare less
chloroquine than do susceptible strains (3],
and recent work shows thar chis reduced

accurnulation mav he due to rapid efflux of

the drug from the resistane parasite. Verapa-
mil, a calenm channel blacker, inhibars this
process {4 and reverses chlerogquine resise
ance i L fldparam i ovitro (3. Okher
caleum  anagonists reverse  chlorogquine
FeSISTANCE W viva {6,

The knowledge that some tricvelic psy-
chotropic drugs have weak ineinsic antin-
larial activity (7] and are calcium antagonists
(&) prompeed us o study one class of these
ddrugy in combination with chloroguine. We
report here that desipramine {Norpramin,
as well as other tricyelic anridepressant com-
pounds, reverses chloroquine resistance in
bever ) falciparien Strams 10 vitre ar concen-
trations that coour in the plasma of patients
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undergome treatment for cepression (9.
Crwl momkevs {(Aotus lemuring Tesrnrindis) an-
tewted with chloroquime-resistane P falo-
parsen 2nd ereated with desipramine plus
chlorogquine showed rapidly suppressed par-
asitermias, demanstearing the potencial clini-
cal use of this chomatherapeutic approach.

Three stns of P flaparmm were used;
chloroquine-susceptible West Alrican clone
136 {16 [chloroquine 18y (500 inhibitary
concentration) = 7 ng/ml], chloroguine-re-
sistant FCR-3 (1) {chloroquine [Cy, = 70
ngiml], and the mulodrog-resistant Inda
china  cone W2 (1) chlomoquing

ey = 160 ng/mly. The parasites were
mamtained in human ervehrooyres (type
O+ 6% hematocrit) in viteo in BFMI a4
mediom and 0% human serom (175, Drug
testing was carried our by following [*H]-
hvpoxanthine  incorporation ™ measure
groweh rares of P, Glcparss i 1he semiag-
remated microdilution technigque (13 in
which hematocrits were 1% and starting
}Jﬂfi15jtﬂflilj?h“ were (L5%, P __fE:l'ff_.‘mr.'.'.l:l.' WS
incubared  with test compounds for 48
Tsuars.

Fvidence tor marked svnergism berween
desipramine and chloroguine against chlo-
roquinc-resistane £ faldiparm (PR3 was
chiained when we used isobologram anal-
vats (3 Quantitative analysis of the clficacy
of the desipramine-chloroquine combina-
tien was done by constructing doscore-
sponsse curves for chloroquine in the pres-
ence of several fived concentrations of desip-
ramine. The presence of 20 o 500 ng of
desipramme per milliliter caused 2 shitt of
the dose-response curves to the left, show-
mg that desipramme produced reversal of
chlorequine resistanee in the muhidrug-re-
sistant Indoching W-2 clone (Fig 1A Sim-
ilar results were obrained with che FCR.3
stramt, Desipramine did not change the re-
sponse of the chloroguine-sensitive West
African clone 12-6 to chloroquine {Fig, 1B).
Desipraming alone ar 500 ogiml did nor
mhibat the growth of P fildparan {FOR-3)
by more than 20 w0 30% (10, = 4000
ngmll. A sumber of antidepressane drugs
were amalyeed m this manner, and the con-
centrations of drug that would lower the
chiloraguine 10y by 50% and B0% were
determined (Table 1)

Diesipramine increased the accumularion
of |"i1|c§15m'c1quim- by approximately ten
omes in clone W-2 and approximately three

Table 1. Reversal of chioroquine resistance wirk antidepressane drugs. The parasites were incebared
with sertal rwofold dilutions of chloroguime know to produce well-defined dose-responise curves along
with fived coneenerations of antidepressant drugs, |1HJE'I}"|.'J-:JI.'II1r.."|iI'|-:' incorporation was wsed as an
indicarcr of amalarial effecrs in vite, The values represent the mean concentracions of antidepressant
arugs thar cause either a 50% or an 80% deceease in el 10, of chloroguine i at least tweo expesiments

in which the resules were within 30% of the mean.

Concentration of drugs needed for
reversal of chlorsquine resstance {ngiml)

(g West Alrcan Dneleschina

PR3 strain W-2 clone
20 BN 0% B9
Dicsipraming 4 154 ER) L1210
Protrpyline a0 &l S0 1 fall
[mmipramine Al 130 al 150
Moririptyline 410 120 g0 200
Drowcepin 7 150 35 144}
Amoxapin 120 320 Jal =50
Maprotiling la5 S0 280 L]
Mianscrin 250 =50 =5i1) 3
Trazodone 2= 500 =500 =] =500
EEPMGRTS  [301



Flg. 1. Desipramine increases sensicivicy oo chilo-
roquLne i resstant P felaparon clone W-2 (A
bur nor in susceprible & Glaparaon clone -6 (B,
Drose-response curves for chloroguine were donge
i the absence (@) or proserece of 200000, 30 (W),
L0 0y, 200 (&, ar 00 (&) ng of desipramine
por milhliber. Incubations at each drog concentra-
tion were ron i duplicate

tmes in FCR-3, but had no effect on chlore-
quine accunmulation by the chloroguine-sus-
ceprible clone TG iFig. 25 Thas, there is a
direct correlaon bevween the degree of
chloroquing resistance and the effects of
desipramine oo chloroquine accumularion,
sinee clone W-2 s more resistant 1o chilo-
roguing inhubition than is the FCR-3 strain
[20-told resistance versus 10-fold resistance,
respectivelyl. Although  desipramine o
creazed chloroquine sceumadation by clone
W-2 back toward che level of accurmulation
measured in clone D6 {Fig. 2. insct), full
restorarion of chloroguine accomualarion did
not oeeur during che 60 min of meubaoon,

Although it is clear that exposure of P
Jalcipans to desipramine caused an in-
creased  chloroquine acannulation as was
shonan before with verapamil (4, the molec-
ular mechanisn was not elucidated. Howey-
er, there 15 o parallel beween the action of
desipramine in drug-resistanc P, falaparm
and the action of verapamil i some muli-
drug-resistane cancer cells, The multidrg-
resistant phenotype in cancer cells is linked
w the cxpression of a 1580- m 170-kD3
protein in the plsma membrane, which s
knewn as the P-glveoprotein (14), This pro-
tein 15 thought to act as a putadve efflux
pump and to mediate an ouraard oransport
process which limits ineeacellular levels of
myany drugs to sublethal levels. Drags thar
reverse mudtidrug-resistance i cancer cells
generally bind to the P-glvcoprotem (15
and mav directly inhibit s funcoon, Aloer-
native mechanisms for the svnergism be-
tween desipramine and  chlorogquine may
mchade: {00 inrerference with the funcoon of
calmodulin (8), which scems to be involed
in . fldpares merogoite invasion of eryvthe
rocytes (161, (i) interaction with membrang
phospholipids (17, and (1) lvsosomorropic
effeces (18],

We next evaluared the cffecrs of desipra-
mine plus chloroguine on owl monkews
[ Antus temrians lemrtens) [ 19) that had been
inoculated with 3 % 10° trophozoites of the
Wietnam Smith secrain of P faldpanim. Five
days after incculation they were treated with
xhlumqmm‘ alone or Lhiumqmntz plus des-
ipramine for 3 days. In the mookeys thar
received chloroquine alone the parasitemias
persisted whereas in the monkevs treated
with chloragqume and destpramine the pars-
sites became undetectable (Table 25, Recru-
descence ocourred atter the 3-day course of
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Fig. 2. Desipraming i
creases accumulation of
[!’}-I]._'hlr:urm]nim by 1e-
sistart . .'a'.lrm.".'rll clone
W-2 (720 bur nor in sus-
cepuble P alopanim
clone T1-6 (@), Paras-
tieod crvthrocytes .L"
L0 in d 1 enl) were incw-
baced in RPMI 1640
mmediam ron[nining 101%
Brumman scouen with 5 nid
[ 't ]']L'hl{:-rnql.] ing (19,3
Comomoly  and  several
concentrarions of desip-
rarnnie [or 60 min at
A7, Ervchrooyres were
ther {C‘I'il:';ﬂlg"{.‘d through
oil and prepared for son-
tillation counting as de-
scribed (233, The insct
sluows the actual
amnenes of chloroquine

accumulared in the susceprible D6 and resis: a|1r‘ﬁ' 2 clomes, In the abscnce of desipromine, Jdone W-2
ook up 3.7 fnol of th{:rmm:nc per 2 = L0F parasitized ervihirecytes whereas clone D46 took up 113
tinol of chloroquine per 2 = Lo pacasitized crythrocyres, 52 milzr results were obrained it three Separate

CN CTIIC s,

Table 2. Clesrance of chlorogquine-resistant P. fildpenon i owl monkeys by chlorogquine pluf.
desipramine. The monkeys were inooulared with the -:nlmﬂ;h]1,1||1¢—.,c5:5|;ﬁ_l1|; Vieram Smith strain of P
Jaliparae. Five davs after inocolation, parasiternias were confimmed o the cest animals and dinag
LTCALINETILS Wil |::k.”ll| Trearments (per kilogram of body w clghr, administered by gavage) were as
follonvs: monkey ©one rearment; maonkey 2, 20 mg of chloroquine ooee per dav for 3 davs; monkey 3,
20 mg of Llllorcquuu. ooy per day for & d.v_rl. and nmukr}i 4and &, 20 mg I:,'Ifl..,I'IIOI,OqI,IIl.L O7CC per -;1_1_!.
foor 3 days and simuleanecushe, 25 mg of desipramine, three times per day for 3 davs. Monkeys £ and 5

received an initial 50 my of desipramine, but this dose was nor well olerared by monkey 4

el wee

decreased the de ‘uipl'inlil‘l: dose o 25 makg for the remai ming trestments for both monkeys,
Parasitermias woere enumerared dailv in Giemsa-stained klood films. Thc dacs show the number parasites
(%107 per microliter of blood.

B Muonker ] Chleroguine Ch]t:lmf?]uinc + desipra nlit
: (control) Monkey 2 Monkey 3 Monkey 4 Monkey 5
Belare treatment
] 2 1 2 i TR
Treatient
1 35 33 al 22 3
2 28 3 ar 10 2
3 131 24 a2 0.3 [0t
Afer erearnren
4 4+ 2 228 0.0 <001
5 azl 7 117 = o
f 415 43 197 0 0
7 Gl 434 a0z { 1]
] S68 263 3zl =0.01 0
Drav of recrudescence [ray & oy 14
SCIENCE, VOL, 242



rreatment with chloroquine plus desipra-
mine; 7 days of treatment with chloroguine
5 usually necessary o cure owl monkeys
infecred with chlorequine- f,usccprihlt . fal-
cparen (20, Therapy was stopped in this
inirial experiment .aﬁ{*r 3 davs because of the
seriking reduction in parasitemia.

Alchough the doses of dﬁipraminc Lised
in these stadies appear o be high in compar-
iscn o the doses used i humans, the plasma
desipramine concentrations were assumed
0 be in the same range of those seen wirth
conventional doses of desipramine m -
mans becanse of 3 marked difference in
plasma kineoes berween monkeys and b
mans. In rhesus monkeys, a single oral dose
of 25 mg of desipramine per ki'ogram vield-
od peak plasma concentrations of 50 ngiml
with a half-life of about 5 to & hours (21).
Thus, - steadv-stace  plasma concentrations
with three times daily administration of 23
mg of desipramime per lalogrim {total daily
dose, 75 mg'kg) would probably have been
somewhat higher than 50 ng/ml. In humans,
0.4 mg of desipramine per kilogram given
arally three tnes datly (rotal daily dose, 1.2
mg'kg) vielded a mean steady-state concen:
tration of 42.7 ngiml with a half-life of 18
hours (227, Derailed pharmacokinetic and
toxicology studies must be conducted before
desipramine can be used for the clinical
treatment of chloroguine-resistant malariz.
However, our present dara suggest that the
dose needed to abtamn clearance of parasites
m hamans may be a small fracton of che
dose administered to monkeys in this study,
making clinical use of desipramine for treat-
mene of malaria a realistic possibility,
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