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Introduction

Malaria still posesa major global health burden due to the
lack of an effective vaccineand the emergenceof resistant
strains of Plasmodiumparasites to the existing antimalarial
drugs. Despite years of continuous progress,World Malaria
Report2021estimatesthat there were241million new malaria
casesin 2020 alone, leadingto 627 thousandmalaria-related
deaths. Comparedto 2019, this representsan increaseof 6%in
malaria casesand 12% in malaria deaths mainly due to the
disruptionto servicesduringthe COVID-19pandemic.

Since malaria, a mosquito-borne parasitic disease, is
characterizedby asymptomaticliver and symptomatic blood
stagesin humans(Figure1), an effective and safeantimalarial
drug active against both stagesof the parasite would be a
valuable tool in the fight against malaria. The molecular
hybridization (MH) concept is one of the widely applied
approachesin the rational drug design where two or more
biologically active molecules or their pharmacophoresare
combinedto form a new hybrid compound(Figure2) (Zhanget
al., 2017). TheMH approachis particularlyuseful for targeting
complexdiseases,suchasmalaria.

In our previouspaper,we haveemployedthe MH conceptin
the designand synthesisof harmirins and investigatedtheir
antiproliferativeactivities. Harmirinsare the hybridcompounds
comprising both harmine and coumarin pharmacophores
linkedby a 1,2,3-triazole(Scheme1)όtŀǾƛŏet al., 2021).

Scheme1. Novelharmirinsςharmineςcoumarinhybrids.

Figure1. An illustration of the life cycle of themalaria-causing
parasitesof the genusPlasmodium (source: www.cdc.gov/ 
malaria/about/biology/).

Materials and methods

In vitro drug sensitivityassayagainsterythrocyticstagesof P. falciparum
Antiplasmodialactivity of harmirinswasevaluatedagainsttwo laboratoryP. falciparumstrains(Pf3D7 andPfDd2),

asdescribedpreviously, usingthe histidine-rich protein 2 assayόaŀǊƛƴƻǾƛŏet al., 2021). Briefly,96-well plateswere

pre-coated with the tested compoundsin a three-fold dilution before ring-stage parasiteswere added to the

completeculture mediumat a hematocritof 1.5%anda parasitemiaof 0.05%. After three daysof incubationat 37

°C, 5% CO2 and 5% oxygen,plates were frozen until analyzedby HRP2-ELISA. All compoundswere evaluatedin

duplicatein at leasttwo independentexperiments. TheIC50 wasdeterminedby nonlinearregressionanalysisof log

concentration-responsecurvesusingthe drc-packagev0.9.0 of Rv2.6.1.

Figure2. Design of the hybridmolecules(source: Zhang et al., 
2017).

Results and discussion

Five seriesof harmirins (4a-d, 5a-d, 11a-d, 12a-d, and 13a-d), which differ by the position of the coumarin-based

substituentson the -̡carbolinecore (C-1, C-3, O-6, O-7 or N-9 position,respectively),were previouslydescribedby our

researchgroup. In eachseries,four different substituentsat position6 of the coumarinring (-H, -CH3, -Cl,-F)werevaried

όtŀǾƛŏet al., 2021).

For the in vitro antiplasmodialscreeningagainstthe erythrocyticstagesof the Plasmodiumlife cycle,we selectedtwo

strainsof P. falciparumςCQ-sensitive(Pf3D7) andCQ-resistant(PfDd2) strain. ThecommonlyusedantimalarialdrugsCQ

andprimaquine(PQ)were usedaspositivecontrols. Theresultswere comparedwith the parentcompoundharmine. To

assessthe selectivityof harmirins,we usedthe resultsof the cytotoxicityevaluationof harmirinsagainstthe humannon-

cancercell line Hek293T from our previouspaper (i.e., the selectivity index (SI)was calculatedas a fractional ratio

betweenthe IC50 valuesfor Hek293Tandthe IC50 valuesfor Pf3D7 or PfDd2)όtŀǾƛŏet al., 2021).

Theresultsare presentedin Table1. Generally,the antiplasmodialactivity againsterythrocyticstagesof Plasmodium

parasitedecreasedasfollows: 11 (O-6) > 12 (O-7) > 13 (N-9) > 5 (C-3) > 4 (C-1). Interestingly,this pattern is in complete

agreementwith the pattern of antiproliferative activity againstfour human cancercell lines reported in our previous

paperόtŀǾƛŏet al., 2021). The most active compounds11b,c, 12b and 5c, bearing the largest substituentson the

coumarinring, methyl or chlorine,showedthe highestantiplasmodialactivity at one-digit micromolarconcentrations

(IC50 = 3.5ς7.5 µM) which were the sameorder of magnitudeasthe standardantimalarialdrug PQ(IC50 = 1.5 µM). The

only activecompoundbearinga small substituent (fluorine) on the coumarinring was N-9 substitutedderivative13d.

However, this compound was non-selective. All the above-mentioned compoundsexhibited higher antiplasmodial

activity than the parent compound harmine, especiallyagainst the CQ-resistant strain PfDd2. To our delight, we

discoveredthat O-7 substitutedharmirin with a methyl groupon the coumarinring, 12b, wasagainthe most promising

hybrid due to the most favorableSI(SI> 11.4), aswasthe casein the antiproliferativeassay. Thisfinding could further

support the hiddenconnectionsbetweenmalariaand cancer. Harmirin12b wasfollowed by O-6 substitutedderivative

11b (SI~ 5.5). Thetwo compoundsarestructurallyverysimilarasboth bearsubstituentsat the neighboringpositionsof

the -̡carbolinecore (6 and 7), bridgedby an ether, and a bulky methyl group on the coumarinring. It is worth noting

that, in the caseof harmirins,the IC50 valuesfor both tested strainswere comparable,while the IC50 of CQagainstthe

CQ-resistant strain PfDd2 was one order of magnitude larger than the IC50 against the CQ-sensitivestrain Pf3D7.

However,all harmirinswerestill significantlylessactivethan CQagainstthe testedstrains.

Conclusion

We have evaluated in vitro antiplasmodialactivity against the erythrocytic stage of P. falciparum of five seriesof

harmirins,hybrid moleculesof alkaloidharmineand coumarinderivativesconnectedvia triazole linker. Compound12b

showedthe highestactivityagainstthe testedP. falciparumstrainsandthe lowestcytotoxicityagainstnon-cancercell line

Hek293. However,all harmirinsweresignificantlylessactivethan CQagainstboth testedstrains. Tofurther evaluatetheir

potentialasantimalarialagents,the activityagainsthepaticstagesof the Plasmodiumparasiteneedsto be investigated.

Table1. In vitro screeningof harmirinsagainstthe erythrocytic
stageof P. falciparum3D7 andDd2 strainsandHek293Tcell line.

aIC50, the concentration that causes 50% growth inhibition;
bDetermined on PfNF54 strain (3D7 is a clone of NF54);
n.t. �±not tested
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Harmine,the most notable representativeof the -̡carboline
alkaloids,possessesa wide rangeof biologicalactivitiessuch
as anticancer,antiviral, anti-inflammatory or antimalarial. It
has been shown that harmine is a selective inhibitor of P.
falciparum heat shock protein 90 (PfHsp90), a molecular
chaperonethat playsa critical role in parasiticsignalingand
cell division (Shahinaset al., 2012). Our researchgroup has
previously designedand synthesizedharmine-cinnamic acid
hybrids (harmicines) and confirmed by molecular dynamics
that the most activetriazole-type hybridsbind within the ATP
bindingsite of PfHsp90 (tŜǊƪƻǾƛŏet al., 2020;aŀǊƛƴƻǾƛŏet al.,
2021). Similarly, coumarins,naturally occurring compounds
whosestructuresare derivedfrom cinnamicacid,alsopossess
a wide variety of biologicalactivities, including antimalarial.
The coumarinsare thought to act through the inhibition of
DNA gyrase, an enzyme present in the apicoplast of the
Plasmodiumparasite. Targetingthe plasmodialDNA gyrase
could lead to the inhibition of apicoplast replication and
subsequentdeathof the parasite(Yadavet al., 2018).
Since harmirins combine two biologically active molecules
(harmine and coumarin)with different modesof action, the
combinedchemotherapy-like effect of suchhybridsmight be
achieved. . To that end, we have decided to investigatethe
antiplasmodialactivity of harmirins against the erythrocytic
stageof chloroquine(CQ)-sensitiveand CQ-resistantstrainsof
P. falciparum, Pf3D7 andPfDd2, respectively.

IC50
a (µM)

Comp. 3D7 Dd2 Hek293T
4a >111 >111 >50
4b >27.8 13.1±1.7 26.0±1.0
4c >22.2 13.2±0.6 >50
4d >55.6 >55.6 45.8±0.2
5a >27.8 >27.8 6.5±1.6
5b >27.8 >27.8 27.3±2.1
5c 7.5±1.5 5.1±1.1 8.5±0.3
5d >27.8 >27.8 7.0±1.6
11a 20.1±1.4 12.5±5.3 6.4±0.2
11b 3.6±0.2 3.9±0.6 21.3±4.1
11c 5.0±1.1 4.8±1.6 12.2±1.0
11d 23.1±11.1 13.3±5.6 6.9±0.6
12a 15.3±0.1 14.8±2.2 14.7±0.8
12b 3.5±0.8 4.4±0.4 >50
12c >22.2 >22.2 46.2±4.7
12d >22.2 >17.1 >50
13a >27.8 >27.8 12.4±1.1
13b >22.2 >22.2 >50
13c >22.2 >17.1 >50
13d 7.9±2.7 6.1±0.6 3.9±0.3
CQ 0.011±0.003 0.36±0.07 34.01±2.84
PQ 1.5b n.t. 37.64±0.65


