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A B S T R A C T   

In December 2019, a new severe acute respiratory syndrome coronavirus (SARS-CoV-2) causing coronavirus 
diseases 2019 (COVID-19) emerged in Wuhan, China. African countries see slower dynamic of COVID-19 cases 
and deaths. One of the assumptions that may explain this later emergence in Africa, and more particularly in 
malaria endemic areas, would be the use of antimalarial drugs. We investigated the in vitro antiviral activity 
against SARS-CoV-2 of several antimalarial drugs. Chloroquine (EC50 = 2.1 μM and EC90 = 3.8 μM), hydroxy-
chloroquine (EC50 = 1.5 μM and EC90 = 3.0 μM), ferroquine (EC50 = 1.5 μM and EC90 = 2.4 μM), desethyla-
modiaquine (EC50 = 0.52 μM and EC90 = 1.9 μM), mefloquine (EC50 = 1.8 μM and EC90 = 8.1 μM), pyronaridine 
(EC50 = 0.72 μM and EC90 = 0.75 μM) and quinine (EC50 = 10.7 μM and EC90 = 38.8 μM) showed in vitro 
antiviral effective activity with IC50 and IC90 compatible with drug oral uptake at doses commonly administered 
in malaria treatment. The ratio Clung/EC90 ranged from 5 to 59. Lumefantrine, piperaquine and dihy-
droartemisinin had IC50 and IC90 too high to be compatible with expected plasma concentrations (ratio Cmax/ 
EC90 < 0.05). Based on our results, we would expect that countries which commonly use artesunate-amodiaquine 
or artesunate-mefloquine report fewer cases and deaths than those using artemether-lumefantrine or 
dihydroartemisinin-piperaquine. It could be necessary now to compare the antimalarial use and the dynamics of 
COVID-19 country by country to confirm this hypothesis.   

1. Introduction 

In December 2019, a new severe acute respiratory syndrome coro-
navirus (SARS-CoV-2) causing coronavirus diseases 2019 (COVID-19) 
emerged in Wuhan, China [1]. Despite containment measures, 
SARS-CoV-2 spread in Asia, Southern Europe, then in America and in 
Africa. The global number of cumulative cases in world was 13,646,660 
and 809,747 deaths in August 24, 2020 (https://www.coronavirus-stat 
istiques.com/stats-globale/covid-19-cases-europe/). Currently, 54 

countries are affected in Africa with 1,003,435 cumulative cases and 20, 
398 reported deaths (August 24, 2020) (https://who.maps.arcgis. 
com/apps/opsdashboard/index.html#/0c9b3a8b68d0437a8cf28581e9 
c063a9). African countries see slower dynamic of COVID-19 cases and 
deaths. Several hypotheses could explain the later emergence and spread 
of COVID-19 pandemic in Africa, like delay in systematic SARS-CoV-2 
detection and appropriate epidemiological surveillance, limited inter-
national air traffic, climate conditions, demographic conditions with less 
people above 65 years old, genetic polymorphisms of the cell entry 
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receptor for the SARS-CoV-2 (angiotensin converting enzyme 2, ACE-2) 
[2]. Another hypothesis that may explain this later emergence in Africa, 
and more particularly in malaria endemic areas, would be the use of 
antimalarial drugs. Antimalarial drugs could be effective against 
SARS-CoV-2. In 2002, the World Health Organization (WHO) recom-
mended the use of artemisinin-based combination therapy (ACT) in the 
treatment of uncomplicated falciparum malaria in Asia, South America 
and Africa. The combinations artesunate-amodiaquine (Burundi, 
Cameroon, Democratic Republic of Congo, Gabon, Ivory Coast), 
artesunate-mefloquine (Cambodia, Brazil), artemether-lumefantrine 
(Benin, Central African Republic, Malawi, South Africa) or 
dihydroartemisinin-piperaquine (Thailand, Vietnam) are currently 
used. Although chloroquine is no longer used to treat falciparum malaria 
due to high level of resistance, it remains the first-line treatment in 
combination with primaquine for vivax malaria in some African coun-
tries, such as Ethiopia, South Africa and Sudan, in American countries, 
such as Brazil, Colombia, Guyana, Nicaragua, Peru, Venezuela), in 
Eastern Mediterranean countries, such as Afghanistan, Pakistan, Sudan, 
in south east Asian countries, such as India, Myanmar. Antimalarial 
drugs are potential candidates to be repurposed in both COVID-19 
prophylaxis and therapy [3]. Are antimalarial drugs effective against 
SARS-CoV-2? 

Chloroquine, a quinoline, has been shown to be effective in vitro 
against SARS-CoV-2 in Vero E6 cells (African green monkey kidney 
cells) with median effective concentration (EC50) at micromolar range 
[4–6]. Hydroxychloroquine, an analogue of chloroquine used in auto-
immune diseases such as rheumatoid arthritis and lupus, has also 
demonstrated in vitro antiviral activity against SARS-CoV-2 with EC50 at 
micromolar range [4,6,7]. Twenty-three clinical trials have been con-
ducted in China to investigate the efficacy and safety of chloroquine and 
hydroxychloroquine in the treatment of COVID-19 [8–10]. Although the 
clinical assay was not performed according to the randomized double 
blind method, preliminary data indicated that chloroquine phosphate 
has demonstrated efficacy in treatment of COVID-19 with few severe 
adverse reactions in more than 100 patients by shortening hospital stay 
and improving the clinical evolution [9]. Hydroxychloroquine could 
shorten time to clinical recovery [11,12]. Effects of hydroxychloroquine 
were potentiated in vitro and in vivo by azithromycin [7,13]. Ferroquine, 
a ferrocenic analogue of chloroquine with anti-malarial activity [14], 
was shown to be an effective inhibitor of SARS-CoV-1 replication with 
EC50 of 1.4 μM [15]. 

In 2002, the World Health Organization (WHO) recommended the 
use of artemisinin-based combination therapy (ACT) in the treatment of 
uncomplicated P. falciparum malaria (artemether-lumefantrine, 
artesunate-amodiaquine, dihydroartemisinin-piperaquine or 
artesunate-mefloquine). Marketed artemisinin derivatives exhibited in 
vitro anti-viral activity at micromolar concentrations against human 
cytomegalovirus [16–18]. Amodiaquine, a quinoleine antimalarial and 
one of the partner of artemisinin derivative in ACT, was found to be 
active in vitro at micromolar concentration against SARS-CoV-1 (2.5 μM) 
but was inactive in vivo on SARS-CoV-1 in BALB/c mice [19]. Another 
quinoline, mefloquine, which has been used in combination with arte-
sunate for the treatment of uncomplicated falciparum malaria, exerts in 
vitro cytopathic effects on Vero cells infected by SARS-CoV-2 at 10 μM 
[20]. Pyronaridine, a quinoline component of the EU-approved anti-
malarial Pyramax (pyronaridine-artesunate), was effective in vitro 
against Ebola virus with EC50 of 1.14 μM and protected mice when 
administered 1 h after infection [21]. 

Taken together, these reports suggest that antimalarial drugs may 
have antiviral effects and be effective against SARS-CoV-2. Chloroquine, 
hydroxychloroquine, ferroquine, quinine, mefloquine, desethylamodia-
quine (the metabolite of amodiaquine), lumefantrine, pyronaridine, 
piperaquine and dihydroartemisinin (the metabolite of artemisinin de-
rivatives) were assessed in vitro against a clinically isolated SARS-CoV-2 
strain. 

2. Material and methods 

2.1. Antimalarial drugs, virus and cells 

All the drugs were provided by Sigma (Saint Louis, MO, USA). Stock 
solution of chloroquine diphosphate, hydroxychloroquine and ferro-
quine were prepared in water, in methanol for quinine, mefloquine, 
desethylamodiaquine, pyronaridine, piperaquine and dihy-
droartemisinin and in DMSO for lumefantrine. All the stock solutions 
were diluted in Minimum Essential Media (MEM, Gibco, Thermo-
Fischer) in order to have 7 final concentrations ranging from 0.1 μM to 
100 μM. The clinically isolated SARS-CoV-2 strain (IHUMI-3) [12] was 
maintained in production in Vero E6 cells (American type culture 
collection ATCC® CRL-1586™) in MEM with 4% of fetal bovine serum 
and 1% glutamine (complete medium). 

2.2. Cytotoxicity assay 

In vitro cell viability evaluation on the VERO E6 cell line was per-
formed according to the method described by Mosmann with slight 
modifications [22]. Briefly, 105 cells in 200 μl of complete medium were 
added to each well of 96-well plates and incubated at 37 ◦C in a hu-
midified 5% CO2. After 24 h incubation, 25 μl of complete medium and 
25 μl of each concentration of antimalarial drugs were added and the 
plates were incubated 48 h at 37 ◦C. After removal of the surpernatant, 
100 μL of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-te-
trazolium bromide, Sigma Aldrich, France) solution (0.5 mg/ml in MEM 
without FBS) were then added to each well. Cells were incubated for 2 h 
at 37 ◦C. After incubation, the MTT solution was removed and 100 μl of 
dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystals. 
Then, plates were shaken at 700 rpm for 10 min at 37 ◦C. The absor-
bance was measured at 570 nm using a TECAN Infinite F200 Microplate 
Reader. DMSO was used as blank. The 50% cytotoxicity concentration 
(CC50) was calculated with the inhibitory sigmoid Emax model, which 
estimated the CC50 through nonlinear regression by using a standard 
function of the R software (ICEstimator version 1.2, http://www.anti 
malarial-icestimator.net). CC50 value resulted in the mean of 6 
different experimentations. 

2.3. Antiviral activity assay 

Briefly, 96-well plates were prepared with 5.105 cells/mL of Vero E6 
(200 μL per well), as previously described [7]. Antimalarial concentra-
tions were added 4 h before infection. Vero E Cells were infected with 
IHUMI-3 strain at an MOI of 0.25. After 48h post-infection, the repli-
cation was estimated by RT-PCR using the Superscrit III platinum one 
step with Rox kit (Invitrogene) after extraction with the BIoExtract 
SuperBall kit (Biosellal, Dardilly, France). The primers used were pre-
viously described [23]. EC50 and EC90 were calculated with the inhibi-
tory sigmoid Emax model, which estimated the EC50 and EC90 through 
nonlinear regression by using a standard function of the R software 
(ICEstimator version 1.2). EC50 value resulted in the mean of 6 different 
experimentations. 

2.4. Data analysis and interpretation 

Selectivity index (SI) as ratio of CC50/EC50 was estimated for each 
antimalarial drug. The expected maximum blood concentration (Cmax) 
was estimated from literature for each drug at doses commonly 
administered in malaria treatment. The ratios Cmax/EC50 and Cmax/EC90 
were estimated to find out if the effective concentration in plasma to 
cure SARS-CoV-2 is achievable in human. If data on drug accumulation 
into lung was available, the ratios Clung/EC50 and Clung/EC90 were 
calculated. 
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3. Results 

CC50, EC50, EC90 and SI for each antimalarial drug are presented in 
Table 1. Chloroquine, hydroxychloroquine, ferroquine, desethylamo-
diaquine, mefloquine and pyronaridine showed EC50 and EC90 at low 
micromolar range (Table 1). The ratio Cmax/EC90 in blood ranged from 
0.22 to 0.5 for chloroquine, hydroxychloroquine, mefloquine, pyronar-
idine and quinine (Fig. 1). But, these drugs were known to accumulate in 
lungs. The expected concentrations in lungs after an oral uptake at doses 
commonly administered in malaria treatment were sufficient to exert 
antiviral effects on SARS-CoV-2 (Fig. 2). 

4. Discussion 

Chloroquine and its analogues ferroquine and hydroxychloroquine 
showed in vitro activities at low-micromolar range with EC50 of 2.1 ±
0.7 μM (SI > 47.6), 1.5 ± 0.3 μM (SI > 66.7) and 1.5 ± 0.3 μM (SI =
13.6), respectively. The EC50 values for chloroquine and hydroxy-
chloroquine are lower than those obtained in a previous work on Vero 
E6 cells at MOI of 0.2 (7.1 and 17.3 μM, respectively) [4]. EC50 values 
depend on several methodological conditions like MOI, duration of in-
cubation [6]. Ferroquine has already shown in vitro anti-coronavirus 
activity against feline coronavirus with EC50 of 2.9 μM and 
SARS-CoV-1 virus with EC50 of 1.4 μM [15]. These concentrations were 
consistent with concentrations observed in human plasma and lungs. 
Chloroquine given at 100 mg day in the prophylaxis of malaria leads to a 
plasma concentration of 0.01–0.4 mg/l, ie 0.03–1.25 μM [24]. Chloro-
quine has an excellent diffusion and tissue concentration which would 
lead to chloroquine levels 200 to 700 times higher in the lung than in the 
blood (a concentration which can go up to 280 mg/kg in the lung) [25]. 
An oral uptake of 400 mg of hydroxychloroquine led to a Cmax of 1.22 
μM [26]. Hydroxychloroquine accumulated 30 times more in lungs than 
in blood (around 0.3 μM vs 7.8 μM at 6 h) [27]. An oral uptake of 800 mg 
of ferroquine led to a mean Cmax (maximum blood concentration) value 
of 155 ng/ml (around 0.6 μM) and t1/2 (elimination half-life) of 10.9 
days [28]. No data is available on ferroquine accumulation in lungs. 
However, as ferroquine is an analogue of chloroquine, we can assume 
that it may accumulate at least 10 times than in blood. The antiviral 
activity of chloroquine and its analogues against SARS-CoV-2 are 
compatible with oral uptake at doses administered in malaria treatment. 
Chloroquine and hydroxychloroquine inhibited SARS-CoV-2 entry [4,5]. 
Chloroquine impaired the terminal glycosylation of ACE-2 receptor 
required for virus entry that resulted in reduced binding affinities be-
tween SARS-CoV-1 and its ACE-2 receptor and blocked SARS-CoV-1 
entry in human cells [29]. The spike viral protein of SARS-CoV-2 used 
the ACE-2 receptor for entry, but also sialic acids and gangliosides. In 
silico analyses showed that the viral spike protein was not able to bind 
gangliosides in the presence of chloroquine or hydroxychloroquine [30]. 
Additionally, the ORF8 viral protein could bind to the porphyrin. At the 
same time, viral orflab, ORF10 and ORF3a proteins could attack the 

heme to dissociate the iron to form the porphyrin and inhibit the human 
heme metabolism leading to a decrease of hemoglobin amount which 
carry oxygen and carbon dioxide. Chloroquine could inhibit the binding 
of ORF8 to porphyrin and prevent the attack of the 1-beta chain of he-
moglobin by orflab, ORF10 and ORF3a proteins [31]. Besides its anti-
viral activity, chloroquine and hydroxychloroquine have 
anti-inflammatory effects by decreasing the expression of various 
pro-inflammatory cytokines including interleukin 6 (IL6), tumor ne-
crosis factor-alpha (TNF) and interferon gamma (INFγ) by mononuclear 
cells [32]. These cytokines were considerably increased in the cytokine 
storm due to COVID-19 [33]. Many clinical trials on hydroxy-
chloroquine alone or in combination with azithromycin to treat 
COVID-19 are in progress. The efficacy of hydroxychloroquine alone or 
in combination with azithromycin has been controversial. Hydroxy-
chloroquine showed antiviral activity Vero E6 cells (African green 
monkey kidney cells) [4–6,34] but not in a model of reconstituted 
airway epithelium [34]. Moreover, neither hydroxychloroquine alone or 
in combination with azithromycin showed significant effect on the viral 
load levels in comparision with placebo [34]. Some studies showed that 
early treatment with hydroxychloroquine alone or in combination with 
azithromycin was associated with a reduced risk of hospitalization, 
reduced risk of death and shorter duration of viral presence [35–39]. 
Early treatment with hydroxychloroquine decreased the level of 
secreted inflammatory cytokines (IL6, TNF and INFγ) [40]. Conversely, 
some studies showed that treatment of mild-to-moderate or 
mild-to-severe COVID-19 with hydroxychloroquine alone or in combi-
nation with azithromycin did not improve clinical status or duration of 
viral shedding in comparison with standard care [41–45]. Moreover, 
therapeutic interventions using high dosage chloroquine and/or in 
combination with macrolides may have severe side-effects including 

Table 1 
Median effective concentration (EC50), 90% effective concentation (EC90) 
against SARS-CoV-2, 50% cytotoxicity concentation (CC50) and selectivity index 
(SI) for antimalarial drugs.  

Drug EC50 in μM EC90 in μM CC50 in μM SI 

Chloroquine 2.1 ± 0.7 3.8 ± 1 >100 >47 
Hydroxychloroquine 1.5 ± 0.3 3.0 ± 1.9 20.4 ± 1.4 11 
Ferroquine 1.5 ± 0.3 2.4 ± 0.9 >100 >67 
Desethyamodiaquine 0.52 ± 0.2 1.93 ± 1.0 86.1 ± 10.5 166 
Quinine 10.7 ± 3.0 38.8 ± 34 >100 >9 
Mefloquine 1.8 ± 1.0 8.1 ± 3.7 14.4 ± 2.1 8 
Pyronaridine 0.72 ± 0.6 0.75 ± 0.4 15.9 ± 1.6 22 
Lumefantrine 24.7 ± 3.6 59.8 ± 26.8 87.7 ± 11.9 4 
Piperaquine 33.4 ± 3.8 65.4 ± 25.6 55.0 ± 4.8 2 
Dihydroartemisinin 20.1 ± 4.5 41.9 ± 18.0 58.9 ± 7.4 3  

Fig. 1. Bar chart displaying Cmax/EC50 (in black) and Cmax/EC90 (in grey) for 
antimalarial drugs evaluated for in vitro activity againt SARS-CoV-2. 

Fig. 2. Bar chart displaying Clung/EC50 (in black) and Clung/EC90 (in grey) for 
antimalarial drugs evaluated for in vitro activity againt SARS-CoV-2 for which 
data on lung accumulation were available in literature. 
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cardiac toxicity. 
A prophylactic approach with chloroquine at lower dosage could be 

administrated in vulnerable persons with comorbidities at-risk of severe 
COVID-19 or in health workers [46]. Chloroquine at 100 mg daily was 
used for decades for the antimalarial chemoprophylaxis. Several trials 
on prophylaxis with chloroquine are currently in progress 
(NCT04349371, NCT04303507). Chloroquine could be evaluated alone 
or in combination with antibiotics like doxycycline in prophylactic tri-
als. Indeed doxycycline showed in vitro antiviral activity against 
SARS-CoV-2 (EC50 = 5.6 μM) and low toxicity [47]. Doxycycline at 100 
mg daily was used for many years for the antimalarial chemoprophylaxis 
and combining chloroquine to doxycycline in daily prophylaxis did not 
increase the risk of adverse effects [48]. 

Desethylamodiaquine, the metabolite of amodiaquine, showed the 
best in vitro efficacy with EC50 of 0.52 ± 0.2 μM (SI = 166). Amodiaquine 
was used in combination with artesunate in the treatment of uncom-
plicated malaria in Africa (306 mg amodiaquine base and 100 mg 
artesunate). Amodiaquine given at 612 mg day led to a plasma con-
centration of 753 ng/ml of desethylamodiaquine (around 1.9 μM) and a 
t1/2 of 8.9 days [49]. About 0.07% of the administered dose was found in 
rat lung [50]. This suggests that for an uptake of 612 mg in human, 428 
μg would be found in lungs. Amodiaquine, was found to be active also in 
vitro against SARS-CoV-1 with EC50 of 2.5 μM but was inactive in vivo on 
SARS-CoV-1 in BALB/c mice [19]. Chloroquine, effective in vitro with 
EC50 of 2.5 μM, was also inactive in vivo on SARS-CoV-1 in BALB/c mice. 
Amodiaquine also inhibited dengue virus type 2 replication with EC50 of 
1.08 μM and EC90 of 2.69 μM [51]. The antiviral activity of desethyla-
modiaquine against SARS-CoV-2 is compatible with oral uptake of 
amodiaquine at doses commonly administered in malaria treatment. 
Amodiaquine can only be recommended as treatment and not as pro-
phylaxis due to risk of hepatitis and agranulocytosis during long-term 
administration [52]. 

Mefloquine showed anti-SARS-CoV-2 activity with EC50 of 1.8 μM 
and EC90 of 8.1 μM. These results are consistent with previous study 
which showed that mefloquine at 10 μM inhibited completely cytopathic 
effect onVero E6 cells infected by SARS-CoV-2 [20]. Mefloquine 
administered at malaria therapeutic dose (1250 mg) lead to a blood 
concentration of 1648 ng/ml (around 4 μM) in healthy males [53]. A 
study on postmortem cases showed that mefloquine levels are 10 times 
higher in the lung than in the blood (a concentration which can go up to 
180 mg/kg in the lung) [54]. The antiviral activity of mefloquine against 
SARS-CoV-2 is compatible with malaria oral therapeutic doses. But 
mefloquine can cause neuropsychiatric adverse effects [55]. 

Pyronaridine showed effective antiviral activity with EC50 of 0.72 
μM and EC90 of 0.75 μM. Pyronaridine tetraphosphate given at 720 mg 
day led to a plasma concentration of 271 ng/ml (around 0.3 μM) in 
human and a t1/2 of 33.5 days [56]. A single oral dose of 2 mg (10 
mg/kg) in rats led to a blood Cmax of 223 ng/ml and a lung Cmax of 36.4 
μg/g (165 more concentrated) [57]. The antiviral activity of pyronar-
idine against SARS-CoV-2 is compatible with malaria oral therapeutic 
doses. Acute and sub-acute toxicity was less than that of chloroquine. 
Cardiovascular toxicity was also less than that of chloroquine [58]. 
Pyronaridine was well tolerated: around 38% of adverse events versus 
56% for chloroquine [59]. 

Quinine showed medium antiviral in vitro activity with EC50 of 10.7 
± 3.0 μM and EC90 of 38.8 ± 34 μM. A 600 mg single oral dose of quinine 
sulphate led to blood Cmax around 3.5 mg/l (around 8.5 μM) [60]. In rat, 
after intravenous dose of 10 mg/kg of quinine, the observed concen-
tration lung/blood ratio was 246 [61]. The in vitro effective concentra-
tion in lungs to cure SARS-CoV-2 is achievable in human. If its clinical 
efficacy in human would be confirmed, quinine could be administered in 
intravenous in patients before cytokine storm. Quinine can cause hae-
molytic anemia in patients with G6PD deficiency and severe side-effects 
including cardiac toxicity [52]. Additionally, quinine could be associ-
ated with doxycycline against COVID-19, as is done in malaria treatment 
[62]. 

Lumefantrine, piperaquine and dihydroartemisinin showed low anti-
viral activity with EC50 of 24.7, 33.4 and 20.1 μM, respectively. A single 
oral dose of lumefantrine (480 mg) led to Cmax of 1.1 μM [63]. A single oral 
dose of 1280 mg of piperaquine and 160 mg of dihydroartemisinin in fed 
participants led to plasma Cmax of 596 ng/ml and 324 ng/ml, respectively 
[64]. No data is available on drug accumulation in lungs for these anti-
malarial. The ratio Cmax/EC50 or Cmax/EC90 were too low to reach effective 
concentrations to inhibit SARS-CoV-2 in human. However, ACT (arteme-
ther-lumefantrine, artesunate-amodiaquine, dihydroartemisinin-piper-
aquine, artesunate-mefloquine or artesunate-pyronaridine), evaluated at 
plasma concentrations expected after oral uptake at recommended doses 
used in uncomplicated malaria treatment, showed an in vitro inhibition of 
SARS-CoV-2 replication that ranged from 30 to 70% [65]. The combination 
mefloquine-artesunate was found to be the most effective in vitro against 
SARS-CoV-2. 

5. Conclusion 

Chloroquine, hydroxychloroquine, ferroquine, desethylamodia-
quine, mefloquine, pyronaridine and quinine showed in vitro antiviral 
effective activity against SARS-CoV-2 with IC50 and IC90 compatible 
with drug oral uptake at doses commonly administered in malaria 
treatment. These in vitro activities are higher than those obtained with 
drugs which are evaluated in clinical trials worldwide like remdisivir 
(23 μM), lopinavir (26.6 μM) or ritonavir (>100 μM) [66]. However, 
these results must be taken with caution regarding the potential use of 
antimalarial drugs in SARS-CoV-2 infected patients: it is difficult to 
translate in vitro study results to actual clinical treatment in patients. 
Experts agree on the in vitro activity of chloroquine or hydroxy-
chloroquine against SARS-CoV-2 but disagree on hydroxychloroquine 
efficacy in COVID-19 treatment, which remains controversial [67,68]. In 
vivo evaluation in animal experimental models is now required to 
confirm the antiviral effects of these antimalarial drugs on SARS-CoV-2. 
The antiviral effects of some antimalarial drugs could partially explain 
the later emergence and spread of COVID-19 pandemic in Africa. It 
could be necessary now to compare the antimalarial use and the dy-
namics of COVID-19 country by country to confirm the potential effects 
of antimalarial drugs. Based on our results, we would expect that 
countries which commonly use artesunate-amodiaquine or 
artesunate-mefloquine report fewer cases and deaths than those using 
artemether-lumefantrine or dihydroartemisinin-piperaquine. 
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tualization, Investigation, Writing - review & editing. Bernard La Scola: 
Conceptualization, Supervision, Writing original and revised draft. 

M. Gendrot et al.                                                                                                                                                                                                                                



Travel Medicine and Infectious Disease 37 (2020) 101873

5

Bruno Pradines: Conceptualization, Supervision, Writing original and 
revised draft. 

Declaration of competing interest 

M Boxberger received a PhD grant supported by L’Occitane Society. 
All the other authors have no conflict of interest to declare. 

References 

[1] Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, Hu Y, Tao ZW, Tian JH, Pei YY, 
Yuan ML, Zhang YL, Dai FH, Liu Y, Wang QM, Zheng JJ, Xu L, Holmes EC, 
Zhang YZ. A new coronavirus associated with human respiratory disease in China. 
Nature 2020;579:365–9. 

[2] Cao Y, Li L, Feng Z, Wan S, Huang P, Sun X, Wen F, Huang X, Ning G, Wnag W. 
Comparative genetic abalysis of the novel coronavirus (2019-nCoV/SARS-CoV-2) 
receptor ACE2 in different populations. Cell Dicov 2020;6:11. 

[3] Schlagenhauf P, Grobusch MP, Maier JD, Gautret P. Repurposing antimalarials and 
other drugs for COVID-19. Trav Med Infect Dis 2020;34:101658. 

[4] Liu J, Cao R, Xu M, Wang X, Zhang H, Hu H, Li Y, Hu Z, Zhong W, Wang M. 
Hydroxychloroquine, a less toxic derivative of chloroquine, is effective in 
inhibiting SARS-CoV-2 infection in vitro. Cell Discov 2020;6:16. 

[5] Wang M, Cao R, Zhang L, Yang X, Liu J, Xu M, Shi Z, Hu Z, Zhong W, Xiao G. 
Remdesivir and chloroquine effectively inhibit the recently emerged novel 
coronavirus (2019-nCov) in vitro. Cell Res 2020;30:269–71. 

[6] Yao X, Ye F, Zhang M, Cui C, Huang B, Niu P, Liu X, Zhao L, Dong E, Song C, 
Zhan S, Lu R, Li H, Tan W, Liu D. In vitro antiviral activity and projection of 
optimized dosing design of hydroxychloroquine for the treatment of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin Infect Dis 2020;71:732–9. 
https://doi.org/10.1093/cid/ciaa237. 

[7] Andreani J, Le Bideau M, Duflot I, Jardot P, Rolland C, Boxberger M, Bou Khalil JY, 
Baudoin JP, Wurtz N, Rolain JM, Colson P, La Scola B, Raoult D. In vitro testing of 
hydroxychloroquine and azithromycin on SARS-CoV-2 shows synergistic effect. 
Microb Pathog 2020;145:104228. https://doi.org/10.1016/j. 
micpath.2020.104228. 

[8] Cortegiani A, Ingoglia G, Ippolito M, Giarratano A, Einav S. A systematic review on 
the efficacy and safety of chloroquine for the treatment of COVIS-19. J Crit Care 
2020;57:279–83. https://doi.org/10.1016/j.jcrc.2020.03.005. 

[9] Gao J, Tian Z, Yang X. Breakthrough: chloroquine phosphate has shown apparent 
efficacy in the treatment of COVID-19 associated pneumonia in clinical studies. 
Biosci Trends 2020;14:72–3. https://doi.org/10.5582/bst.2020.01047. 

[10] Touret F, de Lamballerie X. Of chloroquine and COVID-19. Antivir Res 2020;177: 
104762. https://doi.org/10.1016/j.antiviral.2020.104762. 

[11] Chen Z, Hu J, Zhang Z, Jiang SS, Han S, Yan D, Zhuang R, Hu B, Zhang Z. Efficacy 
of hydroxychloroquine in patients with COVID-19: results of a randomized clinical 
trial. medRxiv; 2020. https://doi.org/10.1101/2020.03.22.20040758. 

[12] Gautret P, Lagier JC, Parola P, Hoang VT, Meddeb L, Mailhe M, Doudier B, 
Courjon J, Giordanengo V, Esteves Vieira V, Tissot Dupont H, Honoré S, Colson P, 
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Marschall M, Tsogoeva SB. Synthesis of artemisinin-derivated di/tri-mers and 
dendrimers, investigation of their activity against P. falciparum and 
cytomegalovirus, and insights into their mechanisms of action. Chemistry 2018;24: 
8103–13. 

[17] Oiknine-Djian E, Weisblum Y, Panet A, Wong HN, Haynes RK, Wolf DG. The 
artemisinin derivative artemisone is a potent inhibitor of human cytomegalovirus 
replication. Antimicrob Agents Chemother 2018;62. e00288-18. 

[18] Roy S, He R, Kapoor A, Forman M, Mazzone JR, Posner GH, Arav-Boger R. 
Inhibition of human cytomegalovirus replication by artemisinins: effects mediated 
through cell cycle modulation. Antimicrob Agents Chemother 2015;59:3870–9. 

[19] Barnard DL, Day CW, Bailey K, Heiner M, Montgomery R, Lauridsen L, Chan PKS, 
Sidwell RW. Evaluation of immunomodulators, interferons and known in vitro 
SARS-CoV inhibitors for inhibition of SARS-CoV replication in BALB/c mice. 
Antivir Chem Chemother 2006;17:275–84. 

[20] Fan HH, Wang LQ, Liu WL, An XP, Liu ZD, He XQ, Song LH, Tong YG. Repurposing 
of clinically approved drugs for treatment of coronavirus disease 2019 in a 2019- 
novel coronavirus (2019-nCoV) related coronavirus model. Chinese Med J 2020; 
133:1051–6. https://doi.org/10.1097/CM9.0000000000000797. 

[21] Lane TR, Massey C, Comer JE, Anantpadma M, Freundlich JS, Davey RA, 
Madrid PB, Ekins S. Repurposing the antimalarial pyronaridine tetraphosphate to 
protect against Ebola virus infection. PLoS Neglected Trop Dis 2019;13:e0007890. 

[22] Mosmann T. Rapid colorimetric assay for cellular growth and survival: application 
to proliferation and cytotoxicity assays. J Immunol Methods 1983;65:55–63. 
https://doi.org/10.1016/0022-1759(83)90303-4. 

[23] Amrane S, Tissot-Dupont H, Doudier B, Eldin C, Hocquart M, Mailhe M, Dudouet P, 
Ormières E, Ailhaud L, Parola P, Lagier JC, Brouqui P, Zandotti C, Ninova L, 
Luciani L, Boschi C, La Scola B, Raoult D, Million M, Colson P, Gautret P. Rapid 
viral diagnosis and ambulatory management of suspected COVID-19 cases 
presenting at the infection diseases referral hospital in Marseille, France, -January 
31st to March 1st, 2020: a respiratory virus snapshot. Trav Med Infect Dis 2020: 
101632. https://doi.org/10.1016/j.tmaid.2020.101632. 

[24] Servonnet A, Delacour H, Thefenne H, Gardet V. Les intoxications aiguës à la 
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Flores-Mateo G, Muntada E, Nadal N, Narejos S, Gil-Ortega AN, Prat N, Puig J, 
Quinones C, Reyes-Urena J, Ramirez-Viaplana F, Ruitz L, Riveira-Munoz E, 
Sierra A, Velasco C, Vivanco-Hidalgo RM, Sentis A, G-Beiras C, Clotet B, Vall- 
Mayans M. Hydroxychloroquine for early treatment of adults with mild-Covid-19: a 
randomized-controlled trial. Clin Infect Dis 2020. https://doi.org/10.1093/cid/ 
ciaa1009. 

[45] Abd-Elsalam S, Esmail ES, Khalaf M, Abdo EF, Medhat MA, Abd El Ghafar MS, 
Ahmed OA, Soliman S, Serangawy GN, Alboraie M. Hydroxychloroquine in the 
treatment of COVID-19: a multicenter randomized controlled study. Am J Trop 
Med Hyg 2020. https://doi.org/10.4269/ajtmh.20.0873. 

[46] Gendrot M, Javelle E, Clerc A, Savini H, Pradines B. Chloroquine as prophylactic 
agent against COVID-19? Int J Antimicrob Agents 2020;55:105980. https://doi. 
org/10.1016/j.ijantimicag.2020.105980. 

[47] Gendrot M, Andreani J, Jardot P, Hutter S, Boxberger M, Mosnier J, Le Bideau M, 
Duflot I, Fonta I, Rolland C, Bogreau H, La Scola B, Pradines B. In vitro antiviral 
activity of doxycycline against SARS-CoV-2. https://www.mediterranee-infection. 
com/wp-content/uploads/2020/04/Dox_Covid_pre-print.pdf; 2020. 

[48] Michel R, Bardot S, Queyriaux B, Boutin JP, Touze JE. Doxycycline-chloroquine vs. 
doxycycline placebo for malaria prophylaxis in nonimmune soldiers: a double- 
blind randomized field trial in sub-Saharan Africa. Trans R Soc Trop Med Hyg 
2010;104:290–7. 

[49] Adedeji ON, Bolaji OO, Falade CO, Osonuga OA, Ademowo OG. Validation and 
pharmacokinetic application of a high-performance liquid chromatographic 
technique for determining the concentrations of amodiaquine and its metabolite in 
plasma of patients treated with oral fixed-dose amodiaquine-artesunate 
combination in areas of malarial endemicity. Antimicrob Agents Chemother 2015; 
59:5114–22. 

[50] Winstanley PA, Edwards G, Curtis CG, L’Orme M, Powell GM, Breckenridge AM. 
Tissue distribution and excretion of amodiaquine in the rat. J Pharm Pharmacol 
1988;40:343–9. 

[51] Boonyasuppayakorn S, Reichert ED, Mazano M, Nagarajan K, Padmanabhan R. 
Amodiaquine, an antimalarial drug, inhibits dengue virus type 2 replication and 
infectivity. Antivir Res 2014;106:125–34. 

[52] Alkadi HO. Antimalarial drug toxicity: a review. Chemotherapy 2004;53:385–91. 
[53] Wernsdorfer WH, Noedl H, Rendi-Wagner P, Kollaritsch H, Wiedermann G, 

Mikolasek A, Karbwang J, Na-Bangchang K. Gender-specific distribution of 
mefloquine in the blood following the administration of therapeutic doses. Malar J 
2013;12:443. 

[54] Jones R, Kunsman G, Levine B, Smith M, Stahl C. Mefloquine distribution in 
postmortem cases. Forensic Sci Int 1994;68:29–32. 

[55] Potasman I, Beny A, Seligmann H. Neuropsychiatric problems in 2,500 long-term 
young travelers to the tropics. J Trav Med 2000;7:5–9. 

[56] Morris CA, Dieker SR, Lohstroh PN, Wang LQ, Fang XP, Jung D, Lopez-Lazaro L, 
Baker M, Duparc S, Borghini-Fuhrer I, Pokorny R, Shin JS, Fleckenstein L. Mass 
balance and metabolism of the antimalarial pyronaridine in healthy volunteers. 
Eur J Drug Metab Pharmacokinet 2015;40:75–86. 

[57] Park SH, Pradeep K. Absorption, distribution, excretion, and pharmacokinetics of 
14C-pyronaridine tetraphosphate in male and female Sprague-Dawley rats. 
J Biomed Biotechnol 2010;2010:590707. 

[58] Croft SL, Duparc S, Arbe-Barnes SJ, Craft JC, Shin CS, Fleckenstein L, Borghini- 
Fuhrer I, Rim HJ. Review of pyronaridine ant-malarial properties and product 
characteristics. Malar J 2012;11:170. 

[59] Fu S, Xiao SH. Pyronaridine: a new antimalarial drug. Parasitol Today 1991;7: 
310–3. 

[60] Adehin A, Igbinoba SI, Soyinka JO, Onyeji CO, Babalola CP, Bolaji OO. 
Pharmacokinetic parameters of quinine in healthy subjects and in patients with 
uncomplicated malaria in Nigeria: analysis of data using a population approach. 
Curr Ther Res Clin Exp 2019;91:33–8. 

[61] Minchin RF, Ilett KF. Comparative uptake of quinine and quinidine in rat lung. 
J Pharm Pharmacol 1981;33:464–6. 

[62] Silva-Pinto A, Ruas R, Almeida F, Duro R, Silva A, Abreu C, Sarmento. Artemether- 
lumefantrine and liver enzyme abnormalities in non-severe Plasmodium falciparum 
malaria in returned travellers: a retrospective comparative study with quinine- 
doxycycline in Portuguese centre. Malar J 2017;16:43. 

[63] Mwebaza N, Jerling M, Gustafsson LL, Obua C, Waako P, Mahindi M, Ntale M, 
Beck O, Hellgren U. Comparable lumefantrine oral bioavailability when co- 
administered with oil-fortified maize porridge or milk in healthy volunteers. Basic 
Clin Pharmacol Toxicol 2013;113:66–72. 

[64] Reuter SE, Evans AM, Shakib S, Lungershausen Y, Francis B, Valentini G, 
Bacchieri A, Ubben D, Pace S. Effect of food on the pharmacokinetics of 
piperaquine and dihydroartemisinin. Clin Drug Invest 2015;35:559–67. 

[65] Gendrot M, Duflot I, Boxberger M, Delandre O, Jardot P, Le Bideau M, Andreani J, 
Fonta I, Mosnier J, Rolland C, Hutter S, La Scola B, Pradines B. Antimalarial 
artemisinin-based combination therapies (ACT) and COVID-19 in Africa: in vitro 
inhibition of SARS-CoV-2 replication by mefloquine-artesunate. Int J Infect Dis 
2020. https://doi.org/10.1016/j.ijid.2020.08.0.2. 

[66] Choy KT, Wong AYL, Kaewpreedee P, Sia SF, Chen D, Hui KPY, Chu DKW, 
Chan MCW, Cheung PPH, Huang X, Peiris M, Yen HL. Remdesivir, lopinavir, 
emetine, and homoharringtonine inhibits SARS-CoV-2 replication in vitro. Antivir 
Res 2020;178:104786. 

[67] Cairoli E, Espinosa G. Hydroxychloroquine in the treatment of COVID-19: how to 
use it waiting for conclusive scientific evidence. Med Clin 2020. https://doi.org/ 
10.1016/j.medcli.2020.05.006. 

[68] Acharya Y, Sayed A. Chloroquine and hydroxychloroquine as a repurposed agent 
against COVID-19: a narrative review. Ther Adv Infect Dis 2020. https://doi.org/ 
10.1177/2049936120947517. 

M. Gendrot et al.                                                                                                                                                                                                                                

https://doi.org/10.1056/NEJMoa2019014
https://doi.org/10.1056/NEJMoa2019014
https://doi.org/10.1016/j.ijantimicag.2020.106136
https://doi.org/10.1016/j.ijantimicag.2020.106136
https://doi.org/10.1093/cid/ciaa791
https://doi.org/10.1093/cid/ciaa791
https://doi.org/10.1093/cid/ciaa1009
https://doi.org/10.1093/cid/ciaa1009
https://doi.org/10.4269/ajtmh.20.0873
https://doi.org/10.1016/j.ijantimicag.2020.105980
https://doi.org/10.1016/j.ijantimicag.2020.105980
https://www.mediterranee-infection.com/wp-content/uploads/2020/04/Dox_Covid_pre-print.pdf
https://www.mediterranee-infection.com/wp-content/uploads/2020/04/Dox_Covid_pre-print.pdf
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref48
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref48
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref48
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref48
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref49
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref49
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref49
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref49
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref49
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref49
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref50
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref50
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref50
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref51
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref51
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref51
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref52
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref53
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref53
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref53
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref53
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref54
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref54
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref55
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref55
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref56
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref56
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref56
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref56
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref57
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref57
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref57
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref58
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref58
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref58
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref59
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref59
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref60
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref60
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref60
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref60
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref61
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref61
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref62
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref62
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref62
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref62
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref63
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref63
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref63
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref63
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref64
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref64
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref64
https://doi.org/10.1016/j.ijid.2020.08.0.2
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref66
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref66
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref66
http://refhub.elsevier.com/S1477-8939(20)30369-0/sref66
https://doi.org/10.1016/j.medcli.2020.05.006
https://doi.org/10.1016/j.medcli.2020.05.006
https://doi.org/10.1177/2049936120947517
https://doi.org/10.1177/2049936120947517

