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ARTICLE INFO ABSTRACT

Keywords: Nearly half of the world’s population is at risk of being infected by Plasmodium falciparum, the pathogen of

Geranylated qihydrochalcone malaria. Increasing resistance to common antimalarial drugs has encouraged investigations to find compounds

’;{mca’g“" alf‘;’f with different scaffolds. Extracts of Artocarpus altilis leaves have previously been reported to exhibit in vitro
asmodium falciparum antimalarial activity against P. falciparum and in vivo activity against P. berghei. Despite these initial promising

Ultrastructural changes . e s . s . . ;A

PMQO results, the active compound from A. altilis is yet to be identified. Here, we have identified 2-geranyl-2/, 4, 3, 4-

tetrahydroxy-dihydrochalcone (1) from A. altilis leaves as the active constituent of its antimalarial activity. Since
natural chalcones have been reported to inhibit food vacuole and mitochondrial electron transport chain (ETC),
the morphological changes in food vacuole and biochemical inhibition of ETC enzymes of (1) were investigated.
In the presence of (1), intraerythrocytic asexual development was impaired, and according to the TEM analysis,
this clearly affected the ultrastructure of food vacuoles. Amongst the ETC enzymes, (1) inhibited the mito-
chondrial malate: quinone oxidoreductase (PfMQO), and no inhibition could be observed on dihydroorotate
dehydrogenase (DHODH) as well as bc; complex activities. Our study suggests that (1) has a dual mechanism of
action affecting the food vacuole and inhibition of PAMQO-related pathways in mitochondria.
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1. Introduction

Malaria is a parasitic disease caused by Plasmodium falciparum and
transmitted through the female Anopheles mosquito bite. The World
Malaria Report (2020) reported that in 2019, 229 million cases were
estimated, with 409,000 deaths from malaria (WHO, 2020). Efforts are
needed to identify and develop new antimalarials that are more effec-
tive, safer, have fewer side effects, are cheaper, and are easier to obtain
than current drugs (Cui et al., 2015). The success of the plant-derived
antimalarial drugs atovaquone, quinine, and artemisinin, highlights
the importance of studying and exploring plants as sources of antima-
larial agents. Between 2000 and 2017, 175 antiplasmodial compounds
from plants were reported (Pan et al., 2018). Moreover, the ethno-
pharmacological approach has proved to be more beneficial for
discovering new leads than robust random screening (Saxena et al.,
2003).

The Moraceae family of plants consists of 60 genera that include
1,400 species (Somashekhar et al., 2013). The largest genus of the
Moraceae family is Artocarpus, which contains 50 species. The greatest
diversity of the Moraceae family is found in the western Malesian area.
The species found within Malesia are distributed as follows: Peninsula
Malaysia 16 species, Sumatra 17, Borneo 23, the Philippines 15, Sula-
wesi 6, Java 4, the Lesser Sunda Islands 3, the Moluccas 8, and New
Guinea 6 (Lemmens et al., 1995). The extracts and metabolites of
Artocarpus, especially leaves, barks, stems, and fruits, have been re-
ported to contain phenolic compounds that are bioactive and used by the
locals as traditional medicines (Jagtap and Bapat, 2010). Several Arto-
carpus studies have shown that extracts of the aerial and underground
plant parts have been used for the treatment of diarrhea, diabetes, ma-
larial fever, tapeworm infection, and other ailments (Balbach, 1992;
Heyne and Jakarta, 1987; Perry, 1980). Other uses include wound
healing, antisyphilic, expectorant, anti-anemia, asthma, and dermatitis
(Hakim et al., 2006).

Flavonoids are secondary metabolites widely found in plants, and the
antimalarial activity of this group has been reported (Saxena et al.,
2003). Previous studies have shown that prenylflavonoids isolated from
the stembark of A. champeden had antimalarial activity. Some of the
active compounds isolated from this plant included: artocarpone A,
artocarpone B, artoindonesianin E, heteroflavanone C, artoindonesianin
R, heterophyllin, artoindonesianin A-2, cycloheterophyllin, and artonin
A. Heteroflavanone C showed the most potent inhibition against
P. falciparum growth with an ICsg value of 1 nM (Widyawaruyanti et al.,
2007). A prenylated chalcone, isolated from A. champeden stem bark
extract, namely morachalcone A, was also identified and can be used as a
marker compound in the standardization of A. champeden stem bark
ethanolic extract for antimalarial drug development (Hafid et al., 2012).
Leaf and stembark extracts from other Artocarpus species, A. altilis, A.
heterophyllus, and A. camansi, have also been reported to have effective
antimalarial activity against P. falciparum and P. berghei (Hafid et al.,
2016).

Extracts from A. altilis syn. A. communis, and A. incises (Kochummen,
1982; Verheij and Coronel, 1992), popularly known as breadfruit, have
been reported to contain several bioactive compounds, such as morin,
moracin, dihydromorin, cynomacurin, oxydihydroartocarpesin, arto-
carpetin, broussochalcone A, kazinol A, broussoaurone A, cyclo-
artocarpin A, cycloheterophyllin, and broussoflavonol F (Akanbi et al.,
2009; Sikarwar et al., 2014). A previous study demonstrated that the leaf
extract from A. altilis could inhibit the growth of P. falciparum in vitro
with an ICsg value of 1.32 pg/mL (Hafid et al., 2016). Furthermore, this
extract was highly active against P. berghei in vivo with an EDs value of
0.82 mg/kg body weight. Although the antimalarial activity of leaf
extract from A. altilis has been previously demonstrated, its active
compound has not been characterized.

Natural chalcones have previously been reported to inhibit the
metabolic functions essential for parasite survival in food vacuole and
mitochondria (Gomes et al., 2017; Takac et al., 2018). The food vacuole
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is a major digestive organelle of the malaria parasite and a validated
chemotherapeutic target. This organelle plays an essential role in the
degradation of erythrocyte-derived hemoglobin. It is the site of impor-
tant classes of antimalarials, such as chloroquine, and harbors active
transporters associated with drug resistance (Wunderlich et al., 2012).
The mitochondrial electron transport chain (ETC) has been previously
reported to be inhibited by chalcones (Mi-Ichi, 2005). P. falciparum ETC
is composed of five dehydrogenases that are type-Il NADH dehydroge-
nase (NDH2), succinate dehydrogenase (SDH), malate: quinone oxido-
reductase (MQO), dihydroorotate dehydrogenase (DHODH), and
glycerol-3-phosphate dehydrogenase (G3PDH). Each dehydrogenase
transfers electrons from respective substrates to ubiquinone, producing
ubiquinol. The electrons from ubiquinol are transferred ultimately to
oxygen by a sequential reaction of quinol: cytochrome c reductase (bcy
complex or complex III) and cytochrome c oxidase (complex IV), which
are coupled with proton translocation across the inner membrane and
the formation of electrochemical gradient which is used by ATP synthase
(complex V) for production of ATP through oxidative phosphorylation
(Hartuti et al., 2018). Amongst the ETC enzymes described above,
DHODH, MQO, and bc; complex are known to be essential at the
intraerythrocytic stage (Goodman et al., 2017; Hartuti et al., 2018;
Niikura et al., 2017; Painter et al., 2007; Siregar et al., 2015; Wang et al.,
2019). DHODH is the rate-limiting step in pyrimidine de novo biosyn-
thesis and the target of DSM265, which showed promising results in
Phase I and IIa clinical trials (Lianos-Cuentas et al., 2018; McCarthy
et al., 2017). In P. falciparum, MQO has been proposed to be involved in
the ETC, tricarboxylic acid (TCA), and fumarate cycles. The fumarate
cycle seems required to provide cytosolic oxaloacetate, which is con-
verted into aspartate to feed the purine salvage and pyrimidine de novo
biosynthesis pathways (Hartuti et al., 2018; Niikura et al., 2017). Plas-
modium bc; complex is the target of atovaquone that is used in combi-
nation with proguanil for the treatment and prevention of malaria
(Siregar et al., 2015). NDH2 and SDH have been demonstrated to be
essential for oocyst development in the mosquito stage and suggested as
potential targets for developing transmission-blocking drugs (Boysen
and Matuschewski, 2011; Hino et al., 2012; Ke et al., 2019). Licochal-
cone A, a natural chalcone isolated from the root of Glycyrrhiza glabra or
G. inflate, was shown to inhibit SDH and bc; complex activities in iso-
lated P. falciparum mitochondria (Mi-Ichi, 2005).

This study was conducted to identify the active antimalarial com-
pound(s) contained in the ethanolic extract of leaf from A. altilis and gain
insights into its mechanism of action. Here, we show that a geranylated
dihydrochalcone purified from the ethanolic extracts of A. altilis leaves is
the main anti-plasmodial compound and describe its effect on the food
vacuole and the mitochondrial ETC of P. falciparum.

2. Material and methods
2.1. Plant material

The leaves of A. altilis were collected from Purwodadi Botanical
Garden, East Java, Indonesia. A qualified botanist from this Garden
conducted authentication and identification of this plant. A voucher
specimen (No: B-107/1PH.06/AP.01/11/2020) of this raw material was
stored at the Herbarium of the Institute of Tropical Disease, Universitas
Airlangga, Surabaya, Indonesia.

2.2. Extraction, fractionation, and identification of active compound

Bioactivity-guided isolation was conducted to identify the active
antimalarial compounds. One kilogram of dried leaves was macerated
using 10 L of ethanol: water (8:2, v/v) for 4 h and then filtered. The
process was repeated three times. The ethanolic extract was combined
and dried using a rotary evaporator and weighed afterward. The dried
extract was kept in an airtight container and stored at 4 °C until frac-
tionation and antimalarial bioassay. An active fraction was further
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fractionated under vacuum liquid chromatography (VLC) with a
gradient of n-hexane and ethyl acetate (100%-0%). Based on thin-layer
chromatography (TLC) profiles, several fractions were combined. The
active fraction was then separated by semi-preparative High-Pressure
Liquid Chromatography (HPLC, Shimadzu LC-06) method using meth-
anol: water (8:2, v/v) at 1 mL/min of flow rate. The separation of the
active fraction resulted in three isolates which were assayed for their
antimalarial activity. The active isolate was analyzed using TLC and
HPLC. TLC was performed using a silica gel 60 Fos4 plates, scanned by a
TLC Visualizer on UV at 254 nm and 366 nm, and sprayed with HoSO4:
water (1:9, v/v) to highlight the flavonoid compounds. The HPLC system
included two LC-10AD pumps and an SCL-10A controller with an Agi-
lent RP-18 XDB column (4.6 x 250 mm). The active isolate was eluted
with methanol: water (8:2, v/v) at a 0.7 mL/min of flow rate. The
chemical structure of the active isolate was determined using NMR-JEOL
ECS 400 with CdCl; as the solvent, based on proton signals in the 'H-
NMR spectrum, carbon signals in the **C-NMR spectrum, heteronuclear
multiple bond correlation (HMBC), heteronuclear multiple quantum
correlation (HMQC), and correlation spectroscopy (COSY). The spectra
were then analyzed using the MNova program. Mass spectra were
identified by Agilent LC-MS-MS using methanol: water (8:2, v/v).

2.3. Parasite culture

P. falciparum strain 3D7 (chloroquine-sensitive strain) was obtained
from the Malaria Laboratory, Centre of Natural Product Medicine
Research and Development, Institute of Tropical Disease, Universitas
Airlangga, Surabaya, Indonesia. The culture was established using the
method described by Trager and Jensen with some modifications
(Trager and Jensen, 1976). Parasites were grown in fresh human-type
O-positive red blood cells (RBCs) at 5% haematocrit in complete
RPMI-1640 medium (Sigma) supplemented with 10% (v/v) human type
O-positive serum, 25 mM HEPES buffer (Applichem panreac), 50 pg/mL
hypoxanthine (Sigma), 2 mg/mL NaHCOs3, and 10 pg/mL gentamycin
(Sigma). The culture was incubated at 37 °C in a modified candle jar.
Human RBCs and serum were received from The Indonesian Red Cross,
Surabaya, Indonesia. The medium was replaced daily, and parasitemia
was maintained below 5% for routine subculture. Parasitemia was
determined by examining Giemsa’s stained thin blood smears of infected
RBCs (iRBCs). Parasite cultures were synchronized with 5% (w/v)
D-sorbitol, as previously described (Lambros and Vanderberg, 1979).

2.4. Invitro antimalarial assay

Ten milligrams of the sample were diluted in 1 mL of dimethyl
sulfoxide (DMSO). The sample was then further diluted in RPMI-1640
medium and used to prepare serial dilutions at final concentrations of
0.01, 0.1, 1, 10, and 100 pg/mL in a 24-well plate. A 500 u L parasite
culture (£1% parasitemia, 5% hematocrit) was added to each well and
incubated for 48 h at 37 °C. After incubation, thin blood smears were
stained using 10% (v/v) Giemsa dye. The percentage of parasitemia was
determined by counting infected erythrocytes per 1000 total erythro-
cytes. The percentage of growth inhibition was calculated using the
following equation:

X
100% — (X—ix100%>

where Xe is the average parasitemia of the experimental group and Xk is
the average parasitemia of the negative control.

The IC50 values were calculated by applying a four-parameters lo-
gistic regression curve to the normalized dose-response data using
GraphPad Prism 6.0 software (GraphPad Co. Ltd., San Diego, CA, USA).
In line with WHO guidelines and basic criteria for antiparasitic drug
discovery (Fidock et al., 2004; Pink et al., 2005), the activities of extracts
were classified into four classes according to their ICso values: high
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activity (ICs9 < 5 pg/mL); promising activity (5 pg/mL< ICs9 < 15
pg/mL); moderate activity (15 pg/mL < ICso < 50 pg/mL); and weak
activity (ICso > 50 pg/mL). Meanwhile, isolated compound(s) were
classified as highly active if the ICsg value was <1 pg/mL.

2.5. Invitro cytotoxicity assay on mammalian cell

DLD-1 cells were seeded at 2.5 x 10* cells/well on a 96-well plate
and cultured overnight. The cells were then washed with PBS and
replaced with a fresh medium. Test compounds or DMSO as control were
then added to each well. After a 48-h incubation at 37 °C, the cells were
then washed with PBS, 100 pL of a fresh medium, and 10 pL of Cell
Counting Kit-8 (Dojindo) solution was added to each well. After a 3-h
incubation, the absorbance was measured at 450 nm using a Spec-
traMax M2e-TUY microplate reader (Molecular Devices). According to
the manufacturer’s protocol, the cell viability of test wells was calcu-
lated based on the absorbance of control wells containing DMSO.
Cytotoxicity (CCsp) against DLD-1 cell was calculated using nonlinear
regression analysis by GraphPad Prism 6.0 software by applying the “log
(inhibitor) vs. response-Variable slope (four parameters)" in “Dose-
response—inhibition” equation family from a nonlinear regression
analysis.

2.6. Impairment of P. falciparum stage development

Intraerythrocytic stage development inhibition assay was carried out
against the synchronized P. falciparum 3D7 strain (using 5% (w/v) D-
sorbitol) at a parasitemia of 0.3%, using 24-well culture plates and
incubated at various time variations (0, 24, and 48 h). All experiment
was performed in duplicate (each sample concentration was carried out
twice on the same plate). A thin smear was made, stained with Giemsa,
and the growth and development of the Plasmodium were observed using
a light microscope (Olympus CH-20) with a 1000x magnification. The
concentration used in this assay is the ICsy value of each material ob-
tained from the previous antimalarial assay for the positive control
(Chloroquine diphosphate), AAL-E, AAL-E.4, and (1) were 0.004 pg/mL,
0.48 pg/mL, 0.01 pg/mL, and 0.07 pg/mL, respectively.

2.7. Ultrastructural changes in food vacuoles revealed by transmission
electron microscopy

Samples for TEM were carried out against the synchronized
P. falciparum 3D7 strain (using 5% (w/v) D-sorbitol) at a parasitemia of
1%, using 24-well culture plates and incubated 24 h. Furthermore,
samples were prepared using rOTO (reduced osmium thiocarbohy-
drazide osmium) and en bloc staining as described previously.
P. falciparum-iRBCs were collected and fixed with 2% (w/v) glutaral-
dehyde in 0.1 M sodium cacodylate buffer pH 7.4 containing 1 mM
CaClz and 1 mM MgCl; for 1 h at 4 °C. The iRBCs were then rinsed with
the cacodylate buffer and then post-fixed for 1 h at 4 °C with 1% (w/v)
osmium tetroxide and 1.5% (w/v) potassium ferrocyanide in the caco-
dylate buffer. The cells were then washed with distilled water and
incubated in 1% (w/v) thiocarbohydrazide solution for 20 min at room
temperature. They were then washed with distilled water and fixed
again with 1% (w/v) osmium tetroxide in distilled water for 30 min at
room temperature. After washes with distilled water, the samples were
stained en bloc with 1% (w/v) uranyl acetate in 75% ethanol overnight at
4 °C. After washing again with distilled water, they were stained with
lead citrate for 30 min at 4 °C (Reynolds, 1963). After another distilled
water rinse, the cells were dehydrated through a series of ethanol and
acetone of ascending concentration and embedded in Quetol 651 epoxy
resin (Nisshin EM). Thin sections were obtained using an ultramicro-
tome (Reichert-Jung) and observed by TEM (JEM-1230; JEOL).
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2.8. Antimalarial activity against recombinant PfMQO

A Recombinant PfMQO activity inhibition assay was conducted
essentially as previously described (Hartuti et al., 2018; Ruan et al.,
2019). Initially, extracts, fractions, and isolated compounds from
A. altilis extract were tested against recombinant PAMQO at a final
concentration 100 pg/mL, respectively. The assay was briefly performed
in an assay mix composed of 50 mM HEPES-KOH pH 7.0, 1 mM KCN, 25
pM decylubiquinone (dUQ), 120 pM DCIP, and 3 pg/mL of PMQO--
membrane fraction. One microliter of tested samples was transferred to
a 96-well plate, followed by 194 pL of assay mix. As a negative control
(0% inhibition), 1 pL. DMSO was applied to column 1. The background
was recorded for 5 min at 600 nm and 37 °C using SpectraMax® Para-
digm® Multi-Mode Microplate Reader (Molecular Devices). The reac-
tion was started by ADDINg 5 pL of 400 mM malate into columns 1-11,
and the activity was recorded for 10 min. Water (5 pL) was added in
column 12 and was set as a positive control (100% inhibition). The
PfMQO inhibition was analyzed by calculating the inhibition (%)
compared to negative control in triplicates. Hits were defined as ex-
tracts, fractions, and isolated compounds exhibiting >50% inhibition.
Z'-factor, S/N, S/B, and SW were calculated as previously reported. The
ICso was determined by measuring the PAMQO activity under serial di-
lutions of 100, 30, 10, 1, 3, 0.1, 0.3, 0.01, and 0.03, pg/mL for the ex-
tracts and fractions, and 100, 30, 10, 1, 3, 0.1, 0.3, 0.01, 0.03, and 0.001
pM for the isolated compound. The IC50 values were calculated by
applying a four parameters equation from nonlinear regression analysis
to the normalized dose-response data using GraphPad Prism 6.0 soft-
ware (GraphPad Co. Ltd., San Diego, CA, USA).

2.9. PfMQO inhibition mechanism with (1)

The inhibition mechanism of PfMQO by (1) was evaluated by
following the direct rate of dUQ consumption at 37 °C and 278 nm in 1
cm black quartz cuvette. The assay buffer contained HEPES-KOH pH 7.0,
1 mM KCN, 1.25 pg/mL PfMQO membrane. Determination of PAMQO
inhibition for dUQ binding site was performed by measuring PfMQO
activity at 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 uM of dUQ (final
concentration) at fixed malate concentration of 10 mM, whereas the
concentration of compound applied were 0, 0.5, 1, and 2 pM. Moreover,
the determination of PAMQO inhibition for the malate binding site was
assayed at0.5,1, 2, 4, 6, 8,10, 12, 14, 16, 18, and 20 mM malate at fixed
dUQ concentrations of 20 pM and concentration of compound at 0, 0.5,
1, and 4 pM.

2.10. Counter assay activity of (1) to mammalian electron transport
chain enzymes

The (1) was assayed against NADH-cytochrome ¢ (complex I-III ac-
tivities) and succinate-cytochrome ¢ (complex II-III activities) using
bovine heart mitochondria prepared as previously reported (Miyazaki
et al., 2018). The (1) was prepared in serial dilutions at concentrations
of 100, 30, 10, 3, 1, 0.3, 0.1, 0.03, 0.01, and 0.003 pM. The assay was
performed by measuring the reduction of cytochrome ¢ at 550 nm in
quadruplicates using 96-well plates. In the NADH-cytochrome c assay,
the reaction buffer contained 50 mM phosphate buffer pH 7.4, 2 mM
KCN, 200 pM cytochrome c, and 15 pg/mL bovine heart mitochondria,
which was started by the addition of 0.3 mM NADH. A similar mea-
surement was conducted for succinate-cytochrome ¢ inhibition with a
small modification in cytochrome ¢ (100 pM) and bovine heart mito-
chondria concentrations (25 pg/mL). The reaction was started by the
addition of 10 mM succinate as a substrate into the wells. DMSO was
added into the first column as the negative control (0% inhibition), with
5 pM ascochlorin in column 12 as the positive control (100% inhibition).
As references, ferulenol (PMQO inhibitor), brequinar (human DHODH
inhibitor), asochlorin (complex III inhibitors), and rotenone (complex I
inhibitor) which are classical ETC inhibitors, were also assayed
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(Miyazaki et al., 2018).

2.11. Transgenic parasite expressing cytosolic yeast dihydroorotate
dehydrogenase (yDHODH)

Parasites expressing YDHODH-GFP were obtained by transfection of
pHHyDHODH-GFP plasmid (Kerafast, Boston, MA, USA) to 3D7 para-
sites following an established method (Deitsch, 2001). Briefly, 50 pg of
plasmid dissolved in cytomix solution (120 mM KCl, 0.15 mM CaCly, 10
mM Ky;HPO4/KH,PO4 pH 7.6, 25 mM HEPES, 2 mM EGTA, and 5 mM
MgCly) into RBCs using Gene Pulser Xcell (Bio-rad). Percoll-sorbitol
synchronized parasites were mixed with these RBCs containing the
plasmid and maintained under 5 nM WR99210 for 2 weeks. Once the
transfectant parasites were obtained, the expression of yDHODH was
confirmed by assaying the parasite resistance to DSM265 (PfDHODH
inhibitor) and atovaquone (Complex III inhibitor) by P/LDH/diaphorase
assay as previously described (Hartuti et al., 2018). All experiment was
performed in quadruplicate measurements on the same plate.

2.12. Isobologram analysis of (1) with atovaquone and chloroquine

The antimalarial activity of (1) and in combination with atovaquone
and chloroquine was investigated by Pf/LDH/diaphorase assay as previ-
ously described (Hartuti et al., 2018; Wang et al., 2019). In each com-
bination assay between two compounds: atovaquone and (1),
chloroquine and (1), atovaquone and chloroquine, were combined in
four fixed ratios of concentration (4:1, 3:2, 2:3, and 1:4). Two fixed
ratios concentration (5:0 and 0:5) used for determined the ICsq of each
drug alone. Serial dilutions of each combination were prepared, and
100 pL was transferred into 96-well culture plates. Next, 100 pL cultures
of 0.3% synchronized ring form parasites were transferred into each
plate containing the dilutions. The plates were arranged in a clean,
modular incubation chamber, flushed with mixed gas (gas has 90% N,
5% CO,, 5% O») for 10 min, and incubated for 72 h at 37 °C. After in-
cubation, parasite growth was monitored by the PfLDH/diaphorase
assay using a SpectraMax® Paradigm® Multi-Mode Microplate Reader
(Molecular Devices). The ICso values were calculated using GraphPad
Prism®ver.6.0 software. The effect of drug combination was evaluated
by using isobolographic analysis as previously described (Agarwal et al.,
2015; Fivelman et al., 2004). The ICsy was calculated from parasite
culture in (1) and combination culture with atovaquone and chloro-
quine for each combination. The following equation determined the FIC
value:

ICsy of compound A mixture

FIC=
1C5p of compound A

The following equation determined the combination index (CI):

__1ICs9 of compound A in mixture

I 1C5p of compound B in mixture
o ICsp of compound A

IC5p of compound B

CI < 1 represents synergism, CI = 1 represents additive effect, CI > 1
represents antagonism.

3. Results
3.1. Extraction, fractionation, and identification of active compound

Dried powder of A. altilis leaves extracted using 80% ethanol at 40 °C
by maceration methods. The crude extract (AAL-E) was then further
fractionated by the VLC method using a gradient solvent of n-hexane and
ethyl acetate (100%-0%), resulting in 6 fractions (AAL-E.1 - AAL-E.6).
All fractions were inhibited P. falciparum growth. Fraction AAL-E.4
showed the most potent inhibition with an ICsy of 0.01 pg/mL and
was selected for further purification of the active compound by semi-
preparative HPLC. We obtained three isolates (AAL-E.4.1, AAL-E.4.2,
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and AAL-E.4.3) from fraction AAL-E.4. Amongst the isolates, only AAL-
E.4.2 (1) showed inhibition against P. falciparum, while two other iso-
lates were inactive.

The structure of (1) was then determined based on proton and carbon
signals in the 'H and "*C-NMR spectrum, HMBC, HMQC, and COSY. The
13c.NMR spectrum of (1) showed 25 signals for 25 carbon atoms, con-
sisting of one conjugated carbonyl carbon (8C 203.9 ppm). The UV
spectrum of (1) at a concentration of 0.5 mg/mL showed the maximum
absorption at Amax 206, 248, 278, and 314 nm, corresponding to a
substituted benzoyl chromophore (Syah et al., 2006). The 'H NMR
spectrum showed the presence of 2 aromatic rings, ring A and ring B.
Ring A structure can be confirmed from the aromatic protons, which
showed ABX system at 8H 6.37 (1 H, d, J = 2.4 Hz, H-3'), 8H6.35 (1 H, J
= 8.4 Hz, H-5'), and 6H 7.59 (1H, d, J = 8.4 Hz, H-6'). The (1) contained
one geranyl group (signals at 8H 5.17 (brt, J = 6, H-2"), 5.03 (brt, J =
5.6, H-6"), 3.40 (d, J = 6.8, H-1"), 2.09 (q, J = 6.4, H-5"), 2.058 (H-4"),
1.78 (brs, H-8"), 1.67 (brs, H-10"), 1.571 (brs, H-9”) ppm). Two triplet
signals of the methylene group at 8H 3.11 (t, J = 6.8, H- a) and 2.97 (t, H
- B) ppm for methylene-o and -f were observed. Furthermore, the signal
at the aromatic ring showed there was a 1,2,3,4- tetrasubstituted ben-
zene unit (8H 6.70 (d, J = 8, H-5) and 6.67 (d, J = 8.4, H- 6) (ppm) and a
2,4-dihydroxy benzoyl group (8H 7.59 (d, J = 8.4, H-6'), 6.36 (d, J = 2.4,
H-3'), and 6.35 (dd, J = 8.4, 2.4, H-5' ppm). Comparing the NMR
spectrum with the references, we concluded that (1) is 2-geranyl-2’, 4/,
3, 4-tetrahydroxy-dihydrochalcone (Fig. 1).

The molecular structure of (1) was confirmed by the Agilent LC
system coupled with Q-TOF/MS for HRESIMS analysis. HR-MS mea-
surement revealed an ion peak [M+H]" at m/z 409.2039 (calculated
410.55) consistent with the molecular formula of Ca5H30Os,

3.2. Invitro antimalarial and mammalian cytotoxicity

The result of the antimalarial assay showed dose-dependent
P. falciparum growth inhibition of AAL-E, all fractions (AAL-E.1 - AAL-
E.6), and (1) (Table 1). The ICso values of all assayed samples ranged
from 0.01 to 3.52 pg/mL and are within the criteria mentioned by WHO
guidelines and basic criteria for antiparasitic drug discovery as anti-
malarial with high activity. Amongst the fractions tested, AAL-E.4
showed the best antimalarial activity with an ICso value of 0.01 pg/
mL. Purification of AAL-E.4 resulted in three isolates (AAL-E.4.1 - AAL-

9"

O

Fig. 1. Chemical structure of (1).
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Table 1

The ICso value of all samples against Plasmodium fal-
ciparum 3D7. Growth inhibition was evaluated by the
microscopic assay as described in the material and
methods section.

Sample ICsp (pg/mL)
AAL-E 0.48 + 0.04
AAL-E.1 2.31 £0.41
AAL-E.2 3.52 £1.32
AAL-E.3 1.32 £ 0.11
AAL-E.4 0.01 + 0.01
AAL-E.5 0.71 £ 1.46
AAL-E.6 1.76 £ 0.26
AAL-E.4.1 Inactive
AAL-E.4.2 (1) 0.07 + 0.03
AAL-E4.3 Inactive
Chloroquine 0.04 + 0.00

Data are presented as the average of double
measurements.

E.4.3). Isolate AAL-E.4.1 and AAL-E.4.3 did not exhibit antimalarial
activity. On the other hand, AAL-E.4.2 (1) showed highly active anti-
malarial activity with an ICsg value of 0.07 pg/mL (0.17 pM). According
to the cytotoxicity test, (1) was moderately toxic to DLD-1 cells with a
CCsg value of 19.7 £+ 2.18 pM and a selectivity index of 115.8.

3.3. Impairment of P. falciparum stage development effect on food
vacuole

The (1) impaired the P. falciparum staged development compared to
negative controls, as shown in Fig. 2. After synchronization of the
parasite, ring stages were observed at the start of incubation (0 h) in all
conditions, as expected. Impairment of P. falciparum stage development
could be observed after 24 h of incubation for the positive control
(chloroquine), AAL-E.4, and (1) groups, where the ring stage was still
dominant. In contrast, the negative control (DMSO) and AAL-E showed
development to the schizont stage. After 48 h of incubation, there were
no schizont-stage parasites in the positive and negative control groups.
In the AAL-E, AAL-E.4, and (1) groups, parasites were predominantly in
the schizont stage. Therefore, we concluded that AAL-E, AAL-E.4, and
(1) inhibit the Plasmodium’s stage development, causing an accumula-
tion of the schizont stage after 48 h of incubation.

Electron microscopy was carried out to examine the changes in the
ultrastructure of food vacuole in P. falciparum-iRBCs exposed to AAL-E,
AAL-E.4, and (1). As shown in Fig. 3, several inner vesicles were
observed in the food vacuoles of P. falciparum exposed to AAL-E
(Fig. 4A), AAL-E.4 (Fig. 4B), and (1) (Fig. 4C) but not in DMSO (Fig. 4D).

3.4. Antimalarial activity against recombinant PAMQO

To determine the effect of (1) against PAMQO, we tested the crude
extract and the fractions obtained during the purification and the iso-
lated compounds. As a result, the AAL-E, four fractions (AAL-E.3, AAL-
E.4, AAL-E.5, and AAL-E.6), and (1) inhibited rP/MQO at an ICs less
than 10 pg/mL or 10 pM for the extracts and (1), respectively. As the
positive control, ferulenol, previously reported to inhibit rPMQO,
showed an ICsg of 0.17 pM (Table 2). The quality control of the assay
was monitored by calculating several parameters, including Z'-factor, S/
B, S/N, and CV (%) with values of 0.84, 7.42, 266.4, and 4.31, respec-
tively, indicating the high quality and performance of the assay. More-
over, the mechanism of inhibition of (1) was investigated, and as shown
in Fig. 4, the parallel lines of the double reciprocal plot under varying
malate concentrations indicate that (1) is an uncompetitive inhibitor
versus malate. On the other hand, when the concentration of dUQ was
varied, the plot yielded lines intersecting at X-axis, indicating that (1) is
a non-competitive inhibitor versus dUQ. This result indicates that (1)
binds specifically to the PAMQO-malate complex and that the ternary
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Fig. 2. Histogram of stage development percentage of Plasmodium falciparum
treated with negative control, positive control, AAL-E, AAL-E.4, and (1) for O,
24, and 28 h of incubation. Data are presented as the average of duplicate
measurements (each sample concentration was carried out twice on the
same plate).

complex (PAMQO-malate-(1)) does not react with dUQ. This supports the
notion that in addition to malate and ubiquinone binding sites, the
PfMQO has a third binding site where (1) binds.

3.5. Counter assay activity of (1) to mammalian electron transport chain
enzyme

The potential inhibition of (1) to mammalian respiratory complexes
was evaluated using bovine heart mitochondria. Rotenone, asco-
chlorine, brequinar, and ferulenol were used along with (1) as controls.
For NADH-cytochrome c (complex I-III) activity, inhibition was
observed for rotenone, ascochlorine, and ferulenol with ICsy values of
0.01 + 0.00, 0.01 + 0.00, and 0.28 £ 0.08 pM, respectively. For
succinate-cytochrome c¢ (complex II-III) activity, rotenone, ascochlorine,
brequinar, and ferulenol inhibited this reaction with ICs, values of 1.86
+ 0.11, 0.01 £ 0.00, 22.94 £ 1.46, and 0.17 £ 0.01 pM, respectively
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(Table 3). The ICsq values of (1) against complex I-III and complex II-III
were 13.58 + 2.19 and 10.83 + 0.65 pM, respectively. These results
showed that inhibition of the mammalian ETC enzyme starts at micro-
molar concentration.

3.6. Transgenic parasite expressing cytosolic yeast dihydroorotate
dehydrogenase (yDHODH)

Previously, it has been described that P. falciparum 3D7 strain
expressing yYDHODH (yDHODH-3D7) becomes resistant to DHODH and
bc; complex inhibitors (Painter et al., 2007). Accordingly, yDHODH-3D7
strain is a good model to verify whether or not a compound’s target is
one of these two enzymes. To further analyze the possibility of (1)
inhibiting P. falciparum DHODH and bc; complex, the ICso values of (1)
against P. falciparum 3D7 and yDHODH-3D7 strains were determined as
10.4 and 11.6 pM, respectively (Fig. 5).

3.7. Isobologram analysis of (1) with atovaquone and chloroquine

The isobologram analysis was conducted to check a possible inter-
action of (1) with atovaquone, (1) with chloroquine, and atovaquone
with chloroquine. The sum of FICs is represented in isobolograms
(Fig. 6). The isobologram assay of (1) and atovaquone showed that all
fixed-ratio combinations were antagonistic interactions. The combina-
tion (1) and chloroquine showed that 3 out of 4 combinations had
antagonistic interactions, and only 1 showed synergism interaction. It
was similar to the combination of chloroquine and atovaquone. These
results indicated that the 3 combinations have antagonistic interactions.

4. Discussion

This study has isolated the main active constituent from A. altilis
leaves, namely as 2-geranyl-2/, 4/, 3, 4-tetrahydroxy-dihydrochalcone
(1), and show its antimalarial activity for the first time. We also
demonstrate that (1) has potent antimalarial activity by inhibiting
P. falciparum’s growth with an ICgsg value of 0.17 pM. Moreover, com-
pound (1) showed low toxicity to DLD-1 cells with CCs of 19.7 pM and a
selectivity index of 115.8.

The presence of geranylated derivatives of dihydrochalcone from
A. altilis leaves has been reported, including (1) in leaves of A. altilis from
Thailand and Indonesia (Shimizu et al., 2000; Syah et al., 2006). The (1)
has also been found in other subspecies, including A. communis,
A. incises, and A. nobilis (Jayasinghe et al., 2004; Patil et al., 2002;
Shimizu et al., 2000). Inhibition of several biological pathways has been
suggested to be associated with the biological activity of (1) such as
5-lipoxygenase (Fujimoto et al., 1987), which plays a key role in allergic
processes, and cathepsin K (Fujimoto et al., 1988), a cysteine protease
involved in inflammation, and in the pathogenicity of osteoporosis
(Koshihara et al., 1988). The potential of (1) as an antiallergic and
antitumor agent has been patented (Fujimoto et al., 1987, 1988), as well
as the method of its chemical synthesis (Nakano and Uchida, 1990).

We have been previously isolated from the leaves of A. altilis 1-(2,4-
dihydroxy phenyl)-3-(8-hydroxy-2-methyl-2-(4-methyl-3-pentenyl)-2H-
1-benzopyran-5-yl]-1-propanone, which is a dihydrochalcone deriva-
tive with a chemical structure similar to (1), with an ICsy of 1.05 uM
against P. falciparum 3D7 strain, and suggested to inhibit the falcipain-2,
a cysteine protease localized in parasite’s food vacuole and involved in
hemoglobin digestion (Hidayati et al., 2020). In this study, we showed
that the antimalarial activity of (1) surpassed the previous isolate
despite a similar chemical structure.

The mechanism of action of (1) was investigated by analyzing the
P. falciparum 3D7 intraerythrocytic stage development. In the positive
control group, chloroquine showed potent activity with the accumula-
tion of trophozoite after 48 h incubation. Moreover, compared to the
negative control (DMSO), parasites were enriched at the schizont stage
by incubation with (1) after 48 h. This result indicates that (1) can
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(D)

Fig. 3. Transmission electron micrographs of Plasmodium falciparum after 24 h incubation with AAL-E (A), AAL-E.4 (B), and (1) (C), and negative control (D).
Figures A, B, and C show several inner vesicles in the food vacuole (FV) of P. falciparum. Scale bars are 500 nm.

clearly delay the parasite’s stage development from the ring to the
schizont stage. Interestingly, TEM analysis of the parasite incubated
with the active fractions and (1) showed ultrastructural alterations
characterized by the formation of several inner vesicles inside the food
vacuole, which resemble undigested hemoglobin vesicles (Biagini et al.,
2003; Hoppe et al., 2004) leading to growth inhibition or parasite death
(Sachanonta et al., 2011; Yayon et al., 1984).

Licochalcone A, a natural chalcone isolated from G. inflata (Xinjiang
licorice), has been previously demonstrated to inhibit P. falciparum ETC
at the level of bc1 complex (Ke et al., 2019). It is largely accepted that an
important function of the P. falciparum bcl complex at the intra-
erythrocytic stage is to regenerate ubiquinone to be used as the electron
acceptor for Pf/DHODH, which belongs to family 2 and catalyzes the
rate-limiting step in the pyrimidine de novo biosynthesis (Birth et al.,
2014). Some organisms, such as budding yeast and Trypanosomatids,
possess the family 1A DHODH, a cytosolic enzyme that uses fumarate as
the electron acceptor and is resistant to family 2 DHODH inhibitors
targeting the ubiquinone binding site (Inaoka et al., 2008). Consistently,
P. falciparum expressing yYDHODH confer resistance to bcl complex and
DHODH inhibitors (Hartuti et al., 2018; Inaoka et al., 2016). To deter-
mine whether (1) inhibits these two enzymes, growth inhibition of (1) in
P. falciparum 3D7 (WT) and 3D7-yDHODH strains were investigated, and
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according to the ICsps of 10.4 pM and 11.6 pM, respectively, we show
that (1) does not inhibit parasite’s bcl complex either DHODH.

Among the ETC enzymes, MQO was recently unable to knockout in
P. falciparum (Wang et al., 2019). In P. berghei, MQO knockout parasites
are viable, at least in the intraerythrocytic stage. However, those mu-
tants showed impaired growth, were unable to induce cerebral malaria
in an animal model, and have been suggested to be essential for viru-
lence (Niikura et al., 2017). Recently, recombinant Pf/MQO has been
characterized, and its first inhibitor (ferulenol) was found to inhibit
P. falciparum growth and displayed a synergic effect in combination with
atovaquone (Hartuti et al., 2018). This phenotype was attributed to the
trifunctionality of PAMQO where it plays an important role in ETC, TCA
cycle, and fumarate cycle (Bulusu et al., 2011; Jayaraman et al., 2012;
Ke et al., 2015). To test the potential inhibition of PAMQO activity, re-
combinant PAMQO overexpressed in the bacterial membrane was used,
and it found that (1) inhibited PAMQO activity in a dose-dependent
manner with an ICsg of 2.15 + 0.29 pM. It has been previously sug-
gested that the ferulenol binding site is distinct from the ubiquinone
binding site, suggesting a third binding site for inhibitors (Hartuti et al.,
2018; Yamashita et al., 2018).

Finally, the possibility of (1) inhibition on the mammalian ETC en-
zymes was investigated, and (1) showed similar inhibition profiles to
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Fig. 4. Inhibition mechanism of (1) against recombinant PAMQO. The (1) is an
uncompetitive and noncompetitive inhibitor versus malate (A) and dUQ (B) of
PfMQO, respectively.

Table 2

The ICso value of all samples against recombinant

PfMQO.
Sample ICso (pg/mL)
AAL-E 9.53 +1.03
AAL-E.1 Inactive
AAL-E.2 Inactive
AAL-E.3 4.39 + 0.32
AAL-E.4 1.97 £ 0.20
AAL-E.5 3.49 £ 0.25
AAL-E.6 4.68 + 0.14
AAL-E.4.1 Inactive
AAL-E4.2 (1) 2.15 £ 0.29
AAL-E.4.3 Inactive
Ferulenol 0.06 £+ 0.01

Data are presented as the average of triplicate
measurements.

complex I-III and II-III activities. Considering that complex I and II in-
hibitors do not share cross-sensitivity, we can conclude that (1) can
inhibit mammalian complex III at high (micromolar order)
concentrations.
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Table 3

Effect of (1) against succinate-cytochrome ¢ (complex I-III) and (complex II-IIT)
compared with the effect of aschoclorine, brequinar, ferulenol, and rotenone as
ETC inhibitors.

Sample ICs of the sample against ICsp of the sample against
succinate-cytochrome ¢ succinate-cytochrome ¢
(complex I-III) (pM) (complex II-IIT) (uM)

1) 13.58 + 2.19 10.83 £+ 0.65

Ascochlorin ~ 0.01 + 0.00 0.01 + 0.00

Brequinar 30.00 + 0.00 22.94 + 1.46

Ferulenol 0.28 + 0.08 0.17 £ 0.01

Rotenone 0.01 + 0.00 1.86 £ 0.11

Data are presented as the average of triplicate measurements.
5. Conclusion

In this study, we showed the isolation of (1) from the leaves of
A. dltilis as the antimalarial constituent. Moreover, we demonstrated
that (1) affects the ultrastructure of parasite’s food vacuole, impairing
the hemoglobin digestion and also inhibits PfMQO. Because
P. falciparum depends on active ETC and TCA cycle for the development
in all life cycle stages, the ability of (1) to inhibit PfMQO offers a great
advantage over chloroquine, which acts exclusively at the intra-
erythrocytic stage. Such a dual-organellar mechanism of action of (1)
can be explored to develop novel antimalarial drugs active against
multiple life cycle stages and reduce the risk of selecting resistant par-
asites. Further research is needed to decrease the toxicity value (1) by
performing molecule structure modification of (1) to obtain compounds
that have the same antimalarial activity but are not toxic to mammalian
mitochondria.
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Fig. 5. Inhibition of (1) (A) and atovaquone (B) against wild type P. falciparum 3D7 and yDHODH-3D7. Data are presented as the average of quadruplicate mea-

surements on the same plate.
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Fig. 6. Isobolograms analysis of (1) versus atovaquone (A), chloroquine and
atovaquone (B), and (1) and chloroquine (C) against Plasmodium falciparum
3D7. The line-of-additivity is shown connecting the FIC = 1.0 from both
compounds. The drug-combination curve below this line (FIC <1.0) indicates
synergism, while above (FIC >1.0) indicates antagonism. All concentrations of
(1) and atovaquone (A) showed antagonism. The concentration of (1) and
chloroquine (C) and chloroquine and atovaquone (B) also showed antagonism,
but there was a concentration that showed synergism.
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