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Abstract

In vivo Antimalarial Activity of the Hydroalcoholic Extract of Rhizomes of Kniphofia
foliosa Hochst and Kniphofia insignis Rendle and their Constituents

Yonatan Alebachew

Malaria is a major public health problem that affects millions of people. The widespread
emergence of antimalarial drug-resistant Plasmodium strains especially the recent emergence of
artemisinin resistance poses a great challenge in future prevention and control of malaria. As a
result, there is an urgent need to discover new, safe, and effective antimalarial drugs with novel
mechanisms of action. In this regard, traditional medicinal plants have paramount importance as
seen in the discovery of the forefront antimalarials. Kniphofia foliosa Hochst and Kniphofia
insignis Rendle are endemic Ethiopian plants traditionally used to treat malaria in different parts
of the country. In the present study the 80% methanol rhizome extracts of both plants and some
of their constituents were investigated for their antimalarial activity.

Fractionation of the hydroalcoholic extract of K. foliosa followed by preparative thin layer
chromatography (PTLC) led to the isolation knipholone, dianellin, 10-knipholone gentibioside
and 12-hydroxypentadec-9-en-1-yl methyl phthalate (HPMP) identified on the basis of
spectroscopic (ESI-MS, 1D and 2D-NMR) data. Similarly, knipholone was isolated for the first
time from crude phenolic fraction of K. insignis. The hydroalcoholic extracts of both plants, the
phenolic fractions from K. foliosa and the compounds isolated thereof showed in
vivo antiplasmodial activity (p<0.001) in Peters’ 4-day suppressive test against P. berghi infected
Swiss albino mice. Particularly, the hydroalcoholic extract of K. foliosa (400 mg/kg), 10-
knipholone gentibioside (100 mg/kg) and knipholone (200 mg/kg) showed the highest activity

with chemosuppression values of 61.52, 79.00 and 60.16%, respectively. From the dose-response



plot, the median effective (EDsp) doses of 10-knipholone gentibioside, knipholone and dianellin
were determined to be 29.04, 81.25 and 92.31 mg/kg, respectively. Molecular docking study
revealed that knipholone had a strong binding affinity to Plasmodium falciparum I-lactate
dehydrogenase (pfLDH) target. Results of the current study showed that the extracts and
compounds of the plants possess genuine in vivo antimalarial effect against P. berghei in mice,

supporting their traditional use for the treatment of malaria.
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1. Introduction

1.1 Malaria

1.1.1 Malaria parasites and their transmission

Malaria continues to be one of the most serious life-threatening tropical infectious diseases. It is
caused by protozoan parasite of the genus Plasmodium which comprises more than 200 single
celled eukaryotic organisms under the phylum Apicomplexa. Among the 200 or more
Plasmodium species, only five cause human malaria. These are Plasmodium falciparum, P.
vivax, P. malariae, P. ovale and P. knowlesi (Cowman et al., 2016; Barber et al., 2017). From
the evolutionary aspect, P. vivax, P. malariae and P. ovale are closely related to a number of
simian malarias. Based on small subunit ribosomal RNA gene sequence analysis, P. vivax
appeared similar to P. fragile, a parasite of toque monkeys. Similarly, P. malariae was
genetically indistinguishable from P. brasilianum, a parasite of New World monkeys (Waters et
al., 1993; Ayala et al., 1999). In fact, it has been suggested that P. brasilianum might have been
P. malariae adapted to a new host over the last few hundred years (Tazi and Ayala, 2011). In
general, it was estimated that these parasites most likely arose alongside the primate hosts about
30 million years ago. And recently, P. falciparum has been found to be derived from P.
praefalciparum, a recent common ancestor of the gorilla parasite, some 40,000 years ago (Otto et
al., 2018).

P. falciparum and P. vivax are responsible for the largest malaria public health burden.
Particularly, P. falciparum malaria is most virulent and fatal due to the complication of cerebral
malaria unless rapidly treated. In 2014, P. falciparum malaria killed approximately 1,200 African
children less than 5 years of age each day (Smith et al., 2001; Maitland, 2016). Besides, it is

associated with severe malaria complications in pregnancy. As relapsing malaria, P. vivax on its



part can survive in climatically unfavorable regions and can stay dormant in a hypnozoite form
in human host liver for many years. As a result, P. vivax is majorly prevalent in Central and
South America and in temperate climates (Alves et al., 2002). Moreover, many Africans who
were negative for the Duffy antigen (also known as atypical chemokine receptor 1, required for
red blood cell invasion) on the surface of red blood cells were found to be immune against P.
vivax malaria (Miller et al., 2002). Now, P. vivax was isolated from Duffy negative patients.
Unlike the other malaria parasites, for P. falciparum and P. vivax humans are the only
mammalian hosts.

The less commonly transpired parasites P. malariae and P. ovale are found in Africa and Asia,
but are especially prevalent in West Africa. P. malariae causes the mildest infections, although it
has been associated with splenomegaly or renal damage upon chronic infection (Mueller et al.,
2007; Alemu et al., 2013). P. knowlesi, which was recently introduced and initially considered as
a parasite of non-human primates, can also lead to severe and even fatal malaria complications
(Singh et al., 2004; Tek Ng et al., 2008).

Human malaria parasites are transmitted from one person to another by female Anopheles
mosquitoes. Male Anopheles mosquitoes do not transmit the disease. There are 400 different
species of Anopheles mosquitos; around 40 exclusively transmit the disease (Sriwichai et al.,
2016). During Anopheles spp. mating, males transfer high levels of the steroid hormone
20-hydroxyecdysone to the females, and the presence of this hormone has been associated with
favorable conditions for Plasmodium spp. development. Malaria competent Anopheles spp. are
abundant and distributed all over the globe, including the Arctic. However, since the efficacy of
malaria transmission depends on the vector species, it varies considerably worldwide; for

example, in tropical Africa, Anopheles gambiae is a major and highly efficient vector (Sinka et



al., 2011, Mitchell et al., 2015). Recently, A. stephensi was discovered as new vector in Ethiopia
(Tadesse et al., 2021).

1.1.2 Lifecycle

The complex life cycle of malaria parasites begins when a plasmodium infected female bites a
human victim. As it bites, an infected Anopheles mosquito injects saliva containing sporozoites
into the skin and blood. The highly motile sporozoites migrate to the liver by crossing through
the sinusoidal barrier, which consists fenestrated endothelial cells and macrophage-like Kupffer
cells and invade a small number of hepatocytes (Miller et al., 2013). Numerous specialized
proteins are required for this traversal process. Broadly speaking, sporozoites injected into the
dermis are in ‘‘migratory mode’’ and upon interaction with hepatocytes convert to ‘‘invasive
mode.”” One signal for this switch is recognition of hepatocytes through binding higher sulfated
forms of heparin sulfate proteoglycans (HSPGs) activating calcium-dependent protein kinase 6
(CDPKS®6). The sporozoite and liver stages are collectively referred to as pre-erythrocytic
parasites and do not cause physical signs or symptoms in the human host (Frevert et al., 1993;
Coppi et al., 2007).

Each sporozoite-infected hepatocyte gives rise to tens of thousands of asexual parasites called
merozoites. After a variable period of 5-16 days on average), merozoites exit the liver into the
bloodstream to begin a 48-hours cycle of erythrocytes invasion, replication, rupture, and
merozoite release. Once inside a red cell, the merozoites develop first into ring form, then into
trophozoite stage. During this period, the parasite feeds on the protein portion of hemoglobin and
a waste product, hemozoin, accumulates in the host cell cytoplasm. The mature trophozoites
(schizonts) again asexually divide to give 16-32 merozoites that egress when developed leading

into the destruction of erythrocyte membrane and explosive release of the parasites to access new



host cells for invasion. The coordinated process of merozoite egress is tightly regulated and
involves a number of protein kinases (Vaughan et al., 2012; Weiss et al., 2015; Cortes and
Deitsch, 2017; Milner, 2017).

When the infected red blood cells (erythrocytes) rupture, clinical symptoms become evident. The
symptoms include fever, headache, chills, sweats, vomiting, myalgias, and malaise. The severity
of these symptoms has been correlated with parasite load. In the early stage of clinical
manifestation, the fever attacks are periodic, every first day for P. knowlesi, every second day for
benign tertian malaria, P. vivax; P. ovale; and subtertian malaria, P. falciparum; and every third
day for quartan malaria, P. malariae, and this corresponds to release of a new generation of
merozoites in the bloodstream. Again, the periodicity is regulated by human melatonin through a
calcium-dependent pathway by increasing inositolpolyphosphate production in intraerythrocytic
parasites (Mackintosh et al., 2004).

While a new generation of merozoites released during erythrocyte rupture will each potentially
invade a new erythrocyte to continue the cycle, few of them will develop into male or female
gametocytes which are dormant in human and may be ingested by a mosquito during a blood
meal. Inside the mosquito mid gut, the male and female gametocyte fuse to form the zygote, at
which time the parasite becomes diploid and homologous recombination can lead to significant
genetic variability of progeny. Finally, they would become sporozoites that enter the mosquito
salivary gland to complete the life cycle (Baker, 2010; Smith et al., 2014). Figure 1 (Phillips et

al., 2016) presents a brief life cycle of the malaria parasite.
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Figure 1. Life cycle of the malaria parasite. (Phillips et al., 2016).

1.1.3 Epidemiology

Malaria is one of the leading global public health challenges. There were an estimated 226
million cases of malaria and 405,000 deaths in 2018 (WHO, 2019). The number stands as 2.6
times as many deaths from armed conflicts in 2016, which were estimated to be 167,000 (lISS,
2016). It occurs mostly in poor tropical and subtropical areas of the world, where the Africa
region accounted for 93% of all malaria cases and 93.8% of malaria deaths (WHO, 2019).
Millions of people across Africa lack access to the preventive tools and chemoprevention drugs

they needed. Most often, pregnant women and children under five years old are severely
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affected. For instance, from the total deaths due to malaria in 2018, 67% or 272,000 were
children under 5 years of age. That is nearly 745 children under age five daily or one child under
five every two minutes dies of malaria in 2018 alone, and most of these deaths occurred in Sub-
Saharan Africa (Snow et al., 2017; WHO, 2019). In addition to funding shortfalls and fragile
health systems, the major contributor to malarial morbidity and mortality is almost certainly the
increasing resistance of malaria parasites to available drugs (Faroog and Mahajan, 2004).

In Ethiopia, there has been success in the past recent years to reduce malaria burden. However, it
is prevalent in 75% of the country putting over 40 million people at risk. It affected 4 to 5 million
peoples and there were an estimated 621,345 new cases and 1561.7 deaths (WHO, 2017). The
disease accounts for 7% of outpatient visits to health clinics and represents the third largest cause
of morbidity (Girum et al., 2019). In addition, 8% of global P. vivax malaria cases occur in
Ethiopia (WHO, 2019). This was because most Ethiopians are Duffy antigen positive. The
transmission of malaria in Ethiopia depends on altitude and rainfall with a lag time varying from
a few weeks before the beginning of the rainy season to more than a month after the end of the
rainy season (FMH, 2006; Adugna, 2009). Epidemics of malaria are common in Ethiopia
involving even the highland or highland fringe areas (Kebede et al., 2005). Hence, the fight

against malaria in Ethiopia remains a public health priority.

1.2 Natural products

Natural products from plants have played very significant role throughout history in the fight
against malaria. For example, the aqueous extracts of cinchona bark had been an effective
antimalarial preparation for more than 300 years. Later, quinine (1), the major active alkaloid of

cinchona was isolated in the 1820s. Quinine had remained as the only available antimalarial


javascript:;

agent until the discovery of chloroquine (2) and other synthetic aminoquionlones. Some of these
synthetic antimalarials were even designed based on the structure of quinine. Quinine is still used
to today to treat some cases of chloroquine resistance strains (Meshnick and Dobson, 2001; Kaur
et al., 2009). Similarly, when the parasites become chloroquine resistant and the malaria burden
was at stake in Southeast Asia, artemisinin was isolated from the cold ether extracts of the leaves
of Chinese traditional medicinal herb, Artemisia annua in 1972 (White et al., 2015). Artemisinin
was the greatest antimalarial compound for it was gameteocidal thereby limiting the transmission
of malaria. A. annua or QingHao (green herb) has been used in Chinese traditional medicine as
febrifuge for more than 4 hundreds years (Brossi et al., 1988; Cumming et al., 1996; White et
al., 2015). Currently, the artemisinin-based combination therapies (ACTs) are first line
treatments for uncomplicated falciparum malaria in all endemic countries (Mullard, 2018).

Inspired by the above success, different classes of antimalarial compounds were isolated from a
variety of plant families. Although hundreds of potent antimalarial compounds were isolated
from African traditional medicine, there hasn’t been any clinically successful molecule (Saxena
et al., 2003; Beroa et al., 2009; Ntie-Kang et al., 2014). To have a clinical candidate leads, more
medicinal plant extracts, fractions, and compounds from African traditional medicine are
supposed to be evaluated. In other words, African traditional medicine with its reach and majorly
untouched ethnopharmacological resource has to be scientifically validated and standardized
(Hostettmann et al., 2000; Pillay et al., 2003). For the particular case of antimalarial medicinal
plant research in Ethiopia, there is an even more lucrative account of untouched or less-
extensively investigated medicinal plant biodiversity. Therefore, in a continued search for lead

antimalarial compounds from Ethiopian medicinal plants (Asamenew et al., 2014; Girma et al.,



2015), the rhizomes and constituents of Kniphofia foliosa Hochst and Kniphofia insignis Rendle

have been investigated for their in vivo antimalarial activity against Plasmodium berghei in mice.

1.3 The genus Kniphofia

1.3.1 Description

The genus Kniphofia are members of the sub-family Asphodeloideae, family Asphodelaceae
which comprises 70 species mainly confined to Africa (Dahlgren et al., 1985). Fifteen species
have been recorded in Eastern Africa, of which seven of them occur in Ethiopia. Interestingly,
five of the seven are endemic to Ethiopia. These are K. foliosa, K. insignis, K. isoetifolia, K.
schimperi and K. hildebrandtii (Whitehouse, 2002; Demissew and Nordan, 2010). These plants
grow from a thick rhizome in aggregates or solitarily, rarely with a thick, well developed woody
stem. The leaves appearing at this non woody stem are arranged in basal rosettes, usually in 4 or
5 ranks, linear and tapering gradually to the apex. The inflorescence is simple, often subcapitate.
The flowers produced thereof are most beautiful with varied flowers ranging from white to pink,
yellow to red or brownish to various shades of red. Characteristically, the red color (pigment) is
often more conspicuous at the apex, thus giving them a bicoloured appearance.Not only that they
display these varied colours, they also display two different patterns of flower opening. In K.
isoetifolia and K. pumila, the flowers open from top downwards (centrifugal), while in the other
species the flowers open from base upwards (centripetal). Their flowers are sessile or with a

short pedicel (Demissew and Nordan, 2010).



1.3.2 Distribution

Members of the genus are distributed in arid and mesic regions of the temperate, subtropical and
tropical zones of the World, with the main center of diversity in southern Africa. Some of species
are found to grow in grassland, grassy slopes, on steep hillsides and near streams in tall grass
between 1220 and 2650 (-3150) m. Others grow on roadsides, on overgrazed areas with
scattered trees, hillsides, on rock outcrops, and mountain plateaus between 2400 and 4000 m.
Generally, most of the species usually prefer well drained soil, river banks, and in montane
grassland. The plants also have a widespread occurrence in different regions of Ethiopia and
Eritrea. They are found on steep grassy or rocky slopes, mountains of and marshy ground
between 2400 and 3650 m in the Tigray, Gondar, Wollo, Shewa (Sululta), Arsi, Bale, Sidamo,

and Harerge regions (Whitehouse, 2002; Demissew and Nordan, 2010).

1.3.3 Ethnobotanical use

In Ethiopia, the roots of K. foliosa are used for the treatment of abdominal cramps and for wound
healing (Abate, 1989). The plant is also used to remove endoparasites in cattle. Likewise, plant
infusions of K. buchananii, K. parviflora, K. laxiflora, and K. rooperi are used in South Africa as
snake deterrents and for chest ailments. The genus Kniphofia, and to some extent also Bulbine,
are included among several ornamental plants with economic potential. Inflorescences of
members of the genus are sold as cut flowers, although mostly of South African species. Most
importantly, the broad role of these plants in folk medicine suggests their feasible

pharmacological potential (Hutchings et al., 1996).



1.3.4 Phytochemistry

The phytochemistry of species of the genus Kniphofia is not intensively investigated. Only some
anthraquinones are reported from few members of the genus. A study on the chemotaxonomic
significance of anthraquinones in the family Asphodelaceae have qualitatively identified some
anthraquinones in 46 species of the genus Kniphofia and Aloe using analytical TLC and HPLC
(van Wyk et al., 1995). Furthermore, two new anthraquinones, kniphofiones A and B (4, 5),
together with other seven previously known monomeric and dimeric anthraquinones such as
chrysophanol (6), aloe-emodin (7), asphodeline (8), microcarpin (9) were isolated from the
whole parts of K. ensifolia (Dai et al., 2013). Similarly, two new compounds, an indanone
derivative kniphofiarindane (10) and a naphthalene derivative kniphofiarexine (11) together with
other known compounds (12) were reported from the rhizomes of K. reflexa (Sema et al., 2018).
Likewise, 3,5,8-trihydroxy-2-methylnaphthalene-1,4-dione (13) and dimeric anthraquinones
(8,14) were reported from the roots of K. isoetifolia (Meshesha et al., 2017). Moreover, Dagne
and Steglich (1984) isolated knipholone (15) as the first plant derived novel phenylanthraquinone
from the roots of K. foliosa. Then other new knipholone derivatives; knipholone anthrone (16),
knipholone cyclooxanthrone (17), and other anthraquinones, 10-methoxy- 10,7’-(chrysophanol
anthrone)-chrysophanol (18), 10-(chrysophanol-7'-yl)-10-(B)-hydroxychrysophanol-9-anthrone
(13), chryslandicin (19), and chrysophanol (6), were reported from the roots of K. foliosa (Dagne
and Yenesew, 1993; Wube et al., 2005; Abdissa et al., 2013). In addition, miscellaneous
compounds such as lectin-like proteins, shikimic acid and quinic acid were also reported from

different species of genus Kniphofia (Ripperger et al., 1970).
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Figure 2. Chemical structures of anti-malarial drugs (1-3) and compounds from the genus
Kniphofia (4-19).

1.3.5 Pharmacological activities
There are very few reports on in vitro antiplasomodial and anticancer activities of some species

of Kniphofia. The dichloromethane and ethyl acetate extract of K. foliosa and the anthraquinons
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isolated thereof have been reported to have in vitro antimalarial activity against the chloroquine-
sensitive 3D7 strain of Plasmodium falciparum. 3,5,8-Trihydroxy-2-methylnaphthalene-1,4-
dione (13) and the dimeric anthraquinones (18) were found to be the most active with ICs
values of 0.260 and 0.537 pg/ml respectively (Wube et al., 2005). Similarly, compounds isolated
by in vitro antiplasmodial bioassay guided approach from the roots of K. ensifolia showed
activity against chloroquine-resistant Dd2 strains of P. falciparum. Interestingly, (13) and (18)
were the most active compounds with 1Csy values of 0.4 and 0.2 uM, respectively (Dai et al.,
2013). Compounds (10) and (12) isolated from K. reflexa displayed cytotoxic effect against
kidney epithelial cell line (LLC-MK?2), with the latter showing superior activity (CCsy = 4.44
ug/ml) than the former (Sema et al., 2018). Similarly compounds (8) (13) and (14) isolated from
the rhizomes of K. isoetifolia showed in vitro antibacterial activity against four bacterial strains
(Meshesha et al., 2017). Furthermore, knipholone anthrone (16) exhibited rapid onset of
cytotoxicity in leukaemic and melonocyte cancer cell lines with ICs values ranging from 0.5 to

3.3 uM (Habtemariam, 2010).

14 Kniphofia foliosa Hochst and Kniphofia insignis Rendle

1.4.1 Description and distribution

Kniphofia foliosa is easily distinguished by the funnel shaped to tubular perianth, 18-27 mm
long. Its flowers open from base upwards (centripetal). On the other hand, K. insignis is clearly
distinguished from other species by the white perianth, which is unusual in the genus, and also
by the fusiform roots. Whilst K foliosa grows on roadsides, on overgrazed areas with scattered
trees, hillsides, on rock outcrops, and mountain plateaus, K. insignis often grows in water-logged

or flooded meadows. K. foliosa is more widespread than K. insignis. The flowering period for K.
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foliosa is from June to October, but it sometimes extends to December- January in wetter places
and forest margins. On the other hand, the flowering period of K. insignis is from June to

September (Whitehouse, 2002; Demissew and Nordan, 2010).

1.4.2 Ethnobotanical uses, chemistry, and pharmacological reports

The roots of K. foliosa and K. insignis are traditionally used for the treatment of abdominal
cramps, malaria and wounds (Abate, 1989; Mothana et al., 2009). Previously, six
anthraquinones, viz (8), (15), (17), (14), (18) and (19) were isolated from the roots of K. foliosa
(Wube et al., 2001; Abdissa et al., (2013). All the the isolated compound showed in vitro
antimalarial activity with varying activity levels. To date, there has not been any report

concerning the phytochemistry and pharmacological activity of K. insignis.

1.5 Statement of the problem

Currently, malaria research has achieved an impressive success such as sequencing plasmodium
genome, elucidating the pathobiology and drug resistance mechanisms of malaria, discovering
new targets, and developing newer malaria bioassay techniques. Sadly, the disease still remains
to be a public health challenge with worryingly high death toll especially in Africa. Besides lack
of access to preventive tools and adequate treatment facilities in malaria endemic regions, by far
the major cause of this daunting result has been the emergence of parasite drug resistance to
available drugs (White, 1999; Wellems, 2002). Moreover, the recent emergence of resistance
toward artemisinin combination therapy is the greatest future threat (Menard and Dondorp,

2017). Thus, there is undoubtedly an urgent need for novel, safe and effective antimalarial drugs.
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Among the various drug discovery strategies, isolation of natural products from traditional
medicinal plants stands strong as the history of antimalarial drug therapy is self-evident. It is
often said that 80% the population in Ethiopia relies on traditional medicine for their primary
health care. However, the vast proportion of medicinal plants has not been evaluated for their
antimalarial activity. Thus, in the present study two traditionally used antimalarial plants namey,
Kniphofia foliosa and K. insignis have been scientifically investigated for their in vivo

antimalarial activities against Plasmodium berghi in mice.
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2 Objectives

2.1  General objective

» To evaluate the antimalarial activity of the rhizomes of Kniphofia foliosa and K.

insignis and the compounds isolated therefrom.

2.2  Specific objectives

>

To evaluate antimalarial activity of the hydroalcoholic extracts of extracts

Kniphofia foliosa and K. insignis;

To fractionate the extract and isolate and compounds from the active

fractions;
To determine the antimalarial activity of the isolated compounds;
To elucidate the structures of the isolated compounds; and

To carry out molecular docking study of the isolated compounds
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3 Materials and methods

3.1 Materials

3.1.1 Chemicals and reagents

Hexanes, chloroform, ethyl acetate, methanol (all from Sigma-Aldrich Co., MO, USA) and
distilled water were the solvents used for extraction, fraction and isolation. Chromatographic
separation was performed by analytical TLC on Silica gel 60 F254 (0.2 mm thick), column
chromatography on Silica gel 60 (70 - 240 mesh) (Merck KGaA, Darmstadt, Germany) and solid
phase separation on Isolute C;g columns (10 g; IST, Hengoed, UK). The following chemicals and
drugs were used for the experiment: Trisodium citrate (BDH Chemicals Ltd, England), Geimsa
(ESJAY Chemicals, Maharashtra, India), and pure chloroquine phosphate was supplied by

Ethiopian Pharmaceutical Manufacturing Factory (EPHARM, Ethiopia).

3.1.2 Instruments

NMR spectra were recorded at 500 MHz for *H and 125 MHz for *3C on a Bruker Avance
DMX400 FT-NMR spectrometer (Bruker, Billerica, Massachusetts, USA) using
tetramethylsilane (TMS) as internal standard. All spectra were measured in CDCl3, except for
compounds 1, which was dissolved in CD3;OD. High resolution mass spectra (HRMS) were

determined on a Shimadzu LC - MS Advanced spectrometer (Shimadzu, Kyoto, Japan) in the

positive and negative modes.
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3.2 Methods

3.2.1 Plant collection

The rhizomes of K. foliosa were collected in February 2017 from mount Kundi near the city of
Ankober in Shewa region of Central Ethiopia and identified by Professor Sebsibe Demisew at
the National Herbarium, Addis Ababa University (AAU), Addis Ababa, Ethiopia, where voucher
specimens were deposited (Collection number: YAQ01/2017). The rhizomes of K. insignis were
collected in September 2018 from water-logged meadows of Sululta, in Oromiya region of
Ethiopia and identified by Mr. Melaku Wondafrash, a senior botanist at the National Herbarium,
College of Natural and Computational Sciences, AAU, where the voucher specimens were

deposited (Collection number: YAQ001).

3.2.2 Extraction, fractionation and isolation

The air dried powdered rhizomes of both experimental plants were soaked in 80% methanol at
room temperature for 4 days with occasional shaking. Removal of the organic solvent using
rotary evaporator (BUCHI Rotavapor™ R-300, Switzerland) followed by freeze drying of the
remaining water extract yielded a dark red gummy solid for K. foliosa and a red solid for K.
insignis. Portion of the dried extracts were dissolved in 5% KOH solution and partitioned with
chloroform to remove the nonphenolic components. The aqueous phase was acidified with 2%
HCI and then further partitioned with chloroform. The chloroform layer was collected and
concentrated in a rotary evaporator to give a dried solid designated crude phenolic fraction 1. In
addition, for K. foliosa, the reddish solid mass (methanol soluble) formed between the acidified
aqueous and chloroform layers was collected as phenolic fraction Il. Purification of phenolic

fraction | of K. foliosa by preparative TLC and column chromatography, respectively gave
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(Figure 3) KFP-1 and KFP-5. Likewise, phenolic fraction Il gave (Figure 3) KFP-3 after
purification using preparative TLC and solid phase extraction on Isolute Cig columns.
Furthermore, portion of the hydroalcoholic extract of K. foliosa was fractionated on silicagel
flash column chromatography to yield three fractions. Fraction 1 was eluted with 100%
chloroform, fractions 2 and 3 with a mixture of chloroform and methanol (1:1), and fraction 4
with 100% methanol. Fraction 3 was concentrated and freeze dried to give viscous solid, which
was further purified by sequential PTLC and solid phase extraction on Isolute Cig columns to
give YKFM-2 (Figure 4). Also, purification of the phenol fraction of K. insignis by preparative

TLC gave AL-1 (Figure 5).
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Figure 3. Isolation scheme of KFP-1, KFP-3 and KFP-5 from Kniphofia foliosa
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Figure 4. Isolation scheme of YKFM-2 from Kniphofia foliosa
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Figure 5. Isolation scheme of AL-1 from Kniphofia insignis

3.2.3 Experimental animals and rodent parasite
Healthy, 5-6 weeks old Swiss albino mice of either sex weighing 20-25 g were employed

throughout the experiment. Most of the mice were obtained from the animal house of the School

22



of Pharmacy (SoP), AAU, and the rest were purchased or gifted, respectively, from the Ethiopian
Health Nutrition and Research Institute (EHNRI) and Rift Valley Health Science College, Addis
Ababa. The animals were held in stainless steel cages at room temperature and relative humidity
forl2 hour light-dark cycle. They were provided with food and water ad libitum in the animal
house of the SoP, College of Health Sciences, AAU. They were acclimatized for one week
before the experiment.

Chloroquine (CQ) sensitive Plasmodium berghei ANKA strain was used. The donor mice
infected with the parasite was obtained from EHNRI. The parasites were maintained by serial
blood passage from mouse to mouse at 5 days interval. All procedures followed were in
accordance with the Guide for the Care and Use of Laboratory Animals (NIH Guidelines for
Care and Use of Laboratory Animals, 1996) and were approved by the Ethical Review Board of

the SoP, AAU.

3.24 Acute oral toxicity testing

Acute oral toxicity study was conducted as per the internationally accepted protocol of OECD
Guideline 425 (OECD, 2008). Twenty healthy Swiss female albino mice weighing 20-25 g were
randomly grouped into 4 each having 5 mice. Following 3-4 h of fasting (food only), one mouse
from each group was orally administered 2000 mg/kg of the hydroalcoholic extract K. foliosa, K.
insignis, KFP-1 and YKFM-2, consecutively. This was repeated on the remaining mice for the
following four days. The mice were then observed individually for any physical or behavioral
changes such as loss of appetite, ruffled fur, lacrimation, mortality, and other signs of toxicity for
4 h. The same procedure was followed for the remaining mice for the next five consecutive days

and the results recorded. The follow-up observations were continued for all mice for 14 days.
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3.25 In vivo antimalarial assay

3.25.1  Inoculation

Blood smear was prepared on microscope slides from blood films taken from the donor
(infected) mouse tail. The smear was fixed with methanol and stained with Giemsa to determine
parasitaemia level of the donor under a microscope (Primo Star, Carl Zeiss, Germany). The mice
were then inoculated on day 0 with parasitized erythrocytes obtained from the donor by cardiac
puncture using a sterile syringe when the parasitaemia level was 30-40%. The blood from the
donor was collected on a Petri dish containing 2% trisodium citrate and was immediately diluted
with uninfected mouse blood and normal saline in such way that the final volume contains 5 x
107 infected erythrocytes/ml of blood. The diluted blood (0.2 ml) was injected into all the

experimental mice intraperitoneally (Waako et al., 2005; Hilou et al., 2006).

3.2.5.2 4-Day suppressive test

The standard 4-day suppressive method was used for antimalarial evaluation of the test
substances. The test was carried out in three phases. K. foliosa extract and its phenol fractions
were evaluated in the first phase followed by KFP-1 and KFP-3 in the second phase, and YKFM-
2 in the third phase respectively. During the first phase, 60 inoculated mice were randomly
grouped into 12 groups each having five mice. Group 1 served as a negative control (distilled
water,Vehiclel, 0.2 ml) for the extract and phenolic fraction 2 treated groups, while group 2
animals were used as a negative control (1% tween 80, Vehicle2, 0.2 ml) for phenolic fraction 1
treated group. The third group which served as a positive control was treated with standard pure
chloroquine (25 mg/kg/day). The remaining nine groups were treatment groups and received

100, 200, and 400 mg/kg/day of the hydroalcoholic extract and the two phenol fractions.
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Similarly, during evaluation of KPF-1 and KFP-3, 45 inoculated mice were randomly grouped
into 9 groups, each containing five mice. The first two groups were negative controls (distilled
water, Vehicle3, 0.2 ml) and positive controls (standard pure chloroquine, 25 mg/kg/day). The
rest of the groups were treatment groups and received KFP-1(25, 50, 100 and 200 mg/kg/day)
and KFP-3 (25, 50 and 100 mg/kg/day). During the third phase, a similar procedure was
followed to test K. insignis extract and YKFM-2 on 40 inoculated mice at doses of 100, 200, and
400 mg/kg/day, and 25, 50, and 100 mg/kg/day, respectively. All the test substances were
administered orally using oral gavage. Treatment was started 3 h post-infection on day 0 and
continued daily for the next 3 days (i.e. from day 0 to day 3). On the fifth day (or day 4), two
Giemsa-stained blood smears were prepared from the tail blood of each mice to count the
number of parasites under the microscope with an oil immersion objective of 100x magnification
power (Ancelin et al., 2003; Vennerstrom et al., 2004; Fentahun et al., 2017).

Mean percent parasitaemia and percent suppression were calculated using the following formula.

9% P temia = (Number of parasitized RBC) 00
0 Farasitea = otal number of RBC count

Mean parasitemia of negative control - Mean parasitemia of treated

% suppression = ( ) X100

Mean parasitemia of negative control

3.2.5.3 Body weight and survival time measurement

Body weight and mean survival time were also used to evaluate the in vivo antimalarial activity
of the test substances. Body weight of each mouse was measured on day 0 before infection and
on day 4. Survival time was recorded from day 1 to day 28 post inoculation. Then, the mean

body weight and mean survival time were calculated for each group (Teka et al., 2016).
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3.2.6 Molecular docking study

Docking study was carried out on two crystal structures of plasmodium enzymes plasmepsin 11
(PDB: 4CKU) and I-lactate dehydrogenase (pfLDH) [PDB: 1LDG], using SeeSar10.0 software
(BioSolvelT, Sankt Augustin, Germany). For plasmepsin Il, the selected binding site was the
binding pocket of a previously designed inhibitor P2FE-400, while for pfLDH, the cofactor
NADH binding site was selected for docking. The HYDE score was used to estimate the binding

affinity of the molecules (Schneider et al., 2012; Schneider et al., 2013).

3.2.7 Statistical analysis

Data analysis was carried out using IBM SPSS (Statistical Package for Social Sciences) Statistics
for Windows, Version 20.0. Armonk, NY: IBM Corp. Results were expressed as mean *
standard error of mean (M = SEM). Statistical significance was determined by one-way ANOVA
followed by Tukey post hoc test to compare percent suppression (activity), mean survival time
and percent changes in body weight of the P. berghei infected mice among the treatment and

control groups. P < 0.05 were considered significant.
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4 Results and Discussion

4.1 TLC chromatogram of the compounds

As illustrated in section 3.2.2, phytochemical investigation of the rhizome extracts of K. foliosa
over silica gel column and PTLC resulted in the isolation of four compounds (1-4). The TLC
chromatograms of these compounds are shown in Figures 6-9. Similarly the the rhizome extract

of K. insignis afforded compound 5 (Figure 7).

(a) (B)

Figure 6. TLC chromatogram of compound 1 (YKFM-2) applied as a spot; viewed under UV
254 (A) and 366 nm (B) light source with the solvent system BAW (butanol: acetic acid:water
upper layer; 4:1:5): ethyl acetate (1:1).
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A ®)

Figure 7. TLC chromatogram of compound 2 (KFP-1) and compound 5 (AL-1) applied as a
spot; viewed under UV 254 (A) and 366 nm (B) light source with the solvent system toluene:
ethyl acetate (5:1).

(A) (B) (&) D)

Figure 8. Normal and reversed phase TLC chromatogram of compound 3 (KFP-3) applied as a

spot. A and B are normal phase chromatograms viewed under UV 254 (A) and 366 nm (B) light
source with the solvent system CHCIl3:MeOH:H,0 (40:10:1); and C and D are reversed phase
chromatograms viewed under UV 254 (C) and 366 nm (D) light source with the solvent system

MeOH:H,0 (4:1).
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(A) (B)
Figure 9. TLC chromatogram of the compound 4 (KFP-5) applied as a spot; viewed under UV

254 (A) and 366 nm (B) light source with the solvent system hexane: ethyl acetate (3:1).

4.2 Structural elucidation compounds 1-4

Compound 1 was obtained as a light red amorphous solid. The positive high resolution-ESI mass
spectrum gave a pseudomolecular ion at m/z 547.1619 [M+Na]" (calcd. m/z 547.1791 [M+Na]",
corresponding to a molecular formula CasH3,015. In the *H NMR spectrum, four proton signals
which resonated at & 7.12 (s, H-4), 7.28 (1H, dd, J = 1.3, 7.3 Hz, H-7), 7.36 (1H, d, J = 8.2 Hz,
H-6) and 7.40 (1H, dd, J = 1.3, 8.2 Hz, H-5) indicated the presence of aromatic ring moiety.
Three of these proton signals which are multiplets imply that they are found in close proximity
(or are adjacent) and the fourth singlet aromatic proton peak at & 7.12 (s, H-4) provides clues for
the presence of a fused aromatic ring system. The presence of a disaccharide unit in compound 1
was revealed by the typical anomeric proton signals at & 3.31 (1H, m, H-4"") and 5.05 (1H, d, J =
7.9 Hz, H-1"). The proton peaks from 6 5.05 to 2.91 further justify the presence of a disaccharide

moiety. The *C spectrum region from & 76.82 to 66.59 also confirmed that the compound
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contains a disaccharide moiety. In addition, the two elevated *C sugar signals at & 102.84 and
100.86 indicate that the sugar units are linked through acetal bond. Furthermore, the absence of
one CH signal in the sugar region (6 76.82 - & 66.59) suggests that one of the sugar units is
rhamnose. And this was found to be in good agreement with **C NMR reports of similar
glycosides (Cichewicz and Nair, 2002; Dias et al., 2009). Hence, the disaccharide moiety was
confirmed to be rhamnose-glucose 1,6 linkage. In addition, the presence of 10 **C signals from &
154.71 to 6 110.5 implies that the fused aromatic ring system is naphthalene. Six of these carbon
signals are absent from DEPT spectrum indicating that they are quaternary aromatic carbons.
Besides, two of them are elevated (6 154.71 and & 151.49) suggesting that they are oxygenated
quaternary aromatic carbons. On the other hand, the two less elevated (6 136.74 and & 113.54)
quaternary aromatic carbons are the bridgehead carbons of the fused aromatic system (Dias et
al., 2009). The remaining two quaternary aromatic carbon signals resonated at & 124.73 (C-2)
and & 133.30 (C-3). Lastly, the *3C signals at 207.7 and 41.3 are the carbonyl carbon and its
acetyl methyl. Therefore, based on the above evidence and in comparison with *H and **C NMR
data of the same and related compounds (Cichewicz et al., 2002; Dias et al., 2009), compound 1
was characterized as dianellin or 1-(1-hydroxy-3-methyl-8-(((2S,3R,4S,5S,6R)3,4,5-trihydroxy-
6-((((2S,3S,4S,5S,6R)3,4,5-trihydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)
methyl)tetrahydro-2H-pyran-2yl)oxy)naphthalen-2-yl)  ethanone (Figure 10). Table 1
summerizes NMR data of compound 1.

Compound 2 was isolated as an orange colored amorphous solid. The molecular formula was
determined as C,4H150g by positive-ion ESI-MS spectrometry (m/z 458.21 [M+Na]"), which was
also consistent with *H and *C NMR spectral data. The chelated hydroxyl protons shown as

singlet peaks at & 12.6 (1H, s, -OH, H-1) and 11.9 (1H, s, -OH, H-8) and the typical ABC pattern
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of the proton peaks at 6 7.57 (1H, dd, J = 8, 7 Hz, H-6), 7.55 (1H, dd, J =7, 1.5 Hz, H-5), 7.21
(1H, dd, J = 8, 1.5 Hz, H-7) indicate the presence of chrysophanol moiety. Besides, the singlet
aromatic proton signal present at 6 7.28 suggests that it is found adjacent to substituted aromatic
carbon. The **C and DEPT spectrum of compound 2 also supports the presence of chrysophanol
moiety (Dagne and Steglich, 1984; Bezabih and Abegaz, 1998). Moreover, from the 3C
spectrum, additional aromatic carbon signals at 6 152.44, 132.72, 125.75, 125.31, and 120.11
together with the *H peaks at 14.3 (s, OH), 6.19 (s, aromatic H), 5.70 (s (br), OH) and 3.91 (s,
OCHj3) indicate the attachment of methyl etherified acetylphloroglucinol moiety to the
chrysophanol. These data in comparison with the reported *H and **C NMR results identified
compound 2 as knipholone (Figure 11). Table 2 summerizes the NMR data of compound 2.

Compound 3 was obtained as a red solid. The negative-ion ESI-MS of KFP-3 showed molecular
ion peak at m/z 760.36 [M] ~ and its positive-ion ESIMS showed a pseudomolecular peak ion at
m/z 784.30 [MH+Na]* (Molecular weight:760.69). This together with the 'H NMR data
determined the chemical formula of compound 3 as C3sH40O1s. The fragment ion peak at 325.40
on negative-ion ESIMS (Figure 12) indicates the presence of gentiobiose disaccharide moiety.
The fragment ion peak at 717.31 [M — COCHj3] = on negative-ion ESIMS further infers the
compound as a knipholone gentiobioside (Qhotsokoane-Lusunzi and Karuso, 2001a). Giving
additional proof was the fragment ion peak at 581.54 [M — acetylphloroglucinol] * on positive-
ion ESIMS (Figure 13). From *H NMR spectrum, the anomeric protons at & 5.21 and & 4.43 and
the CH sugar proton peaks from & 3.1 to 4.5 support presence of gentiobiose moiety. There are
five typical knipholone type aromatic proton signals at & 7.71 (1H, dd, J = 7.5, 8.4 Hz, H-6), 6
7.6 (1H, d, J = 6.8 Hz, H-5), 8 7.31 (1H, s, H-2), 5 6.9 (1H, dd, J = 1.1, 8.3 Hz, H-7) and & 6.14

(1H, s, H-5") indicating chrysophanol unit. The singlet aromatic proton at 6 6.14 (s, H5'), the
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OCHg3; protons at 6 3.89, the acetyl methyl protons at 6 2.52 and hydroxyl protons at 6 4.51 and o
8.51 prove that the acetylphloroglucinol unit is attached to chrysophanol. Furthermore, the
remaining proton signal at § 2.12 clearly identifies the aglycone to be knipholone (Qhotsokoane-
Lusunzi and Karuso, 2001a; Qhotsokoane-Lusunzi and Karuso, 2001b; Abegaz et al., 2002).
Therefore, combining these results and in comparison with *"H NMR and **C NMR data of
similar compounds, compound 3 was characterized 10-knipholone gentiobioside or 4-(3-acetyl-
2,6-dihydroxy-4-methoxyphenyl)-1,8-dihydroxy-3-methyl-10-(((3R,4S,5S,6R)-3,4,5-trihydroxy-
6-((((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)
methyl)tetrahydro-2H-pyran-2-yl)oxy)anthracen-9(10H)-one (Figure 14). Table 3 summerizes
NMR data of compound 3.

Compound 4 was isolated as a yellow amorphous solid. It exhibited a pseudomolecular ion peak
at m/z 427 [M+Na]" on the positive-ion ESI-MS spectrum suggesting its molecular weight to be
404.54. The chemical formula C,4H3505 was deduced for Compound 3 on the basis of ESI-MS
and NMR data. In the *H NMR spectrum, the four distinct aromatic proton signals (at 6 7.85, 0
7.69, & 7.3, & 7.12) denote the presence of a disubstituted aromatic ring. The peak at 6 3.7 is
indicative of the presence of OCHj protons. The broad peak at & 5.5 CH (SP?) establishes the
presence of double bond. In addition, there is an indication for OCH (at & 4.35a, 4.15b) and OH
proton (at 6 5.13). The proton peak at 6 2.8 affirms the presence of OCH proton (also supported
by 13C). The other proton peaks in the upfield region between 6 2.3 and 6 0.89 are congested CH»
peaks with the one at the end being CH3 (5 0.89). In the *C NMR spectrum, there are 8 signals
between 6 135.17 and & 127.09 in two sets, 6 of them are aromatic ring carbons and two are CH
(SPZ) double bond carbons. Furthermore, the two carbonyl carbon peaks shown at 6 174.30 and &

172.83 suggest the occurrence of esterified OCH3z and long-chain alkane. This is clearly
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supported by the DEPT spectrum which shows a single OCH; peak at & 62.08 and OCHj3 peak at
0 51.42, and the rest of the congested CH; carbon peaks are aligned as expected from & 34.04 to
0 14.12 with peak at 6 14.12 assigned to CH3 (Peakall, 1975; Amade et al., 1994; Sastry and Rao,
1995; Lee et al., 2000; Chatterjee and Dutta, 2003). Hence, based on the above data and in
comparison with the *H NMR and **C NMR of related compounds, the structure of compound 4
was determined to be 12-hydroxypentadec-9-en-1-yl methyl phthalate (HPMP) (Figure 15).

Table 4 summerizes NMR data of compound 4.

Table 1.'H and *C NMR data of compound 1 measured in deuterated methanol

Present data Reference data (Cichewicz et al., 2002)

Position 3¢ (ppm) 8w (ppm) Sc (ppm)  3u (ppm)

1 151.49 - 150.2 -

2 124.73 - 125.2 -

3 133.30 - 132.8 -

4 119.58 7.12 (1H, s) 119.4 7.21 (1H,s)

5 122.58 7.40 (1H,dd,J=13,82Hz) 1223 7.47 (1H, dd, J = 1.0, 8.0 Hz)

6 127.20 7.36 (1H, d, J=8.2 Hz) 127.3 7.40 (1H, dd, J = 8.0, 8.0 Hz)

7 110.51 7.28 (1H,dd,J=1.3,7.3,Hz) 110.7 7.30 (1H, dd, J = 1.0, 8.0 Hz)

8 154.71 - 154.2 -

9 113.54 - 113.2 -

10 136.74 - 135.7 -

1 102.84 5.05(1H,d, J=7.9 Hz) 102.6 5.04 (1H,d, J=7.5Hz)

2 73.57 3.46 (1H,t,J=8.8 Hz) 73.3 3.39 (1H, m)

3 76.82 3.37 (1H, m) 76.2 3.36 (1H, m)

4’ 70.13 2.91 (1H, m) 70.1 3.18 (1H, m)

5 76.10 3.68 (1H, m) 76.0 3.59 (1H, m)

6 66.59 4.05 (1H, d, J=8.9 Hz); 3.63 66.6 3.93 (1H, dd, J = 15, 11.0
(AH, m) Hz); 3.50 (2H, m)

1" 100.86 471 (1H,d,J=1.4Hzz) 100.7 4.62 (1H, d, J =15 Hz)

2" 70.84 3.84(1H,dd,J=1.6,34Hz) 704 3.68 (1H, m)

3" 71.03 3.63 (1H, m) 70.7 3.50 (2H, m)

4" 72.59 3.31 (1H, m) 71.9 3.20 (1H, m)

5" 68.55 3.52 (1H, m) 68.4 3.49 (1H, m)

6" 16.55 1.17 (3H, d, J=6.2 Hz) 17.7 1.12 (3H, d, J=6.0 Hz)

ArCH, 18.49 2.25 (3H, s) 19.0 2.25(3H, s)

COCH; 413 2.97 (3H, s) 31.9 2.52 (3H, s)

COCHg3 207.07 - 204.4 -

s =singlet, d = Doublet, dd = Doublet of doublets, t = Triplet, m = Multiplet.
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Figure 10. Chemical structure of dianellin

OH

Table 2. *Hand **C NMR data of compound 2 measured in deuterated chloroform

Present data

Reference data (Bezabih and Abegaz, 1998)

Position dc (ppm) du (ppm) dc (ppm) 3w (ppm)

1 161.69  12.6 (1H, s, -OH) 161.7 12.53 (1H, s, -OH)

la 11522 - 114.7 -

2 12531  7.28 (1H,5) 124.6 7.32 (1H, g, J = 0.7 Hz)
3 152.44 - 151.6

4 12575 - 128.5

4a 13272 - 131.6

5 12011  7.55(1H, dd, J=1.5, 7 Hz) 119.3 7.56 (1H, dd, J = 1.5, 7 Hz)
5a 134.27 - 134.4

6 137.12  7.57(1H,dd,J=7, 8 Hz) 137.4 7.75 (1H, dd, J = 7, 8 Hz)
7 12385  7.21(1H, dd,J=1.5, 8 Hz) 123.3 7.30 (1H, dd, J = 1.5, 8 Hz)
8 159.51  11.9(1H, s, -OH) 161.1 12.0 (1H, s, -OH)

8a 11537 - 1155 -

9 19268 - 1925 -

10 182.66 - 181.9 -

1 106.07 - 104.7 -

2’ 163.27 5.7 (1H, s (br), -OH) 163.3 8.95 (1H, s (br), -OH)

3 107.14 - 107.3 -

4 163.07 - 162.4 -

5 90.61 6.19 (1H, s) 91.2 6.24 (1H, s)

6’ 162.85  14.3 (1H,s, -OH) 161.9 -

ArCH, 21.02 2.21 (3H, s) 20.4 2.17 (3H, d, J = 0.7 Hz)
OCHj 55.56 3.91 (3H, s) 55.6 3.98 (3H, s)

COCH; 33.14 2.70 (3H, s) 326 2.62 (3H, s)

COCH, 202.3 - 202.3 -

s =singlet, d = Doublet, dd = Doublet of doublets, g = Quartet, m = Multiplet, br = Broad.
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Figure 11. Chemical structure of knipholone

Table 3.'H NMR data of compound 3 measured in deuterated methanol

Position &y (ppm) Position dn (ppm)

1 - 5 6.14 (1H, 9)

la - 6’ 8.52 (1H,s, -OH)

2 7.31 (1H, s) ArCHj 1.91(3H, s)

3 - OCHj; 3.89 (3H, s)

4 - COCHjs 2.52 (3H, s)

4a - COCHj3 -

5 7.6 (1H,d,J=6.8 Hz) 1" 521 (1H,d,J=7.9)

5a - 2" 3.57-3.66 (1H, m)

6 7.71 (1H, dd, J = 75,84 3" 3.50-3.53 (1H, m)
Hz)

7 6.9 (1H,dd,J=1.1,83 4" 3.42-3.47 (1H, m)
Hz)

8 - 5" 3.42-3.47 (1H, m)

8a - 6" 3.83 (1H, m, a), 4.54 (1H, m, b)

9 - 1" 4.43(1H, m)

10 - 2" 3.15 (1H, m,1H)

I - 3" 3.19 - 3.24 (1H, m)

2! 4.51 (1H, s (br), -OH) 4" 3.50-3.53 (1H, m)

3/ - 5" 3.57-3.66 (1H, m)

4’ - 6" 4.19 (1H, m, a), 33.57-3.66 (1H, m, b)

s =singlet, d = Doublet, dd = Doublet of doublets, m = Multiplet, br = Broad.
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36



H OH

Ho
HO
HO
H OH

(0]
H/

H o 5
"%o OH

H

OH

OH
O OH

(0]

o]
HO.
_ O

Figure 14. Chemical structure of 10-knipholone gentiobioside

Table 4. *Hand **C NMR data of compound 4 measured in deuterated chloroform

Position dc (ppm) dn(ppm)

1 14.12 0.89 (3H, s)

2 22.58 1.20-1.40 (2H, m (br))
3 34.09 1.20-1.40 (2H, m (br))
4 68.86 2.80 (1H, br)

5 39.72 2.30 (2H, s)

6 129.88 5.50 (1H, br)

7 129.72 5.50 (1H, br)

8 32.19 2.11 (2H, s)

9 29.27 1.20-1.40 (2H, m (br)))
10 29.16 1.20-1.40 (2H, m (br))
11 29.27 1.20-1.40 (2H, m (br))
12 26.39 1.20-1.40 (2H, m (br))
13 25.61 1.20-1.40 (2H, m (br))
14 27.19 1.60 (2H, s)

15 62.86 4.35 (1H, a), 4.15 (1H, b)
1 135.17 -

2 129.07 -

3 128.26 7.85 (1H, m)

4 130.01 7.30 (1H, m)

5 130.18 7.12 (1H, m)

6 128.02 7.69 (1H, m)

COCH3; 51.42 3.70 (3H, s)

COCHj; 174.30 -

COO 173.26 -

s = singlet, m = Multiplet, br = Broad.
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Figure 15. Chemical structure of 12-hydroxypentadec-9-en-1-yl methyl phthalate

4.3 Structural elucidation compound 5

Compound 5 was isolated from the rhzome extract of K. insignis as a red solid. The ESI-MS
spectrum of compound 5 displayed a molecular ion peak [M]* at m/z 434 (calcd. m/z 434.39
[MT), this in conjuction with HNMR data detrmined the chemical formula to be C,4H;0s. It
showed similar '"H NMR spectrum with compound 2 and reported results of knipholone.
Therefore, based on ESIMS and *H NMR spectra and by analytical co-TLC with compound 2,
the chemical structure of compound 5 was found to be that of knipholone (Figure 11). This was

the first report of knipholone from K. insignis. Table 5 summerizes NMR data of compound 5.

4.4 Acute toxicity

The acute toxicity test results of this study documented that the 80% methanol extracts of K.
foliosa and K. insignis, knipholone and dianellin were safe by oral route at a dose of 2000 mg/kg
(OECD, 2008; Gereziher et al., 2014). After 72 h, the animals tolerated the administered dose
although immediate mild toxicity sings such as ruffled fur, loss of appetite and slight sleepiness,
which disappeared few hours after administration were observed. Also, there was no mortality
within 14 days of observations which entails that the LDsy of the extracts knipholone and

dianellin was above 2000 mg/kg.
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Table 5. 'H NMR data of compound 5 measured in deuterated chloroform

Present data Refernce data (Bezabih and Abegaz, 1998)
Position on (ppm) on (ppm)

1 12.1 (1H, s (br), -OH) 12.53 (1H, s, -OH)

la - -

2 7.31 (1H, s) 7.32 (1H,q,J=0.7 Hz)

3 -

4 -

4a -

5 7.65(1H,dd,J=15,7Hz) 7.56 (1H,dd,J=1.5,7 Hz)
5a -

6 7.74 (1H,dd, J=7, 8 Hz) 7.75(1H,dd,J=7,8 Hz)
7 7.12 (1H,dd,J=15,8Hz) 7.30(1H,dd,J=1.5,8 Hz)
8 11.55 (1H, s, -OH) 12.0 (1H, s, -OH)

8a - -

9 - -

10 - -

1’ - -

2’ - 8.95 (1H, s (br), -OH)

3’ - -

4 - -

5’ 6.18 (1H, s) 6.24 (1H, s)

6’ 14.3 (1H, s, -OH) -

ArCH; 2.28 (3H, s) 2.17 (3H,d, J=0.7 Hz)
OCHjs 3.9 (3H,s) 3.98 (3H, s)

COCHg 2.7 (3H, ) 2.62 (3H, s)

COCHg3 - -

s = singlet, dd = Doublet of doublets, g = Quartet, br = Broad.

4.5 Antimalarial activity of the extracts of K. folosia and K. insignis

The 80% methanol extracts of K. foliosa and K. insignis showed chemosuppressive effect against
P. berghei in mice (Figure 16). At all dose level tested, both extracts exhibited a statistically
significant (p<0.001) dose dependent effect (Table 6). However, the 80% extract of K. folosia
was found to have higher activity than K. insignis with 61 and 50 % suppression at 200 and 400

mg/kg, respectively. Moreover, the extract of K. folosia significantly extended the survival days
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of treated groups at 200 and 400 mg/kg compared with the negative controls, indicating that the
extract has the capacity to lower the overall pathologic effect of the parasite in mice. K. insignis
extract did not show a significant prolongation of mean survival days. In both plant extracts,
there was no significant difference in percent change in weight (before and after the treatment)
among groups compared with the positive control (Table 7).

According to Deharo et al. (2001), the 80 % extract of K. folosia can be regarded as good in its
antimalarial activity since it showed greater than 50% suppression at a dose of 200 mg/kg.
Likewise, the 80% extract of K. insignis was considered moderate as it showed greater than 50%
activity at a dose of 400 mg/kg. Previous studies demonstrated that medicinal plants rich in
anthraquinones such as aloes and senna possess notable in vivo antimalarial activity (Abosi and
Raseroka, 2003; Kaou et al., 2008; Biruk et al., 2020). Hence, the antimalarial activity of the two
extracts could be mainly due to the anthaquniones —including the phenylanthaquniones like
knipholone and its glycosides —together with other constituents present in them. This study is

the first account of in vivo antimalarial report of both plants and the genus Kniphofia as well.

80% methanol extract of

K. insignis
1001

m

100mg 200mg 400mg Chloroquine Vehlcles

80 % methanol extract of
K. folosia

Hl Chiloroquine (25mg)

Distilled water (0.2m 1)

Chemosuppressio (%)

Dose (mg/kg)

Figure 16. Percent chemosuppression effect of 80% rhizome extracts of Kniphofia foliosa and
Kniphofia insignis in mice infected with P. berghei in 4 day suppression test; Values are

presented as mean = SEM; n =5.
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Table 6. Antimalarial activity of the 80 % rhizome extracts of Kniphofia foliosa and Kniphofia

insignis in mice infected with Plasmodium berghei.

Test Dose Percent Percent Mean survival time
substances  (mg/kg/day) Parasitaemia Suppression (in days)

Vehiclel 0.2ml 35.9860+1.22034  0.0000 6.0000.31623
KF100 100 24.2100+1.18037  32.7200°""*"™  9.4000+0.50990* "
KF200 200 17.4920+0.67964  51.3900°°""  9.6000+0.92736*"
KF400 400 13.8480+0.76024  61.5200°°"  8.4000+0.24495"
Vehicle4 0.2ml 41.0760+1.36009  0.0000 5.8000.58310
K1100 100 34.2680+1.27062  16.5700°™"  7.6000+0.24495"
K1200 200 31.0720+.99973  24.3500°™"  8.0000+0.00000"
K1400 400 23.0560+.93552  43.8700°79""  8.2000+0.66332"
Chloroquine 25 .0140+.00600 99.8000*™ 27.2000+.58310% "¢ e

Values are presented as mean + SEM; n = 5; a = compared to vehiclel (distilled water), b = compared to
KF100, ¢ = compared to KF200, d = compared to KF400, e = compared to vehicle4 (distilled water), f =
compared to KI-100mg, g = compared to KI1200, h = compared to K1400, i= compared to chloroquine; *
(p < 0.001); **(p < 0.01); KF= 80 % methanol extract of K. foliosa, KI= 80% methanol extract of K.

insignis; numbers refer to doses in mg/kg/day.

4.6 Antimalarial activity of the phenol fractions and compounds isolated from K.
foliosa
The two phenolic fractions of K. folosia were also found to have activity against P. berghei in

mice (Table 8). Compared to their respective negative controls, both factions possessed
significant suppressive activity at all dose levels tested. They showed the highest activity at 400
mg/kg with fraction 1 and fraction 2 causing 46.32% and 47.53% suppression, respectively. Both
fractions prolonged the mean survival days of the treatment groups by 2 days relative to their
negative controls although it was not statistically significant. No significant difference in percent
change in weight was noted in the treatment groups when compared with the positive controls
(Table 9). Therefore, it can be deduced that the phenolic fractions of K. folosia are moderate in
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their in vivo antimalarial activity, congruent with earlier reports that extracts containing phenolic
compounds and their glycosides have modest levels of antiplasmodial activity (Liu et al., 2007;
Bankole et al., 2015; Alson et al., 2018). Furthermore, owing to the antioxidant nature of many
phenolic compounds, the suppressive action of the fractions could in part be as a result of
inhibition of the oxidative damage caused by the parasite on infected erythrocytes (Miyachi et

al., 1986; Kling et al., 2014).

Table 7: Body weight of Plasmodium berghei infected mice before and after administration of

the 80% rhizome extracts of Kniphofia foliosa and Kniphofia insignis

Test Dose Pretreatment Post  treatment Percentage change %
substances  (mg/kg/day)  body weight body weight

Vehiclel 0.2ml 22.5280+ 0.64006 22.9340+1.57639 1.8071+6.48589"
KF100 100mg 23.2720+0.42033  22.2280+.88663  -4.3152+4.54610"
KF200 200mg 24.4620+.63663  22.6660+.70278  -7.3684+1.10718"
KF400 400mg 23.0960+.56001  22.6580+1.25293 -1.2013+7.85001"
Vehicle4 0.2ml 22.7940+0.87239  19.8260+0.58504 --12.7886+2.30362"
K1100 100mg 26.1920+0.67468 24.1560+.70728  -7.8079+ 0.33696"
K1200 200mg 26.9440+0.53491 25.9740+.58891  -3.6216+.27929"
K1400 400mg 26.5140+0.34460 24.9860+.49836  -5.7131+2.09832"
Chloroquine  25mg 22.7060+0.64006 27.5960+.65512  21.9779+3.36183* P00

Values are presented as mean + SEM; n = 5; a = compared to vehiclel (distilled water), b = compared to
KF100, ¢ = compared to KF200, d = compared to KF400, e = compared to vehicle4 (distilled water), f =
compared to KI-100mg, g = compared to K1200, h = compared to K1400, i= compared to chloroquine; *
(p < 0.001); **(p < 0.01); KF= 80 % methanol extract of K. foliosa, KI= 80% methanol extract of K.

insignis; numbers refer to doses in mg/kg/day.

Although all the compounds showed significant suppression at all dose levels tested (Table 10),
10-knipholone gentiobioside displayed superior activity with percent suppression values of 55.38
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and 79.34% at doses of 50 and 100 mg/kg, respectively. Knipholone also revealed a percent
suppression value of 55.4% and 60.16% at 100 mg/kg and 200 mg/kg doses, respectively.
Moreover, it significantly prolonged the mean survival days of the treatment groups (Table 10).
The dose-response plot (Figure 17) disclosed that the EDsp values of 10-knipholone
gentiobioside, knipholone and dianellin were 29.04, 81.25 and 92.31 mg/kg, respectively.
However, none of the compounds caused significant difference in percent change of weight

among the treated groups (Table 11).

Table 8. Antimalarial activity of the phenolic fractions of rhizome of Kniphofia foliosa in mice

infected with Plasmodium berghei

Test Dose Percent Percent Mean survival time
substances  (mg/kg/day) Parasitaemia suppression (in days)

Vehiclel 0.2ml 38.25400+0.61845  0.0000 6.0000+0.70711
P-F1 100 26.5120+1.24295  30.3500%" 7.8000+1.30384"
P-F1 200 24.1000+1.27770  37.0700*" 8.2000+1.64317"
P-F1 400 20.6240+1.56333  46.3200*" 8.2000+1.09545"
Vehicle2 0.2ml 35.9860+1.22034  0.0000 6.0000+.31623
P-F2 100 26.2020+1.35847  27.1900° ™" 8.2000+1.09545"
P-F2 200 21.9360+1.75275  39.0400*" 7.6000+1.14018"
P-F2 400 18.8820+.98484 47.5300°7" 8.2000+0.83666'
Chloroquine 25 0.0140+.00600 99.8000"" 27.2000+.58310% "¢

Values are presented as mean £ SEM; n = 5; a = compared to vehicle-1 (1% tween 80), b = compared to
P-F1 100mg, ¢ = compared to P-F1 200 mg, d = compared to P-F1 400 mg, e = compared to vehicle-2
(distilled water), f = compared to P-F2 100 mg, g = compared to P-F2 200 mg, h = compared to P-F2 400
mg, i= compared to chloroquine, * (p < 0.001); **(p < 0.01); PF-1 = phenol fraction-1 of K. foliosa, PF-2

= phenol fraction-2 of K. folosia; numbers refer to doses in mg/kg/day.
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Table 9: Body weight of Plasmodium berghei infected mice before and after administration of

the phenolic fractions of rhizome of Kniphofia foliosa

Test Dose Pretreatment body Post treatment Percentage

substances  (mg/kg/day) weight body weight change %

Vehiclel  0.2ml 25.2800+0.80381  20.1900+0 34663  ~6-9917%1.60266i"
P-F1 100 2374205044124  21.0380:0.15519  -9-4485:2.16900
P-F1 200 240480£0.46938  23.9980+1.08008 117442366979
P-F1 400 22.2880£070354  231760:0.86142  -453566.11778"
Vehiclez  0.2ml 225080£0.64006  22.0340+157639 ~ 1:8071%6.48589"

P-F2 100 26.0260£097783  21.3100:0.17714  -14.3463+3.80786"
P-F2 200 255600:0.36778  22.9800£0.80603  -16:9997+3.115047"
P-F2 400 2517805076047  21.9020:0.25058  -13:2048+166398"
Chloroguine 25 2270604091185  27-5960+0.65512  21.9779+3.36183% " ¢TI

Values are presented as mean £ SEM; n = 5; a = compared to vehicle-1 (1% tween 80), b = compared to
P-F1 100 mg, ¢ = compared to P-F1 200 mg, d = compared to P-F1 400 mg, e = compared to vehicle-2
(distilled water), f = compared to P-F2 100 mg, g = compared to P-F2 200 mg, h = compared to P-F2
400mg, i = compared to chloroquine, * (p < 0.001); **(p < 0.01); PF-1 = phenol fraction-1 of K. folosia,

PF-2 = phenol fraction-2 of K. folosia; numbers refer to doses in mg/kg/day.

Previously, the methanol and dichloromethane extracts of K. folosia as well as dimeric
anthraquinones and knipholone isolated therefrom have been shown to have in vitro activity
against chloroquine-resistant 3D7 strains of P. falciparum. The EDs of knipholone against 3D7
strains was 1.49 ug/ml (Wube et al., 2005). In addition, knipholone isolated from Bulbine
capitata and Bulbine frutescens has been reported to possess in vitro activity against
chloroquine-resistant (K1) and chloroquine-sensitive (NF54) strains with 1Cs values of 1.06 and
1.7 uM, respectively (Bringmann et al., 1999; Abegaz et al., 2002). In this study the acute
toxicity as well as the in vivo antiplasmodial activities of the various extracts of K. folosia and

their major constituents together with the 80% extract of K. insignis were evaluated against P.
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berghei in mice. Since members of the genus Kniphofia have been documented to produce
anthraquinones and related phenols (Dai et al., 2014; Sema et al., 2018), the total extract was
further fractionated into phenolic and nonphenolic fractions. Results of the current study
demonstrated that the hydroalcoholic extracts, the fractions as well as the isolated compounds
significantly suppressed parasitemia indicating that they possesses blood schizonticidal activity

on early infection of mice with P. berghei.

Table 10. Antimalarial activity of knipholone, dianellin and 10-kniphplone gentibioside in mice

infected with Plasmodium berghei

Test Dose Percent Percent Mean survival time
substances  (mg/kg/day) parasitaemia suppression (in days)
Vehicle3 0.2ml 46.3560+1.46925  0.0000 6.4000+0.50990
Knipholone 25 30.5440+1.45634  34.1200%" Y™™ 8.8000+0.37417™
50 26.2640+1.80001  42.6400%¢" ™™ 9.0000+0.54772™
100 20.7940+0.91475  55.1400°°"7¢"M™" 9 2000+0.73485%™"
200 18.4680+0.97391  60.1600% "™ 9.4000+0.24495%"™"
KFP-3 25 28.6680+0.84123  38.1600%"¢9"M ™ 8 .8000+0.37417™
50 20.8900+0.55842  55.3800% "™ 8.4000+0.60000™
100 9.5780+0.31091  79.3400%""TI™ 9 .0000+0.44721™
Vehicle4 0.2ml 41.0760+1.36009  0.0000 5.8000+0.58310
Dianellin 25 28.8220+0.96771  29.8300" "™ 7.6000+0.24495™
50 22.9860+0.77243  44.0400"7"™ 8.2000+0.37417™
100 18.9900+0.84156  53.7700"F ™ 8.2000+0.37417™
Chloroquine 25 0.0140+0.00600  99.8000*"" 27.4000.400000* "

Values are presented as mean + SEM; n = 5; a = compared to vehicle3 (distilled water), b = compared to
knipholone 25 mg, ¢ = compared to knipholone 50 mg, d = compared to knipholone 100 mg, e = compared to
knipholone 200 mg, f = compared to KFP-3 25 mg, g = compared to KFP-3 50 mg, h = compared to KFP-3
100mg, i = compared to vehicle4 (distilled water), j= compared to dianellin 25 mg, k = compared to dianellin
50 mg, | = compared to dianellin 200 mg, m = compared to chloroquine; * (p < 0.001); **(p < 0.01); ***(p <
0.05); KPF-3 = 10-kniphoplone gentibioside; numbers refer to doses in mg/kg/day.
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Table 11. Body weight of Plasmodium berghei infected mice before and after administration of

knipholone, dianellin and 10- kniphplone gentibioside

Test Dose Pretreatment Post treatment Percentage change %
substances  (mg/kg/day)  body weight body weight
Vehicle3 0.2ml 23.3500+0.80061  20.1900+0.34663  -3.1600+0.73963™
Knipholone 25 22.8100+0.73340  21.0380+0.15519  -1.7720+0.58177™
50 24.9940+0.81215 23.9980+1.08998  -0.9960+0.28351™
100 25.1600+0.72600  23.1760+0.86142  -1.9840+0.15914™
200 25.9820+0.10322  23.4680+0.75774  -2.5140+0.66363™
KFP-3 25 25.5160+0.21551  25.8240+0.36601  0.3080+0.49318m**
50 24.1060+0.83333  24.6820+0.50201  0.5760+0.38132m**
100 23.9060+0.51124  22.5260+0.17589  -1.3800+0.33685™
Vehicle4 0.2ml 22.7940+0.87239  19.8260+.58504 -2.9680+0.63845™
Dianellin 25 23.4100+0.40104  21.3100+0.17714  -2.1000+0.35937™
50 25.5000+0.36742  22.9800+0.80603  -2.5200+0.56096 ™
100 22.4060+0.77152  21.9020+0.25958  -0.5040+0.71583™
Chloroquine 25 22.7060+0.91185  27.5960+0.65512 4.8900+0.63426 e

Values are presented as mean + SEM; n = 5; a = compared to vehicle3 (distilled water), b = compared to

knipholone 25 mg, ¢ = compared to knipholone 50 mg, d = compared to knipholone 100 mg, e =

compared to knipholone 200 mg, f = compared to KFP-3 25 mg, g = compared to KFP-3 50 mg, h =

compared to KFP-3 100 mg, i = compared to vehicle4 (distilled water), j= compared to dianellin 25mg, k

= compared to dianellin 50 mg, | = compared to dianellin 100 mg, m = compared to chloroquine; * (p <
0.001); **(p < 0.01); ***(p < 0.05); KPF-3 = 10-kniphplone gentiobioside; numbers refer to doses in

mg/kg/day.

The results also revealed that the in vivo EDsq values of knipholone (81.25 mg/kg) correlate well

with its reported in vitro activities. After 4 days of treatment with different doses of knipholone,

10-knipholone gentiobioside and dianellin, there were significant differences in percent parasite

suppression among the treatment groups. However, there was no significant change in mean

survival time among mice administered with different doses of knipholone, 10-knipholone
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gentiobioside and dianellin except that the animals which received 100 and 200 mg/kg of
knipholone survived longer than those given 25 mg/kg of the compound. This is an indication
that the different doses of the test compounds have the same effect on overall pathologic effect of
the parasite in mice concurrent with previous results obtained for the crude extract and solvent
fractions of Strychnos mitis leaves (Fentahun et al., 2017). To the best of our knowledge, this is
the first report on acute toxicity and in vivo antimalarial evaluation of K. folosia, K. insignis and

their constituents.

—=— Knipholone (KFP-1)
100 - —<— Dianellin (YKFM-2)
10-knipholone gentibioside
80 (KFP-3)
—o— Chloroquine
S35
== 60 -
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0 T T v T t t
0 2
Log [dose (mg/kg)]

Figure 17. Antimalarial activity of knipholone, dianellin and 10-kniphplone gentiobioside in
mice infected with Plasmodium berghei. The EDsy was estimated from a plot of log dose against
parasitaemia (expressed as a percentage of the control); Values are presented as mean £ SEM; n
=5.
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Perusal of literature reveals that a number of promising anthraquinones and preanthraquinones
leads such as visimione, rufigallol, uveoside, aloin and phenyl anthraquinones have been isolated
and/or synthesized (Winter et al., 1996; Francois et al., 1999; Hernandez-Medel and Pereda-
Miranda, 2002; Wube et al., 2005; Asamenew et al., 2014). These compounds are considered as
oxidants like artemisinins and 4-aminoquinolines. More importantly, they are catalytic oxidants
that enhance the production of reactive oxygen species (ROS) inside parasitized erythrocytes or
increase these cells’ susceptibility to oxygen radicals. The free oxygen radicals formed interact
with heme or other biomolecular targets inhibiting its tetramerazition to the insoluble hemozoin
(malaria pigment) (Ignatushchenkoa et al., 1997; Ziegler et al., 2002). Knipholone, being an
anthraquinone derivative, is anticipated to undergo one-electron oxidation and subsequently
interact with heme (or other biomolecular targets) thereby inhibiting its tetramerzation (or
detoxification of heme). Similarly, because of the structural similarity of dianellin with phlorizin,
a monoglucosidechalcone, its antimalarial mechanism of action could be due to inhibition of the
solute transporter of the host cell membrane induced by the parasite invasion (Kutner et al.,

1987; Ehrenkranz et al., 2005).

4.7 Molecular docking study

To get further insight on the mechanism of action of the isolated compounds and to study their
binding interaction and identify hypothetical binding motifs, a docking study of knipholone,
dianellin, HPMP, 10 knipholone gentiobioside and the standard antimalarial drugs chloroquine
and artemisinin were carried out on two crystal structures of enzymes. The two Plasmodium
enzymes were plasmepsin Il (PDB code 4cku) involved in haemoglobin metabolism by the

parasite, and P. falciparum I-lactate dehydrogenase (pfLDH) (PDB code 1ldg) involved in
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glycolysis (or glucose metabolism of the parasite) (Bazik et al., 1993; Silva et al., 1996;
Noteberg et al., 2003). There is a strong suggestion that haemoglobin digesting enzymes found
in the food vacuole of the plasmodium and pfLDH are potential antimalarial chemothaputic
targets for chloroquine and related aminoquionlones, anthraquinones and other oxidative
phenolic compounds (Slater, 1993; Ignatushchenkoa et al., 1997; Haque et al., 1999; Pagola et
al., 2000; Choi et al., 2007; Alessandro et al., 2013; Tiwari et al., 2017; Cheuka et al., 2020; de
Sousa et al., 2020). Gossypol and other phenolic compounds were also found to be pfLDH
inhibitors (Conners et al., 2005; Megnassan et al., 2012). Besides, chloroquine has been found to
bind to the cofactor (NADH) binding site of pfLDH acting as a competitive inhibitor (Read et
al., 1999). Table 12 shows in silico prediction of the physicochemical properties; partition
coefficient (Log P), aqueous solubility (Log S), and partition coefficient for partially dissociated
compounds (Log D) of the isolated compounds and P2FE-400, a designed inhibitor of
plasmepsin 11.

The binding modes of P2FE-400, knipholone, HPMP and chloroquine to plasmepsin Il are
shown in Figure 18. P2FE-400 showed the highest and strongest affinity for the aspartic
protease, plasmepsin Il, with the HYDE score of -38.3 KJ/mol (Table 13). The aspartic protease
plasmepsin 11 has two aspartic acid residues Asp34 and Asp214 (the catalytic dyad) that serve as
proton donors and acceptors, respectively, in the amide hydrolysis of peptide bonds in proteins.
As shown in the current study and also describebed by Jaudzems et al. (2014), P2FE-400 forms
four hydrogen bonds with the catalytic dyad (Asp34 and Asp214), Val78 and Ser218 amino acid
residues. Chloroquine and HPMP showed a comparable binding affinity with an estimated
HYDE score of -19.7 and -19.2 KJ/mol, respectively. The CI substituent of chloroquine was

found to be unsuitable for binding in the hydrophobic cavity of plasmepsin Il. Chloroquine forms
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hydrogen bonds with Gly36 and Val78 amino acid residues. Similarly, HPMP forms a single
hydrogen bond with Ser118. Its methoxyl group and adjacent carbonyl oxygen to the methoxyl
group are not favored in the hydrophobic region of the binding pocket. Knipholone and dianellin
showed weak binding interaction with HYDE score of -6 and -4.2 KJ/mol, respectively.
Nonetheless, knipholone forms two hydrogen bonds with one of the catalytic dyad (Asp214) and
Val78 amino acid residues.

The binding modes of knipholone, HPMP and chloroquine to pfLDH binding site are shown in
Figure 19. Knipholone (-29.1 KJ/mol) and HPMP (-26.6 KJ/mol) showed stronger binding
interaction with pfLDH than chloroquine (-24.7 KJ/mol) (Table 13). Knipholone forms hydrogen
bonds with 1le54 and Val98 amino acid residues. Its carbonyl oxygen (at C-9) and hydroxyl
group in ring A (at C-1) of the anthraquinone moiety, and the carbonyl oxygen (at C-3") of the
phloroglucinol moiety together with the ortho and para hydroxyl groups (at C-1' and C-4') are
not favorable for binding. For HPMP, the methoxyl group and double bond in the long aliphatic
chain are not suited for binding in the hydrophobic region. It also forms four hydrogen bonds
with 1le54, Gly99, Phel00 and Asn140 amino acid residues with unique thermodynamically
stable conformation. Interestingly, the two hydrogen bonds that HPMP forms with Gly99 and
Asn149 are similar to two of the five hydrogen bond interactions seen in docking of NADH
cofactor. From the experimental data, there were seven hydrogen bonds in pfLDH-NADH
complex, of which four are observed in this study (Chaikuad et al., 2005). Chloroquine on its
part showed two hydrogen bonds with Asp53 and Gly99 amino acid residues. One of the N-ethyl
groups of chloroquine is not needed in the hydrophilic binding sites. Moreover, the actual
pfLDH-chloroquine complex also showed two hydrogen bonds with Glul122 and Gly99 (Read et

al., 1999). In contrast, dianellin did not show binding interaction with pfLDH.
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Table 12. Prediction of partition coefficient Log P, aqueous solubility Log S and partition

coefficient for partially dissociated compounds Log D of the compounds, standard drugs and

P2FE-400. .

Compounds Structure LogP LogS LogD
Knipholone 3.47 0 3.253
ZINC000004098683

Dianellin -2.75 3391 -1.468
HPMP 5.47 1.321 5.866
10-knipholone gentiobioside -0.603 1.03 2.928
Chloroquine 2.64 2.780 2.287
Artemisinin 2.64 2.232 3.042
P2FE-400 4.74 0439 1954
Anthraquinone dimer 4.63 -1.528 4.565
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Table 13. Docking result of compounds on the crystal structure of plasmepsin Il (4cku) and

plasmodium falciparum I-lactate dehydrogenase (pfLDH) (PDB 1ldg)

Plasmepsin Il (4cku)

Plasmodium falciparum I-lactate dehydrogenase

(pfLDH) (PDB 1l1dg).

Compounds HYDE score Compounds HYDE score
AGhype (Kj/mol) AGhype (kj/mol)

P2FE-400 -38.3 Knipholone -29.1

ZINC000004098683

Chloroquine -19.7 HPMP -26.6

HPMP -19.2 Chloroquine -24.7

Anthraquinone dimer -18.6 Anthraguinone dimer -22.8

Artemisinin -10.1 Artemisinin -10.4

Knipholone -6.5

ZINC000004098683

Dianellin -4.2
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Figure 18. The binding modes of P2FE-400, knipholone, HPMP and chloroquine to plasmepsin
I1. A) Superimposition of redocked P2FE-400 (shown as a solid line) with its original position
(shown in ball-stick model) as a complex (co-crystal) in the binding site of the crystal structure
of plasmepsin 11 (PDB 4cku). B) Ribbon diagram of docked compound 4 -plasmepsin Il chain
E subunit complex. C) Surface representation showing HPMP in the binding site of plasmepsin
Il. HPMP is shown in ball-stick model. D) Surface representation showing chloroquine in the
binding site of plasmepsin Il with lipophilicity coloring. White represent hydrophobic pockets
and blue represent hydrophilic pockets. Chloroquine is shown in ball-stick model.
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Figure 19. The binding modes of knipholone, HPMP and chloroquine to pfLDH binding site. A)
Ribbon diagram of docked knipholone- pfLDH complex. Knipholone is shown in ball-stick
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model. B) A close-up view of diagram A. C) Surface representation showing knipholone in the
binding site of pfLDH. Knipholone is shown in ball-stick model. D) Surface representation
showing HPMP in the binding site of pfLDH. HPMP is shown in ball-stick model. E) Binding
interaction of knipholone with amino acid residues of pfLDH. F) Surface representation showing
the superimposed compounds in the binding site of plasmodium falciparum I-lactate
dehydrogenase (pfLDH) (PDB1ldg).
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5 Conclusion

The present study revealed that K. foliosa and K. insignis possess genuine in vivo antimalarial
effect against P. berghei in mice. The results further revealed that the antimalarial activities of
the plants are attributed, in part or in full, to the presence of anthrone and naphthalene
derivatives. This finding in conjunction with the safety profile obtained from the acute oral
toxicity results support the traditional use of the plants for the treatment of malaria. The current
molecular docking study also identified the binding motifs of the isolated compounds showing
that knipholone and HPMP interact with important amino acid residues in the binding site of the

target enzymes.
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6 Recommendations
» Further phytochemical investigations to isolate the undiscovered polar constituents of
both plants are needed.
» In vitro and in vivo mechanism of action study of knipholone and its semisynthestic

dervatives (structural analogs) on pfLDH are recommended to be done.
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Appendices
Appendix I: 'H, **C, DEPT and ESIMS of dianellin

Appendix la: *H NMR spectrum of dianellin, methanol-d,
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Appendix Ib: *C NMR spectrum of dianellin, methanol-d,
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Appendix Ic: DEPT spectrum of dianellin, methanol-d,
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Appendix 11: *H, *C, DEPT and ESIMS of knipholone isolated from K. foliosa

Appendix l1a: *H NMR spectrum of knipholone, chloroform-d
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Appendix 11b: *C NMR spectrum of knipholone, chloroform-d
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Appendix llc: DEPT spectrum of knipholone, chloroform-d
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Appendix Ild: Negative mode ESIMS spectrum of knipholone
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Appendix Ild: Positive mode ESIMS spectrum of knipholone

EDotrServicnag-1-1 101819 58347 *¥FP.1
Fresche — e ———— ===
S¢ 1 RT: 001 AV, 1 NL 30358
T- ¢ s | 100.00 - 1500.60)
ey 41332

75 o 1076.54

s £00.08
73153 [ 114375

8 ss- 1152 41
3 - , 1135 48
- 818.50 ' ’

: :
!

B
-3
: .8

82



Appendix 111: *H and ESIMS of 10-knipholone gentiobioside

Appendix 111a; *H NMR spectrum of 10-kniphole gentiobioside , methanol-d.
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Appendix Illa

: 'H NMR spectrum of 10- knipholone gentiobioside, methanol-d,
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Appendix Il1b: Negative mode ESIMS spectrum of 10- knipholone gentiobioside

E:\Data\Service\kfp-3-2

Fritsche

10/14/19 03:00:38

KFP-3

S# 1 RT: 0.01 AV: 1 NL: 1.47E6
T: -cms[100.00 - 1500.00]

100

Relative Abundance
w0
o

339.39

325.40

311.40

| 34142

353.40
381.51
425.40

1] 49945

i ‘ 1
|

760.36

717.31 | 751.31

832.37

2.04

85

1039.75
|

1128.49 1356.52

1496.13



Appendix Il1d: Positive mode ESIMS spectrum of 10- knipholone gentiobioside
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Appendix 1V: 'H, *C, DEPT and ESIMS of 12-hydroxypentadec-9-en-1-yl methyl

phthalate

Appendix 1Va: 'H NMR spectrum of 12-hydroxypentadec-9-en-1-yl methyl phthalate,

chloroform-d
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Appendix IVb: °C NMR spectrum of 12-hydroxypentadec-9-en-1-yl methyl phthalate,
chloroform-d
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Appendix I\VVc: DEPT spectrum of 12-hydroxypentadec-9-en-1-yl methyl phthalate, chloroform-
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Appendix IVd: ESIMS spectrum of 12-hydroxypentadec-9-en-1-yl methyl phthalate
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Appendix V: *H and ESIMS of knipholone isolated from K. insignis

Appendix Va: *H NMR spectrum of knipholone, chloroform-d
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Appendix Vb: ESIMS spectrum of knipholone
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Appendix VI: Molecular docking supplementary figures
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Figure Vla. A) Ribbon diagram of docked chloroquine-plasmepsin 1l chain E subunit complex.
B) Surface representation showing chloroquine in the binding site of plasmepsin Il. Chloroquine
is shown in ball-stick model. C) Surface representation showing chloroquine in the binding site
of plasmepsin Il with lipophilicity coloring. White representing hydrophobic pockets and blue
representing hydrophilic pockets. Chloroquine is shown in ball-stick model. D) Binding
interaction of chloroquine with amino acid residues of plasmepsin Il. E) Hydrogen bond
interaction of chloroquine with amino acid residues Gly36 and Val78. F) Superimposition of
chloroquine with P2FE-400 in the binding site of plasmepsin I1.

BRUKE

mmmmm '
it 4 We i)

rrrrr . o

0L 0L
i

5 0430001
i

93



Figure VIb. A) Ribbon diagram of docked KFP-5-plasmepsin Il chain E subunit complex. B)
Surface representation showing KFP-5 in the binding site of plasmepsin Il. KFP-5 is shown in
ball-stick model. C) Surface representation showing KFP-5 in the binding site of plasmepsin 11
with lipophilicity coloring. White representing hydrophobic pockets and blue representing
hydrophilic pockets. KFP-5 is shown in ball-stick model. D) Binding interaction of KFP-5 with
amino acid residues of plasmepsin Il. E) Hydrogen bond interaction of KFP-5 with amino acid
residues amino acid residue Ser118. F) Superimposition of KFP-5 with P2FE-400 in the binding
site of plasmepsin II.
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Figure VIic. A) Ribbon diagram of docked anthraguinone-plasmepsin Il chain E subunit
complex. B) Surface representation showing anthraquinone dimer in the binding site of
plasmepsin Il. Anthraquinone dimer is shown in ball-stick model. C) Surface representation
showing anthraquinone dimer in the binding site of plasmepsin Il with lipophilicity coloring.
White representing hydrophobic pockets and blue representing hydrophilic pockets. KFP-5 is
shown in ball-stick model. D) Binding interaction of anthraquinone dimer with amino acid
residues of plasmepsin Il. E) Hydrogen bond interaction of anthraquinone dimer with amino acid
residues amino acid residue Ser118. F) Superimposition of anthraquinone dimer with P2FE-400
in the binding site of plasmepsin II.
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Figure VId. The three-dimensional structure of falcilysin (PDB 3s5h). A) Ribbon diagram of
falcilysin (PDB 3s5h). B) Ribbon diagram of the docked compounds-falcilysin complex.
Naphthalene derivativel is shown as balls-sticks, while all other compounds are shown as solid
lines C) A close-up view of diagram B. D) Superimposition of knipholone with naphthalene
derivativel in the binding site of falcilysin. E) Surface representation showing the docked
compounds in the binding site of falcilysin

A B.
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Figure Vle. A) Ribbon diagram of docked knipholone-falcilysin complex. knipholone is shown
in ball-stick model. B) A close-up view of diagram A. C) Surface representation showing
knipholone in the binding site of falcilysin. Knipholone is shown in ball-stick model. D) Surface
representation showing knipholone in the binding site of plasmepsin 1l (PDB 4cku) with
lipophilicity coloring. White representing hydrophobic pockets and blue representing hydrophilic
pockets. Knipholone is shown in ball-stick model. E) Binding interaction of knipholone with
amino acid residues of falcilysin. F) Hydrogen bond interaction of knipholone with amino acid
residues amino acid residue Lys463, Gly858 and Glu865.
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Figure VIf. A) Ribbon diagram of docked knipholone- pfLDH complex. Knipholone is shown in
ball-stick model. B) A close-up view of diagram A. C) Surface representation showing
knipholone in the binding site of pfLDH. Knipholone is shown in ball-stick model. D) Surface
representation showing knipholone in the binding site of pfLDH with lipophilicity coloring.
White representing hydrophobic pockets and blue representing hydrophilic pockets. Knipholone
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is shown in ball-stick model. E) Binding interaction of knipholone with amino acid residues of
pfLDH. F) Hydrogen bond interaction of knipholone with amino acid residues amino acid
residue Ile54 and Gly99.
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Figure VIg. A) Ribbon diagram of docked KFP-5-pfLDH complex. KFP-5 is shown in ball-stick
model. B) A close-up view of diagram A. C) Surface representation showing KFP-5 in the
binding site of pfLDH. KFP-5 is shown in ball-stick model. D) Surface representation showing
KFP-5 in the binding site of pfLDH with lipophilicity coloring. White representing hydrophobic
pockets and blue representing hydrophilic pockets. KFP-5 is shown in ball-stick model. E)
Binding interaction of KFP-5 with amino acid residues of pfLDH. F) Hydrogen bond interaction
of knipholone with amino acid residues amino acid residue lle54, Gly99, Phe100 and Asn140.
G) Superimposition of KFP-5 with knipholone in the binding site of pfLDH.
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Figure VIh. A) Ribbon diagram of docked chloroquine-pfLDH complex. Chloroguine is shown
in ball-stick model. B) A close up view of diagram A. C) Surface representation showing
chloroquine in the binding site of pfLDH. Chloroquine is shown in ball-stick model. D) Surface
representation showing chloroquine in the binding site of pfLDH with lipophilicity coloring.
White representing hydrophobic pockets and blue representing hydrophilic pockets. Chloroquine
is shown in ball-stick model. E) Binding interaction of chloroquine with amino acid residues of
pfLDH. F) Hydrogen bond interaction of chloroquine with amino acid residues amino acid
residue Asn53 and Gly99, Phel00. G) Superimposition of chloroquine with knipholone in the
binding site of pfLDH.
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Figure VIi. A) Ribbon diagram of docked anthraquinone-pfLDH complex. Anthragquinone dimer
is shown in ball-stick model. B) A close-up view of diagram A. C) Surface representation
showing anthraquinone dimer in the binding site of pfLDH. Anthraquinone dimer is shown in
ball-stick model. D) Surface representation showing anthraquinone dimer in the binding site of
pfLDH with lipophilicity coloring. White representing hydrophobic pockets and blue
representing hydrophilic pockets. Anthraquinone dimer is shown in ball-stick model. E) Binding
interaction of anthraquinone dimer with amino acid residues of pfLDH. F) Hydrogen bond
interaction of anthraquinone dimer with amino acid residues amino acid residue Tyr85, Gly99
and Thr97. G) Superimposition of anthraquinone dimer with knipholone in the binding site of
pfLDH. H) Superimposition of anthraquinone dimer with KFP-5 in the binding site of pfLDH. I)
Superimposition of anthraquinone dimer with chloroquine in the binding site of pfLDH.
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Appendix VII: A paper published ftom this thesis
Yonatan Alebachew, Daniel Bisrat, Solomon Tadesse, Kaleab Asres. In vivo anti-malarial

activity of the hydroalcoholic extract of rhizomes of Kniphofia foliosa and its constituents.

Malaria Journal. 2021;20:3.
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