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Abstract 

Background  The development of resistance by Plasmodium falciparum is a burdening hazard that continues 
to undermine the strides made to alleviate malaria. As such, there is an increasing need to find new alternative strate-
gies. This study evaluated and validated 2 medicinal plants used in traditional medicine to treat malaria.

Methods  Inspired by their ethnobotanical reputation of being effective against malaria, Ziziphus mucronata 
and Xysmalobium undulutum were collected and sequentially extracted using hexane (HEX), ethyl acetate (ETA), 
Dichloromethane (DCM) and methanol (MTL). The resulting crude extracts were screened for their anti-malarial 
and cytotoxic potential using the parasite lactate dehydrogenase (pLDH) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay, respectively. This was followed by isolating the active compounds from the DCM 
extract of Z. mucronata using silica gel chromatography and structural elucidation using spectroscopic techniques 
(NMR: 1H, 12C, and DEPT). The active compounds were then targeted against P. falciparum heat shock protein 70–1 
(PfHsp70-1) using Autodock Vina, followed by in vitro validation assays using ultraviolet–visible (UV–VIS) spectroscopy 
and the malate dehydrogenase (MDH) chaperone activity assay.

Results  The extracts except those of methanol displayed anti-malarial potential with varying IC50 values, Z. 
mucronata HEX (11.69 ± 3.84 µg/mL), ETA (7.25 ± 1.41 µg/mL), DCM (5.49 ± 0.03 µg/mL), and X. undulutum HEX 
(4.9 ± 0.037 µg/mL), ETA (17.46 ± 0.024 µg/mL) and DCM (19.27 ± 0.492 µg/mL). The extracts exhibited minimal 
cytotoxicity except for the ETA and DCM of Z. mucronata with CC50 values of 10.96 and 10.01 µg/mL, respectively. 
Isolation and structural characterization of the active compounds from the DCM extracts revealed that betulinic acid 
(19.95 ± 1.53 µg/mL) and lupeol (7.56 ± 2.03 µg/mL) were responsible for the anti-malarial activity and had no con-
siderable cytotoxicity (CC50 > µg/mL). Molecular docking suggested strong binding between PfHsp70-1, betulinic 
acid (− 6.8 kcal/mol), and lupeol (− 6.9 kcal/mol). Meanwhile, the in vitro validation assays revealed the disruption 
of the protein structural elements and chaperone function.

Conclusion  This study proves that X undulutum and Z. mucronata have anti-malarial potential and that betulinic 
acid and lupeol are responsible for the activity seen on Z. mucronata. They also make a case for guided purification 
of new phytochemicals in the other extracts and support the notion of considering medicinal plants to discover new 
anti-malarials.
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Background
Malaria is a persistent killer disease caused by an apicom-
plexan protozoan parasite of the genus Plasmodium, with 
Plasmodium falciparum being the most lethal causa-
tive agent of malaria, accounting for over 99% of overall 
malarial deaths [1–3]. This disease poses a significant 
public health problem, especially in Africa and sub-Saha-
ran Africa, as indicated by the 274 million clinical cases 
and 619 00 global deaths reported in the year 2021 [4]. 
Beyond this health toll, the repercussion of this disease 
extends into the socio-economic realm, where they act 
as commanding barriers that continue to stunt economic 
development, thus perpetuating the cycle of poverty [5]. 
Although strides have been made over the years by both 
governmental and non-governmental organizations to 
help curb the spread of malaria, the disease continues to 
be a global health problem despite the development of 
vaccines owing to their moderate efficacy, limited protec-
tion, and challenges in vaccine access and distribution. 
This is also attributed to the evolution and development 
of resistance by the parasite and the vector towards some 
of the commonly used anti-malarials, such as chloro-
quine, artemisinin, and artesunate, as well as the com-
monly known insecticide (DDT) [6–10]. Therefore, there 
is an urgent need to find new alternative strategies that 
can help in the fight against malaria [10–14]. This is 
imperative as failing to find a solution could lead to cata-
strophic complications, resulting in a global malarial epi-
demic outbreak [2, 15].

Throughout history, people, and traditional healers, 
especially in Africa, have used conventional medicinal 
plants in macerations, extracts, steam baths, and concoc-
tions to treat and cure a broad spectrum of diseases and 
ailments, including malaria [16–19]. Thus, highlighting 
the inherent therapeutic potential of the phytochemicals 
harboured within these plants as a good source of lead 
compounds [16, 17]. This is evidenced by the discovery 
of artemisinin and quinine from Artemisia annua and 
Cinchona officinalis [20, 21]. Therefore, because of this, 
medicinal plants are now seen as an appealing strategy in 
the fight against malaria, making validating and explor-
ing the medicinal plants suspected to have anti-malarial 
potential imperative [16, 22]. This study focused on the 
scientific validation of Ziziphus mucronata and Xysm-
alobium undulutum, medicinal plants used by herbal 
practitioners in South Africa to treat malaria. Xysmalo-
bium undulutum is a robust geophytic plant belonging to 
the family Apocynaceae and is widely distributed across 

South Africa. This plant is traditionally used for various 
ailments such as diarrhoea, abdominal pain, and post-
partum cramps [23]. Historically, the plant has a long-
standing commercial history as extracts of its roots have 
been commercialized as Uzura and used for non-spe-
cific diarrhoea [23, 24]. The plant has also been shown 
to possess a wide range of biological activities including 
anti-inflammatory, central nervous system effects, and 
antioxidant activity [24, 25]. The roots of the plants are 
suspected to have anti-malarial activity [25]. Similarly, 
Ziziphus mucronata is a multi-purpose, spiny, medium-
sized tree that falls under the family Rhamnaceae and is 
widely distributed in South Africa [26]. This plant is tra-
ditionally used to treat about 46 infections and diseases 
including sexually transmitted infections, skin infections, 
and chest infections [26, 27]. Moreover, it has also been 
shown to exhibit biological activity against several con-
ditions, such as diabetes and inflammatory problems, 
and is also suspected of anti-malarial activity [27]. These 
activities are attributed to the plant’s production of vari-
ous phytochemicals, including saponins, terpenoids, fatty 
acids, and sterols [27]. However, these plants lack scien-
tific validation to confirm their safety and efficacy and 
identify malaria-specific active compounds [27, 28].

Another appealing avenue in the fight against malaria 
is studying and targeting some malarial proteins, espe-
cially those deemed prospective anti-malarial targets. 
PfHsp70-1 is one of the many proteins expressed by 
P. falciparum that are considered future anti-malarial 
drug targets [14, 29, 30]. This is because this ubiquitous 
canonical protein is believed to be implicated in the 
survival and virulence of the parasite through its abil-
ity to facilitate a myriad of functions (protein folding 
processes, prevention of protein aggregates, and for-
mation of multimolecular complexes) [14, 29–31]. This 
protein is expressed throughout the parasite’s blood 
stage, where it plays a significant role in maintaining 
proteostatis, making it important in the parasite’s sur-
vival [14]. It is also implicated in the development of 
resistance by P. falciparum, making its inhibition using 
small molecular compounds important in the devel-
opment of effective anti-malarials, as these have the 
potential to lead to an independent chaperone function 
arrest and the arrest of downstream cascade reactions 
caused by the protein’s ability to interact with other co-
chaperones [32, 33]. Therefore, this study also targeted 
the PfHsp70-1 using isolated compounds from the two 
medicinal plants under investigation.
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Methods
Materials
Unless stated otherwise, all the chemical reagents and 
materials used in this study were purchased from Sigma-
Aldrich (South Africa), Glenham (South Africa), Merck 
KGaA (Germany), ACE (South Africa), Merck (South 
Africa), Sigma (USA), Thermo Scientific (USA), Bio-Rad 
(South Africa). Instruments used include ChemiDock 
TM MPImaging System (Bio-Rad, South Africa), UV–
Vis 1800 Spectrophotometer (Shimadzu, Japan), Allerga 
TM 25R Centrifuge (Beckman Coulter, USA), Eppen-
dorf Centrifuge (Sigma-Aldrich, South Africa), Sonica-
tor probe (Bandelin Sonoplus, Merck, South Africa), 
NanoDrop (Bio-Tek) and AvantiTM J-30I Centrifuge 
(Coulter, USA), BioTek Synergy HT Microplate Reader 
(BioTek), Buchi-Rotary Evaporator (MRC, SA), and 
Nuclear Magnetic Resonance Spectrometer (Thermo Sci-
entific, USA).

Plant collection and preparation
The plant materials (bark of Z. mucronata and root of 
X. undulutum) were collected from Rhobokfontein, 
Zululand District, KwaZulu-Natal, South Africa (27°23′ 
32.57’’ latitude/South, 31° 29′ 37.46’’ longitude/East). 
These plants were then identified and transported to 
the University of Johannesburg, Auckland Park, South 
Africa, where they were prepared for extraction. Before 
extraction, the plants were washed, air-dried, and pulver-
ized into a fine powder and stored at ambient tempera-
ture until further use.

Extraction and isolation
The powdered material of each plant species underwent 
sequential extraction. Briefly, 1  kg of each plant species 
was macerated in hexane in a ratio of 1:10 (w/v) for three 
days with intermittent shaking. The extracts were then 
filtered in a Whatman paper No. 1, with the remaining 
residue further macerated using the same fresh hex-
ane solvent. This was followed by filtration and mix-
ing of the filtrates/extracts. The remaining residue was 
then air-dried, and the same protocol was followed for 
ethyl acetate, dichloromethane, and methanol. A Buchi-
rotary evaporator was utilized under reduced pressure 
and low temperature (< 50  °C) to remove the solvents 
from the extracts. The crudes were then left to air dry 
under the fume hoods, with the percentage yield of each 
extract calculated using formula (i). Efforts at isolating 
the active compounds were directed at the DCM extract 
of Z. mucronata due to its high yield (4.25 g per 1000 g 
of plant extract ~ 0.43%) and its observed anti-malarial 
activity, which was achieved using Silica gel chromatog-
raphy. Gradient elution using solvents of different ratios 

(HEX: ETA at 9:1,8:2,7:3,6:4) was utilized to elute the col-
umn. A 15 mL each of three hundred and two (302) were 
collected from the column and analysed using thin-layer 
chromatography (TLC) by spotting them onto the TLC 
plate and viewing the spots under a UV light at 245 nm. 
The TLC plate indicated that 88 and 96 of the fractions 
found at 8:2 and 7:2, respectively were pure, these were 
then grouped, air-dried and their percentage yield was 
measured and found to be (8:2, 135  mg per 4.25  g of 
extract ~ 3.16%—betulinic acid, and 7:3, 7.65  mg per 
4.25 g of extract ~ 0.18%) and stored at 4ºC until further 
use.

Structural elucidation
After the isolation of the compounds, anti-malarial and 
cytotoxic activity assays were conducted. After that, the 
compounds were sent to the Chemistry Department at 
the University of Johannesburg, where they were struc-
turally elucidated using spectroscopic techniques (1H/
Proton NMR (Nuclear Magnetic Resonance), 13C/Car-
bon NMR, and Distortionless Enhancement by Polariza-
tion Transfer (DEPT)). The resulting spectral data were 
then analysed by Prof F.O Shode (Organic Chemist), who 
identified the compounds as betulinic acid and lupeol.

In vitro anti‑malarial activity assay
The H3D Research group at the University of Cape Town 
carried out the crude extracts and isolated compound 
anti-malarial activity. They were tested against the NF54 
P. falciparum chloroquine-sensitive strain in duplicates. 
Briefly, continuous in  vitro culture of the asexual blood 
stage of the parasite was maintained following a previ-
ously modified method described by Trager and Jensen 
[34]. In  vitro, anti-malarial activity was investigated 
using the parasite lactate dehydrogenase activity assay, 
a technique described by Makler et  al. [35]. The crude 
extracts and isolated compounds were first prepared in 
a stock solution of 10  mg/mL in 100% dimethyl sulfox-
ide (DMSO), with the samples that could not dissolve 
in DMSO treated as suspensions. The stock solutions 
were diluted to a desired starting concentration, with 
1  µg/mL of chloroquine and artesunate used as refer-
ence drugs. A full dose response was then performed for 
all the crude extracts to find the concentration at which 
50% (IC50—value) of the parasite growth was inhibited. 
The crude extracts and compounds’ primary concentra-
tions were tested at 20  µg/mL and successively diluted 
twice as much in the growth medium to produce meas-
ures with varying concentrations. The assay plate was 

(i) Plant percentage yield = crude extract
/amount of starting material × 100.
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then incubated at 37 °C for 72 h in a sealed gas chamber 
at 3% O2, 4% CO2, and 93% N2. The plate wells were gen-
tly resuspended, with 15 µL from each well transferred to 
a duplicate plate containing 100 µL Malstat reagent and 
25  µL of Nitroblue tetrazolium solution. After that, the 
plate was allowed to develop for 20 min in the dark, with 
the absorbance values read at 620  nm in a spectropho-
tometer. The remainder of the parasite population, each 
concentration of the test samples, was then determined 
by comparing the absorbance values of each well to the 
absorbance of the untreated well.

Cytotoxic activity assay
The cytotoxicity assay of the crude extracts and isolated 
compounds was carried out by the H3D Research Center 
at the University of Cape Town using the Chinese Ham-
ster Ovary (CHO) cell line and 3-(4,5- dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
MTT assay works by measuring the metabolic activity 
of cells as a function of cell viability, proliferation, and 
cytotoxicity by reducing MTT into a formazan salt using 
succinate-tetrazolium reductase found within cells [10]. 
The assay was done using a previously modified method 
described by Mosman [36]. Briefly, the crude extracts 
and isolated compounds were prepared to a 10  mg/mL 
stock solution using 100% DMSO, with extracts and 
compounds that could dissolve tested as suspensions. 
The crude extracts and isolated compounds were diluted 
to the desired starting working concentrations using a 
growth media. CHO cells were developed to semi-con-
fluency in cell culture flasks and seeded to a density of 
105 per well using a 96-well plate. This was followed by a 
24-h incubation period of the plate at 37℃ and 5% CO2. 
After that, varying concentrations (20  µg/mL to 16  ng/
mL) of the crude extracts, compounds, and emetine as a 
positive control were added to the plate in triplicates and 
incubated at 37 °C for 48 h. After 48 h, the old medium 
was removed, and a new media and 5 mg/mL MTT were 
added to the PBS. The plate was incubated for 4 h, after 
which MTT and media were discarded. Then, 200 µL of 
DMSO was added to dissolve the formazan, and the plate 
was read at 540 nm using a spectrophotometer. The per-
centage cell viability of the cells was calculated in refer-
ence to the positive control using formula (ii). This was 
followed by plotting the percentage viability against the 
IC50 concentrations obtained using a non-linear dose–
response fitting analysis using Dotmatics software.

Molecular docking
Due to the absence of a solved crystal structure of 
PfHsp70-1. A homology model of the protein was created 

(ii) Percentage viability = treated cells/control × 100.

using SWISS-MODEL (https://​swiss​model.​expasy.​org/​
inter​active). The protein sequence (Accession number: 
PF3D7_0818900) was retrieved from the National Centre 
of Biotechnology Information (NCBI) and submitted to 
SWISS-MODEL, where a template with high sequence 
similarity and Global Model Quality Estimation (GMQE) 
was selected to build the model. The resulting model was 
downloaded in a protein data bank (PDB) format. This 
format was then prepared for molecular docking using 
UCF Chimera Version 1.17.1 by removing water mol-
ecules, if any, and adding polar hydrogen bonds. The 
structures of the compounds (lupeol and betulinic acid) 
were downloaded from PubChem (https://​pubch​em.​ncbi.​
nlm.​nih.​gov/) and deposited in the Molegro Molecular 
viewer, where they were protonated with partial charges. 
Energy minimization of the compounds was carried out 
using Avogadros General Amber Field Force (GAFF), 
with the compounds having the lowest possible potential 
energy saved in a mol.2 format. AutoDock Vina was then 
used to perform the compounds’ docking against the 
protein using default settings and site-directed docking. 
This was done by housing the protein’s nucleotide-bind-
ing domain (NBD) under the following grid parame-
ters: x = 40, y = 40, z = 40 dimensions, x = -5, y = 0.0, and 
z = -11 centers. Docked conformations of the receptor-
ligand complexes were generated using a Lamarckian 
genetic algorithm approach in order of their docking 
scores. They were then viewed using UCSF Chimera and 
2-dimensional protein–ligand complexes prepared using 
LigPlot.

Recombinant protein expression of PfHsp70‑1
The recombinant protein expression of PfHsp70-1 was 
achieved following previously described protocols with 
minor modifications [14, 37]. Chemically competent 
Escherichia coli BL21 (DE3) cells were transformed with 
pQE30-PfHsp70-1 plasmid DNA, followed by inocula-
tion of the cells into 100  mL of 2X YT (1.6% tryptone, 
1.0% yeast extract, 0.5% NaCl, pH 7.4) media supple-
mented with 100 µg/mL ampicillin and the incubation of 
the cells in a shaker incubator overnight at 165 rpm and 
37 °C The resulting inoculum was sub-cultured in 900 mL 
of 2X YT media and placed back into the shaker incuba-
tor until the optical density was mid-log phase (OD600—
0.6). Overexpression of PfHsp70-1 was induced using 
1  mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) at 
25 °C Hourly samples were taken for 6 h and 24 h post-
induction, followed by centrifugation and analysis using 
a 12% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE). The remainder of the over-
night culture (24 h post induction) was harvested using 
the High-speed Avanti JI30I centrifuge for 20 min at 10 

https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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000 Xg with the pellet resuspended in a Tris lysis buffer 
(100 mM Tris–HCl, pH 7.4, 300 mM NaCl, 10 mM imi-
dazole, 1X lysis reagent, 1X protease inhibitor cocktail) 
and stored at − 80 °C.

Purification of the recombinant PfHsp70‑1
The cells suspended in lysis buffer and stored at − 80 °C 
were thawed on ice and mildly sonicated (4 × cycles of 
30  s, 60% power) and 30  s incubation on ice between 
each cycle. After that, 0.1% w/v of poly(ethyleneimine) 
was added to the lysate to precipitate nucleic acids. The 
resulting lysate was centrifuged at 5 000 Xg for 30 min, 
following which the clear lysate was loaded and incubated 
for 4 h into an equilibrated HisPur nickel-charged nitrilo-
triacetic (Ni–NTA) column. After the incubation period, 
non-specific proteins were washed off from the column 
with wash buffer 1 (100 mM Tris–HCl, pH 7.4, 300 mM 
NaCl, 25 mM imidazole, 1X protease inhibitor cocktail) 
and twice with wash buffer 2 (100 mM Tris–HCl, pH 7.4, 
300 mM NaCl, 50 mM imidazole, 1X protease inhibitor 
cocktail). The bound protein was eluted using elution 
buffer 1 (100 mM Tris–HCl, pH 7.4, 300 mM NaCl, 25.

mM imidazole, 1X protease inhibitor cocktail) and 
twice with elution buffer 2 (100 mM Tris– HCl, pH 7.4, 
300 mM NaCl, 500 mM imidazole, 1X protease inhibitor 
cocktail). The collected fractions from the column were 
analysed in a 12% SDS-PAGE gel and visualized using a 
ChemiDock imaging system. The pure protein was then 
dialyzed extensively using a pre-soaked snakeskin tub-
ing (MW 7000) in a dialysis buffer (10 mM Tris, 150 mM 
NaCl, 10% glycerol, 0.8  mM DTT) and aliquoted in 
1.5 mL Eppendorf tubes and stored at − 20 °C.

Investigation of the effect of betulinic acid and lupeol 
on the structural elements of PfHsp70‑1 using UV–vis 
spectroscopy
Conformational and structural changes in the PfHsp70-1 
by betulinic acid and lupeol were studied using UV–Vis 
spectroscopy. This was carried out by preparing 0.4 µM 
of PfHsp70-1 in 2 mL Eppendorf tubes and varying con-
centrations of the compounds (2  mM, 1  mM, 0.5  mM, 
and 0.25  mM). The reaction was then transferred into 
a 96-well plate in triplicate, followed by incubating the 
plate into the Synergy HT Microplate reader for an hour 
at 25  °C Conformational and structural changes were 
then monitored at a wavelength ranging from 200 to 
400 nm with 20 nm increments.

Investigation of the effect of betulinic acid and lupeol 
on the chaperone function of PfHsp70‑1 using the malate 
dehydrogenase aggregation suppression assay
PfHsp70-1 has been demonstrated to prevent the heat-
induced aggregation of malate dehydrogenase enzyme 

from the porcine heart [14]. Therefore, in this study, 
we sought to investigate the effect of betulinic acid and 
lupeol on the chaperone function of PfHsp70-1 follow-
ing a previously described protocol with minor modifi-
cations [38]. Briefly, 0.4 µM of MDH was prepared in an 
assay buffer (50  mM Tris, 100  mM NaCl, pH 7.5) with 
and without varying concentrations of the compounds 
(2 mM, 1 mM, 0.5 mM, 0.25 mM). This was followed by 
incubating the samples in a heat block set at 51  °C for 
10  min before adding PfHsp70-1. After adding the pro-
tein, the samples were transferred into a 96-well plate 
and incubated for 30 min. The aggregation of MDH was 
monitored as a function of light scattering at 360 nm, and 
the absorbance values were expressed as a function of % 
aggregation relative to MDH alone. For controls, 2  mM 
polymyxin B (PMB) and 1 mg/mL BSA were utilized.

Results
In vitro anti‑malarial and cytotoxicity activity assays 
of the crude extracts
As seen in Table  1, all the plant extracts except the 
methanol extract of Z. mucronata and X. undulu-
tum demonstrated considerable anti-malarial activ-
ity against the parasite. However, their level of 
anti-malarial potency varied. Notably, for Z. mucro-
nata, the ETA (IC50 = 7.23 ± 1.41  µg/ml) and HEX 
(IC50 = 11.69 ± 3.89  µg/ml) extracts displayed moder-
ate activity, while the DCM (IC50 = 5.49 ± 0.003  µg/ml) 
extract proved to be more potent. Similarly, for X. undu-
lutum, the ETA (IC50 = 17.46 ± 0.0024  µg/ml) and DCM 
(IC50 = 19.27 ± 0.492  µg/ml) extracts exhibited moderate 
activity, while the HEX (IC50 = 4.98 ± 0.37 µg/ml) extract 
proved to exhibit exceptional anti-malarial potency. The 
cytotoxicity assay of the crude extracts indicated no 
adverse effects by X. undulutum as all the extracts CC50 
were greater than 50  µg/ml. Conversely, in Z. mucro-
nata, only the hexane plant extract had no considerable 
activity, with the ETA (CC50 = 10.96  µg/ml) and DCM 
(CC50 = 10.01 µg/ml) extracts of the plant demonstrated 
moderate activity against the CHO cell line.

In vitro anti‑malarial and cytotoxic activity assays 
and structural elucidation of the isolated compounds
Isolation efforts to identify the compounds responsi-
ble for the observed anti-malarial activity of the crude 
extracts were directed towards the DCM extract of Z. 
mucronata due to its high percentage yield (0.427% 
per 1000 g of extract) despite it being moderately cyto-
toxic. As indicated in Table 1, the isolated compounds 
were found to induce anti-malarial activity (Compound 
A/lupeol = 7.56 ± 2.03  µg/ml; Compound B/Betulinic 
acid = 19.95 ± 1.53 µg/ml) against the blood stage para-
site with no considerable cytotoxicity (CC50 > 50  µg/
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ml). Compound A proved to be 38% more potent 
than compound B. However, both the compounds 
were less potent when compared to the parent extract 
(DCM extract = 5.49 ± 0.03 µg/ml) as well as the posi-
tive controls: chloroquine (IC50 = 0.010 ± 0.001  µg/ml) 
and artesunate (IC50 = 0.005  µg/ml ± 0.001). Structural 
elucidation revealed that compound A was lupeol and 
compound B was betulinic acid Fig. 1.

Molecular docking analysis of the interaction 
between lupeol and betulinic acid
PfHsp70-1 is a critical role player that aids in the sur-
vival and development of resistance by the parasite [14, 
32, 39]. Making its inhibition important in the fight 
against malaria [39]. Therefore, following the structural 
elucidation of the isolated compounds, the study inves-
tigated and assessed the potential binding and inhibi-
tion of PfHsp70-1 by these compounds. This was done 
using site-directed molecular docking, a computational 

Table 1  Anti-malarial and cytotoxicity activity of the selected South African medicinal plants and the isolated compounds against the 
P. falciparum chloroquine-sensitive strain (NF54) and Chinese Hamster ovary cell line (CHO)

** ND: Not determined, N/A: Not applicable, IC50: Half maximal inhibitory concentration, CC50: Half maximal cytotoxic concentration

Plant name Solvent of extraction Anti-malarial 
activity (IC50) (µg/
ml)

Status of activity Cytotoxicity 
(CC50) (µg/ml)

Status of cytotoxicity

Z. mucronata Hexane 11.69 ± 3.84 Good  > 50 Minimal/no cytotoxicity

Ethyl acetate 7.23 ± 1.41 Good 10.96 Moderate

Dichloromethane 5.49 ± 0.03 Good 10.01 Moderate

Methanol  > 50 Minimal/no anti-malarial activity ND ND

X. undulutum Hexane 4.98 ± 0.37 Maximum  > 50 Minimal/no cytotoxicity

Ethyl acetate 17.46 ± 0.024 Moderate  > 50 Minimal/no cytotoxicity

Dichloromethane 19.27 ± 0.492 Moderate  > 50 Minimal/no cytotoxicity

Methanol  > 50 Minimal/no anti-malarial activity ND ND

Sample Elution solvent Anti-malarial activ-
ity (IC50) (µg/ml)

Status of activity Cytotoxicity 
(CC50) (µg/ml)

Status of cytotoxicity

Compound A/lupeol 7:3 (Ethyl acetate/hexane) 7.56 ± 2.03 Good  > 50 Minimal/no cytotoxicity

Compound B 8:2 (Ethyl acetate/hexane) 19.95 ± 1.53 Moderate  > 50 Minimal/no cytotoxicity

Chloroquine Control 0.010 ± 0.001 Maximum ND Minimal/no cytotoxicity

Artesunate Control 0.005 ± 0.001 Maximum ND Minimal/no cytotoxicity

A. B.

Fig. 1  Chemical structures of the compounds isolated from the Z. mucronate dichloromethane extract, (1) Lupeol; (2) Betulinic acid
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technique widely used to fast-track drug discovery by 
predicting and modelling protein–ligand interactions 
[40]. As seen in Fig.  2 (1A-2A, 1B-2B), the space-filling 
(1) and surface and ribbon view (2) of the protein–ligand 
interactions indicated that lupeol (A) and betulinic acid 
(B) can dock into the nucleotide-binding domain (NBD) 

of PfHsp70-1 supported by the RMSD scores of 0.00 
(Table 2), that suggest the formation of stable complexes 
between the protein and the ligands. Table 2 also reveals 
that lupeol has a strong binding affinity against the pro-
tein, shown by its significant binding score of − 6.8 kcal/
mol. This aligns with Mishra and Day [41], who stated 

Fig. 2  Schematic visualization of the protein–ligand bond interactions between PfHsp70-1 and the isolated compounds. Showing 
the 3-dimensional space-filling (1), surface and ribbon view (2), and the 2-dimensional protein–ligand interface (3) models of the docked 
conformations, poses, and binding modes of lupeol (A) and betulinic acid (B) in the nucleotide-binding domain (NBD) of PfHsp70-1. Lupeol 
(3A) creates a single hydrogen bond with ASN 68. At the same time, betulinic acid (3B) makes two hydrogen bonds with Gln 279 and Arg 289, 
with the rest of the interactions being hydrophobic interactions from both models
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that a binding score below 5 kcal/mol indicates negligible 
binding. The two-dimensional interface done using Lig-
Plot (Figs.  2, 3A) showed that the interactions between 
lupeol and the protein were governed by a single hydro-
gen formation with amino acid Asn68 (bond length: 
3.18 Å), signifying a strong and stable interaction. Several 
hydrophobic interactions between the ligand and amino 
acids (Arg282, Gln279, Thr278, Ala171, Val70, Lys67, 
Asp68, and Arg285) were also notable, suggesting the sta-
bility and high-affinity binding of the ligand to the protein 
consistent with Tou et al. [42], who states that hydrogen 
bonds and hydrophobic interactions are critical molecu-
lar forces that govern docking stability. Betulinic acid also 
demonstrated strong binding affinity to the protein with 
a binding score of − 6.9 kcal/mol, characterized by form-
ing two hydrogen bonds between amino acid Gln279 
(2.90 Å) and Arg282 (2.81 Å). Like lupeol, several notable 
hydrophobic interactions between betulinic acid and the 
amino acids (Thr278, Asn68, Arg285, Tyr26, Asp64, and 
Lys67) were also observed, indicating the formation of 
stable and strong binding of betulinic acid to PfHsp70-1 
(Figs. 2, 3B). These findings indicate the potential binding 
of these compounds in the nucleotide-binding domain of 

PfHsp70-1, suggesting the potential ability of the com-
pounds to compete and inhibit the ATP/ADP substrates 
of PfHsp70-1, which could lead to the disruption of the 
catalytic ATPase activity of the protein and chaperone 
function.

Recombinant expression and purification of PfHsp70‑1
To validate the molecular docking outputs that sug-
gested the binding of lupeol and betulinic against the 
PfHsp70-1. In  vitro validation and assays were per-
formed by expressing, purifying, and characterizing the 
protein in the presence of the compounds. As shown 
in Fig.  3A, the expression of the protein was successful 
and resolved at the expected theoretical size of 74 kDa, 
consistent with the findings by Salomane et al. [14]. The 
protein also proved to be expressed before the induc-
tion of protein expression, suggesting leaky expression, 
which usually occurs because of a weak and unregulated 
promoter (T5 promoter) [43]. Moreover, breakdown 
products of PfHsp70-1 were also observed at 35 kDa and 
50 kDa, which is consistent with findings by Ramya and 
colleagues [44]. Following the successful expression of 
PfHsp70-1, the protein was purified using nickel affinity 

Table 2  Molecular docking outputs illustrating the docking scores and the types of bond interactions between isolated compounds 
(betulinic acid and lupeol) and PfHsp70-1

** RMSD: Root mean square deviation

Compound RMSD (Å) Docking score (Kcal/
mol)

Hydrogen bonds Hydrophobic interactions

Lupeol 0.00 − 6.9 Asn68 Arg282, Gln279, Thr278, Ala171, Val70, Lys67, 
Asp68, and Arg285

Betulinic acid 0.00 − 6.8 Arg282 and Gln279 Thr278, Asn68, Arg285, Tyr26, Asp64, and Lys67)

Fig. 3  12% SDS-PAGE gel for the A expression and B purification of the recombinant PfHsp70-1 expressed in E. coli BL21 DE3 cells using 0.5 mM 
IPTG at 25 °C. Lane MW represents the molecular marker, CN: control samples/uninduced cells, lane 1-6 h: hourly samples taken post induction 
of protein expression, O/N: Overnight expression, FT: Flow-through, W1-W3: Washes, and E1-E3: Elutions
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chromatography. As seen in Fig.  3B, the purification of 
the protein was successful, indicated by the presence of 
a band running at 74  kDa. However, some protein was 
lost in the flow through (Fig.  3B, lane FT) and wash 1 
(Fig. 3B, lane W1). This could be due to the inability of 
the protein to bind to the column optimally and column 
saturation. Contaminants and non-specific proteins were 
also observed upon elution of PfHsp70-1 (Fig.  3B, lane 
E1), suggesting the potential presence of the Escherichia 
coli BL21 (DE3) histidine-rich proteins and the probable 
binding of the breakdown products of PfHsp70-1 [45]. 
The protein was, however, purified to homogeneity, as 
seen in lanes E2-E3 of Fig. 3B.

UV‑spectroscopic evaluation of the effect of lupeol 
and betulinic on PfHsp70‑1
Several spectroscopic techniques have been developed to 
study protein–protein and protein–ligand interactions, 
one of which is UV–vis spectroscopy [45]. This technique 
monitors the protein secondary structural changes using 
three amino acids (Tyrosine, Phenylalanine, and Trypto-
phan) that are found in the core of a protein, where they 
drive the stability and folding state of a protein [45–47]. 
The results indicated in Figs. 4A and B indicate that the 
lupeol and betulinic acid induce structural changes in 
the PfHsp70-1. This is indicated by the increase in the 

absorbance values of the protein treated with the com-
pounds relative to the untreated protein. The increase in 
absorbance values suggests that the compounds expose 
the hydrophobic amino acids and promote the unfolding 
state of the protein. The compounds also show that the 
disruption of the protein’s secondary structural elements 
is dose-dependent. The compounds were also more effec-
tive than the known potential inhibitor of PfHsp70-, Pol-
ymyxin B, as shown by the increase in absorbance values 
at 0.5 mM for the compounds compared to 2 mM of the 
inhibitor (Figs. 4A and B). Betulinic acid also proved to 
be more effective against PfHsp70-1 when compared to 
lupeol. Contrary to the in  vitro findings, lupeol is 38% 
more effective against the P. falciparum NF54 strain than 
betulinic acid.

Evaluation of the effect of lupeol and betulinic acid 
on the chaperone function activity using the malate 
dehydrogenase aggregation suppression assay
PfHsp70-1 is a thermostable cytosolic protein that has 
been shown to suppress the heat-induced aggregation of 
some model proteins (malate dehydrogenase and lucif-
erase) [14, 38]. This assay was therefore performed to 
investigate if the compounds can disrupt the PfHsp70-1 
chaperone activity. However, compounds were tested 
on the protein and assessed for its chaperone activity on 
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Fig. 4  UV–vis spectrum used to study the effect of varying concentrations (0.25 mM- 2 mM) of A lupeol betulinic acid and B betulinic acid 
on the secondary structural elements of 0.4 µM of PfHsp70-1. The reaction was initiated and incubated for 2 h at 25 °C in a Synergy Plate reader. 
The secondary structural changes were monitored at a wavelength ranging from 200 to 400 nm with 20 nm increments. The key in the spectrums 
shows the concentrations of the compounds used
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MDH. The results in the supplementary data (Fig. 6) indi-
cate that MDH aggregated in the absence of PfHsp70-1 
and that when PfHsp70-1 was added, the aggregation of 
MDH was reduced or reversed, shown by the decrease 
in the percentage aggregation when compared to MDH, 
proving that PfHsp70-1 is a heat stable and can suppress 
MDH aggregation [14, 38]. To confirm that the holdase 
function is PfHsp70-1 specific, BSA was used in place 
of PfHsp70-1, and as expected, the percentage of MDH 
aggregation increased. To test the potential effect of the 
compounds, the essay was repeated in the presence of 
varying concentrations of lupeol and betulinic acid. As 
seen in Fig. 5A, B, lupeol and betulinic acid were proven 
to inhibit the MDH suppression activity of the protein, 
as shown by the increase in percentage aggregation rela-
tive to MDH and the protein alone. This indicates that 
the compounds can disrupt the holdase chaperone func-
tion of PfHsp70-1. Moreover, like the UV–Vis results, 
the compounds (lupeol and betulinic acid) proved more 
effective when compared to PBM, and betulinic acid 
was more effective when compared to lupeol. However, 
betulinic acid was ineffective at 0.25 mM, and lupeol at 
0.25  mM and 0.5  mM (Fig.  5A and B). While this data 
suggests the potential inhibition of the protein holdase 
function, further studies are warranted.

Discussion
The alarming increase in the emergence of resistance by 
P. falciparum towards most of the widely used arials is a 
burdening hazard that has necessitated the acceleration 
of the need for new alternative approaches in the dis-
covery and development of novel anti-malarials [10, 14]. 
Therefore, it has become critical to explore the phyto-
chemistry of traditional medicinal plants, especially those 
suspected of having anti-malarial activity. This is impor-
tant as some of the widely known anti-malarials, such as 
quinine and artemisinin, were plant-derived, highlighting 
plants’ potential to lead to the discovery of novel anti-
malarials [10]. This study aimed to scientifically validate 
using Z. mucronata and X. undulutum in folk medicine 
to treat malaria.

The anti-malarial evaluation of crude extracts from 
these plants revealed intriguing patterns of anti-malarial 
activity when classified using the criterion described by 
Jonville et  al. [48]. The methanol extracts from the two 
plants exhibited minimal anti-malarial activity as their 
IC50 values were greater than 50 µg/mL, signifying anti-
malarial inactivity [39]. However, all the other extracts 
had varying degrees of anti-malarial potential. Notably, 
all the Z. mucronata plant extracts displayed promis-
ing anti-malarial activity as their IC50 values fell within 

Fig. 5  Effect of varying concentrations (0.25–2 mM) of (1) betulinic acid and (2) lupeol on the heat-induced malate dehydrogenase suppression 
activity of PfHsp70-1. This assay was monitored by exposing 1 µM of MDH to heat stress at 48 °C in the presence of 0.4 µM of PfHsp70-1 and varying 
concentrations of betulinic acid, lupeol, and polymyxin B (control). The heat-induced aggregation was monitored at 360 nm using an HT Synergy 
Plate reader and expressed as a function of percentage aggregation. The error bars show the average mean values generated from three replicates, 
and the statistically significant difference was conducted using one-way ANOVA (*p < 0.5, **p < 0.1, ***p < 0.001, and ****p < 0.0001)
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the 6–15  µg/mL range. However, the DCM extract 
(IC50 = 5.49 ± 0.003 µg/mL) was more potent when com-
pared to the HEX (IC50 = 11.69 ± 3.84  µg/mL) and ETA 
extract (IC50 = 7.23 µg/mL) [39]. In contrast, the X. undu-
lutum HEX extract exhibited exceptional anti-malarial 
activity indicated by an IC50 value of 4.98 µg/mL, falling 
within the range displaying maximal anti-malarial activity 
(IC50 < 5  µg/mL) [39]. The ETA (IC50 = 17.46 ± 0.024  µg/
mL) and DCM (IC50 = 19.72 ± 0.49 µg/mL) had moderate 
anti-malarial activity characterized by IC50 values rang-
ing from 16 to 30 µg/mL.

Cytotoxic studies were performed to evaluate the cyto-
toxic nature of the crude extracts and substantiate their 
safety and therapeutic viability in folk medicine. As 
revealed in Table  1, all the extracts from X. undulutum 
showed no considerable cytotoxicity against the Chi-
nese Hamster ovary (CHO) cell line. This is indicated 
by their respective CC50 values greater than 50  µg/mL, 
consistent with Garcia-Huertas et al. [34], who stipulated 
that an extract is potentially not toxic when its CC50 is 
greater than 50  µg/mL. In contrast, the hexane extract 
of Z. mucronata (CC50 > 50  µg/mL) showed no signifi-
cant cytotoxicity, while the ETA (10.01 µg/mL) and DCM 
(10.96  µg/mL) extract indicated moderate activity [40]. 
Since these extracts underwent the process of air-drying, 
the cytotoxic nature of these extracts could not be attrib-
uted to the solvents of extractions, suggesting the poten-
tial presence of toxic metabolites or phytochemicals in 
the plant and their synergistic effect [17].

To facilitate the discovery of the compounds responsi-
ble for the observed anti-malarial potential observed in 
the crude extracts and the potential discovery of novel 
anti-malarials, isolation efforts were made towards 
the extracts exhibiting exceptional anti-malarial activ-
ity (HEX extract of X. undulutum). However, due to its 
low percentage yield, the isolation was performed from 
the DCM extract of Z. mucronata despite its moderate 
cytotoxicity owing to its high percentage yield (0.427% 
per 1000  g of extract). The rationale was that the com-
pound responsible for the observed cytotoxic nature 
of the crude extract could be different from the com-
pound responsible for the anti-malarial activity. As 
observed in Table  1, the rationale was proven true as 
the compounds (Compound A- lupeol and Compound 
B- betulinic acid) were able to induce anti-malarial activ-
ity against the asexual parasite of P. falciparum with no 
considerable cytotoxicity (CC50 > 50  µg/mL) [40]. Com-
pound A (IC50 = 7.56 ± 2.03  µg/mL) also proved to be 
38% more effective against the asexual blood stage par-
asite of P. falciparum when compared to compound B 
(IC50 = 19.5 ± 1.53  µg/mL). The compounds were also 
less effective than the mother extract (DCM extract, 
IC50 = 7.23 ± 1.41  µg/mL), suggesting that there could 

be synergistic activity between the isolated compounds 
and other metabolites in the plant, possible decomposi-
tion of the compounds during isolation and fractiona-
tion as well as removal of the protective matrix from the 
compounds [17, 49]. Moreover, the compounds were 
also less active when compared to the positive con-
trol (chloroquine, IC50 = 0.010 ± 0.001 and artesunate, 
IC50 = 0.005 ± 0.001  µg/mL), prompting the possible 
structural modification of the compounds to increase 
their anti-malarial potential [17, 50].

Following the anti-malarial and cytotoxic evaluation 
of the isolated compounds, the compounds were struc-
turally elucidated (see supplementary data for spectral 
data, Figs. S1-6) and found to be lupeol and betulinic 
acid, which fall under a class of natural products known 
as triterpenes [51]. Therefore, the observed anti-malarial 
activity of these compounds was warranted as triterpe-
nes are known to possess anti-malarial activity amongst 
other activities [17]. Lupeol, a pentacyclic triterpenoid, is 
known for its vast occurrence in various medically ben-
eficial plants, shown by its presence in Erythrina caffra 
[49], Ficus benjamina [52], and Holarrhena floribunda 
[53]. Based on our current knowledge, lupeol has been 
isolated for the first time in Z. mucronata, highlight-
ing the compound’s variability and distribution in the 
plant kingdom and the study’s contribution to scientific 
literature. Lupeol has also been shown to possess anti-
malarial activity against several P. falciparum strains 
including the P. falciparum chloroquine-sensitive 3D7 
strain (IC50 = 45  μg/mL) and chloroquine-resistant FCR 
strain (IC50 = 41  μg/mL) [53]. It has also been shown to 
be effective against the P. falciparum (NF54) strain with 
an IC50 of 41.7  μg/mL, contrary to the findings of the 
study, which suggested that lupeol has an anti-malarial 
activity of 7.56 ± 2.03 μg/mL against the NF54 strain [49]. 
Betulinic acid is the other naturally occurring triterpe-
noid isolated in Z. mucronata. This compound has been 
shown to possess a broad spectrum of biological activi-
ties, including antibacterial, antioxidative, anti-inflamma-
tory, and anti-malarial activity [54, 55]. This compound 
was previously isolated in Z. mucronata with butilin and 
ursolic acid [56]. However, these were said to possess 
antioxidant activity, proving the variability of the com-
pound’s biological activity [56]. A study by Steele et  al. 
[57] also reported on the anti-malarial activity of the 
compound against P. falciparum CQ-resistant and sensi-
tive strains with IC50 values of 19.6 μg/mL and 25.9 μg/
mL, respectively. This data correlates with our findings, 
proving that betulinic acid has considerable anti-malarial 
activity. Although this is the case, Ziegler et al. [58] argue 
that the observed anti-malarial activity is not due to the 
toxic nature of the compound towards the parasite but 
due to chemical modelling and alterations of red blood 
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cells by the compounds that lead to the inhibition of the 
parasite invasion and proliferation. This data, therefore, 
proves that lupeol and betulinic acid have the potential 
to be developed as prospective anti-malarials by enhanc-
ing their anti-malarial potency either through chemical 
modification or combination therapy.

Conclusion
This study aimed to comprehensively analyse the anti-
malarial and cytotoxic potential of Z. mucronata and 
X. undulutum to validate the use of medicinal plants in 
folk medicine. The findings of this study suggest that the 
crude extracts possess considerable anti-malarial poten-
tial, with some showing significant cytotoxic effects 
against normal cells. The findings also indicate that the 
anti-malarial potential, especially that of the dichlo-
romethane extract of Z. mucronata, is attributed to 
the presence of 2 active compounds: betulinic acid and 
lupeol. When these compounds were studied for their 
inhibitory effect against PfHsp70-1, molecular dock-
ing revealed that these compounds tend to bind into the 
nucleotide-binding domain PfHsp70-1, suggesting their 
potential to inhibit the protein’s ATPase activity. Valida-
tion of these computational outputs through the expres-
sion, purification, and characterization of the protein 
using UV–vis spectroscopy and the malate dehydroge-
nase activity assay indicated that both these compounds 
disrupt the protein secondary structural elements and 
the holdase chaperone activity of the protein by pro-
moting the unfolding state of the protein. These results 
suggest that betulinic acid and lupeol could be potential 
drug candidates for developing anti-malarial drug chem-
otherapy and support the notion of considering medici-
nal plants as a biological reservoir for discovering and 
developing novel anti-malarial pharmaceutical agents.
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