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Abstract

Background Herbal medicine remains central to primary healthcare in Ghana due to its accessibility and perceived
safety. NTD-O2 is an aqueous herbal formulation derived from Xylopia aethiopica fruits and Bambusa vulgaris leaves,
traditionally used for managing onchocerciasis, a neglected tropical disease (NTD) endemic to the country. This study
evaluated the antionchocercal activity of NTD-O2 and assessed isolated compounds from the formulation and its
source plants for activity against animal African trypanosomiasis, another prevalent NTD.

Methods Dichloromethane (DCM) and butanol (BuOH) extracts of NTD-O2 were screened in vitro against
Onchocerca ochengi and Trypanosoma brucei brucei. Bioassay-guided fractionation, coupled with spectroscopic and
spectrometric techniques, facilitated structural elucidation of isolated compounds. Potential mechanisms of action
were explored through in silico molecular docking.

Results Both NTD-O2 extracts achieved 100% inhibition of adult male O. ochengi motility. Activity against female
worms was moderate (NTD-DCM: 61.0+ 1.8%; NTD-BuOH: 56.6 +4.4%), and weaker against microfilariae (NTD-DCM:
50+ 0%; NTD-BUuOH: 0%). Antitrypanosomal activity was more pronounced, with ICs, of 10.68 pg/mL (NTD-DCM)
and 9.44 ug/mL (NTD-BuOH), compared to diminazene aceturate (IC5,=0.13+0.02 pg/mL). Cytotoxicity testing

on Monkey Kidney Epithelial (LLC-MK?2) cells indicated no toxicity. Column chromatography of NTD-BuOH yielded
bis(4-methylheptyl) phthalate (1) (ICsy=1.1£0.3 pg/mL) and O2-F3-S (IC5,=100+0.46 ug/mL). By contrast, kaurene
diterpenoids from X. aethiopica [ent-kaur-16-en-19-oic acid (2), xylopic acid (3), and ent-kaur-16-en-15-one-19-oic
acid (4)], along with long-chain carbonyl compounds (5, 6) from B. vulgaris were inactive (ICsy=>100+0.46 pg/mL).
Molecular modelling results consistently revealed weak binding scores for compounds 2-4 across all three targets
(glutathione S-transferase and glutamate-gated chloride channel for onchocerciasis and ornithine decarboxylase for
trypanosomiasis).

Conclusion NTD-O2 demonstrated selective antionchocercal and moderate antitrypanosomal activities, validating
aspects of its traditional use. However, the presence of phthalate, a compound of known toxicological risks, and the
absence of key plant-derived constituents raise concerns about formulation consistency and safety. These findings
underscore the need for routine quality control and safety monitoring of herbal medicines to ensure efficacy and
public health protection.
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Background

Herbal medicine (HM), rooted in indigenous knowl-
edge and cultural beliefs, has served as the cornerstone
of human healthcare for centuries. Today, it remains the
primary source of treatment for nearly 80% of the popu-
lation in developing countries, particularly in rural com-
munities with limited access to conventional medical
services [1]. In recent decades, many developed countries
have also embraced the use of HM to promote healthier
living [2—-4]. Despite its widespread use and perception
of fewer side effects, HM is usually self-administered and
largely unregulated, posing huge safety risks for consum-
ers. To address these concerns and harness their value for
achieving universal health coverage, the World Health
Organization (WHO) has developed technical guidelines
and standards to ensure the safety, efficacy and quality
control of HM[5-8].

In Ghana, HM is a significant aspect of cultural heri-
tage, with its development well documented [9-13].
Since 2012, government approval has enabled its integra-
tion into the mainstream healthcare system[14], resulting
in a wide range of HM products for various conditions.
The Ghana Food and Drugs Authority (FDA) oversees
their registration and approval based on efficacy, safety,
and clinical data. Scientific validation of efficacy claims
has supported the rational use of many of these prod-
ucts. However, many FDA-approved products target
common ailments such as malaria, anaemia, cough, and
asthma, unlike herbal remedies for neglected tropical
diseases (NTDs), largely due to lack of access to suitable
efficacy testing platforms [12]. As a result, individuals in
NTD-endemic communities often rely on unapproved
remedies, raising serious concerns about safety and effec-
tiveness and underscoring the urgent need for scientific
validation.

Onchocerciasis, commonly known as river blindness,
is a parasitic disease caused by the filarial nematode
Onchocerca volvulus and transmitted through the bite
of infected female blackflies (Simuliumspp.)[15]. The
disease is responsible for a range of skin and eye-related
morbidities, including irreversible blindness [16]. Despite
more than 18 rounds of annual mass drug administra-
tion with ivermectin, onchocerciasis remains endemic in
several Ghanaian communities [17]. Engagements with
the Ghana Federation of Traditional Medicines Practitio-
ners Association (GHAFTRAM) indicate widespread use
and high patronage of HM among individuals in NTD-
endemic communities [18]. In previous investigation, our
research team evaluated the efficacy claims of 15 herbal
preparations, several of which demonstrated potential

against their target diseases. Interestingly, some of the
HMs exhibited significant efficacy (ICy, = 5.63-18.71
pg/mL) against animal African trypanosomiasis (AAT),
which was not a primary indication [18].

Unlike human trypanosomiasis (sleeping sickness),
AAT has received little global attention despite its
impact on livestock production, household economies,
and human health. Low financial incentives for veteri-
nary drug development have left farmers with few lim-
ited treatment options [19]. According to Tweneboah et
al,,[20] data on the current situation of AAT in Ghana
is scanty, reflecting neglect even at the national level.
From our earlier screening, NTD-B4, locally used for
schistosomiasis, yielded an isolated compound that was
more effective against Trypanosoma brucei brucei than
the standard antitrypanosomal drug, diminazene acetu-
rate [18]. Another remedy, NTD-O2, traditionally used
for the treatment of onchocerciasis, exhibited moderate
activity against Onchocerca ochengi but greater potency
against T. b. brucei. Building on these findings, this study
investigated NTD-O2 extracts for compounds with both
antitrypanosomal and antionchocercal potential. We fur-
ther examined its source plants, Xylopia aethiopica and
Bambusa vulgaris, for bioactive compounds.

X. aethiopica has been cited in ethnobotanical surveys
across West Africa for the management of onchocercia-
sis and other helminth infections, reflecting its impor-
tance in traditional medicine. Pharmacological studies
report anti-inflammatory, antimicrobial, and antioxidant
properties, but direct evidence of activity against Oncho-
cerca species remains limited [21]. In contrast, Bambusa
vulgaris is more widely studied for general medicinal
applications, including antimicrobial, antimalarial, and
antioxidant effects, with preliminary studies indicating
low acute toxicity [22]. However, no experimental data
were found to directly support its use against onchocer-
ciasis or trypanosomiasis. Together, these findings sug-
gest that while both plants possess bioactive constituents
of pharmacological interest, their specific roles in manag-
ing neglected tropical diseases remain poorly defined and
require further validation.

This study is expected to provide a quality assurance
framework for NTD-O2 by ensuring its efficacy and
safety, thereby enhancing its credibility and ultimately
protecting consumers. Specifically, the work aimed to
experimentally validate the antionchocercal and anti-
trypanosomal activities of NTD-O2, isolate and char-
acterize its bioactive constituents alongside those of its
constituent plants, and assess their potential mechanisms
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of action through complementary in vitro and in silico
approaches.

Materials and methods

Herbal medicine and plant materials

NTD-O2 was provided by GHAFTRAM for the study
and was obtained as an aqueous herbal formulation
prepared from two medicinal plants, the dry fruits of
X. aethiopica and the fresh leaves of B. vulgaris. Dry X.
aethiopica fruits were sourced from the Nima Market,
Accra, and fresh B. vulgaris leaves were collected from
the University of Ghana campus. Both were identified
by Mr. Patrick Ekpe and assigned voucher numbers BZA
001 and BZA 002, respectively, at the Ghana Herbarium,
Department of Plant and Environmental Biology, Univer-
sity of Ghana.

Extraction and isolation

Procedure for the herbal medicine (NTD-02)

NTD-O2 was processed according to the protocol
described by Twumasi et al. (2020) [18] with minor mod-
ifications. As an aqueous formulation, a total volume of
3.8 L NTD-O2 was subjected to liquid-liquid fraction-
ation in 500 mL aliquots. Each aliquot was transferred
into a separatory funnel, and an equal volume of HPLC-
grade dichloromethane (DCM) was added. Extraction
was performed three times for each aliquot, and the
combined organic phases were concentrated to yield the
crude extract, NTD-O2-DCM (7 g). This procedure was
repeated using n-butanol (n-BuOH) to obtain NTD-O2-
BuOH (25 g). The choice of solvents (DCM for nonpo-
lar constituents and BuOH for polar constituents) was
intended to achieve effective separation based on polar-
ity. Both extracts were evaluated for their antionchocer-
cal and antitrypanosomal activities. The active extract
(NTD-0O2-BuOH) was further fractionated sequentially
to yield the following fractions: hexane (0.72 g), DCM
(0.98 g), ethyl acetate (EtOAc) (2.97 g), and methanol
(MeOH) (5.38 g). Each fraction was concentrated under
vacuum and refrigerated at 4 °C for approximately 72 h to
facilitate the precipitation of solids. The EtOAc fraction
yielded a yellow-brown solid (O2-F3-S, 0.5 g), which was
purified over a silica gel column (60 g, 130-270 A mesh,
Sigma-Aldrich) eluted with petroleum ether (PE) and
EtOAc. The process yielded O2-F3-S (8 mg) and com-
pound 1 (O2-F3-ML, 20 mg).

Procedure for plant materials

Dried powdered fruits of Xylopia aethiopica (1 kg) and
fresh leaves of Bambusa vulgaris (674.0 g) were sepa-
rately subjected to exhaustive extraction by cold per-
colation with PE for 72 h. The resulting extracts were
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concentrated under reduced pressure to yield a brown
oily crude extract of X. aethiopica (XA/PE, 30.8 g) and
a greenish paste of B. vulgaris (BL/PE, 10 g). A mass of
10 g of XA/PE was chromatographed on a silica gel col-
umn (120 g), eluting sequentially with mixtures of PE and
EtOAc in the ratios (v/v): 10:0, 9:1, 8:2, 6:4, 1:1, 0:10, fol-
lowed by EtOAc: MeOH 9.5:0.5. A total of 315 fractions
(20 mL each) were collected and monitored using thin-
layer chromatography (TLC). TLC was conducted on sil-
ica gel 60 F,5, (Merck) pre-coated aluminium foil slides,
visualized with UV light (254 and 364 nm), and anisalde-
hyde spray reagent heated to 110 °C.

Fractions with similar TLC profiles were pooled,
resulting in 13 combined fractions (F1-F13). After sol-
vent removal under vacuum, fractions F1-F12 were
oily, whereas F13 was a powdery solid. Refrigeration
of the fractions at 4 °C for approximately 72 h led to
the precipitation of colourless crystals of compound
2 (BZA 01, 5 g) from fractions F2-F5. Similarly, frac-
tions F11-F12 yielded another set of colourless crystals,
compound 3 (BZA 02, 4.7 g), and fraction F9 produced
a greenish powder compound 4 (BZA 05, 200 mg). The
B. vulgaris extract (BL/PE, 7 g) was subjected to silica gel
column chromatography using a protocol similar to that
described above. This process yielded two compounds: a
white powder, compound 5 (BL 2, 10 mg), and a yellow
gum, compound 6 (BL 4, 3 mg).

Structure elucidation techniques

NMR spectra (1D and 2D) were recorded on a Briiker
500 MHz spectrometer in CDCIl; with chemical shifts
referenced to tetramethyl silane. LC-MS analysis was
performed using an Agilent HPLC system equipped with
a Kinetex Core C18 column (2.6 uM, 3 x 50 mm, 100 A)
at 40 °C. The mobile phase consisted of acetonitrile-ethyl
acetate (9:1) eluted under gradient conditions at 0.7 mL/
min. The injection volume was 2 pL, and the mass spec-
tra were obtained using electrospray ionization (ESI) and
atmospheric pressure chemical ionization. GC-MS analy-
sis was conducted on a Perkin Elmer GC Clarus 580 with
electron impact ionization at 70 eV and helium gas at 1
mL/min flow rate. National Institute Standard and Tech-
nology (NIST) library was used for compound identifica-
tion [18]. Infrared spectral data were acquired neat on
a Perkin Elmer FTIR spectrometer using the attenuated
total reflectance technique. MS analyses of the samples
were performed using an Agilent 1100 Autosampler
instrument with ESI at 3.5 kV and a Thermo Q-Exactive
orbitrap instrument. X-ray crystallography measure-
ments were performed on a Britker ECO D8 diffractom-
eter, with data collection at 296.15 K, the structure was
solved using olex2.solve, and refined with ShelXL [23].
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Biological assays

In vitro anti-onchocercal assay

Stock solutions (20 mg/mL) of NTD-O2-DCM and
NTD-0O2-BuOH in DMSO were tested on O. ochengi
worms and larvae as previously described [18, 24]. Aura-
nofin (10 uM) was used as the positive control, while 2%
DMSO served as the negative control. The viability of
the adult female worms was evaluated biochemically by
visually assessing the percentage inhibition of formazan
production after incubating the nodules in 500 uL of 0.5
mg/mL MMT [25]. Loss of the characteristic blue color-
ation in the worms indicated worm death. A test sample
was classified as active if it inhibited more than 90% of
female worm motility or formazan production, moder-
ately active if it caused 50-89% inhibition, and inactive
if the inhibition was below 50%. Preliminary cytotoxicity
studies of the crude extracts were performed on monkey
kidney epithelial (LLC-MK2) cells.

In vitro anti-trypanosomal assay

Bloodstream forms of T. b. brucei were used in this study
due to their similarity to the human-infective forms,
T. b. rhodesiense and T. b. gambiense [26]. The proto-
col employed is as previously described [18]. Briefly,
crude extracts were dissolved in 100% DMSO to make a
20 mg/mL stock, then diluted to 2 mg/mL in sterile dis-
tilled water for testing. Compounds 2—6 were prepared
in a similar manner. Trypanosome cells in media without
treatment served as the negative control, while diminaz-
ene aceturate (DA) served as the positive control. Wild-
type bloodstream forms of 7. b. brucei(GuTat 3.1 strain)
were cultured in Hirumi’s Modified Iscove’s Medium-9
(HMI-9)[27], supplemented with 1% penicillin-strep-
tomycin, and 10% heat-inactivated fetal bovine serum
(Gibco). The cultures were maintained at 37 °C with 5%
CO,. An Alamar blue assay was used to test the crude
extracts and compounds [28]. Serial dilutions (100-
0.1953 pug/mL) were prepared in 96-well plates. Log-phase
trypanosomes were added, and the plates were incubated
for 72 h at 37 °C in 5% CO,. A final concentration of 44
UM resazurin sodium salt (Sigma-Aldrich) in phosphate-
buffered saline was added to each well, and the plates
were incubated for an additional 5 h. Fluorescence result-
ing from the reduction of resazurin to resorufin, which
is indicative of cellular metabolic activity, was measured
at 570 nm using a Varioskan™ Lux multimode microplate
reader (Thermo Fisher Scientific, USA). All experiments
were performed in triplicate, with three technical repli-
cates per condition, to ensure statistical reliability.

Statistical analysis

Plate readouts from the Alamar blue assay were evalu-
ated using non-linear regression analysis (logl0 inhibi-
tor versus response-variable slope) to assess the growth
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inhibition. All analyses were performed using GraphPad
Prism version 8.0.1. The ICy, values of the test samples
were determined from three biological replicates, each
performed in triplicate.

In silico studies

In silico studies were performed on the fully character-
ized compounds 2—4 from the current study and a selec-
tion of 30 compounds reported from X. aethiopica and
B. vulgaris (Supplementary Information, Table S4) to
validate the outcomes of the in vitro antionchocercal and
antitrypanosomal assays. These studies included predic-
tions of pharmacodynamics (PD) and pharmacokinetics
(PK), as well as molecular modelling of compounds.

Selection of protein targets

For O. ochengi, the typical protein targets selected were
glutamate-gated chloride ion channel (GluCl) and gluta-
thione S-transferase (GST). GluCl channels are essential
for neurotransmission in nematodes, as they regulate
chloride ion flow in response to glutamate, thereby con-
trolling muscle movement and overall viability. GluCl
is a validated and proven therapeutic target as it is the
known molecular target of ivermectin, a frontline drug
for onchocerciasis[29, 30]. GST, on the other hand, GST
detoxifies host-derived reactive oxygen species, enabling
the parasite to evade immune attack and persist within
the host [31]. — [32] In the case of T. b. brucei, ornithine
decarboxylase (ODC) was chosen as the protein target.
ODC is a key enzyme in polyamine biosynthesis that
catalyzes the decarboxylation of ornithine to produce
putrescine, a precursor essential for trypanothione syn-
thesis. Trypanothione is a unique thiol found in trypano-
somatids that plays a central role in redox balance and
parasite survival, making ODC a critical factor in parasite
growth and a validated drug target [33].

Prediction of the PD and PK of the compounds
The SwissADME server was used to predict PD and PK
properties of the isolated compounds [34].

Measurement of PK properties and drug-likeness

The SwissADME server was used to determine the physi-
cochemical descriptors of the compounds and to define
their PK properties and drug-like nature. The Brain or
Intestinal Estimated Permeation (BOILED-Egg) model
was employed to intuitively evaluate passive human gas-
trointestinal absorption (HIA) and blood-brain barrier
(BBB) penetration. This model was also used to compute
the lipophilicity and polarity of the compounds.

Modelling of compounds
Compounds 2—-4 and the 30 selected isolates reported
in the literature for X. aethiopica and B. vulgaris
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Table 1 Antionchocercal and antitrypanosomal activities of NTD-O2 extracts

Test sample Anti-onchocercal activity against O. ochengi Antitrypanosomal activity against bloodstream forms T. b. brucei
worms
microfilaria  adult male adult female 1C5p (ng/mL)
% inhibition (5 days) % killing (7 days)  Mean 5D

NTD-02-DCM 50+0 100+0 61.0+1.8 10.68 +2.54

NTD-O2-BuOH 0 1000 56.6+4.4 944 +1.88

Auranofin 100£0 100£0

Diminazene aceturate 0.13+0.02

Experiments were done in quadruplicates for adult worms, duplicates for microfilariae, and repeated once

(Supplementary Information, Table S4) were docked to
the crystal structures of GST (protein data bank (PDB)
ID: 1TUS, resolution 1.80 A)[32] and GluCl chan-
nel (PDB: 3RHW, resolution 3.26 A), which are protein
targets for onchocerciasis [29-32]. Additionally, the
compounds were docked against ODC (PDB ID: 1F3T,
resolution 2.00 A)[35], a protein target for trypanosomia-
sis [33]. The crystal structures of co-crystallized ligands
were obtained from PDB [36, 37]. These structures were
prepared by removing the co-crystallized ligands and
adding hydrogen atoms using the Scigress version FJ 2.6
program. The binding pocket center of GST was iden-
tified by fitting the atoms of the co-crystallized ligand
5-hexyl glutathione (x = 2.570, y = 0.814, z = 49.968)
with a radius of 10 A. Similarly, the binding pocket cen-
tre of GluCl channel was defined by the position of the
atoms of co-crystallized ligand ivermectin (x = 12.675, y
= 95.052, z = 24.998) with a radius of 10 A. The binding
pocket centre of ODC was identified by the position of
the phosphorus atom of the co-crystallized ligand pyri-
doxal-5’-phosphate (coordinates: x = 26.206, y = 15.614,
z = 3.800) and a radius of 10 A. To validate the predicted
binding modes and relative energies of the ligands, the
GoldScore (GS) [38], ChemScore (CS) [39, 40], ChemPLP
[41], and Astex statistical potential (ASP) [42] scoring
functions were implemented using the GOLD v5.4 soft-
ware suite.

Results and discussion

In vitro anti-onchocercal and antitrypanosomal activities
The results of the in vitro anti-onchocercal and anti-
trypanosomal assays are summarized in Table 1. The
preliminary cytotoxicity profile of the crude extracts
revealed that they were not cytotoxic to LLC-MK2 cells.
In primary screens against O. ochengi, both crude DCM
and butanol extracts of NTD-O2 at 200 pg/mL exhib-
ited complete inhibition (100 +0%) of adult male worms.
In contrast, the activity against adult female worms was
moderate: NTD-O2-DCM achieved 61.0+1.8% inhibi-
tion, whereas NTD-O2-BuOH showed 56.6 +4.4% inhi-
bition. As strong activity against female worms is a key
criterion for advancing to secondary screens, the extracts
were not selected for further testing.

Table 2 Antitrypanosomal activities of O2-F3-S and compounds

1-6

Test sample Antitrypanosomal activity against
bloodstream forms of T. b. brucei
1C54 (Mg/mL) Mean +SD
Compounds from NTD-O2-BuOH

02-F3-S 100+0.46

02-F3-ML (1) 1.1+£03
Compounds from X. aethiopica and
B. vulgaris

BZA 01 (2) >100+0.46

BZA 02 (3) ND

BZA 05 (4) >100+046

BL2 (5) >100+£0.46

BL4 (6) >100+£046

Diminazene aceturate 0.18£0.01

ND not determined. Calculated adult worm activity responses were performed
in quadruplicates, and ICs, values represent the mean averages of three
biological replicates

Interestingly, the antitrypanosomal assay yielded more
positive results, despite the primary target disease for
NTD-O2 being onchocerciasis rather than trypano-
somiasis. NTD-O2-DCM exhibited an ICg, value of
10.68 +2.54 pug/mL, while NTD-O2-BuOH was relatively
more active against T. b. brucei with an ICy; of 9.44 +1.88
pg/mL. For comparison, the positive control, diminazene
aceturate, exhibited an ICg, of 0.13+0.02 pug/mL (Table
1).

Although the extracts were less potent than diminaz-
ene aceturate, their ICy, values suggest the potential for
further optimization or use in combination therapies.
Based on these findings, NTD-O2-BuOH was prioritized
over NTD-O2-DCM for subsequent bioassay-guided
fractionation, which yielded O2-F3-S and O2-F3-ML
(1). O2-F3-S exhibited limited bioactivity, with an ICg,
value of 100+0.46 pg/mL. Compound 1, on the other
hand, demonstrated significant antitrypanosomal activ-
ity, recording an ICs, value of 1.1+0.3 pg/mL (Table 2).
Its cytotoxicity (CCsy) was 100 pg/mL, whereas dimina-
zene aceturate exhibited a CCy, of 36+2 pg/mL. In con-
trast, the standard cytotoxic agent phenylarsine oxide
had a CCs, of 1.0+ 0.1 pg/mL, highlighting the relatively
moderate cytotoxicity of 1. Based on these values, the
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selectivity index (SI) was calculated as 89 +25 for com-
pound 1 and 203 + 22 for diminazene aceturate.

Structure elucidation of isolated compounds

Column chromatographic separation of X. aethiopica
and B. vulgaris extracts afforded compounds 2—6. Com-
pounds 2, 4, 5, and 6 recorded IC;, values>100+0.46
pg/mL and hence, did not demonstrate any antitrypano-
somal activity. Compound 3, on the other hand, could
not be assayed because of challenges with solubility in
DMSO (Table 2).

Compound 1 (02-F3-ML)

1 was obtained as a yellowish oil with a retention factor
(Rf) of 0.75 on TLC developed in a hexane and acetone
(7:3) mixture. The infrared (IR) data showed absorptions
at 2958 cm-" 2927 cm™ ! and 2858 cm™ ! (C-H), 1726
cm™ ! (C = 0), and 1610 cm™ ! (aromatic C = C). The 'H-
NMR spectrum (Supplementary Information, Figure S1)
exhibited a typical AABB’ system at H-4/H-4’ (§;; 7.53,
dd, J = 3.3 and 5.7 Hz, 2H) and H-3/H-3’ (§;; 7.70, d, ] =
3.3 Hz, 2H), supporting an ortho-disubstituted benzene
ring with identical substituents in both positions. Sig-
nals were observed at §;; 0.90 (d, J = 5.5 Hz, 3H) for the
secondary methyl protons H-12/H-12" and §;; 0.91 (t, ] =
13.8 Hz, 3H) for the terminal methyl protons H-11/H-11.
A string of multiplets at & 1.31, 8y 1.35, 8 1.42, &y
1.68, and §;; 4.22, was suggestive of methylene groups,
with the latter linked to the ester. The '>*C NMR and the
Distortionless Enhancement by Polarization Transfer
(DEPT) 135 spectra (Supplementary Information, Fig-
ures S1 and S2) revealed resonances for methyl signals at
Oc 11.1 (C-12/C-12°) and § 14.2 (C-11/C-11’), methylene
carbon signals at §-23.1 (C-10/C-10°), 8. 23.9 (C-9/C-9),

12'

Cy4H3304
Bis(4-methylhepthyl)phthalate
Mw = 390 g/mol
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0:29.0 (C-8/C-8), 8 30.5 (C-7/C-7’), and an sp° methine
carbon signal at 5. 38.9 (C-6/C-6’). The sp® oxygenated
carbon (C-5/C-5’) appeared at §. 68.4. Further, there
were aromatic methine carbon peaks at . 128.9 (C-4/C-
4’) and O 131.0 (C-3/C-3’) along with a quaternary aro-
matic carbon peak at § 132.6 (C-2/C-2’) and a carbonyl
carbon at 8- 167.9 (C-1/C-1’) due to an ester moiety.

Heteronuclear Multiple Bond Correlation (HMBC)
spectral data provided correlations between the methyl
protons at §y; 0.90 (H-12) and 8. 23.1 (C-10), 23.9 (C-9),
and 29.0 (C-8). The correlations H-5/C-8 and C-1 estab-
lished the ester linkage, and H-12/C-6, C-7, C-9, and
H-5/C-6 confirmed the branched position of the side
chain. The mass spectrum from the GC-MS analysis dis-
played fragment peaks at m/z 29, 43, 57, 71, 83, 149, 167,
and 279, which are characteristic of alkyl phthalates (Sup-
plementary Information, Figure S4). The molecular ion
peak appeared at m/z 390 and the base peak at m/z 149,
representing a protonated phthalate anhydride. Based on
these assignments, the structure of 1 was deduced to be
bis(4-methylheptyl) phthalate (Fig. 1).

Phthalates and their derivatives are widely recognized
as pervasive environmental contaminants, primarily
because of their extensive application in industrial pro-
cesses, including the manufacture of plastics, personal
care products, medical devices, and household items.
Their physicochemical properties, particularly their lipo-
philicity and persistence, promote their accumulation
in various environmental matrices, such as soil, water,
and air, resulting in widespread human and ecological
exposure. Prolonged or excessive exposure to phthal-
ates is associated with a range of adverse health risks in
humans. These include endocrine disruption, metabolic
disorders, carcinogenic effects, reproductive toxicity,

Fig. 1 Chemical structure and HMBC representation of 1 (bis(4-methylhepthyl)phthalate)
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and developmental challenges in children [43, 44]. Inter-
estingly, despite their notoriety as synthetic pollutants,
some phthalate derivatives have also been detected in
natural sources such as plants, bacteria, and fungi, sug-
gesting that some organisms may biosynthesize them
naturally. These naturally occurring phthalates exhibit a
broad spectrum of biological activities, suggesting their
potential pharmacological relevance. Reported bioactivi-
ties include antitumor, cytotoxic, allelopathic, larvicidal,
antiviral, and anti-inflammatory effects [43]. This dual
characteristic of being both environmental toxins and
bioactive natural products underscores the complexity
of phthalates and highlights the importance of context in
evaluating their biological roles.

A review of the literature revealed no documented evi-
dence of bis(4-methylheptyl) phthalate in X. aethiopica
or B. vulgaris or any indication that it is a plant-derived
compound [45]. Its presence in NTD-O2 is therefore
attributed to leaching from the plastic packaging of the
herbal medicine, raising serious safety concerns.

Compound 2 (BZA 01)

2 was obtained as colourless crystals, exhibiting an
orange spot upon visualization with anisaldehyde
reagent. It showed an Rf value of 0.65 on TLC developed
in PE: EtOAc (10:1). The IR spectrum showed charac-
teristic peaks at 1726.56 cm™! for carbonyl and 1687.91
cm™ ! for unsaturation (C =C).

The *C NMR and DEPT 135 spectra (Supplementary
Information, Figures S5, S6) exhibited 20 carbon signals
sorted by the DEPT experiment into 5 quaternary car-
bons (including a carboxylic carbon at - 185.1 (C-3) and
an alkene carbon (C-16) at § 155.8), 3 methine carbons,

9
°

C20H300,
BZA 01
(ent-kaur-16-en-19-oic acid)
Mw = 302.4580 g/mol

(2026) 26:30

Crystal structure of BZA 01
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2 tertiary methyl carbons and 10 methylene carbons,
which were consistent with a kaurenoic acid skeleton. In
the 'H NMR spectrum (Supplementary Information, Fig-
ure S7), signals for the olefinic protons H20a (d, 8 4.80,
1 H) and H-20b (d, §;; 4.74, 1 H) and tertiary methyls H-4
(s, 0y 1.24, 3 H) and H-7 (s, 8y 0.95, 3-H) supported the
presence of kaurenoic acid. HMBC correlations between
C-3/H-4, H-5 established the position of the carboxylic
acid while the exocyclic alkene was fixed by correlations
from C-15, C-16, C-17/H-20a, H-20b.

In addition, the crystal structure revealed an empirical
formula of C,,H;,0, and M = 302.43 g/mol: C,;H;,0,
had an orthorhombic, space group P2,2,2; (no. 19), a =
12.3081(7) A, b = 23.8205(14) A, ¢ = 24.0947(14) A, V
= 7064.2(7) A3, Z = 4, T = 296.15 K, p(MoKa) = 0.071
mm™ !, Deale = 1.134 g/cm?, 323,447 reflections mea-
sured (4.09° < 20 < 57.286°), 18,029 unique (R;,, = 0.1149,
Riigma = 0.0468). The final R; was 0.0728 (I >20(I)) and
wR, was 0.1523 (Fig. 2). Consequently, the structure of
2 was determined as ent-kaur-16-en-19-oic acid, previ-
ously isolated from X. aethiopica [46].

Compound 3 (BZA 02)

3 occurred as colourless crystals. On TLC developed in
PE: EtOAc (10:2), the Rf was 0.40 and appeared purple
in anisaldehyde spray reagent. The IR spectrum revealed
absorption bands of hydroxyl (3280.90 cm™ '), carbonyl
(1724.65 cm™ ') and olefinic C = C stretch (1687.91
cm™ ). 'H and ®C NMR (Supplementary Information,
Figures S8, S9) data were similar with those of 2, indicat-
ing structural similarities. The significant difference was
an additional quaternary carbon peak, 8- 171.8 (C-21)
in compound 3 due to an ester carbonyl peak at 8- 171.8

N\

HO

HMBC of BZA 01

Fig. 2 Chemical and crystal structure, and HMBC representation of 2 (ent-kaur-16-en-19-oic acid)
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(C21) and the acetyl carbon at §. 21.7 (C-22). The posi-
tion of the ester group at C-19 was supported by the
HMBC correlations of H-20a and H-20b to C-16, C-18
and C-19, suggesting that 3 is xylopic acid, also previ-
ously isolated from X. aethiopica [47].

X-ray crystallography data gave an empirical formula of
Cy,H3,0, and M =360.47 g/mol. BZA 02 came out as an
orthorhombic shaped crystal with space group P2,2,2,,
a=11.0960(5) A, b=11.8948(7) A, c=14.9745(8) A,
V=1976.40(18) A3, Z=4, T=296.15 K, p(MoKa) =0.082
mm-1, Dcalc=1.211 g/cm?, 20,732 reflections measured
(5.02° < 20 <53.028°), 4083 unique (R;,; = 0.0979, Ry, =
0.0772) as well as a final R; was 0.0460 (I>20(I)) and wR,
was 0.0980 which were used to calculate and confirm the
structure of 3 as xylopic acid (Fig. 3).

Compound 4 (BZA 05)

4 was isolated as a fine green powder which exhibited IR
and NMR spectra closely resembling those of 2. However,
notable differences included a characteristic IR absorp-
tion band at 1724.36 cm™, indicative of a ketone, and a
significant downfield shift in the *C NMR spectrum for
carbon C-15, from 8 49.1 in 2 to 8¢ 210.5 in 4, which
is consistent with ketone functionality (Supplementary
Information Figure $10). HMBC correlations between
C-15 and H-20a, H-20b and H-14 were supportive of the
assignment. The proposed structure was corroborated
with the MS data analysis which exhibited an M + 1 peak
at m/z 317.21 accompanied with fragments at m/z 299.20
and 271.2 (Supplementary Information Figure S11).
Hence, the identity 4 was deduced to be ent-kaur-16-en-
15-one-19-oic acid [48], with a molar mass of 316 g/mol
(Fig. 4).

C,H3,0,4
BZA 02
(Xylopic acid)
Mw = 360. 494 g/mol

(2026) 26:30

Crystal structure of BZA 02
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Compound 5 (BL 2)

5 was isolated as a white powder. Its IR spectrum exhib-
ited characteristic absorption bands for C—H stretch-
ing at 2914.8 cm™ ! and 2848.4 cm™ !, a carbonyl group
at 1733.8 cm™ !, and an olefinic C = C stretch at 1683.9
cm™ L In the C NMR spectrum (Supplementary Infor-
mation, Figure S12), two signals corresponding to car-
bonyl carbons were observed at §: 195.0 (aldehyde) and
O 173.7 (ester). Olefinic carbons resonated at 8. 155.2,
143.6, 134.9, and 124.1. An oxygenated carbon appeared
at 8. 64.1, while the remaining signals, ranging from §.
39.3 to 8¢ 14.0, indicated the presence of a long alkyl
chain. This was further supported by a series of multi-
plets in the upfield region of the 'H NMR spectrum (8,
2.34—0.88). An aldehydic proton was observed at §; 9.36,
and signals at §;; 6.44 and 5.12 were attributed to olefinic
protons (Supplementary Information, Figure S13).

Compound 6 (BL 2)

6, a yellow gum, showed IR absorption bands at 2916.4
cm™ ! and 2849 cm™ ! (C-H stretching) and a carbonyl
absorption at 1702.4 cm™ L. The '*C NMR spectrum (Sup-
plementary Information, Figure S14) displayed a carbonyl
resonance at 8. 180.5, with additional signals between 8.
34.5 and 14.5, while the "H NMR spectrum (Supplemen-
tary Information, Figure S15) showed multiplets in the &y
2.34-0.88 range. These spectral features are consistent
with the structure of a fatty acid.

Molecular modelling

To validate the results of the in vitro antitrypanosomal
screening, in silico analysis was conducted to provide
further insights into the underlying biological mecha-
nisms involved. Physicochemical descriptors such as

HO

HMBC of BZA 02

Fig. 3 Chemical and crystal structure, and HMBC representation of 3 (xylopic acid)
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C3oH503
BZA 05
(ent-kaur-16-en-15-one-19-oic acid)
Mw = 316.441 g/mol

(2026) 26:30
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7 D

HO

HMBC of BZA 05

Fig. 4 Chemical structure and HMBC representation of 4 (ent-kaur-16-en-15-one-19-oic acid)

Table 3 Binding score functions of selected compounds docked

against GST

Ligand ASP PLP CS GS
Ivermectin 3111 6622 298 34.47
3-O-B-sitosterol-3-D-glucopyranoside 3503 67.74 3397 49.07
3,4,5-trihydroxy-6"6"-dimethylpyrano 393 6441 3001 4967
(2,3:7,6) flavone

Tricin 5-O-glucoside 4252 717 2606 5798
Farobin B 3926 6737 208 5143
Orientin BL 4225 6392 2117 6115
Kaurenoic acid (2) 237 4738 2602 3756
Xylopic acid (3) 2371 4602 2693 4198
Ent-16-kauren-19-oic acid (4) 224 4536 2437 39.75

molecular weight (MW) (g/mol), log P, hydrogen bond
donors (HD), Hydrogen bond acceptors (HA), rotatable
bonds (RB), and drug-likeness rules (Lipinski, Ghose,
and Veber) were calculated for compounds 2—4 (Supple-
mentary Information, Table S1). The values obtained
(HA, HD, RB, log P and Lipinski) fell within the drug-like
chemical space, and MW was consistent with the known
drug space (Supplementary Information, Table S2).

Co-crystallized ligands, including ivermectin (target-
ing GST) and 5-hexyl glutathione (targeting GIluCl chan-
nel) for onchocerciasis, as well as pyridoxal-5-phosphate
and doxycycline (targeting ODC) for trypanosomiasis,
were used as references to predict their functional scores
against the respective target sites. Subsequently, com-
pounds 2—-4 were docked, alongside selected previously
reported metabolites from X. aethiopica and B. vulgaris
(Supplementary Information, Table S4).

Modelling against glutathione S-transferase, GST
(Onchocerciasis)

The GST co-crystallized ligand (Supplementary Infor-
mation, Figure S16) was first docked, yielding root

mean square deviation (RMSD) values of ASP=2.1366,
PLP=5.1415, CS=1.6223, and GS=1.9300, with CS and
GS showed the strongest predictive power (Supplemen-
tary Information, Table S3). Docking revealed that the
compounds occupied the hydrophobic binding pockets in
plausible orientation. Relative to ivermectin, higher bind-
ing affinity scores were observed for 3-O-f-sitosterol-
B-D-glucopyranoside, tricin 5-O-glucoside, farobin B,
3,4,5-trihydroxy-6",6”-dimethylpyrano(2,3:7,6)  flavone
and orientin BL. Notably, orientin BL showed the highest
GS score (61.15 vs. 34.47 for ivermectin), while 3-O-p-
sitosterol-B-D-glucopyranoside recorded the highest CS
score (33.97 vs. 29.8 for ivermectin). In contrast, com-
pounds 2—4 displayed no significant binding (Table 3).

Modelling against glutamate-gated chloride (GluCl) channel
(Onchocerciasis)

For the GluCl channel, the co-crystallized ligand (Sup-
plementary Information, Figure S17) produced RMSD
values of ASP=3.4741, PLP=1.4928, CS=1.4232, and
GS=1.7654, with PLP and CS providing the best pre-
dictive power (Supplementary Information, Table S5).
Docking indicated that compounds occupied hydrophilic
binding pockets, with 5-hexyl glutathione, achieving
the highest scores, followed by 3-O-f-sitosterol”-D-
glucopyranoside and doxycycline. Again compounds 2—4
showed limited binding activity (Table 4 and Supplemen-
tary Information, Table S6).

Modelling against ornithine decarboxylase, ODC
(Trypanosomiasis)

The co-crystallized ligands, pyridoxal-5-phosphate
and doxycycline were docked with ODC (Supplemen-
tary Information, Figure S18), yielding RMSD values of
ASP=0.4776, PLP =1.5959, CS=6.2696 and GS=0.6362.
In this case, GS and ASP exhibited stronger predictive
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Table 4 Binding score functions of selected compounds docked
against the glucl channel

Ligand ASP  PLP cs GS
5-hexyl Glutathione 3841 9574 4110 8381
3-O-B-sitosterol-3-D-glucopyranoside 2434 8275 3438 6047
Doxycycline 3238 8228 20.11 70.06
Kaurenoic acid (2) 1556 4931 2947 3313
Xylopic acid (3) 16.19 4727 2507 3578
Ent-16-kauren-19-oic acid (4) 16.23 4817 2640 36.89

Table 5 Binding score functions of selected compounds docked
against ODC

Ligand ASP PLP CS GS
Pyridoxal-5-phosphate 3266 5168 1792 5959
Doxycycline 31.04 5106 2953 56.27
3-O-B-sitosterol-3-D-glucopyranoside 3082 658 258  52.83
34'5-trinydroxy-6"6"-dimethylpyrano 3516 6032 2634 54.07
(2,3:7,6) flavone

Orientin BL 36.18 6431 1971 6474
Kaurenoic acid (2) 2243 5133 2666 34.96
Xylopic acid (3) 2237 4407 223 4004
Ent-16-kauren-19-oic acid (4) 2139 486 2489 33.04

power (Supplementary Information, Table S7). The
ligands consistently occupied the hydrophilic binding
pockets in plausible binding modes. Consistent with
previous observations, compounds 2—4 showed limited
binding. In contrast, orientin BL, tricin, 3-O-f-sitosterol
“B-D-glucopyranoside,  3,4,5-trihydroxy-67,6"-dimethyl-
pyrano(2,3:7,6) flavone exhibited high binding affinities
comparable to pyridoxal-5-phosphate and doxycycline
(Table 5, Supplementary Information Table S8).

Overall, the molecular modelling results consistently
showed that compounds 2—4 (kaurenoic acid, xylopic acid,
and ent-16-kauren-19-oic acid) exhibited limited binding
affinity across all three targets (GST, GluCl, and ODC),
suggesting a weak likelihood of direct enzyme inhibition
as their primary mode of antitrypanosomal action. In con-
trast, flavonoids such as orientin BL, tricin derivatives,
and 3,4;5-trihydroxy-66”-dimethylpyrano(2,3:7,6)flavone,
together with the sterol glycoside 3-O-f-sitosterol-p-D-
glucopyranoside, demonstrated consistently high dock-
ing scores, in several cases surpassing the reference drugs
ivermectin, doxycycline, and pyridoxal-5-phosphate. This
comparative trend highlights that while the kaurene diter-
penoids (compounds 2—-4) may exert biological effects
through alternative pathways, the flavonoid and sterol
glycoside constituents of X. aethiopica and B. vulgaris pos-
sess stronger multi-target binding potential.

Conclusion

This study experimentally validated aspects of the tra-
ditional use of NTD-O2, a Ghanaian herbal medicine,
by demonstrating strong antionchocercal activity in

(2026) 26:30
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male worms, moderate effects against female worms
and microfilariae, promising antitrypanosomal activity,
and no detectable cytotoxicity. However, the isolation
of bis(4-methylheptyl) phthalate, a synthetic plasticizer
of known toxicological concern, raises significant con-
cerns about contamination and product authenticity.
The absence of comparable bioactivity in the constituent
plants, Xylopia aethiopica and Bambusa vulgaris, further
emphasizes the need for rigorous quality assurance.

Complementary in silico studies revealed weak bind-
ing affinities for kaurene diterpenoids (compounds 2-4),
suggesting limited likelihood of direct enzyme inhibition,
whereas flavonoids and sterol glycosides reported in the
source plants exhibited consistently strong multi-target
binding, in some cases surpassing reference drugs. These
findings suggest that while certain phytochemicals have
genuine pharmacological relevance, the observed efficacy of
NTD-O2 may not reliably reflect its declared plant origins.

Overall, the findings highlight a dual imperative: to
validate the therapeutic potential of Ghanaian herbal
medicines through integrated in vitro, in silico, and in
vivo approaches, while simultaneously instituting robust
quality control measures to eliminate contaminants and
ensure consumer safety.
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