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ABSTRACT

South Africa harvests approximately 19 500 tonnes of medicinal plants annually for the treatment of various
ailments and an additional 6000 tonnes is exported globally for the development and design of cosmetic and
medicinal products. South Africa is home to 30 freshwater and marine ecological regions, however, medicinal
plant species from these semi-aquatic and aquatic habitats are largely understudied in comparison to other
biomes. The lack of knowledge and reported pharmacological activity of these species may be hindering the
potential contribution to the herbal medicine and personal care markets. South Africa is Africa’s largest mar-
ket for cosmetic and personal care products and in 2018 this sector reported 3.2 billion US dollars in revenue.
Eighteen (18) Southern African freshwater aquatic and wetland plant species were selected and screened for
their potential as cosmeceutical ingredients by investigating their antibacterial, anti-tyrosinase and cytotox-
icity. The extracts of Erythrina zeyheri and Plantago longissima exhibited antimycobaterial activity with MIC
values of 125 pug/mL. Two extracts of the genus Cyperus, C. marginatus and C. sexangularis showed tyrosinase
inhibition with ICsq values of 75.03 and 64.26 pg/mL, respectively. Carex rhodesiaca and Gunnera perpensa
both exhibited dual antimicrobial activity against Cutibacterium acnes with MIC values of 250 and 125 ug/
mL, respectively and anti-tyrosinase activity with ICsq values of 64.71 and 70.43 pg/mL. Persicaria senegalen-
sis exhibited anti-tyrosinase activity with an ICsg of 71.59 pg/mL. Fractionation of P. senegalensis yielded F14
with an ICsq of 68.77 pg/mL against tyrosinase enzyme activity. Purification of F3 yielded (24S)-Stigmast-
5,22(E)-dien-3-B-ol which is the first report of this compound from this species. This study provides scientific
validation of the traditional use of the selected species and provides proof of concept for further investiga-
tions of these extracts as potential active ingredients in the personal care sector.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

importance. Historically, the flora found in wetlands were used as
food, fodder and medicine, but with human advancement into terres-

Wetlands are described as vital habitats providing crucial ecosys-
tem services for both animal and plant biodiversity to thrive and
impact the livelihoods of millions of people who inhabit their sur-
rounds. Most human civilizations originated in and around wetland
systems, providing drinking water, irrigation for agricultural lands
and fishing. In addition, wetlands are important mitigators of climate
change acting as carbon sinks and in their ability to store and regulate
water. In order to protect people living close to and downstream
from wetlands, particularly those reliant on water for their liveli-
hoods, the conservation and restoration of wetlands is of vital
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trial habitats the use of wetland plants has become less popular
(Swapna et al., 2011). This is evident since, aquatic ecosystems such
as mangroves, estuaries, lakes, rivers, streams and marshes contain
medicinally important species, however, when compared to plants
collected from terrestrial ecosystems including grasslands, savannas,
forests and fynbos, there is a clear imbalance towards the latter with
regards to scientific research. This suggests that plant species in
aquatic habitats have little to no ethnobotanical information and are
consequently neglected and understudied for their pharmacological
activities. Some of the potential reasons for this are that the plants
are not easily accessible and that wetland ecosystems are under
more threat and less protection when compared to terrestrial ecosys-
tems (Arya et al,, 2022; Department of Environmental Affairs, 2016;
Wang et al,, 2014).
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Aquatic plants growing in freshwater or saltwater are classified
into four categories based on their habitat and life cycles. Aquatic
plants can have leaves floating on the surface of the water,
completely submerged, semi-submerged, air-water (leaves are float-
ing and the roots are submerged) or semi-aquatic (wetland) plants
(Inelova et al., 2023). Major aquatic medicinal plants are defined as
those which have high medicinal and economic value and are often
grown commercially, while minor aquatic plants have a lack of sus-
tainable source and have been rarely investigated for their pharma-
cological properties (Arya et al., 2022). Aquatic and semi-aquatic
plants are highly adaptable to their environments, being exposed to
both inorganic and biological stressors such as extreme water flow
rates, differences in light (Arya et al., 2022) intensities, salinity, ice
cover, temperature, nutrient availability, predation by aquatic ani-
mals and pollutants and therefore, it is no surprise that aquatic plant
species produce secondary metabolites that include compounds such
as flavones, flavonoids, flavonols, phenolic polyphenols, quinones,
tannins, coumarins, terpenoids, essential oils, alkaloids, lectins, and
polypeptides as a survival mechanism. Many of these plant com-
pounds are used as antimicrobial, antiviral, anti-angiogenic and anti-
cancer agents. While some research has been conducted on folkloric
aquatic medicinal plants, the focus has been on the identification of
their antioxidant activity, which has become redundant in modern
medicinal plant research (Chai et al, 2015; Inelova et al., 2023;
Osama et al., 2023; Saxena et al., 2021). (Alharthi et al., 2024) investi-
gated the phytochemical composition and biological activities of 10
aquatic plants and mentions the justification of the study being due
to the limited research conducted on aquatic plants for the develop-
ment of pharmaceuticals.

Medicinal plant trade in South Africa is a growing industry with
approximately 27 million consumers relying on traditional medicines
for healthcare with traditional medicines having an estimated market
value of around 2.9 billion rand. Contrary to many developed coun-
tries, where traditional medicine is considered an inferior alternative
to western medicine, in South Africa, approximately 72 % of the black
African population (varying in age, education level, religion and occu-
pation) define traditional medicines as a desirable and necessary
source of healthcare. A survey by Mander (1998) indicated that 97 %
of patients who visit traditional health practitioners make a conscious
choice to adopt this form of healthcare, which is independent of
whether they have access to western medicine, or the cost implica-
tions associated with western healthcare practices (Mander et al.,
2007). South Africa makes up a mere 2 % of the world’s land mass but
contains approximately 6 % of the world’s plant and mammal species,
likely due to a wealthy abundance of largely undisturbed ecosystems.
The country has 9 terrestrial biomes and approximately 30 freshwa-
ter and marine ecological regions: including 3 global biodiversity hot-
spots (Department of Environmental Affairs, 2016). It is evident that
potential therapeutic agents in wetland and other aquatic ecosystems
are underutilized, not only resulting in limited scientific knowledge,
but also identifying a potentially missed opportunity of the contribu-
tion of wetland plant species to healthcare and the bioeconomy
through drug discovery. Therefore, this study aimed to screen
selected plants from aquatic and semi-aquatic habitats with ethnobo-
tanical medicinal uses, for their potential application as cosmeceuti-
cals, which may increase conservation efforts by highlighting the
potential benefits that these species may have as a source of active
ingredients that are beneficial to people (Kotze, 2022).

2. Materials and methods
2.1. Reagents and chemicals
Reagents of analytical grade including I-tyrosine, kojic acid, chlor-

hexidine, tetracycline and tyrosinase from mushroom were pur-
chased from Sigma-Aldrich (Johannesburg, SA). Culture media

575

South African Journal of Botany 175 (2024) 574—586

including brain heart infusion (BHI), tryptone soy (TS) agar, BHI liquid
broth, TS liquid broth, Anaerocult chambers and Anaerocult A anaer-
obic generation strips were purchased from Merck (Pty) Ltd (Johan-
nesburg, SA). The bacterial strains used in this study included
Cutibacterium acnes (ATCC 6919), Prevotella intemedia (ATCC 25611)
and Streptococcus mutans (ATCC 25175) and were acquired from Ana-
tech Analytical Technologies (Johannesburg, SA). Cell viability
reagent, PrestoBlue, was purchased from Life Technologies (Johan-
nesburg, SA).

2.2. Plant collection and identification

Plant parts used for extraction were selected based on reported
traditional use, impact on sustainability and quantity of available
material. Eighteen (18) different aquatic or semi-aquatic plant species
of differing morphological types were harvested from the Manie van
der Schijff Botanical Garden, the L.C. de Villiers wetland restoration
site, the rainwater harvesting garden and the Plant Sciences Complex
pond at the University of Pretoria (South Africa). Plant species that
were not available from the University of Pretoria sites were pur-
chased from Wildflower Nursery (Plot 3M, Zilkaatsnek, Hartbees-
poort, South Africa). Taxonomic identification was performed under
the guidance of Mr. Jason Sampson (curator) and Ms. Magda Nel (her-
barium technical assistant). Herbarium specimens were prepared for
each of the collected or purchased species and deposited at the H.G.
W.J. Schweickerdt Herbarium and voucher specimen numbers were
then generated (PRU). The information pertaining to the selected spe-
cies, their reported ethnobotanical uses, the plant parts used, collec-
tion sites, voucher specimen numbers and traditional uses have been
recorded in Table 1.

2.3. Plant extraction

The collected plant material was rinsed with distilled water and
subsequently frozen at -80 °C for 72 h. Plant material was then
freeze-dried using a VirTis 4K Benchtop freeze dryer system (Vacutec,
South Africa) until complete lyophilization. Dried plant material was
then ground to a fine powder using an IKA grinder equipped with a
MF 10.1 Head 2870900 and a 2 mm sieve (United Scientific, South
Africa). The plant material (semi-aquatic species) was then extracted
with 99 % ethanol in a ratio of 1:5 (w/v). Plant species that were col-
lected from the Rainwater Harvesting Garden and the Plant Science
Complex Pond (aquatic species) were rinsed then patted dry with
laboratory paper towel to remove excess water. The fresh plant mate-
rial was then weighed and added to a CB15E 4L blender (MRC Labora-
tory Instruments, South Africa) containing 1:5 (w/v) of 99 % ethanol.
The aquatic and semi-aquatic macerations were then placed on a Lab-
con Shaker 3086U (Labotec, South Africa) for 7 days. The ethanol was
separated from the ground/blended plant material using a vacuum
filtration system consisting of a Buchner funnel fitted with a What-
mann No.1 filter paper. The crude extracts were prepared by concen-
tration of the filtrates using a BUCHI Rotavapor B-480 rotary
evaporator (Lasec, South Africa). Upon complete dryness, the crude
extracts were then transferred to glass polytops and stored at 4 °C
until further use.

2.4. Antibacterial activity against skin and oral pathogens

The minimum inhibitory concentration (MIC) for the plant
extracts was determined using methods described by Lall et al.
(2013). Pure cultures of each microorganism were purchased in the
form of Microbiologics KWIK-STIKS (Anatech Analytical Technology,
South Africa). Cutibacterium acnes (ATCC 6919) and Streptococcus
mutans (ATCC 25175) were maintained on sterile brain heart infusion
(BHI) agar. Prevotella intermedia (ATCC 25611) was grown on sterile
tryptone soy (TS) agar plates supplemented with 1 % sucrose.
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Table 1
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Names, plant parts used, voucher specimen numbers, collection locality and traditional uses of the plants used.

Plant species

Part collected

Voucher specimen Location and time of

Traditional uses

number (PRU) collection
Afrosciadium magalismonta- Leaves and 123068 Wildflower Nursery
num (Sond.) P.J.D.Winter stems October 2016
Carex rhodesiaca Nelmes Leaves and 122250 Rainwater Harvesting Garden
inflorescence March 2016
Crinum campanulatum Herb. Leaves 122648 Plant Science Complex Pond
October 2016
Cyperus marginatus Thunb. Stems and 122256 Rainwater Harvesting Garden
inflorescence March 2016
Cyperus sexangularis Nees Stems and 122258 Rainwater Harvesting Garden
inflorescence March 2016
Cyrtanthus breviflorus Harv. Leaves 123074 Wildflower Nursery
October 2016
Dracoscirpoides ficinioid Leaves 123,070 Wildflower Nursery
(Kunth) Muasya October 2016
Erythrina zeyheri Harv. Leaves 123065 Wildflower Nursery
October 2016
Gunnera perpensa L. Leaves and 122254 Rainwater Harvesting Garden
stems March 2016
Kniphofia pauciflora Baker Leaves 123991 Wildflower Nursery
October 2016
Marsilea schelpeana Launert Leaves and 122251 Rainwater Harvesting Garden
stems March 2016
Nymphaea nouchali Burm.f. Leaves and 122252 Rainwater Harvesting Garden
var. caerulea (Savigny) Verdc.  stems March 2016
Nymphoides thunbergiana Leaves, stems 122253 Rainwater Harvesting Garden
(Griseb.) Kuntze and flowers March 2016
Persicaria senegalensis (Meisn.) Leaves, stems 122180 LC de Villiers Wetland Restora-
Sojak and tion
inflorescence May 2016
Plantago longissima Decne. Leaves, stems 122181 LC de Villiers Wetland Restora-
and tion
inflorescence May 2016
Scadoxus multiflorus Raf. Leaves 123069 Wildflower Nursery
subsp. katherinae (Baker) October 2016
Friis & Nordal
Tulbaghia leucantha Baker Leaves 123071 Wildflower Nursery

October 2016

The bark is used to make medicines and dyes and the leaves are
used as a tea (Selina Wamucii, 2024a) Thesium sp., and the
roots of Afrosciadium magalismontanum (formerly Peucedanum
magalismontanum) and Polygala rarifolia are used as a hygiene
wash (Lombard et al., 2020).

This species is used for the treatment of skin conditions including
eczema and psoriasis (Selina Wamucii, 2024b).

Numerous species in the genus treat bodily swelling and urinary
tract ailments (Fennell and Van Staden, 2001).

A warm poultice prepared from the roots is wrapped around the
throat to treat sore throats and mumps (Fern, 2014a).

The plant is used medicinally to treat fever, headaches and skin
diseases (Selina Wamucii, 2024c)

Bulbs are used to treat intestinal worms (Crouch et al., 2005;
Machete and Masila, 2023).

A medicinal plant used to treat a variety of ailments (not speci-
fied) (Selina Wamucii, 2024d)

Seeds treat asthma. Leaves are drunk as a tea are for relief of
tuberculosis. Powdered bark treats rheumatism and made into a
tea for blood disorders (Buwa and Van Staden, 2006; Hennessy,
1991; Pillay et al., 2001).

Roots treats skin disorders (pimples, eruptions and wounds).
Leaves are crushed and smoked to relieve headaches. Other
parts of the plant treat gonorrhoea, syphilis and urinary tract
infections (Moteetee and Van Wyk, 2011; Rios and Recio, 2005)

No reported medicinal uses

The whole plant of Marsilea species possess anti-inflammatory
and detoxifying properties.

Leaf juice is applied to treat snakebites and is used as a diuretic
(urine production stimulant) and febrifuge (fever reducing
agent) (Mabona and Van Vuuren, 2013).

Whole plant is applied as a poultice to heal wounds. Seeds are a
remedy for diabetes. Flowers (possessing narcotic and aphrodi-
siac effects) treat dysuria and coughing. An infusion of the roots
and stems infusions are taken for gonorrhoea and urinary tract
infections (Fern, 2014b; Rios and Recio, 2005).

Emollient plaster from the stems, leaves and flowers is applied to
wounds (Fern, 2014c).

The pounded leaves and roots are applied to reduce skin swelling
(syphilis and infections) (Fern, 2014d).

Astringent, anti-toxic, anti-histamine, demulcent (reduces pain
and inflammation in membranes), styptic (blood coagulant
agent), antimicrobial and diuretic properties. Poultice of leaves
treat inflammation associated with insect bites, minor sores,
boils and rashes caused by poison ivy. Tea, tincture or syrup of
the leaves treat respiratory tract problems (Heyman et al., 2009;
Watt and Breyer-Brandwijk, 1962).

Bulbs are used to as a fish poison or to treat scabies and long heal-
ing wounds (Notten, 2001).

Milk infusion treat intestinal worms, fever, influenza, high blood
pressure, tuberculosis (Ranglova et al., 2015; van Wyk, 2008;
Watt and Breyer-Brandwijk, 1962).

Cultured plates were then incubated anaerobically in Anaerocult
chambers with Anaerocult A strips until colonies were visible on the
agar plates. For the oral pathogens (P. intermedia and S. mutans), plant
extracts were dissolved in 10 % dimethyl sulfoxide (DMSO — in TS
broth for P. intermedia and BHI for S. mutans) to a stock concentration
of 40 mg/mL and serially diluted to final concentrations of
0.078-10.00 mg/mL. The positive control, chlorhexidine gluconate
was prepared to a stock concentration of 50 mg/mL with final test
concentrations ranging from 0.098 - 12.50 mg/mL. The plates were
inoculated with 100 uL of 48-hour bacterial subcultures of the oral
pathogens prepared to a 1.0 McFarland standard (3 x 10® CFU/mL)
and incubated for 24 h anaerobically. For the skin pathogen C. acnes,
the stock concentration of the plant extracts (prepared in 10 % DMSO

576

— DMSO in BHI broth) was 2 mg/mL and final test concentrations
ranged from 3.91 ©g/mL-500 pg/mL and the positive control, tetra-
cycline, prepared to a stock concentration of 400 pg/mL was tested
from 0.78 pg/mL - 100 pg/mL. Serially diluted plates were inoculated
with 100 L of a 72-hour subculture of C. acnes prepared to a 0.5
McFarland standard (1.5 x 10® CFU/mL) and incubated for 72 h
anaerobically. Additional controls included a vehicle control (10 % v/v
DMSO in BHI and TS broth), P. intermedia in TS broth (untreated), S.
mutans in BHI broth (untreated), C. acnes in BHI broth (untreated),
BHI broth only (no bacteria) and TS broth only (no bacteria). After
incubation, the minimum inhibitory concentrations (MICs) were
determined for each microorganism. For the determination of the
MICs, 20 uL of PrestoBlue was added to each well containing plant
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extract dilutions and controls, after 1 hour the MICs were determined
visually and defined as the lowest concentration where no colour
change was observed from blue to pink.

2.5. Antimycobacterial activity

A cryopreserved (—80 °C) glycerol stock of Mycobacterium smeg-
matis (MC? 155), was thawed and 100 pL was plated on sterile 7H11
agar plates and incubated at 37 °C until colonies were observed. A
single colony was then transferred to a sterile Erlenmeyer flask con-
taining Middlebrook 7H9 liquid broth media, which was supple-
mented with glycerol (2 %) and Tween-80 (0.5 %). The inoculated
flask was then incubated for 24 h at 37 °C. The antimycobacterial test
was performed according to Lall et al. (2013). Briefly, 100 L of plant
extracts (prepared to a stock concentration of 4 mg/mL) were serially
diluted to test concentrations of 7.81 pg/mL - 1000 ng/mL, thereaf-
ter, 100 wL of a Mycobacterium smegmatis inoculum (adjusted to
1.5 x 10° CFU/mL) was added to the wells of a 96-well plate and incu-
bated at 37 °C for 24 h. The minimum inhibitory concentration (MIC)
was determined by the addition of 20 uL of PrestoBlue, followed by
an additional incubation period of 2 h Ciprofloxacin, the positive con-
trol, was prepared to a stock concentration of 400 p.g/mL and serially
diluted to final test concentrations between 0.15625 pg/mL - 20 ug/
mL, the negative control and vehicle controls were untreated M.
smegmatis culture in 7H9 media and DMSO at 2.5 % v/v respectively.
The 7H9 media with no inoculum was included as an indication of
sterility.

2.6. Colorimetric tyrosinase inhibition assay

The colorimetric tyrosinase inhibition assay was performed
according to the method described by Mapunya et al. (2011). The
plant extracts and the positive control, kojic acid, were dissolved in
100 % DMSO (20 mg/mL stock concentration) and then diluted in
50 mM potassium phosphate buffer (pH 6.5) to obtain a concentra-
tion range of 4.6875 - 600 pg/mL in a 24-well plate. In a 96-well
microtiter plate, which was placed on ice, 70 uL of each serial dilu-
tion of each plant extract and kojic acid (from the 24-well) was added
to 30 uL of a solution of 333 U/mL of tyrosinase enzyme (in phos-
phate buffer pH 6.5). The final test concentration range of the plant
extracts and kojic acid in the 96-well plate was 1.5625 — 200 pg/mL.
After 5 min of incubation at 37 °C, 110 uL of a substrate solution con-
taining 2 mM of I-tyrosine was added to all the wells. Control wells
included enzyme and substrate only (100 % activity) and enzyme
without substrate (0 % activity) were also included. The optical den-
sity was measured over a period of 30 minutes at a wavelength of
492 nm using BIO-TEK power Wave XS multi-well plate reader (A.D.
P., Weltevreden Park, South Africa). The fifty percent inhibitory con-
centration (ICsp) was the determined using GraphPad Prism 4.0 soft-
ware (San Diego, California, USA).

2.7. Column chromatography of Persicaria senegalensis

The dried ethanolic extract (10.26 g) of P. senegalensis was used in
a 10 x 70 cm silica column of gradient hexane and dichloromethane
(DCM) of increasing polarity (0 % to 100 % DCM) as the eluent. One
hundred and fifty-three fractions were collected as follows: fractions
1-5 (100 % hexane); fractions 6—-18 (95 % hexane and 5 % DCM); frac-
tions 19—21 (90 % hexane and 10 % DCM); fractions 22—70 (75 % hex-
ane and 25 % DCM); fractions 71—147 (50 % hexane and 50 % DCM);
fractions 148—-190 (25 % hexane and 75 % DCM); fractions 190—200
(100 % DCM). Fractions were analysed using thin layer chromatogra-
phy (TLC) with the respective solvent ratios as eluents. The TLC plates
were developed using vanillin (7.5 g) and sulphuric acid (5 ml) in
250 ml ethanol, the plates were then heated to 100 °C for 3 min. Frac-
tions with similar TLC profiles and presence of compounds were
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pooled together resulting in seventeen (17) major fractions. The com-
bined fractions (F1—-F17) were tested for tyrosinase inhibition.

2.8. Molecular docking of previously isolated Persicaria senegalensis
compounds

The computational analysis was performed using a combination of
GOLD and PyMol Molecular Graphics System according to the meth-
ods described by Lall et al. (2016). The compounds selected for
computational analysis were previously isolated compounds from P.
senegalensis which were reported by Hussein et al. (2017). Prior to
the computational analysis the chemical structures were constructed
in Chemdraw 3D, minimised using the MM2 function (RMSD cut-off
of < 0.1 A) in Avogadro. Molecular docking was performed using the
crystal structure of the mushroom tyrosinase enzyme (from Agaricus
bisporus) PDB ID: 2Y9X accessed from the Protein Data Bank. This
enzyme contains two Cu* (copper) ions bound to an inhibitor ligand,
tropolone, in the enzyme active site and a crystal structure resolution
of 2.68 A. Default parameters were employed: 100 000 genetic opera-
tions, 100 individuals, mutation rate of 95. For the molecular docking
at the active site (defined as a 6 A region around the tropolone
ligand), tropolone was redocked into the crystal structure with all
the selected compounds and the positive control for the tyrosinase
inhibition assay, kojic acid. PyMol Molecular Graphics System was
employed to evaluate the types of interactions of the docked mole-
cules within the enzyme active site.

2.9. Cytotoxicity on human keratinocyte cells (HaCat)

Cryopreserved vials of human skin keratinocytes (HaCat) were
thawed into a T-75 cell culture flask and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) complete media (addition of 10 %
fetal bovine serum (FBS), 100 ng/ml penicillin, 100 pg/ml streptomy-
cin, and 250 pg/ml fungizone) in a cell culture incubator set at 37 °C
and equilibrated with 5 % CO,. Culture flasks were observed under a
light microscope until cells were attached and reached 80 % conflu-
ency. Once confluent the cells were sub-cultured by cell detachment
using trypsin-ethylenediaminetetraacetic acid (EDTA) followed by
the addition of fresh media into new growing flasks. Once enough
cells were acquired, cells were detached (as described above),
counted using a hematocytometer and plated at a cell density of
1 x 10° cells/mL. The antiproliferative effect of the extracts was
determined in a 96-well plate, by adding 100 L of the cell suspen-
sion in each well and incubating for 24 h, to allow for cell attachment.
Samples were then added (100 pL) at a concentration range of 3.125
— 400 pg/mL and the toxic positive control, Actinomycin D was
tested at 3.91 x 10~ - 0.05 pg/mL. Plates were then incubated for
72 h after which the XTT Cell Proliferation Kit Il was used to quantify
cell viability. After 72 h, 50 uL of activated XTT was added to all the
test and control wells and further incubated for 2 h The optical den-
sity was read at 490 nm with a reference wavelength set at 690 nm.
The antiproliferative assay was performed in triplicate and the per-
centage viability was then calculated and used to calculate the 50 %
inhibitory concentration (ICso) by analysing data in GraphPad Prism
4.0 software.

3. Results and discussion
3.1. Antimicrobial activity against skin and oral pathogens

The ethanolic extracts of Carex rhodesiaca and Gunnera perpensa
exhibited antibacterial activity against the skin pathogen Cutibacte-
rium acnes with minimum inhibitory concentration (MIC) values of
250 pg/mL and 125 pg/mL, respectively, while tetracycline, the posi-
tive control had an MIC of 1.56 pg/mL. Drewes et al. (2005) reported
the antimicrobial activity of the aqueous extracts of the leaves and
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stems of Gunnera perpensa which had MIC values of 100 ng/mL and
120 pg/mL against Staphylococcus aureus (ATCC 6538) and Staphylo-
coccus epidermidus (ATCC 2223), respectively. The results reported in
2005 study suggest that the extracts of G. perpensa are more active
against Gram-positive microorganisms and this could explain why
similar activity is observed against Cutibacterium acnes where com-
parative activity is observed for G. perpensa with an MIC of 125 ug/
mL. This study also associates the antimicrobial activity with the
compound, 2-methyl-6-(3-methyl-2-butenyl)benzo-1,4quinone
which is present in the leaf and stem extracts of G. perpensa. A similar
trend was observed for the hexane, ethanol and water extracts pre-
pared from the root/rhizome of G. perpensa which showed no activity
against the Gram-negative microorganisms Escherichia coli and Kleb-
siella pneumoniae. The ethanolic and aqueous root/rhizome extracts
did, however, show activity against the Gram-positive microbe, S.
aureus with MIC values of 3.13 and 0.78 mg/mL, respectively (Mcgaw
et al.,, 2000). Gram-positive bacteria are reported to be more suscepti-
ble to antimicrobial agents, when compared to their Gram-negative
counterparts as they do not contain an additional outer lipopolysac-
charide membrane (De Angelis et al., 2014) The antimicrobial results
for G. perpensa validate its traditional use to manage skin diseases
including pimples, skin eruptions and skin infections (Rios and Recio,
2005) (Table 1.). The leaves and rhizomes of G. perpensa are tradition-
ally used by communities to help treat dermatologically related prob-
lems including psoriasis and stimulate wound healing (Watt and
Breyer-Brandwijk, 1962) and could be linked to its antibacterial activ-
ity against Gram-positive opportunistic skin microorganisms. The
antibacterial activity of Carex rhodesiaca has not previously been
reported and there is also limited knowledge on the traditional uses
of this species, however, there are studies that report the antibacte-
rial activity of other species in the Carex genus which have been
tested against microorganisms. The ethanolic extracts of the leaves,
stems and fruits of Carex baccans were tested against a methicillin
susceptible Staphylococcus aureus (MSSA) strain and three Methicillin
Resistant S. aureus (MRSA 1-3) strains. The leaf and stem extracts
showed no activity, while the ethanolic fruit extract exhibited an MIC
of 50 pg/mL. The study also reported the compound curcusinol, as
the bioactive marker, with an MIC of 4 pg/mL against the MSSA,
MRSA-1, MRSA-2 and MRSA-3 strains (Liu et al., 2024). The ethyl ace-
tate partition of the methanolic root extract of Carex humilis resulted
in the isolation of a stilbene oligomer known as «-viniferin, which
exhibited antibacterial against MSSA, MRSA and Methicillin Resistant
Staphylococcus epidermidis (MRSE) with MIC values of 9.2-18.4 uM
(6.25—12.5 pug/mL) (Seo et al., 2017). In both the studies by Liu et al.
(2024) and Seo et al. (2017) the isolated constituents show better
activity than the crude extracts, therefore isolating compounds from
Carex rhodesiaca should be considered in future. None of the plant
extracts inhibited the growth Prevotella intermedia and Streptococcus
mutans at the highest concentration tested (10 mg/mL). Chlorhexi-
dine the positive control had an MIC of 0.78 mg/mL and 0.39 mg/mL
against P. intermedia and S. mutans, respectively. While there are
numerous studies that report the antibacterial activity of terrestrial
plants against these oral pathogens, however, there is not much data
reported for species from semi-aquatic and aquatic habitats. More et
al. (2008) reports the activity of six South African terrestrial plants
against P. intermedia and S. mutans with 5 of the species (83.33 %)
showing no activity at the highest tested concentration of 25 mg/mL,
indicating that higher concentrations may be required to inhibit the
bacterial growth of this species. Similarly, four of the six species
investigated against S. mutans showed an MIC of 12.5 mg/mL —
25 mg/mL. Castillo et al. (2022) reports that 0 %, 10 % and 90 % of P.
intermedia isolates are found in healthy individuals, individuals with
gingivitis and individuals with periodontitis respectively. This sug-
gests that this microorganism is involved only in the progression of
oral diseases since it is absent in healthy individuals. The study also
reported that 20 % of the isolates were resistant to amoxicillin and
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around 4 % were resistant to metronidazole due to the presence of
the resistance genes blaTEMF, tetMF, tetQF nimABF (%). Constant sub-
culturing of P. intermedia could potentially result in resistance of the
bacteria and explain the lack of activity shown by the tested plant
extracts. Another possible explanation for the tested extracts not
showing activity is the selection of ethanol as the extraction solvent.
Studies by Didry et al. (1998) and lauk et al. (2003), tested the chloro-
form and methanol extracts of some terrestrial plant extracts which
exhibited potent antibacterial activity against Prevotella species and
S. mutans showing activity in the pg/mL range. A study by Akhalwaya
et al. (2018), thirty-one South African plant species with reported tra-
ditional uses in oral care were tested for their ability to inhibit the
growth of different oral pathogens. The study concluded that dicho-
loromethane: methanol extracts were the most effective, with six
DCM: MeOH extracts exhibiting noteworthy antibacterial activity
against S. mutans with MICs below 1.00 mg/mL including that of a
South African semi-aquatic plant, Berula erecta, MIC of 0.50 mg/mL
(500 pg/mL). Streptococcus mutans is a known acidogenic bacteria
and produces acid to aid in demineralization of the tooth enamel
when pH levels reach between 5.0 and 5.5 (Henley-Smith et al.,
2018). Chandrabhan et al. (2012) showed that isolates from dental
plaques which were characterised as high acid producers also
showed resistance to antibiotics, erythromycin, chloramphenicol and
vancomycin. The effect of microenvironments including low pH and
anaerobic conditions can reduce the activity of some antimicrobial
agents and could possibly explain why none of the extracts exhibited
inhibition of S. mutans (Kim et al., 2022).

3.2. Antimycobacterial activity

The extracts of Erythrina zeyheri and Plantago longissima both
exhibited antimycobacterial activity against Mycobacterium smegma-
tis with an MIC value of 125 pg/mL. Mycobacterium smegmatis has
been characterised as a model microorganism for the prediction of
drugs with antimycobacterial activity against M. tuberculosis as it
enters dormancy after a 14-day period resulting resistance to most
antimycobacterial treatments (Lelovic et al., 2020). This suggests that
the antimycobacterial activity of E. zeyheri and P. longissima against
M. smegmatis may translate to the same activity against M. tuberculo-
sis. There are no reports of Erythrina zeyheri against Mycobacterium
smegmatis, however, the crude methanolic, ether and chloroform
root bark extracts of E. abyssinica have been tested against Mycobac-
terium tuberculosis (MDR strain and non-pathogenic strain) and
Mycobacterium avium. The MIC values ranged from 0.30 mg/mL to
4.69 mg/mL with the best activity being observed against M. avium
(Bunalema et al., 2011). Furthermore, the fractions of the dichlorome-
thane bark extract of Erythrina verna exhibited better activity than
the crude extract (MIC > 100 pg/mL) varying in MIC values between
2.50 — 99.10 pg/mL against Mycobacterium bovis, Mycobacterium
tuberculosis susceptible strain (H37Rv) and a resistant M. tuberculosis
strain (M299). Three compounds were also isolated from E. verna;
erythratidinone, alpinumisoflavone and erisenegalensein M which
showed inhibition of the H37Rv (MIC all < 10 pg/mL) and the M299
strain (MIC between 2.60 pg/mL —18.30 g/mL) (Simao et al., 2022).
Fractionation of E. zeyheri should be considered in addition to testing
the fractions against M. tuberculosis strains. There is no antimycobac-
terial data published for Plantago longissima, however, Heyman et al.
(2009) reported the antimicrobial activity of the ethanolic root
extract with an MIC of 12.5 mg/mL against methicillin-sensitive
Staphylococcus aureus. Another species of the genus, Plantago lanceo-
lata has shown antitubercular activity with the leaf extracts prepared
using petroleum ether, chloroform:methanol (1:1) and methanol
showed MIC values of 12.5 ug/mL, 6.25 pug/mL and 1.25 pg/mL
respectively, against Mycobacterium tuberculosis (Fayera, 2022)
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Table 2
Biological activity of the ethanolic plant extracts.
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Species name Anti-proliferative activity Tyrosinase Antibacterial activity
on HaCaT cells inhibition
Cutibacterium acnes Mycobacterium Prevotella intermedia  Streptococcus mutans
(ATCC 6919) smegmatis (MC? 155) (ATCC 25,611) (ATCC 25,175)
ICs0 &+ SD (pug/mL) MIC (pg/mL) MIC (mg/mL)

Afrosciadium magalismontanum > 400 > 200 > 500 Not tested >10 >10
Carex rhodesiaca > 400 64.71 £ 5.361 250 > 1000 >10 >10
Cyrtanthus breviflorus > 400 > 200 > 500 > 1000 >10 >10
Crinum campanulatum 205.05 + 16.33 > 200 > 500 > 1000 >10 >10
Cyperus marginatus > 400 75.03 £4980 > 500 > 1000 > 10 > 10
Crocosmia paniculata > 400 > 200 > 500 > 1000 >10 > 10
Cyperus sexangularis > 400 64.26 +5.120 > 500 > 1000 >10 >10
Dracoscirpoides ficinioides > 400 > 200 > 500 > 1000 >10 > 10
Erythrina zeyheri > 400 > 200 > 500 125 >10 > 10
Gunnera perpensa > 400 7043 +3.594 125 > 1000 >10 >10
Kniphofia pauciflora > 400 > 200 > 500 > 1000 >10 > 10
Marsilea schelpeana > 400 > 200 > 500 > 1000 >10 > 10
Nymphaea nouchali var. caerulea 199.10 £ 7.01 > 200 > 500 > 1000 >10 > 10
Nymphoides thunbergiana > 400 > 200 > 500 > 1000 >10 >10
Persicaria senegalensis > 400 7159 £4.229 > 500 > 1000 >10 > 10
Plantago longissima > 400 > 200 > 500 125 >10 > 10
Scadoxus multiflorus subsp. katherinae > 400 > 200 > 500 > 1000 >10 >10
Tulbaghia leucantha > 400 > 200 > 500 > 1000 >10 > 10
Persicaria senegalensis F13 - 177.65 +£6.765 — - - -
Persicaria senegalensis F14 - 68.77 £ 2.796 — - - —
Persicaria senegalensis F15 - 79.82+3.404 — - - -

* Kojic acid - 2908 £1.267 — - - -

* Actinomycin D < 0.005 - - - - —

* Tetracycline - - 1.56 - - -

* Ciprofloxacin - - - 0.156 - -

* Chlorhexidine - - - - 0.78 0.39

* Positive controls for respective assays and microorganisms tested

3.3. Inhibition of tyrosinase enzyme activity

The ability of each plant extract to inhibit the activity of tyrosinase
varied depending on the species with Carex rhodesiaca, Cyperus
marginatus, Cyperus sexangularis, Gunnera perpensa and Persicaria
senegalensis showing the best inhibitory activity with ICso values of
64.71 pg/mL, 75.03 pg/ml, 6426 ug/ml, 7043 wpg/mL and
71.59 pg/mL respectively (Table 2).

There are no previous reports on the tyrosinase inhibitory activity
of Carex rhodesiaca, however, several species within the Carex genus
have been reported from previously published data. Masuda et al.
(2005) reported the activity of the methanolic leaf extract of Carex
pumila which exhibited a 58.30 % reduction in tyrosinase enzyme
activity at a concentration of 500 pg/mL. The acetone seed extract of
Carex vulpinoidea was fractionated to yield vulpinoideol A (stilbe-
noid) and B (chalcone), hopeaphenol, «-hydroxychalcone and tested
for their tyrosinase inhibitory activity. The ICso values of the com-
pounds were 151 uM, 49.4 uM, 6.1 uM and 29.1 uM, respectively
(Niesen et al., 2015). Cyperus rotundus is the most well-studied spe-
cies in the Cyperaceae family. Many of the species in this plant family
are natural sources of stilbenes and oligostilbenes which have various
biological activities, including tyrosinase inhibitory activity (David et
al., 2021). This could explain the activity of C. marginatus and C. sex-
angularis. The oxygen-containing functional groups are critical struc-
tural components which have been shown to be critical for effective
tyrosinase inhibition (Likhitwitayawuid et al., 2006)

Several species in the genus Persicaria have been investigated for
their anti-tyrosinase activity. Phan (2021) tested the ethanolic leaf
extract and aqueous leaf extract of Persicaria odorata which showed
54.20 + 2.90 % and 49.62 + 0.77 % inhibition at 100 pug/mL, respec-
tively. The ethanol and aqueous extracts that were processed to
remove chlorophyll were also tested and showed 40.90 + 1.60 % and
41.45 + 1.90 % inhibition at 100 pg/mL, respectively. Methanolic
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extracts prepared from the roots and aerial parts of P. maritimum
exhibited anti-tyrosinase activity with ICso values of 590.00 and
600.00 pg/mL, respectively (Seimandi et al., 2021). Choi et al. (2020)
tested several species including P. hydropiper, P. tinctoria, P. dissiti-
flora, P. thunbergii, P. nepalensis, P. longiseta, P. chinensis, P. japonica, P.
viscofera, P. conspicua, P. sieboldi, P. perfoliata and P. lapathifolia for
anti-tyrosinase activity. The methanolic extracts prepared from the
whole plant of P. dissitiflora, P. chinensis, P. japonica, P. viscofera exhib-
ited anti-tyrosinase activity with ICsg values of 411.20 + 4.80 pg/mL,
726.40 + 6.90 pg/mL, 431.10 + 7.80 ng/mL and 694.90 + 6.80 ug/
mL, respectively. The methanolic flower extract of Persicaria tinctoria
exhibited an ICsg value of 70.80 + 2.20 ug/mL against mushroom
tyrosinase activity (Woo et al., 2011). Masum et al. (2019) reported
the tyrosinase inhibitory effects of the methanolic root extract of P.
orientalis which exhibited an ICsq of 13.00 and 17.00 pg/mL, respec-
tively when using I-tyrosine and I-DOPA as substrates.

The major fractions (F1-17) collected through column chroma-
tography were also evaluated for their inhibitory tyrosinase activity.
Major fractions showing tyrosinase inhibition were F13, F14 and F15
with ICsg values of 177.65 + 6.77, 68.77 & 2.80 and 79.82 + 3.40,
respectively. Fraction 14 exhibited a lower ICsy than the crude
extract, indicating better activity (Table 2). Statistical analysis of the
IC50 values indicate that F13 and F15 were significantly different
(p < 0.01) from the crude ethanolic extract, indicating that they con-
tain less effective tyrosinase inhibitors than the crude extract. F14
was not significantly different (p > 0.05) from the crude ethanolic
extract and therefore shows similar activity (Fig. 1). Purification of
the ethanolic extract of Persicaria senegalensis is therefore not worth-
while as no improved activity of the purified fractions was observed.

The compound isolated from F3, g-stigmasterol was tested for
tyrosinase inhibitory activity but exhibited an ICsq > 200 @g/mL. This
observation was expected as the pooled F3 fraction showed an ICsg >
200 pg/mlL, and the compound was elucidated purely based on the
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Fig. 1. The fifty percent inhibitory concentration (ICsp; g/ml) values against tyrosi-
nase for each of the bioactive major fractions (F13—15) compared with that of Persica-
ria senegalensis. Results obtained for each of the fractions were compared to the results
of the whole extract. Statistically significance is indicated with an asterisk (**) where
p < 0.01 using a One-Way ANOVA with Dunnett’s multiple comparisons test.

appearance of a single band on the developed TLC plates. A study by
Khan et al. (2014), showed similar results with g-stigmasterol, which
exhibited no tyrosinase inhibitory activity in comparison with other
steroid compounds (betulinic acid 3-B-caprylate, S-amyrin acetate,
ursolic acid, erythrodiol 3-8-caprylate, oleanolic acid 3-8-caprylate
and madhucic acid) isolated from the fruit pulp and seeds of Madhuca
latifolia which showed better activity. The presence or absence of
specific functional groups at the C3 position can enhance or reduce
tyrosinase inhibition. In addition, Chang (2009) reported that for
tyrosinase inhibitors the presence of the bulky and hydrophilic moie-
ties interferes with the ability of molecules to interact with the active
site of the enzyme and therefore exhibit no inhibitory effect on tyros-
inase enzyme activity.

South African Journal of Botany 175 (2024) 574—586
3.4. Bioassay guided fractionation of Persicaria senegalensis

Generally, tyrosinase inhibition is defined by the following crite-
ria: strong inhibition (IC59 < 50 pg/mL), moderate inhibition (50 g/
mL > IC5o < 100 ng/mL) and weak inhibition (ICsp > 100 wg/mL
(Hassan et al., 2023; Murata et al., 2022). While P. senegalensis exhib-
ited an ICsg of 71.59 + 4.23 ug/mL, which was lower than that of
some of the other extracts, the extract yield was of significant quan-
tity to perform bioassay-guided fractionation. Column chromatogra-
phy yielded 17 major fractions (F1-F17). Major fraction 3 (F3 —
13.9 mg) was developed using silica gel TLC plates with 80 % hexane:
20 % dichloromethane as the mobile phase and yielded a single blue
band after derivatization with acidified vanillin. Analysis of F3
(5.8 mg) included 'H NMR spectroscopy and electrospray ionisation
mass spectrometry (ESI-MS). The results obtained from the '"H NMR
spectroscopy and mass spectroscopy are provided in (Fig. 2). The 'H
NMR spectrum depicts a typical steroidal pattern comprising of a
mixture of two steroidal compounds. The ESI-MS provided the
molecular weights of 413.2699 [M + H|" and 393.2976 [M + H]"for the
proposed steroidal mixture (Fig. 3). Comparison with data from liter-
ature showed similar fragmentation peaks at m/z 395 and 413 which
identified the presence of (24S)-Stigmast-5,22(E)-dien-3-8-ol
(B-sitosterol), however, the identity of the second steroidal com-
pound could not be elucidated (Rangra et al., 2021) (Fig. 4). Simi-
lar 'TH NMR spectrum was observed by Ekhuemelo et al. (2019),
who reported mixture of sitosterol, stigmasterol and cycloeucale-
nol from Erythrophleum suaveolens could indicate a mixture of
these steroidal compounds in the ethanolic extract of P. senegal-
ensis. In plants these two phytosterols are often identified
together particularly since S-sitosterol is converted to S-stigmas-
terol in plants as a response to pathogen infection. Stigmasterol
is synthesized from p-sitosterol by the cytochrome P450
CYP710A1 by desaturation of C22. Since the only difference in
structure between these two phytosterols is the double bond
between C22 and (23, separation is difficult as they possess
largely similar properties (Ayaz et al., 2019; Griebel and Zeier,
2010; Xu et al., 2005) isolated both B-sitosterol and stigmasterol
from Persicaria hydropiper and Rodrigues et al. (2017) also identi-
fied both phytosterols in the leaf extracts of Polygonum mariti-
mum, which supports the theory that these phytosterols are
present in species of the Polygonaceae family.
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Fig. 2. 'H NMR spectrum (CDCI3, 500 MHz) of F3 collected from Persicaria senegaenlsis, representing a typical pattern of a mixture of two steroids.
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Fig. 3. ESI-MS (Electrospray lonisation Mass Spectrometry) of a mixture of two steroidal compounds collected from major fraction 3 of Persicaria senegalensis fractionation using

column chromatography.

3.5. Molecular docking of previously isolated Persicaria senegalensis
compounds

Molecular docking is an effective tool used for in silico screening
and prediction of interactions between molecules and target pro-
teins, playing an important role in the design and development of
novel drug treatments. Docking relies on computational algorithms
which predict various ligand poses within the active site of the target
protein and ranks these poses with a specific score. This tool provides
crucial information of how ligands bind both energetically and geo-
metrically (location, orientation and conformation) into the active
site of an enzyme and depicts the optimal fit herein, predicting

o
HO

possible interactions that may be associated with inhibitory effects
(Azam and Abbasi, 2013; Li et al., 2010). Due to the lack of improved
biological activity in the fractionated crude extract of Persicaria sene-
galensis, compounds from this species which were previously identi-
fied by Hussein et al. (2017), were docked into the active site of the
Agaricus bisporus (cultivated mushroom) tyrosinase enzyme (PDB ID:
2Y9X).

This enzyme was selected based on the similarity with the
enzyme which was used in the in vitro evaluation of the eighteen
extracts used on this study. The crystal structure of the enzyme has
been elucidated by Ismaya et al. (2011). The three-dimensional struc-
ture of the enzyme provides an opportunity for the evaluation of

Fig. 4. Chemical structure of (24S)-Stigmast-5,22(E)-dien-3-$-ol.
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Table 3
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Compounds from Persicaria senegalensis previously isolated by Hussein et al (2017) and their docking scores and interactions with Cu?* ions in

the active site of Agaricus bisporus tyrosinase enzyme (PDB ID: 2Y9X).

Compound Number ~ Name of molecule GOLD fitness score  van der Waals distances (A)
C1 3,7,4'-trimethoxy-kaempferol 53.72 2.15;2.37
C2 3,6-dimethoxy-kaempferol 55.47 2.17;2.33
c3 5-hydroxy-7-methoxy-isoflavone 53.41 2.15;2.41
C4 Apigenin (5,74 -trihydroxyflavone) 60.05 2.20; 2.31
C5 Calycopterin (5,4’ -dihydroxy-3,6,7,8-tetramethoxy-flavone) 56.59 240

C6 Gentisic acid-5-0-(2'-0-glucopyranosyl)-rhamnoside 63.13 2.27,2.83
Cc7 Gentisic acid-5-0-(6'-O-galloyl)-glucopyranoside 49.79 1.78

c8 Myricetin-3-O-rhamnoside 62.56 1.83; 3.12,
c9 Quercetin (3,5,7,3',4’'-pentahydroxy-flavone) 61.48 2.16; 2.38;
C10 Quercetin-3-0-glucopyranoside 20.90 2.19,2.54
C11 Quercetin-3-0O-rhamnoside 63.08 2.31;2.38
PC Kojic acid 47.95 2.17;2.53

potential inhibitor ligands binding affinity to the active site of the
enzyme and can be a powerful predictive tool when used in combina-
tion with in vitro experimental evaluation of potential inhibitors.

The GOLD program was used to dock the positive control (kojic
acid) and twelve flavonoid compounds previously isolated from P.
senegalensis by Hussein et al. (2017), into the active site of the
enzyme. The compounds were analysed to obtain a GOLD fitness
score and identify possible van der Waals interactions with the Cu?
*ions. The results for each of the docked compounds is given in ang-
stroms (A) and is summarised in Table 3.

Compound 6 (Gentisic acid-5-O-(2’-0-glucopyranosyl)-rhamno-
side) had the highest fitness score of 63.13 which was closely fol-
lowed by compound 8 with a fitness score of 62.56. These scores
differ in relation to the fitness score obtained by the positive control,
kojic acid by approximately 15. This indicates that the binding pose
of these molecules allows for the functional groups to interact differ-
ently within the active site when compared with kojic acid. Fitness
scores similar to that of kojic acid suggest that the molecules take up
a similar position within the active site to that of kojic acid. Com-
pounds with low scores molecules such as compound 10 (Quercetin-
3-0-glucopyranoside) with a fitness score of 20.90, suggests that the
interaction of this molecule with the tyrosinase enzyme differs
remarkably from both the positive control and the other docked mol-
ecules. The 3D optimal binding position of each molecule was
assessed using PyMOL. The position and orientation of the molecules
and the distance of interactions with the Cu?* ions within the active
site of the tyrosinase enzyme are depicted in Fig. 2. The analysis of
the binding position of the molecules revealed that each molecule
was able to position itself deep within the active site of tyrosinase
and exhibited polar interactions with the Cu?* ions through interac-
tions with oxygen (red) atoms located on the functional groups of the
compounds. The copper (Cu®*) ions located within the active site of
the enzyme are essential for its catalytic activity, therefore any close
interactions with both ions indicate a potential candidate for effective
tyrosinase inhibition (Claus and Decker, 2006). Interactions of around
2 A or less are considered noteworthy and indicate strong interac-
tions (Nokinsee et al., 2015).

Within the active site of the tyrosinase enzyme, two copper (Cu)
ions are located within the hydrophobic pocket. The presence of
these two ions allows for interactions with molecules containing oxy-
gen atoms, since the enzyme has monooxygenase (incorporation of a
hydroxyl group) and oxidase (oxidation—reduction) activity. Interfer-
ence with either of the copper (Cu?") ions causes the substrate to
change oxidation state leading to enzyme inactivation. Molecules
that interact with both the copper ions provide more effective path-
way of inactivation (Ramsden and Riley, 2014). Taking this into
account compound 5 (5,4’-dihydroxy-3,6,7,8-tetramethoxy-flavone)
and compound 7 (Gentisic acid-5-0O-(6"-0-galloyl)-glucopyranoside)
were not considered effective tyrosinase inhibitors as they each
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interacted with only one of the Cu?* ions. Although each interaction
was ~2 A in distance, interacting with only one copper ion does not
successfully hinder the catalytic activity of the enzyme. However,
one must consider that compounds which exhibit high docking
scores, but do not interact with both copper ions, may exhibit
enzyme inhibitory effects through non-competitive inhibition by
interacting at another site on the enzyme, other than active site.

Results for compound 2 (3,6-dimethoxy-kaempferol) exhibited
the lowest distance for van der Waals interactions (2.17 and 2.33 A)
between the oxygen atom and both the copper ions (Fig. 5). However,
part of the molecule protrudes outside of the active site, in vitro stud-
ies coupled with computational biology suggest that molecules found
to protrude outside of the cavity of the active site, could diminish the
biological activity (Lall et al., 2016). The same observation was made
for compound 6 (Gentisic acid-5-0O-(2’-0-glucopyranosyl)-rhamno-
side), compound 11 (Quercetin-3-O-rhamnoside) and compound 8
(Myricetin-3-O-rhamnoside). Although all three compounds showed
the highest fitness scores (63.13, 63.08 and 62.56, respectively), the
moieties of these molecules were found to protrude into the crystal
structure of the enzyme, therefore making them unlikely candidates
to be effective inhibitors of tyrosinase. All three of these molecules
contain a rhamnoside moiety, the presence of the rhamnoside moiety
could increase the number of polar interaction between the com-
pounds (hydroxyl groups) and the residues within the active site of
the enzyme providing the rhamnoside-containing molecules with a
higher fitness score. However, the presence of this sugar moiety
increases the distance of interaction between the oxygen atom and
the Cu®* ions to approximately 3 A. The increased distance along
with the protrusion renders these molecules unlikely inhibitors of
tyrosinase. It has been suggested that the glycosylation of flavonoids
reduces the inhibitory ability due to the increased stereo-hindrance
effects of the bulky glycoside moiety resulting in the inadequate
placement of the molecule into the binding site of the enzyme (Kar-
ioti et al., 2007).

The largest variation in fitness scores was observed between kojic
acid and compound 10 (Quercetin-3-O-glucopyranoside) which can
be explained by variation in binding pose (position, orientation and
conformation) within the active site. Quercetin-3-0O-glucopyranoside
is a much larger molecule and must undergo a greater deal of confor-
mational change in order to fit into the active site. Unfortunately, this
low fitness score suggests that this molecule would not naturally be
found within the active site as the conformational changes required
to fit into the active site requires a large expense of energy. Therefore,
biologically this molecule is not considered to be a potential inhibitor
of tyrosinase as the affinity for its pose is low.

Investigating the binding position of compound 1 (3,7,4'-trime-
thoxy-kaempferol), compound 3 (5-hydroxy-7-methoxy-isoflavone),
compound 4 (5,7,4'-trihydroxyflavone) and compound 9 (3,5,7,3',4'-
pentahydroxy-flavone) revealed that all four molecules fit deep


pdb:2Y9X

N. Lall, KM. Szuman, B. Madikizela et al.

Kojic acid

Compound 1 N

South African Journal of Botany 175 (2024) 574—586

Compound 2 Compound 3

P

- v
ASN-260 VAL zu VAL-283
- MET-280 / VAL-283
[\ =
fHEI\G'b;/') ]:': ‘4 HIS-61 [‘f WS- alz «ﬁk‘ .61 Jr'-- HIS-85 J/
< . . ~ / HIS-61
U - g:s 263L’m5.259 § w;i% :4 HIS- lf& < \ata 2“ @0 ,,._/A\LA-zas |'_ %
—\
s \ \\(/ cu SER.282 | ALA-286 "~ 0 2.37 “' 282 "0 ;0 2.33 o oY P 2.41
s ) L PoFos: 36800 N e o T
! B 215 o5y Y o Q‘;‘s .4
SER'nz/ C 243 GLy-281 Yy y o ?\ GLY-281 =S, ' ?\ . e - Q
o RN n il ; N
— k{ l‘" i"’ ;r Wis-263 \1 "‘,"f” A HIS-263 ,‘, MET-280_ 'rms s M
WIS-85// L 6y B N | Wis-259 N & J‘, N\ | HIS-259 r ~F=A \ HIS-259
/%\ PHE264) isu.260\ ’ PHE-264) Zgna60\ : PHE-264) acn.260\ ' 7
Compound 4 N Compound 6 A\ (ompound 8 Compound 9 ¢
VAL-283 o 0 d
r— Y4 VAL2SS g wises/ 9 0 VAL-283
I = HIS-BS -L.[ o ‘F\ / °°
e ¢ r’ > HIS-61 U s-61 93 {‘ HIS-85 'A/
M N Y . <° ¢ 7 o r‘( MIS-61
Aia-286\ L0 v VAL-283 sun a':( \ —&
SER-282 | %“& ¢ GO g 231 s"'"’/l @ ) ~Ain-288
N © ’o([,‘f(qu v e ‘/ AN ssnAzn\/ @ 2.38
/ et GLY-281 R SER.282 Au gl 0" 512 0
GLv-281 TN\ ! - R \-\“ P ?ns ey / @c T
Y 7 \\ IMET. 280 _ﬁ' - \ Y / T GLY-281 =S
MET:280 A His-263 AN \ / |
T s W - I ¢ Guvam|_ °~\ Mgr2e0 £ \
dE HIS-259 A | HIS-259 D e / ' HIS-263
PHE-264) Asn.260\ | T PHE-264) T\ L™ b2y T HIS-259
ASN-260 S Y— N\ !
PHE-2643 LASH260 PHE-264 7 pcn 260N\ !
Compound 10, Compound 11 ¢
58y \/ Y/
VAL-263 "s “\, % VAL-283 HIS-85
“1 2 | Ufy PR
\ _ 2\ His-61 | @ 5 [ ¥ ® His-62
ﬁ‘&"’\ o 3¢ e 231
SER- 2az 2.54 SER-282 ”‘,‘ .
%r \/ALA -286
2.19 & / 2.38
GLY-281, ; o GLY-281, ) N
v \'IE mszﬂ/ \ s 263/
MET-280 | — \HIS-239 7 MET-280 | :-ns 259
PHE-264" > \ASN-260 PHE-264 5> \ASN-260

Fig. 5. The molecular docking poses of compounds previously isolated from Persicaria senegalensis in the active site of tyrosinase (PDB ID: 2Y9X) showing interactions with Cu®*

ions (dashed lines). The distance of the oxygen (red) atom from Cu?

within the active site of the tyrosinase enzyme, comparable to that of
kojic acid. The conformation of each of the molecules allows for effec-
tive interactions with both the Cu?* ions and some additional interac-
tions between the amino acid residues. The insertion of these
molecules into the active site of tyrosinase allows each of the mole-
cules to effectively occupy the catalytic centre of the enzyme. The
potential of additional interactions with the enzyme amino acid resi-
dues allows the molecules to induce conformational changes in the
enzyme (Wang et al., 2014). By doing this, these molecules prevent
the substrates (L-tyrosinase and I-DOPA) from entering the active
site, signifying potential competitive inhibition (Chang, 2009).

3.6. Cytotoxicity on human skin keratinocytes (HaCat cells)

Cytotoxicity evaluation as an initial step in drug discovery deter-
mines potential toxicity of a test substance, which includes plant
extracts or biologically active compounds that are isolated from
plants. Minimal toxicity is essential for the successful development of
active ingredients or lead molecules with cosmetic or pharmaceutical
applications and therefore cellular toxicity studies play a crucial role
in determining safety profiles of such potentially therapeutic agents.
In addition, determining cytotoxicity together with biological activity
allows for determination of selectivity indices, which often determine
whether further research and development of a potential treatment
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is worthwhile (McGaw et al., 2014). Of the 18 ethanolic plant extracts
that were tested only two showed potential cytotoxic effects on
human keratinocyte cells (HaCat). The extracts of Crinum campanula-
tum and Nymphaea nouchali var. caerulea exhibited ICso values of
205.05 + 16.33 pg/mL and 199.10 & 7.01 ug/mL, respectively. Kuete
and Efferth (2015) define the cut-off values for toxicity profiles when
testing on normal cell lines (non-cancerous) as the following: signifi-
cant or strong cytotoxicity (ICso < 100 ng/mL); moderately cytotoxic
(100 pg/mL < ICsg < 300 wg/mL), low cytotoxicity (300 pug/mL <
IC50 < 1000 pg/mL) and non-toxic (ICsg > 1000 pg/mL). Following
these guidelines, indicates that the extracts of C. campanulatum and
N. nouchali var. caerulea are moderately toxic to human keratinocyte
cells. All the other tested extracts show low cytotoxicity according to
these cut-offs as their ICsq values were above the highest tested con-
centration of 400 pg/mL. Alam et al. (2018) reported the cytotoxicity
of the ethyl acetate partition prepared from the methanolic flower
extract of N. nouchali against Melan-a cells (embryonic mouse mela-
nocyte cell line) and reported the ICsq to be between 50 and 100 g/
mL. However, the difference could be due to the use of the flower as
the raw material for the preparation of the extract. The evaluation of
the ultrasonic-assisted cellulase extract of the flowers of N. hybrid for
cytotoxicity against HaCat cells showed a reduction of viability from
100 % to 88.79 % 4+ 2.64 % and 81.14 % + 3.66 % after 24 h exposure at
concentrations of 160 pg/mL and 200 ug/mL, respectively. Cell
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viability decreased to levels as low as 72.85 % + 3.58 % at 200 ug/mL
when exposure time was increased to 48 h (Liu et al., 2022). Consid-
ering that the cytotoxicity assay in our study was performed for
72 hrs, this could explain the ICsq value. There were no reports on the
cytotoxic effects of C. campanulatum when assessing literature for
this species, Refaat et al. (2013) reports various Crinum species with
antiproliferative activity against a variety of cancer cells. However,
since cancer cells have characteristics of continuous growth and
increased survival times it is difficult to compare these effects to that
of the extracts tested on non-cancerous cell lines (Chandra et al.,
2023). The compound Crinamine (Crinum alkaloid), isolated from the
bulbs of Crinum asiaticum and present in numerous other Crinum spe-
cies exhibited a lower ICso on HaCat cells (85.45 uM ~ 25.75 pug/mL)
when compared to the cancerous cervical cell line Hela (IC59 >
100 uM ~ > 30.34 pg/mL) (Khumkhrong et al., 2019). However, this
is a single compound rather than a mixture of compounds that is
present in a crude extract and makes it difficult to compare. The
methanolic extract of Crinum papillosum was tested at 100 wg/mL
and 10 pg/mL against human epidermoid carcinoma cells (skin can-
cer cells) which showed cell viability of 25-50 % and 100 %, respec-
tively when compared to the control (Kamuhabwa et al., 2000).

4. Conclusion

This study emphasises the need for more focussed research on
South African aquatic and wetland plants with traditional uses and
identifies a number of species with potential as active ingredients
with cosmeceutical applications, not including generalised antioxi-
dant activity. Seven of the eighteen plant extracts showed notewor-
thy biological activity with two extracts (Erythrina zeyheri and
Plantago lingissima) exhibiting potential as antimycobacterial agents.
While South Africa has made significant progress in the fight against
tuberculosis since 2010, this disease still poses a significant burden
on healthcare with 468 cases per 100 000 people in the population.
This is largely due to the prevalence of undernutrition, overcrowding
and biosocial risk factors such as HIV co-infection, alcohol-related
disorders, smoking and diabetes. For this reason, new treatments for
tuberculosis should be made a research priority (Mizrahi, 2024). Dual
anti-acne and anti-tyrosinase activity was observed for two extracts
Carex rhodesiaca and Gunnera perpensa. The dual inhibition exhibited
by Gunnera perspensa shows promise as an anti-acne agent with
Wamba et al. (2023) describing botanicals with MIC values of 40 <
MIC < 128 pg/mL against Gram-positive microorganisms (Cutibacte-
rium acnes) as showing very good antibacterial activity. In addition,
the inhibition of tyrosinase enzyme activity suggests that the etha-
nolic extract could potentially be used to prevent both the progres-
sion of acne and post-inflammatory skin hyper-pigmentation,
particularly in individuals with Fitzpatrick type IV-VI skin types.
Inhibitors of tyrosinase C. marginatus, C. sexangularis and P. senegalen-
sis are particularly important since there is an increased demand
from consumers for naturally derived ingredients for skincare, that
are both safe and effective. Individuals affected by skin hyperpigmen-
tation and uneven skin tone, particularly those with darker skin
types, are particularly interested in active ingredients to replace
hydroquinone (Murphy and Dow, 2021). Persicaria senegalensis is
amongst one of the more understudied plants in this study, however,
the anti-tyrosinase activity of the extract in vitro and the results from
the in silico data suggest that this extract should be further explored
as a source of natural tyrosinase inhibitors for the development of
new molecules against skin hyperpigmentation and products for the
personal care market. According to the National Biodiversity Assess-
ment of 2018, estuarine and inland wetland ecosystems are amongst
the least protected and most highly threatened ecosystems (99 % and
88 %, respectively), this study provides crucial insights into the poten-
tial benefits and importance of plants outside of terrestrial habitats
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for communities and emphasises the need to increase conservation
efforts for the protection and restoration of wetlands in South Africa.
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