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Abstract

This study investigates the anti-inflammatory properties of extracts prepared from the leaves of eight southern African
medicinal plants used traditionally to treat inflammation and pain. The inhibitory effect of aqueous and ethanol extracts on
the release of pro-inflammatory cytokines was determined in lipopolysaccharide (LPS) stimulated and unstimulated RAW
264.7 murine macrophage cells. The levels of interleukin (IL)-1p, IL-6, tumour necrosis factor-a (TNF-a), interferon-
gamma (IFN-y), monocyte chemoattractant protein 1 (MCP-1) and macrophage inflammatory protein (MIP)-2 release were
determined using cytokine multiplex-bead assays. The ethanol extracts of Melianthus comosus Vahl (commonly known as
honey flower), Tetradenia riparia (Hochst.) Codd (misty plume bush) and Warburgia salutaris (G. Bertol.) Chiov. (pepper-
bark tree), demonstrated the most significant inhibitory activity, with over 50-fold inhibition of IL-1p, IL-6 and TNF-a levels
in LPS-stimulated RAW 264.7 macrophages. The aqueous extract of M. comosus also significantly inhibited the secretion of
all the tested cytokines and chemokines. Phytochemical investigation of M. comosus ethanol leaf extract using ultra-high-
performance liquid chromatography coupled with high-resolution mass spectrometry (UHPLC-HRMS) led to the detection
of crassolide, deoxylimonoic acid D-ring-lactone, 2-hydroxynonanoic acid and 5-noniloxytryptamine. To the best of our
knowledge, the cytokine inhibition properties of most of the medicinal plants screened in this study are reported for the first
time. Our results support the use of southern African medicinal plants as anti-inflammatory remedies and provide an insight
into the immunomodulatory mechanisms of action.
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Introduction

Inflammation is a beneficial defence mechanism against
tissue damage. Unregulated activation of transcription fac-
tors and signalling molecules following tissue injury may
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progress into the development of chronic inflammation
(Fullerton and Gilroy 2016). Cytokines are communication
signals that regulate various biological processes, includ-
ing cell function, proliferation, differentiation, and apop-
tosis (Dinarello 2011, 2018; Landskron et al. 2014). The
cytokines interleukin (IL)-1p, IL-6 and TNF-a are classi-
fied as principal pro-inflammatory mediators that have been
identified as key therapeutic targets in resolving inflamma-
tion (Hirano 2021; Laczko et al. 2020; Scheller et al. 2011).
Whilst there is a global increase in the use of natural prod-
ucts as therapeutics, a significant decline in indigenous
knowledge of medicinal plant use remains a major concern
in southern Africa (Van Wyk and Gericke 2018). Modern
lifestyles have directed most of the younger generation away
from traditional therapies and towards allopathic medicine
(Ndhlala et al. 2011; Magwede et al. 2019).

In southern African, medicinal plant use to treat a vari-
ety of chronic inflammatory diseases is a common practice.
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Medicinal plant products are popularly sold as raw plant
material at informal (muthi) markets, with most traders
being rural inhabitants who depend on the informal trade
of plant material to financially sustain their families (Wil-
liams et al. 2004; Mander et al. 2007; Khumalo 2018). These
medicines are commonly prepared with water and taken as
decoctions and infusions, or they may be applied exter-
nally as raw plant material in powdered or poultice forms
to treat various inflammatory conditions (Khumalo et al.
2022). However, many of these medicines lack biological
and toxicity studies to account for their traditional use as
analgesic and anti-inflammatory remedies (Elgorashi and
McGaw 2019; Khumalo et al. 2022). This study evaluates
the cytokine inhibition properties of leaf extracts prepared
from eight southern African medicinal plants that are com-
monly used traditionally to treat pain and inflammation
(Khumalo et al. 2022). The cytokine multiplex-bead assay
was used to determine the immune-modulatory properties of
plant extracts against the pro-inflammatory cytokines IL-1,
IL-6, TNF-a, inteferon (IFN)-y, as well as the chemokines
monocyte chemoattractant protein-1 (MCP-1) and mac-
rophage inflammatory protein-2 (MIP-2) in lipopolysac-
charide (LPS)-induced RAW 264.7 murine macrophages.

The eight medicinal plant species screened in this
study were chosen from a list of 555 species that were
identified in a recent review to be used traditionally against
inflammatory and pain-related conditions in southern
Africa (Khumalo et al. 2022). The recorded inflammatory
conditions included general inflammation, pain, toothache,
headache, rheumatism, oedema or swellings, general
body pains, earache, backache, arthritis, abdominal pains,
chest pains, internal body pains, haemorrhoids, labour
pains and rheumatic fever (Khumalo et al. 2022). These
species were selected based on their frequent use and
popularity across the 22 main ethnic groups of southern
Africa. Furthermore, whilst the selected medicinal plants
are widely commercialised, the ethnopharmacological
studies investigating the possible mechanism of action
as immunoregulators are limited. Therefore, the pro-
inflammatory cytokine inhibition properties of most species
are reported for the first time in this study.

Materials and methods
Plant collection and extraction

Fresh leaves of Harpagophytum procumbens (Burch.) DC
ex Meisn. (commonly called Devil’s claw; voucher code
JRAU_HP), Melianthus comosus Vahl. (honey flower;
voucher code JRAU_MC) Mentha longifolia (L.) Huds.
(horse mint; voucher code JRAU_ML), Plumbago auric-
ulata Lam. (Cape Plumbago; voucher code JRAU_CP),
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Terminalia sericea Burch. ex DC. (silver cluster-leaf;
voucher code JRAU_TS), Tetradenia riparia (Hochst.)
Codd, (misty plume bush; voucher code JRAU_TR) War-
burgia salutaris (G. Bertol.) Chiov. (pepper-bark tree;
voucher code JRAU_WS), and Zantedeschia albomaculata
(Hook.) Baill. (Calla lily; voucher code JRAU_ZA), were
collected from fully grown feature specimens planted on
the University of Johannesburg, Auckland Park campus
in April 2021. The leaves were allowed to air dry at room
temperature in a greenhouse in the shade for 2 weeks.
Voucher specimens for each of the plant species were
prepared and deposited at the University of Johannesburg
herbarium. The plant parts tested (leaves) were chosen
based on their traditional use to treat pain and inflamma-
tory conditions and were verified by Prof B.-E van Wyk
of the University of Johannesburg.

Preparation of plant extracts

Distilled water and ethanol were used to prepare extracts
of the eight plant species. All solvents were obtained from
Ajax Fine Chemicals, Australia and were AR grade. Dried
and powdered leaf material (5 g) was soaked individually
in 50 mL (1:50 w/v) of each solvent for 24 h at room
temperature. Extraction with distilled water was chosen
to mimic the method that medicinal plants are prepared
traditionally as infusions and decoctions. Ethanol was
selected as a solvent to obtain a significant quantity of non-
polar (as well as polar) constituents that may otherwise be
absent in aqueous extracts. All extracts were subsequently
filtered using Whatman No. 1 filter paper and allowed to
evaporate to dryness in a fume hood.

Dried extracts were resuspended in 10 mL deionised
water containing 1% dimethylsulfoxide (DMSO). Pow-
dered Curcumin longa L. (commonly known as turmeric;
Super Strength Bio Turmeric 3100) was purchased from
Healthy Care, Australia (Batch no. 750710) as individual
capsules. Each capsule contained 155 mg of turmeric dried
plant material, which is standardised to contain the equiva-
lent to 100 mg curcumin. The material from one capsule
was suspended in 4 mL DMSO and then 28 mL distilled
water was added to prepare a stock solution of 5 mg/mL
(12.5% DMSO). Turmeric extract was used at a concentra-
tion of 1.25 cmg/mL (containing 3.12% DMSO) as a positive
control for the cytokine assays. Curcumin is a major com-
ponent of turmeric derived from Curcuma longa L., (Fiirst
and Ziindorf 2014). The mechanism of action in relation to
its anti-inflammatory properties has been widely explored.
Curcumin is a potent inhibitor of pro-inflammatory signal-
ling pathways, including the NFxB, MAPK, COX, and LOX
pathways, and downregulates the secretion of cytokines, and
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inhibits the expression of cell adhesion molecules (Fiirst and
Ziindorf 2014).

Cell culture and treatment

RAW 264.7 murine mouse macrophages (TIB-71) were
selected as a model system as they are widely used to study
cytokine modulation, whilst human dermal fibroblasts (PCS-
201-010) were used for cell viability assays. Both cell lines
were purchased from the American Type Culture Collection
(ATCC). Both cell lines were cultured in a high-glucose
Dulbecco’s Modified Eagle’s medium (DMED, Gibco)
supplemented with 100 pg/mL penicillin/streptomycin
(Gibco) and 10% fetal bovine serum (FBS, Gibco). Cell
cultures were maintained in a 5% CO, incubator with 70%
humidity at 37 °C until 80% confluence was achieved. LPS
was purchased from Sigma-Aldrich and used to stimulate
an inflammatory response at a concentration of 100 ng/mL.
The cells were passaged twice a week and the experiments
were conducted following the fourth passage.

Measurement of cell viability by MTS assay

The MTS assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
was performed as previously described by Riss et al. (2016)
to determine the appropriate extract dose for biological
screening. Briefly, a 100 uL volume of cells (1x 10° cells/
well) were seeded in each well of a sterile 96-well micro-
titre plate and incubated at 37 °C for 24 h in a humidified
environment with 5% CO,. All samples were screened in
duplicate. Cells without exposure to plant extracts served as
negative controls, whilst cells treated with 10% DMSO were
used as a positive control. After 24 h, the cells were exposed
to 100 uL. volumes of varying concentrations (5, 2.5, 1.25,
0.62 and 0.31 mg/mL) of the plant extracts and incubated
at 37 °C for a further 24 h. Following 48 h incubation, the
old media containing the extracts was discarded, and 100 uL
of fresh media was added, followed by 25 pL of CellTiter
96® Aqueous One Solution Reagent (Promega, Australia).
After another 1.5-h incubation, the colour change of the
MTS solution from yellowish green to dark red/brown was
measured at 490 nm using a Molecular Devices Spectra Max
M3 plate reader.

Cytokine multiplex-bead assay

The effects of the extracts on cytokine secretion were
assessed under two conditions. Firstly, cytokine levels in
unstimulated RAW 264.7 cells were used as a negative
control to determine the basal cytokine release upon
exposure to the extracts. The effects of the extracts and
controls on cellular immunity were also examined by

activating RAW 264.7 with 100 ng/mL LPS (Sigma-
Aldrich). For all tests, media containing approximately
1x10° cells in 3 mL of DMED media were seeded into
the wells of flat-bottom 6-well culture plates. After 24 h
incubation, the cells were treated with 2.5 mg/mL or
1.25 mg/mL of the plant extracts 3 h prior to the addition
of LPS. The choice of extract concentration was influenced
by the MTS assay results of the plant extracts. Aqueous
and ethanol extracts that exhibited > 80% cell viability at
2.5 mg/mL were screened at that concentration for their
immunomodulatory effects. Some ethanol extracts induced
substantial decreases in cell viability at 2.5 mg/mL and were,
therefore, screened at 1.25 mg/mL. The LPS-stimulated
RAW 264.7 cells were also treated in duplicate with
1.25 mg/mL turmeric as a positive control. Other untreated
cells were included on each plate as negative controls.
The plates were incubated for 48 h at 37 °C in a 5% CO,
incubator with 70% humidity. Following the 48 h incubation,
the culture supernatants were collected for cytokine analysis.

All multiplex-bead assays were performed in duplicate
using customised Multiplex Bead Assays (ThermoFisher,
Australia), which are designed to detect multiple murine-
specific proteins simultaneously. The levels of IL-1f, IL-6,
TNF-a, INF-y, MCP-1 and MIP-2 were quantified according
to the manufacturers’ instructions and performed at Cardinal
Bioresearch, Australia on a Luminex 200 flow-cytometry
system (Milliplex®, Australia). Cytokine concentrations (in
pg/mL) were calculated based on the sample fluorescence
intensity (MFI), compared to cytokine standard curves
and are expressed as a % of the untreated RAW cells. All
tests were performed in duplicate and are expressed as
mean =+ standard error of the mean (SEM).

Chemical studies

The ethanol leaf extract of M. comosus was further studied
for the presence of possible bioactive constituents using
UHPLC-HRMS analyses based on its potent inhibition
of secretion of all of the tested cytokines and chemokines
screened in this study.

UHPLC-HRMS conditions

The ethanol extract was subjected to UHPLC-HRMS
analysis (5 pL injection volume). UHPLC-HRMS run were
performed with an Ultimate 3000 RS UHPLC coupled to a
Bruker maXis II ETD ESI-qTOF mass spectrometer using
an analytical Thermo Scientific Accucore C18 column
(150 X 2.1 mm, 2.6 mm, 80 1&). An isocratic elution using
10% methanol (0.1% formic acid) in H,O (0.1% formic
acid) was held for 1 min, followed by a linear gradient of
10% methanol (0.1% formic acid) in H,O (0.1% formic
acid) to 100% methanol (0.1% formic acid) over 9 min.
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This column was then washed with 100% methanol (0.1%
formic acid) for 2.5 min before switching back to 10%
methanol (0.1% formic acid) in H,O (0.1% formic acid)
over 0.2 min and re-equilibrating the column for 3 min.
This provided an LC run of 15 min, conducted at a flow
rate of 0.3 mL/min.

UHPLC-HRMS data analyses

The generated UHPLC-MS data were analysed using
DataAnalysis 5.2 (Bruker Daltonics) and dereplicated
using Compound Crawler 3.1 (Bruker Daltonics) with
access to Chemical Entities of Biological Interest (ChEBI)
database to putatively identify the presence of some
compounds in the plant extract based on m/z, mass spectral

properties and retention index. The UV chromatogram was
recorded at the wavelength of 254 nm.

Results
MTS assays

The MTS assay was used to determine the percentage cell
viability of aqueous and ethanol extracts at 2.5 mg/mL
and 1.25 mg/mL against RAW 264.7 murine macrophages
(Fig. 1A and B) and human dermal fibroblasts (HDF;
Fig. 1C and D). The MTS assay was performed using vary-
ing extract concentrations. At 2.5 mg/mL, all the aqueous
extracts exhibited > 80% cell viability against both tested cell
lines, therefore this was the concentration used to perform

A: RAW264.7 2.5 mg/mL B: RAW264.7 1.25 mg/mL
sl 1T 1o ol 1 Iomr
gloo 100
= 80 80
.E 60 60 I Aqueous
= [ Ethanol
§ 40 40
| |
0 V== S 9
2 2238 8§28 0 R EEREE R ERE
ER R NN EEER BN
= S5 3 T3 3SR T §E&ERTEIEA
2 5§88 % o o 8§ 8 F 388§ NN ®E S
& 8 3.8 3 NN 2 8 R 3 S ¥ =g . 3 g
ERsa o N8 3 E A5 Su =g =
‘EREEN 3" = A S}
(SIS X
= X N N
C: HDF 2.5 mg/mL D: HDF 1.25 mg/mL
120 120
£100 100
Z 80 80
8
> 60 I 60 I Aqueous
=]
840 40 [ Ethanol
S 20 I 20 I
0&’:’%.58-..3.250 Omnnue, R
s S 23S s 8534 T § 353538882
©° S SRFT ST ST 2 ° S ST ST SE 2
2 S 5 xR T ¥ IR A = § §§%§8 % 8 =8 7
S § 83 8§ e S8 o g 38858 - 0% %
g 8§ 38 § M&N 28X s 8 8 S § NN 2§88 ¥
E RSN o NS 3 2 Saa S NS S
E SRS N Sl £ S8 S 3 =
SRR N I N

Fig. 1 The cytotoxic effects of the selected southern African medici-
nal plants in RAW 264.7 macrophages and human dermal fibroblast
at 2.5 and 1.25 mg/mL was determined using the MTS assay. A, B
Aqueous and ethanol extracts tested in RAW 264.7 macrophage
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cells; C, D Aqueous and ethanol extracts of in human dermal fibro-
blast (HDF) cells. (mean+SEM of duplicates). The arrows indicate
percentage cell viabilities of plant extracts > 120% and the horizontal
lines indicate 50% viability
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the cytokine assays of all the aqueous plant extracts. The eth-
anol extracts that displayed potential toxicities (< 50% cell
viability) at 2.5 mg/mL against macrophages and fibroblasts
were tested at 1.25 mg/mL in the cytokine assay. Results
obtained from this study showed that all the aqueous and
ethanol extracts were non-toxic at 1.25 mg/ml against RAW
264.7 and HDF cells, with the exception of M. comosus.
The ethanol extract of M. comosus exhibited toxicity against
human dermal fibroblasts with <50% cell viability at both
concentrations tested (Fig. 1C and D). However, RAW 264.7
macrophages treated with the ethanol and aqueous extracts
at 2.5 mg/mL and 1.25 mg/mL exhibited no toxicities in
the MTS assay (Fig. 1A and B). In addition, medicinal
plant extracts of H. procumbens, T. sericea, W. salutaris
and Z. albomaculata exhibited proliferative effects, with the
greatest percentage cell viability of 164% observed from
the aqueous extract of H. procumbens against RAW 264.7
macrophages.

Cytokine assays in RAW 264.7 cells in the absence
of stimuli (LPS)

Cytokine levels (IL-1p, IL-6, TNF-a, INF-y, MCP-1 and
MIP-2) were determined in RAW 264.7 cells without
LPS stimulation upon exposure to the extracts. This was
undertaken to investigate the immunomodulatory properties
of medicinal plant extracts in the absence of an inflammatory
stimulus. The levels of cytokine expression in untreated
cells (control) were very low and, therefore, no significant
cytokine inhibition was evident upon extract exposure.
Therefore, these results are not presented herein. Instead, the
results presented in this study show the anti-inflammatory
properties of plant extracts in LPS-stimulated RAW 264.7
murine macrophages.

Cytokine assays in LPS-stimulated RAW 264.7
macrophages

Interleukin-1 (IL-B) inhibition activity

The leaf extracts of selected medicinal plants were evaluated
for their IL-1p activity in LPS-stimulated RAW 264.7 cells
(Fig. 2). The RAW 264.7 murine macrophage cells were
treated with aqueous and ethanol extracts of eight medicinal
plants 3 h prior to treatment with LPS (100 ng/mL). Cells
treated with LPS in the absence of extracts (negative con-
trol) showed increased levels of IL-1p production. All the
plant extracts showed decreases (p <0.005) in IL-1p levels
compared to the control, with the exception of the aqueous
extract of Z. albomaculata, which only showed an appar-
ent decrease. Furthermore, all the ethanol extracts exhibited
significant inhibition (p < 0.005) of IL-1f, with over 90%
decreases compared to the control.

120 IL-1p
100
80

60| I Aqueous

[ Ethanol
40

% IL-1B in RAW cells

20

0

T. sericea [®
Turmeric jm

M. longifolia =
T. riparia
W. salutaris |m—

M. cosmosus |
P. auriculata

j— | x
=
I
-
Z. albomaculata j———————
7
E

LPS stimulated
H. procumbens m=

Fig.2 Effect of selected southern African medicinal plants on
interleukin-1p secretion in LPS-stimulated (100 ng/mL) RAW 264.7
cells (mean+SEM of duplicates). X indicates statistical inhibition
differences to the LPS control (p <0.005)

The potent IL-1f inhibition of medicinal plant extracts
from cells treated with the aqueous extracts of H.
procumbens, M. comosus, M. longifolia, T. riparia and T.
sericea may justify the traditional method of preparation
using water as infusions and decoctions. Melianthus
comosus displayed the greatest anti-inflammatory activity
against IL-1f, with inhibition by 97.9% and 98.1% from the
aqueous and ethanol extracts, respectively. Furthermore,
most of the ethanol extracts substantially decreased IL-1p
levels compared to the positive control.

Inteleukin-6 (IL-6) inhibition activity

The effect of the leaf extracts of eight medicinal plants on
interleukin-6 inhibition were determined in LPS-induced
RAW 264.7 cells (Fig. 3). LPS-stimulated cells in the
absence of plant extracts (negative control) showed sub-
stantially increased IL-6 production to approximately
2111.6 pg/mL (100%). In contrast to the aqueous extracts,
all the ethanol extracts exhibited noteworthy IL-6 inhibi-
tion (p <0.0005), with the greatest decrease noted for the M.
comosus extracts (99.7%), followed by W. salutaris (99.4%)
and T. riparia (98.9%) compared to the control. Notably, the
aqueous leaf extracts of P. auriculata, W. salutaris and Z.
albomaculata exhibited substantial pro-inflammatory effects
by significantly enhancing the release of IL-6, with the high-
est increase from Z. albomaculata up to 16 791.4 pg/mL
(795.2%) compared to the control.

The aqueous and ethanol extracts of H. procumbens, M.
comosus and T. riparia significantly inhibited IL-6 secretion
in LPS-stimulated RAW 264.7 cells. This indicates that the
bioactivity of these medicinal plants is largely influenced
by the polar constituents. Furthermore, the IL-6 inhibition
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Fig.3 Cytokine inhibitory effects of the selected southern African
medicinal plants against Interleukin-6 secretion in LPS-stimulated
RAW 264.7 murine macrophage cell line (mean+SEM of dupli-
cates). Black arrows indicate percentage inhibition of plant extracts
is greater than the axis scale of the graphs. X (p<0.005); and XX
(p<0.0005) indicate statistical inhibition difference from the LPS
control, respectively

activity of M. comosus was more active than the positive
turmeric control, significantly decreasing IL-6 levels from
2111.6 pg/mL in the negative control to 6.5 pg/mL in cells
treated with the ethanol extract, indicating a> 300-fold
decrease in IL-6 secretion.

Tumour necrosis factor-a (TNF-a) inhibition activity

The selected southern African medicinal plants were evalu-
ated for their anti-inflammatory properties against tumour
necrosis factor-o in LPS-induced RAW 264.7 cells (Fig. 4).
The LPS-stimulated cells (100 ng/mL) in the absence of
extracts (negative control) substantially enhanced the pro-
duction of TNF-a levels up to 3027.9 pg/mL (100%). All the
ethanol extracts showed significant inhibition (p <0.0005)
of TNF-a levels, in contrast to the aqueous extracts, with the
exception of the P. auriculata extract. Whilst the aqueous
extract of P. auriculata displayed the greatest up-regulation
of TNF-«a levels to 158.5% compared to the untreated control
(p <0.005), the ethanol extract showed no significant effect
on TNF-a secretion compared to the control.

In addition, the aqueous extracts of Z. albomaculata
and W. salutaris induced increases in TNF-« levels up to
133.8% and 110.5%, respectively, compared to the control.
Melianthus comosus showed the greatest inhibition of
TNF-a levels (p <0.005), from 3027.9 pg/mL in the control
to 0.18 pg/mL (approximately 16 000-fold decrease) in
cells treated with the ethanol leaf extract, corresponding
to a 99.8% inhibition of TNF-a in LPS-stimulated RAW
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Fig.4 The anti-inflammatory effects of selected southern African
medicinal plants against TNF-a in LPS-stimulated (100 ng/mL) RAW
264.7 murine macrophage cell line (mean+SEM of duplicates).
Black arrows indicate percentage inhibition of plant extracts is greater
than the axis scale of the graphs. X (p <0.005); and XX (p <0.0005)
indicate statistical inhibition difference from the LPS control, respec-
tively

264.7 cells (p <0.005). Furthermore, the ethanol extracts
of T. riparia and W. salutaris displayed significant
TNF-a inhibition of up to>95% compared to the control
(p <0.005). Whilst most aqueous extracts exhibited no
apparent inhibition or further enhanced TNF-a secretion,
the aqueous extracts of M. comosus and M. longifolia
displayed substantial inhibition by a fivefold and twofold
decrease in TNF-a levels, respectively, compared to the
control (p <0.005).

Interferon-gamma (IFN-y) inhibition activity

Aqueous and ethanol leaf extracts of the tested plant spe-
cies of southern Africa were screened for their anti-inflam-
matory properties against IFN-y in LPS-stimulated RAW
264.7 macrophage cells (Fig. 5). The ethanol plant extracts
showed significant inhibition of LPS-induced IFN-y levels
compared to the aqueous extracts, with the exception of P.
auriculata, which showed an apparent decrease (although
this was not statistically significant). The greatest IFN-y
inhibition activity was observed from the ethanol extract of
M. comosus with 100% inhibition, while the aqueous extract
also showed a substantial decrease of up to 77.8% IFN-y
secretion compared to the control (p < 0.005). Furthermore,
cells treated with the aqueous extracts of 7. riparia showed
a significant decrease (p < 0.005) of IFN-y levels compared
to the control.

The aqueous extracts of most medicinal plants including
H. procumbens, P. auriculata, W. salutaris and Z.
albomaculata exhibited an increase of over 100% of IFN-y
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Fig.5 Interferon-gamma inhibition activity of plant extracts of
the selected southern African medicinal plants in LPS-stimulated
(100 ng/mL) RAW 264.7 murine macrophage cell line (mean+ SEM
of duplicates). Black arrows indicate percentage inhibition of plant
extracts is greater than the axis scale of the graphs. X (p <0.005)
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levels in LPS-induced RAW 264.7 cells compared to the
control. The strongest increase was noted from the aqueous
extracts of Z. albomaculata and W. salutaris, with up to
365.3% and 182.6% of the control value, respectively.
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Fig. 6 Effects of eight selected medicinal plants against MCP-1 activ-
ity in LPS-stimulated (100 ng/mL) RAW 264.7 murine macrophage
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Fig.7 Chemokine inhibition activity (pg/mL) of leaf extracts of the
selected southern African medicinal plants against MIP-2 in LPS-
stimulated (100 ng/mL) RAW 264.7 murine macrophage cell line.
Black arrows indicate percentage inhibition of plant extracts is greater
than the axis scale of the graphs. Statistical differences of MIP-2 inhi-
bition of plant extracts to the LPS control could not be determined
due to off-scale value of MIP-2 levels in the LPS-stimulated but
untreated control

Chemokine activity of aqueous and ethanol extracts
against MCP-1 and MIP-2 secretion

The selected medicinal plants traditionally used to treat pain
and inflammation were also screened for modulation of the
secretion of the chemokines MCP-1 and MIP-2 in LPS-
induced RAW 264.7 macrophages (Figs. 6 and 7, respec-
tively). The ethanol extracts showed substantially greater
inhibition (p < 0.005) of MCP-1 compared to the aqueous
extracts. The greatest MCP-1 inhibition was observed for
the ethanol extracts of M. comosus and T. sericea, with
99.4% and 95.5% inhibition, respectively, compared to
the control. The aqueous extracts from H. procumbens, P.
auriculata, and W. salutaris favoured the up-regulation of
MCP-1 release in LPS-stimulated raw 264.7 cells. The great-
est increase was observed from the aqueous extract of P.
auriculata, with up to 572.7% of MCP-1 release compared
to the control.

The MIP-2 percentage data could not be calculated since
the LPS stimulation of RAW 264.7 cells increased the MIP-2
levels to > 3000 pg/mL, which was beyond detectable range
of the assay. Therefore, only the mean averages of raw data
are presented herein as pg/mL in Fig. 7. In contrast to the
aqueous extracts, the ethanol extracts exhibited substantial
inhibition activity of MIP-2 levels compared to the control,
with the exception of P. auriculata, which had high MIP-2
levels > 3000 pg/mL. RAW 264.7 cells treated with the
ethanol extract of M. comosus showed the greatest inhibition
of MIP-2 levels from > 3000 pg/mL down to 14.96 pg/mL
(p<0.005).
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UHPLC-HRMS analyses of M. cosmosus extract

analysis. Briefly, the UHPLC-HRMS data were acquired
with an Ultimate 3000 RS UHPLC coupled to a Bruker

Due to its strong inhibition of all of the pro-inflammatory =~ maXis I ETD ESI-qTOF and the mass spectrum was cali-
cytokines and chemokines screened in this study, the M.  brated externally with 0.1 mg/mL of sodium trifluoroacetate.
cosmosus ethanol extract was selected for phytochemical ~ Table 1 and Fig. 8 show the metabolites putatively identified

Table1 UHPLC-MS data of compounds putatively identified in the ethanolic Melianthus cosmosus leaf extract. The structures of the com-
pounds are shown beneath the table

Peak Retention time ~ [M+H*'] m/z [M+Na*] m/z Molecular formula No. of hitson  Putative identification®
(tg, min) ChEBI*
A 9.05 491.2276 C,6 H3,04 5 Crassolide and
deoxylimonoic acid D-ring-lactone
B 9.50 197.1148 Cy H 304 6 (R)-2-Hydroxynonanoic acid
C 10.65 325.2273 C,oH30N,O0 1 5-Noniloxytryptamine
#Accessed on June 2023

®Compounds with reported anti-inflammatory activity, identified as hits on CheBI

O
\/\/\/\;)J\OH
OH
(R)-2-hydroxynonanoic acid
NH,
/\/\/\/\/O
A\
N
deoxylimonoic acid D-ring-lactone .
. 5-nonyloxytryptamine
crassolide
Fig.8 The structures of compounds putatively identified in the ethanolic leaf extract of M. comosus
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Fig. 9 Base peak chromatogram (all MS) for the ethanol extract of M. cosmosus
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in the ethanol leaf extract of M. comosus. The findings are
limited to search engines including PubMed and SciFinder,
and were dereplicated using Compound Crawler 3.1 (Bruker
Daltonics) with access to Chemical Entities of Biological
Interest (ChEBI) database).

Crassolide (peak A; Fig. 9) was putatively identified in
the ethanol extract of M. cosmosus leaves. The diterpenoid
has been reported by various authors to exhibit immu-
noregulatory properties (Chao et al. 2008; Lin et al. 2021;
Lai et al. 2022). Crassolide has potent in vivo anti-inflam-
matory effects against an auto-immune disease known as
antiphospholipid syndrome through significant inhibition
of pro-inflammatory cytokines (including (TNF)-a, inter-
leukin (IL)-6, IL-12 and IL-23) and dendritic cell matura-
tion (Lin et al. 2021). Crassolide also exhibits antitumour
effects against human H460 non-small-cell lung cancer cells
through stimulation of reactive oxygen species (ROS) pro-
duction, thereby promoting apoptosis (Lai et al. 2022).

2-Hydroxynonanoic acid (197.1172) (peak B; Fig. 9)
modulates inflammation induced by microbial infections
associated with Pseudomonas sp. and Escherichia
coli (Pohanka et al. 2005; Van Der Hooft et al. 2019).
Pseudomonas sp. contribute largely to respiratory tract
infections and play a major role in the initiation and
progression of inflammation through activation of innate
immune signalling pathways by binding to TLR4-MD-2
receptors (Pier 2007; Qin et al. 2022).

Similarly, 5-noniloxytryptamine (peak C; Fig. 9)
is a potent neuroprotective agent (Saini et al. 2016;
Kalotra et al. 2020; Kalotra and Kaur 2021). Notably,
5-noniloxytryptamine mimics polysialic acid (PSA), which
is required for inducing and maintaining plasticity and
repair of the nervous system upon tissue injury (Doganyigit
and Uner 2021). Notably, the potential presence of
bioactive constituents reported from the ethanol extracts
of M. comosus have not been previously identified for
this species and therefore reported for the first time in this
study. Previous studies have identified few M. cosmosus
compounds, including the toxic bufadienolides (Van Wyk
et al. 2009; Maroyi 2019; Bedane et al. 2020).

Discussion

The anti-inflammatory effects of the leaves of eight
medicinal plants were evaluated for the ability to modulate
the secretion of several cytokines and chemokines in LPS-
induced RAW 264.7 and unstimulated murine macrophage
cells. Several of the plant extracts exhibited strong
inhibition of pro-inflammatory cytokine and chemokines,
thus supporting their traditional use as anti-inflammatory
remedies. IL-1p is a pro-inflammatory cytokine that that
induces pain, inflammation, and auto-immune disorders

(Dinarello 2018). Two types of IL-1 (IL-1a and 1f) share
the same receptor (IL-1R1) and require the presence of
an additional protein (IL1 receptor accessory protein)
(IL-1RACP) to promote intracellular signalling during an
inflammatory response (Dinarello 2018). Interleukin-1
injection in mice directly induces inflammatory pain and
thermal hyperalgesia by enhancing gene expression of
cyclooxygenase-2 (COX-2), and therefore the subsequent
synthesis of prostaglandin E, (PGE,) (Ji et al. 2018). Several
monoclonal antibodies, including anakinra and canakinumab
that target interleukin-1 activity through blocking IL-1
receptor have been clinically approved as monotherapies.
Additionally, administering these antibodies increases
recovery rates in patients suffering from rheumatologic
conditions and heart failure (Fitzgerald et al. 2005;
Dinarello 2011, 2018). However, due to the expensive cost
of these therapies, they remain inaccessible to much of the
population (Liu 2014). In contrast, medicinal plant products
are cost effective, generally easily accessible and have been
used since ancient times for various inflammatory disorders,
often without substantial toxicities.

All the tested medicinal plants displayed potent anti-
inflammatory activity against IL-1f secretion in RAW
264.7 cells. The aqueous and ethanol extracts of Mentha
longifolia were particularly strong inhibitors of IL-1f
secretion. Interestingly, in southern Africa, fresh leaves
of M. longifolia are used as an analgesic to relieve labour
pains, stomach pains and headaches (Hutchings et al. 1996;
Mhlongo 2019). The plant is also used as a general medicine
and the leaves are prepared in water as herbal tea (Van Wyk
and Gericke 2018). Therefore, the findings from our study
may support the traditional medicinal use of M. longifolia as
an analgesic by regulating the synthesis of pain-producing
molecules through substantial inhibition of IL-1p levels.
The leaf methanol extract of M. longifolia, together with its
major constituent eucalyptol, have protective effects against
acetic acid-induced colitis in rats by significantly reducing
the up-relation of serum IL-6 and TNF-a levels (Murad
et al. 2016). The leaf methanol extract and essential oils
of M. longifolia exhibited potent anti-inflammatory effects
by NO scavenging and reducing inducible nitric oxide
synthase and tumour necrosis factor-a mRNA expression
in LPS-stimulated macrophages (J774) (Karimian et al.
2013). Although the chemical composition of M. longifolia
essential oils has been well studied, relatively few studies
have focused on their inflammatory pain-related properties
(Farzaei et al. 2017; Eftekhari et al. 2021).

The different solvent extracts used in this study, greatly
influenced the therapeutic effects of Plumbago auriculata,
W. salutaris and Z. albomaculata, the aqueous extracts of the
medicinal plants exhibited immunostimulant effects, while
the ethanol extracts displayed substantial cytokine inhibition
activity in LPS-induced RAW 264.7 macrophage cells. The
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aqueous extract of P. auriculata enhanced the release of IL-6
by up to 418.2% compared to the control, whilst the ethanol
extract showed a significant decrease to 18.2% compared
to the control (Fig. 3). The anti-inflammatory properties
of the bioactive constituents of P. auriculata have recently
been reported (Melk et al. 2021; Sherif et al. 2022; Selim
et al. 2022). The roots contain the naphthoquinones epi-
isoshinanolone and plumbagin, the steroids sitosterol and
3-0-glucosylsitosterol, as well as plumbagic and palmitic
acids (De Paiva et al. 2005). High performance liquid
chromatography (HPLC) analysis of ethanol extracts of
aerial parts of this plant revealed the presence of sixteen
compounds, with gallic acid, chlorogenic acid and catechin
identified as major constituents (Melk et al. 2021). Reported
anti-inflammatory properties of gallic acid include inhibition
of LPS-induced nitric oxide (NO), prostaglandin E-2 (PGE-
2) and IL-6 production in RAW?264.7 cells (BenSaad et al.
2017). Thus, the IL-6 modulatory activity of P. auriculata
observed in our study may be influenced by these chemical
constituents, although this remains to be verified.

The leaves of P. auriculata are used traditionally to repair
broken bones and taken as a snuff for headaches (Hutchings
et al. 1996; Van Wyk et al. 2009). Interleukin-6 plays a
key role in promoting osteomyelitis through signalling
receptor protein gp130 binding (Scheller et al. 2011). Mouse
models of arthritis, including antigen-induced arthritis and
collagen-induced arthritis, showed IL-6 deficient mice to be
completely protected against theumatoid arthritis (Scheller
et al. 2011). The immunomodulatory properties of P.
auriculata leaves were also evaluated by other authors in
in vivo models. The ethanol extracts of aerial parts exhibited
potent hepatoprotective effects by significantly suppressing
TNF-a and IL-6 levels in thioacetamide (TAA)-induced
liver fibrosis in rats, thus restoring liver function (Selim
et al. 2022). Additionally, the methanol extract of the aerial
parts of P. auriculata and its bioactive constituents exhibited
potent anti-inflammatory activity evaluated in carrageenan-
induced paw oedema model in rats (Sherif et al. 2022). The
authors isolated and identified 16 compounds of which
B-amyrin, p-sitosterol, B-sitosterol-3-O-b-p-glucoside, and
the glycosylated flavonoids and biflorin showed the most
significant analgesic effects through inhibition of the paw
swelling.

Interferons are inflammatory cytokines that regulate
various transcription factors through STATSs signalling
pathway (Rauch et al. 2013). Increased serum levels of
IFN-y were reported in patients suffering from systemic
lupus erythematous, inflammatory bowel diseases, multiple
sclerosis, and rheumatoid arthritis (Ito et al. 2006; Rauch
et al. 2013; Majoros et al. 2017). Furthermore, histological
study of mice intestine following oral administration of
dextran sodium sulphate damaged mucosal epithelium and
showed increased infiltration of inflammatory cells (Ito et al.
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2006). The leaf extracts of the eight medicinal plants tested
in this study displayed strong inhibition of IFN-y levels in
LPS-stimulated RAW 264.7 cells compared to the control,
particularly the ethanol extracts. In contrast, most of the
aqueous extracts favoured substantial up-regulation of IFN-y
levels to the control, and therefore have pro-inflammatory
effects.

The extracts of T. sericea and T. riparia significantly
decreased pro-inflammatory cytokines levels in LPS-
induced RAW 264.7 cells, with limited toxicities in the
MTS assay. The reported biological properties of T. sericea
include anti-HIV, antibacterial, anti-fungal, wound healing,
anticancer, lipolytic, antiparasitic, anti-inflammatory and
antioxidant activities (Mongalo et al. 2016). The leaves
are mainly used traditionally against gastrointestinal and
respiratory tract disorders (Hutchings et al. 1996; Van
Wyk et al. 2009). However, unspecified parts of the plant
are also used to treat leg pains in Namibia (Cheikhyoussef
et al. 2011). The ethanol leaf extract of 7. sericea showed
potent anti-inflammatory properties through inhibition of
the pro-inflammatory mediators IL-1p, IL-6 and TNF-a.
Furthermore, no toxicities were observed in the MTS assay
at 1.25 mg/mL against RAW 264.7 cells. Very little is known
about the toxicity and inflammatory enzyme inhibition
activity of T. sericea (Mongalo et al. 2016). This is the first
report of cytokine inhibition assays for this species. There is
a need to further understand the mode of action and in vivo
cytotoxicity properties of this plant.

Tetradenia riparia is an important Zulu medicinal plant
that is widely used for treatment of several disorders. Leaf
infusions are used to treat swellings, backache, and chest
pains, whilst powdered leaves are directly inhaled as a snuff
for headaches (Van Wyk et al. 2009; Mhlongo 2019). The
ethanol extract of T. riparia has broad-spectrum cytokine
inhibition activity, with the greatest inhibition against IL-6
and TNF-a secretion. Notably, TNF-a regulates many
critical processes of tumour promotion and progression, with
clinically elevated serum levels noted in individuals suffering
from pre-neoplastic and malignant diseases (Landskron et al.
2014). One study reported that the leaf essential oils of T.
riparia induced IL-1f and IL-6 secretion without altering
TNF-a mRNA expression in LPS-stimulated murine
macrophage cells following a 3 h incubation (Demarchi et al.
2016). Furthermore, cytotoxicity evaluation of the essential
oils at 30 ng/mL showed 90% cell viability in the XTT
(sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis
(4-methoxy 6-nitro) benzene sulfonic acid hydrate) assay
(Demarchi et al. 2016). Antiproliferative effects of T. riparia
leaf extracts were reported against various cancer cell lines
(DU145)-prostate cancer cells (DU145), HCC-breast cancer
cells (HCC) and Hela-cervical cancer cells (Hela) without
showing toxicities in normal cells (Vero monkey kidney cell
line) in the MTT assay (Shimira 2022). No further studies on
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the pro-inflammatory cytokine inhibition assay and in vivo
anti-inflammatory properties of the plant were found.

The aqueous extracts of several species screened herein
displayed substantial suppression of pro-inflammatory
cytokines and chemokines. Of particular note are the aqueous
extracts of H. procumbens, M. comosus and T. riparia, which
significantly inhibited the secretion of pro-inflammatory
cytokine levels in LPS-induced RAW 264.7 cells by up to
80% inhibition compared to the control. Decoctions and
infusions of H. procumbens are traditionally taken orally as a
daily tonic and used to treat various auto-immune conditions
(Mncwangi et al. 2012; Van Wyk and Gericke 2018).
Harpagophytum procumbens is popular southern African
medicinal plant used traditionally for chronic inflammation,
rheumatoid arthritis, and as analgesics (Stewart and Cole
2005; Mncwangi et al. 2012). Isolated compounds and
plant parts are commercialised globally for the degenerative
rheumatoid arthritis, osteoarthritis, tendonitis, kidney
inflammation and cardiovascular diseases (Stewart and
Cole 2005; Mncwangi et al. 2012; Menghini et al. 2019;
Gxaba and Manganyi 2022). Inflammatory cytokine studies
in LPS-stimulated cells, the mechanisms of action, as well
as in vivo analgesic and anti-inflammatory properties of H.
procumbens have been relatively well studied (Inaba et al.
2010; Mncwangi et al. 2012; Menghini et al. 2019; Gxaba
and Manganyi 2022). In addition, multiple pre-clinical and
clinical safety studies have been documented in a recent
(reviewed by Menghini et al. 2019). The aqueous extracts
of H. procumbens were safe and effective against arthritis
following a 3-month trial conducted in 75 patients with hip
or knee arthritis (Wegener and Liipke 2003). Another study
performed on 259 patients who orally administered dried
plant extracts of H. procumbens (960 mg/day) for 8 weeks
reported substantially reduced stiffness with improvements
in joint pain (Menghini et al. 2019).

The potent anti-inflammatory properties of M. comosus
against all the tested cytokines and chemokines in this
study, strongly supports the traditional use against chronic
inflammatory disorders. However, concerns about the toxic
properties of the plant highlights the need for extensive
acute and chronic toxicity studies. The MTS assay results
of our study indicate potential toxicity of M. comosus
ethanol extract at 1.25 mg/mL against human dermal
fibroblast with <50% cell viability (p <0.005), whilst
the aqueous extract was non-toxic against both HDF and
RAW 264.7 cells. Notably, there are relatively few studies
reporting the cytotoxic properties of M. comosus (Maroyi
2019). Acetone extracts of the leaves (concentration not
specified) was non-toxic in the brine shrimp assay (McGaw
et al. 2005). In contrast, an ethanol extract of the leaves
displayed toxicity against Vero cells, with LCs, of 51.4 pg/
mL in XTT toxicity assays (Heyman et al. 2009). The
toxic properties of the plant have been ascribed to cardiac

glycosides that have been identified as bufadienolides (Van
Wyk et al. 2009; Maroyi 2019). Bufadienolides (including
16p-formyloxymelianthugenin, 2B-acetoxymelianthusigenin,
2B-hydroxy-3p,5p-di-O-acetylhellebrigenin, and 2f3-acetoxy-
5B-O-acetylhellebrigenin) isolated from the leaves exhibited
potent toxicities against multiple cancer cells in resazurin
reduction assays (Bedane et al. 2020).

Although the toxic properties of M. comosus have been
reported mostly for non-polar constituents, it is important to
note that the aqueous extract exhibited significant inhibition
against several pro-inflammatory cytokines and chemokines
in LPS-stimulated RAW 264.7 cells, particularly for IL-6
levels compared to the control. Melianthus comosus is an
important Khoi medicinal plant prepared as an infusion of
fresh leaves in water and taken externally as a wash to treat
backache and rheumatic joints (Van Wyk et al. 2009). The
leaves, leaf juice and roots are also used to treat cancer,
stroke, septic wounds, abscesses and boils, inflammation,
swellings, painful feet, headaches, and toothache (Maroyi
2019). Our findings support the traditional method of M.
comosus prepared in water and taken as infusions and
decoctions to treat inflammatory pain-related disorders.
Potential drug leads targeting IL-6, the IL-6 receptor, or
Janus kinase (JAK)-signal transducer have been FDA
approved for the treatment of inflammatory conditions
or myeloproliferative neoplasms and are being further
evaluated in patients with haematopoietic malignancies
and in those with solid tumours (Johnson et al. 2018). The
significant inhibition of M. comosus extracts against IL-1p,
TNF-a and IL-6 makes it a potential therapeutic target
against multiple immune disorders. Although some anti-
inflammatory properties of the plant have been previously
reported against COX and LOX inhibition (Frum and
Viljoen 2006; Adebayo et al. 2015; Maroyi 2019; Khumalo
et al. 2022), this is the first report of cytokine and chemokine
inhibition activity of this plant.

The findings from our study showed significant inhibition
of MCP-1 and MIP-2 secretion in LPS-stimulated RAW
264.7 macrophages. Upon tissue damage, chemokines
function in the recruitment of leukocytes from the blood
vessels via G-protein-coupled receptor, signalling and
facilitating migration to the inflamed area (Deshmane
et al. 2009). MCP-1is among the most studied chemokines
and is a therapeutic target in the treatment of various
diseases, including multiple sclerosis, rheumatoid arthritis,
atherosclerosis, allergic conditions, and insulin-resistant
diabetes (Deshmane et al. 2009; Yadav et al. 2010). Animal
models (genetically deficient mice, antibody- or inhibitor-
mediated neutralization in mice) that neutralised
overexpression of MCP-1 in these disease states showed
substantially improved recovery rates (Deshmane et al.
2009; Yadav et al. 2010).
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Conclusions

This study evaluated the anti-inflammatory properties
of leaf extracts prepared from eight selected medicinal
plants of southern African that are used traditionally to
treat pain and inflammation. The medicinal plant extracts
exhibited potential anti-inflammatory effects through
substantial inhibition of pro-inflammatory cytokines and
chemokine secretion. However, opposite effects towards the
inflammatory response were noted for different extracts of
the same species. The aqueous extracts of P. auriculata, W.
salutaris and Z. albomaculata displayed pro-inflammatory
effects by significantly up-regulating cytokine levels beyond
that of the control, whilst the ethanol extracts showed
significant inhibition compared to the control. Extensive
work is required to investigate the chemical constituents of
the aqueous and ethanol extracts to identify compounds that
may have immunomodulatory effects. It is also important
to note that whilst most of the species are widely used
traditionally against inflammatory disorders, very few
studies have explored the possible mechanisms of action
and substantial further work is needed.
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