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Inflammatory conditions and associated oxidative stress are common in livestock. The present study aimed
to investigate in depth the anti-inflammatory activity of seven medicinal plants (Dichrostachys cinerea, Ehre-
tia rigida, Salix babylonica, Vachellia erioloba, V. gerrardii, V. sieberiana and V. tortilis) traditionally used to treat
inflammatory disorders in South Africa. These plants are being investigated for possible inclusion in animal
feed as additives to support health and promote growth. The anti-inflammatory potential of plant extracts
was evaluated in terms of inhibition of the 15-lipoxygenase (15-LOX) enzyme and nitric oxide (NO) release
in LPS-induced RAW 264.7 macrophages, together with cytotoxicity studies. The effect of plant extracts in
modulating the expression of pro-inflammatory mediators including cyclooxygenase (COX), inducible nitric
oxide synthase (iNOS), and the cytokine interleukin-6 (IL-6) was evaluated using quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR). In vitro antioxidant activity was investigated using chemical
assays. ULPC-MS and ICP-MS were used to detect potentially bioactive phytochemicals and concentrations of
essential elements respectively. Methanol and acetone extracts of D. cinerea had the best activity against 15-
LOX (ICsg values of 0.80 and 0.64 mg/ml, respectively). The methanol extracts of E. rigida, V. tortilis and V. sie-
beriana inhibited NO with ICso 0f 90.11, 101.52 and 94.11 pg/ml respectively, higher than that of the positive
control (ICso = 30.00 g/ml). Furthermore, these plants had low cytotoxicity (LCsg > 70 g/ml) against RAW
264.7 macrophages. Interestingly, E. rigida, V. sieberiana and V. tortilis extracts decreased the expression of
iNOS, COX and IL-6. There was a positive correlation between the inhibition of NO release from macrophages
by plant extracts and the downregulation of iNOS mRNA levels. There was no significant difference in the
antioxidant activity (ABTS) of D. cinerea methanolic extract with ICsg = 5.37 ug/ml compared to the positive
controls, Trolox (ICsq = 4.42 pg/ml) and ascorbic acid (ICso = 4.43 pg/ml). Flavonoids, fatty acids and essential
trace elements such as Fe, Zn and Mn were detected in E. rigida, and these are likely to be responsible for the
good anti-inflammatory effect of the extracts. This study provides the first evidence of the regulation of pro-
inflammatory mediator and cytokine genes by the selected plant extracts. These results support the use of
the plants, in particular E. rigida, as potential feed additives to reduce inflammation associated with many
diseases.
© 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/)
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1. Introduction

Abbreviations: AGP, Antimicrobial growth promoters; NSAIDs, nonsteroidal anti-
inflammatory drugs; IL-6, interleukin-6; COX, cyclooxygenase; LOX, lipoxygenase;
ROS, reactive oxygen species; LPS, lipopolysaccharide; iNOS, inducible nitric oxide syn-
thetase; TFC, total flavonoid content; TPC, total phenolic content; ABTS, 2’-azino-bis
(3-ethyl benzothiazoline-6-sulfonic acid; ATCC, American Type Culture Collection;

In livestock production, animals are constantly exposed to various
external stressors such as pathogens, abnormal climate, inadequate
feeding, poor hygienic environment, injury and internal stressors

DMEM, Dulbecco’s Modified Eagle’s Medium; DMSO, dimethyl sulfoxide; DPPH, 2, 2-
diphenyl-1-picrylhydrazyl; FCS, foetal calf serum; GAE, gallic acid equivalent; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; PBS, phosphate buff-
ered saline
* Corresponding author.
E-mail address: lyndy.mcgaw@up.ac.za (LJ. McGaw).

https://doi.org/10.1016/j.sajb.2024.02.017

such as oxidative stress (Li et al., 2012; Seckin et al., 2018). These
factors cause a decrease in natural immunity, which, in turn, enables
microbial infection (Seckin et al., 2018). Inflammation and oxidative
stress (OS) disorders affect cattle health and productivity resulting in
economic losses (Keller et al., 2021). According to Gessner et al.
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(2017), inflammation is a complex but defensive temporary biological
response of the innate immune system to infectious pathogens or
physical injury, but prolonged inflammation is undesirable. Inflam-
matory mediators in the animal diet can suppress appetite, reduce
nutrient availability for production, and activate the metabolism of
the host tissue (Niewold, 2007; Broom and Kogut, 2018).

Lipopolysaccharides (LPS) are structural components of Gram-
negative bacteria which activate macrophages during inflammation
(Pepe et al., 2015). Macrophages synthesize and release cytokines,
affecting innate immunity; other pro-inflammatory mediators such
as nitric oxide (NO) also play an important role in pathogen-induced
tissue damage (Amirghofran et al., 2011; Hall et al.,, 2017). Nitric
oxide (NO) is a highly reactive molecule generated endogenously
from l-arginine using NADPH and molecular oxygen expressed by a
variety of mammalian cells, including macrophages and endothelial
cells (Amirghofran et al, 2011; Yang et al.,, 2019). There are three
main isoenzymes of NO: endothelial, neuronal, and inducible NO syn-
thase. Inducible NO (iNOS) is present primarily in macrophages and is
able to synthesize high concentrations of NO in many cells stimulated
with bacterial toxins (Amirghofran et al., 2011). Furthermore, NO
overproduction induces tissue damage associated with acute or
chronic inflammation (Taira et al., 2009; Joo et al., 2014).

Cyclooxygenase (COX) and lipoxygenase (LOX) are two common
arachidonic acid (AA) inflammatory pathway enzymes implicated in
many diseases (Jacob et al., 2018; Mukhopadhyay et al., 2023). COX
isoenzymes, COX 1 and COX 2 and COX-3, catalyze AA conversion to
form hydroperoxide prostaglandin G2 (PPG2) that reduces hydroper-
oxide to prostaglandin H2 (PGH2) by peroxidase activity (Eldeen and
Van Staden, 2008; Amessis-Ouchemoukh et al., 2014; Mukhopadhyay
et al., 2023). These isomers have been reported to be significantly dif-
ferent in their distribution in the body, as well as in their roles in
health and disease (Simon, 1999). COX-1 is predominantly constitu-
tive, distributed throughout the body and, more importantly, pro-
vides homeostasis (Simon, 1999; Attiq et al., 2018). In contrast, COX-
2 is inducible, expressed in inflammatory cells, and activity is largely
responsive to adverse stimuli, including pro-inflammatory cytokines,
interleukin-1 (IL-1), IL-6, tumor necrosis factor- o (TNF-«), lipopoly-
saccharide (LPS) and stress (Simon, 1999; Yuhas et al., 2005; Attiq et
al., 2018). COX-3, which is a variant of COX-1, is sensitive to inhibi-
tion by acetaminophen (paracetamol) (Elgorashi and McGaw, 2019).
Interleukin-6 (IL-6) is not only involved in pathological inflammation
and infectious response, but also regulates metabolic, regenerative
and neural processes (Seckin et al., 2018). In particular, it plays an
important role by linking the innate with the acquired immune
response (Tanaka et al., 2014).

Lipoxygenases comprise a group of non-heme iron atoms impli-
cated in the regulation of inflammatory responses by generating pro-
inflammatory mediators known as leukotrienes (LT) or anti-inflam-
matory mediators such as lipoxins (Wisastra and Dekker, 2014).
Leukotrienes are produced largely by inflammatory cells like macro-
phages (Chensue and Kunkel, 1983). LOX enzymes are described as
dioxygenases that catalyze metabolism of polyunsaturated fatty acids
(PUFA) including AA and linoleic acid (Mashima and Okuyama, 2015).
They catalyze the formation of hydroperoxyl eicosatetraenoic acids
(HPETES) from AA, which can be transformed into eicosanoids
(Wisastra and Dekker, 2014). Eicosanoids play a fundamental role in
physiological processes and the immune response. In humans and
mice, there are a few distinctive isoforms of LOX, including 5-LOX,
8-LOX, 12-LOX and 15-LOX, classified according to their selectivity to
oxygenate fatty acids in a specific position (Brash et al., 1999;
Mashima and Okuyama, 2015; Mukhopadhyay et al., 2023). Overex-
pression of LOX and its pro-inflammatory products is associated with
acute and chronic diseases (Wisastra and Dekker, 2014).

The levels of reactive oxygen species (ROS) modulate immune
cells in scavenging free radicals and lead to inflammation and adverse
effects on animal production and reduced reproductive performance
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(Ciliberti et al., 2020). ROS are reactive oxygen metabolites (free radi-
cals) generated by cellular enzymes known as nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases (Bardaweel et al., 2018;
Lee and Song, 2021). They include nitric oxide (NO™~), superoxide rad-
icals (0,7), hydrogen peroxide (H,0;), hydroxyl radicals (OH) and
singlet oxygen (10,) (Pizzino et al., 2017; Navarro-Yepes et al., 2014).
Their overproduction may lead to oxidative stress (OS) which is an
imbalance between systematic ROS production and the ability of cells
to detoxify the reactive intermediate to restore balance with antioxi-
dants. It has negative effects on cellular structures including lipids,
proteins and nucleic acids (Auten and Davis, 2009; Pizzino et al.,
2017). Cellular sources of ROS include mitochondria, endothelial
cells, COX, LOX, NOS and others (Izyumov et al., 2010; Al-Gubory
et al, 2012). Oxidative damage remains an inevitable outcome of
aerobic life.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly
used as a treatment for inflammation by inhibiting COX or LOX
enzymes (Vonkeman and van de Laar, 2010; Amessis-Ouchemoukh
et al., 2014). However, other studies have reported that NSAIDs have
detrimental effects on animal organs such as the gastrointestinal
tract, cardiovascular system and liver (Piao et al., 2023). Additionally,
antimicrobial growth promoters (AGPs) are added to animal feed for
their anti-inflammatory effects, especially in controlling the intestinal
microbiota (Niewold, 2007; Broom and Kogut, 2018). However, the
ban on synthetic antimicrobials in many countries as feed additives
to prevent or cure microbial diseases in animals, and the detrimental
effects of NSAIDs as therapeutic treatment for inflammatory condi-
tions have prompted the investigation of other sources such as plant
phytochemicals (Jaiswal et al., 2020).

Plant extracts have been used for generations as natural therapeu-
tic agents against inflammation, characterized by the overproduction
of inflammatory mediators such as ROS and pro-inflammatory cyto-
kines (Rodriguez-Yoldi, 2021). According to Iwalewa et al. (2007),
more than 115 plant species from 60 families have been traditionally
used to treat diseases of inflammation and pain in humans and ani-
mals. A review by Elgorashi and McGaw (2019) provides an overview
of several plants with in vitro anti-inflammation activities, including
Vachellia (Acacia) species, Ehretia rigida, and Dichrostachys cinerea.
The plant species selected for this study belonging to the genera
Dichrostachys and Vachellia are indigenous to South Africa and have
been reported to be used traditionally treat inflammatory diseases
(Kiki et al., 2022). Previous work showed that aerial parts and fruits
of D. cinerea possess antioxidant, anti-inflammatory and anti-ulcer
effects in vivo due to the presence of polyphenolic compounds such
as flavan-3-ols, proanthocyanidins and quercetin derivatives, apige-
nin, kaempferol, and flavone glycosides (Zeid et al., 2010; Shandukani
et al.,, 2018; Kiki et al., 2022). Acacia (Vachellia) spp. have good anti-
bacterial, antioxidant, immunoregulating and anti-radical activities
(Ramde-Tiendrebeogo et al., 2019; Ahovegbé et al., 2021; More et al.,
2021). Furthermore, Salix babylonica crude extract and compounds
have been used to treat skin ulcers and relieve pains (Wahab et al.,
2018, 2022) and possess pharmacological activities that include anti-
inflammatory, antioxidant and cytotoxic (Wahab et al., 2018; Wahab
et al., 2022). Flavonoids such as quercetin and other phenolic compo-
nents of plants have been reported to have anti-inflammatory, anti-
oxidant and immunostimulant activities (Tungmunnithum et al.,
2018; Yahfoufi et al., 2018). A positive correlation has been estab-
lished between antioxidant, anti-inflammatory activities, and total
phenolic compounds (Diaz et al., 2012). Apart from plant bioactive
molecules, it is observed that essential trace elements such as Zn, Fe
and Se have noticeable antioxidant, immunomodulating and anti-
inflammatory activities (Tamoli et al., 2022; Yatoo et al., 2013; Yaz-
dankhah et al., 2014).

The rationale for the present study was to establish the regulatory
effect of methanol and acetone extracts of seven plants on the tran-
scription of the inflammatory markers IL-6, COX, iNOS and in vitro



M.M. Lebeloane, LM. Famuyide, K.G. Kgosana et al.

NO, in cultured LPS-activated RAW 264.7 macrophages. Furthermore,
the antioxidant activity and phenolic concentration of the plant
extracts were determined to identify a plant feed additive that could
be used as an immunoregulator in animal production.

2. Material and methods
2.1. Plant extracts

The leaf materials were collected from the Onderstepoort commu-
nal area, Pretoria North, Gauteng Province South Africa, and are pre-
sented in Table 1. A voucher specimen of each plant was deposited at
the HGW] Schweickerdt Herbarium of the University of Pretoria for
identification. Ten g of oven-dried, ground leaf material was sepa-
rately mixed with 100 ml of methanol or acetone as extraction sol-
vents under shaking conditions for 24 h. Previous reports have
shown that methanol and acetone are able to extract phenolic com-
pounds, including flavonoids, that are responsible for the antioxidant
and anti-inflammatory activities of various medicinal plants (Ibrahim
et al.,, 2015; Susithra and Jayakumari, 2018; Truong et al., 2019). After
solvent removal, the dried plant material was stored for further anal-
ysis.

2.2. Determination of 15-lipoxygenase inhibitory assay

The assay was performed according to the method of del Carmen
Pinto et al. (2007), with modifications (Dzoyem and Eloff, 2015). The

Table 1
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assay is based on measuring the formation of the iron or xylenol
orange complex in terms of absorbance at 560 nm using a spectro-
photometer. Briefly, lipoxygenase (15-LOX) was incubated with
25 pl extracts (final concentration 3.6—454.5 ng/mL) or a standard
inhibitor (quercetin, final concentration 0.36—45.5 ug/mL) at 25 °C
for 5 min. Then 50 L of 140 mM linoleic acid was added in 50 mM
Tris—HCI buffer (pH 7.4) and the mixture was incubated at 25 °C for
20 min in the dark. Furthermore, an aliquot of 100 i L of FOX reagent
consisting of 30 mM sulfuric acid, 100 mM xylenol orange and
100 mM iron (II) sulfate in methanol/water (9:1) was added. For the
negative control, only the LOX solution and buffer were pipetted into
the wells. The blanks contained the enzyme LOX, the substrate (lino-
leic acid), and the FOX reagent. After 30 min at 25 °C incubation, the
inhibitory activity of lipoxygenase was estimated by calculating the
percentage of inhibition of hydroperoxide production from changes
in absorbance values at 560 nm using a spectrophotometer. The per-
centage inhibition was calculated as follows:

Percentage inhibition (%)
= [(Acontrol — Ablank) — (Asample — Ablank)]/((Acontrol — Ablank))
x 100
Where, Acontrol is the absorbance of the control well, Ablank is
the absorbance of the blank well, and Asample is the absorbance of

the sample well. Thereafter, the ICsq value was estimated using the
nonlinear regression curve, thatis,y =mx +c.

Selected plant species belonging to Vachellia, Ehretia, Salix and Dichrostachys that are traditionally used in inflammation conditions.

Plant family  Scientific name Common name

(Voucher number)

Traditional usage

Biological activity Phytochemistry Reference

Boraginaceae Ehretia rigida (Thunb.) Puzzle bush (English), Abdominal pain

Antioxidant (DPPH, Phenolic acids (Shukla and Kaur, 2018)

Druce (PRU131533) Morobe (Northern Chest pain FRAP, ABTS) Flavonoids (Maroyi, 2023a)
Sotho) Anti-inflammatory Tannins (Dzoyem and Eloff,
(15-LOX, NO) 2015)
Anti-arthritics
Anti-allergic
Fabaceae Dichrostachys cinerea (L.) Sickle bush (English), Local anesthesia, sore Anti-inflammatory in Phenols (Susithra and Jayaku-
Wight & Arn. uGagane (Zulu) eyes and toothache, vivo Flavonoids mari, 2018)
(PRU131904) Headache Rheumatoid ~ Antioxidant Tannins (Kiki et al., 2022)
arthritis (DPPH) Flavan-3-ols (Mazimba et al., 2022)
Analgesic Proanthocyanidins (Shandukani et al.,
Immunomodulation Flavone glycosides 2018)
(Agyare et al., 2013)
(Agbonlahor et al.,
2017)
(Sahoo et al., 2011)
(Rodriguez-Mesa et
al, 2023)

Vachellia erioloba (E. Camel thorn (English) Fever Anti-inflammatory Phenols (More et al., 2021)
Mey) P.J.H Hunter Sore throat Nitric oxide inhibition Flavonoids (Taha et al., 2022)
(PRU131903) Stomachache Interleukin and COX-2 ~ Anthocyanins (Ngaffo et al., 2020)

Vachellia gerrardii subsp. Red Thorn (Eng.) Hemorrhage suppression Quercetin (Tchatchedre et al.,
gerrardi. Moki. (Tswana) Rheumatism Antioxidant (DPPH, Flavonol 2019)
(PRU124571) ABTS) Flavone glycosides, (Atiya et al., 2022)

Vachellia sieberiana (DC.) Paperbark thorn Immunomodulating/ aglycones, (Ahovegbé et al.,
Kyal. & Boatwr. var. (English), immune stimulating Flavan-3-ols, Flavan- 2021)
woodii (Burtt Davy) Mosetlha (Tswana) 3,4-diols, -

Kyal. & Boatwr
(PRU125469)
Vachellia tortilis (Forssk) Umbrella thorn
Gallasso & Banfi (English),
(PRU125473) Mosu (Tswana)
Salicaceae Salix babylonica L. Weeping willow Relieve pain, analgesic ~ Antioxidant activity Phenolic compounds (Wahab et al., 2018;
(PRU131536) (English) antipyretic (ABTS) Salicin compound Wabhab et al., 2022)
Skin ulcers Anti-rheumatic Flavonoids (Shah et al., 2016)

Sore and burns

Anti-analgesic
Antipyretic
Cytotoxic

(Tawfeek et al., 2021)
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2.3. Cell culture

The RAW 264.7 macrophage cells obtained from the American
Type Culture Collection (ATCC® TIB-71™, Rockville, MD, USA) were
cultured in plastic culture flasks containing Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10 % heat-inactivated
fetal calf serum (FCS) and 5 pg/mL of streptomycin, to confluence at
37 °Cin a humidified incubator with 5 % CO, and split twice a week.

2.4. MTT assay against RAW 264.7 macrophages

To ensure that the active extracts were not cytotoxic, the colori-
metric tetrazolium-based cytotoxicity assay (Mosmann, 1983) was
performed, with a few modifications (Ondua et al., 2019). Cells were
seeded in 96-well microtitre plates at a concentration of 1 x 10°
cells/mL for 24 h at 37 °C to allow cell attachment. The medium was
then replaced with fresh DMEM containing different concentrations
(1-0.0075 mg/ml) of plant extracts for 48 h. Doxorubicin and acetone
(diluted with DMEM) served as positive and negative controls,
respectively, and untreated cells were used as a blank control. Subse-
quently, the wells were washed with phosphate buffered saline (PBS)
and 200 ul of fresh medium was added to each well. Then 30 ul of
MTT (5 mg/ml in PBS) was added to each well and the plates were
incubated for 4h at 37 °C. After this, the medium of the wells was
aspirated and 50 1 of DMSO was added to the wells to solubilize the
formed formazan crystals. The absorbance was measured on a micro-
plate reader (SpectraMax 190, Molecular Devices) at a wavelength of
570 nm. The activity of each extract concentration was determined in
triplicate, and the assay was repeated three times. The concentration
causing 50 % inhibition of cell viability (LCsp) was calculated with the
following equation:

Percentage viability

= ((ODSample — ODblankcontrol)/ODblankcontrol) x 100

2.5. Measurement of nitrite

The concentration of nitrite released from macrophages in the cul-
ture supernatant was evaluated using the Griess reagent (Joo et al.,
2014; Dzoyem and Eloff, 2015). Cells were seeded in 96-well micro-
titre plates (for nitrite [NO,] at 5 x 10° cells per well). After 24 h of
incubation, the cells were fully attached and treated with 50 ul of
plant extracts at various concentrations (100—0.78 pg/ml). After 2 h
of incubation at 37 °C, 50 w1 of LPS (5 pg/mL) in DMEM was added to
all wells and further incubated for 24 h. After incubation, cell super-
natants were collected for NO, measurement using the Griess colori-
metric reaction method. A 60 uL aliquot of cell supernatant was
combined with an equal volume of Griess reagent [1 % sulphanila-
mide/0.1 % N-(1-napthyl) ethylene diamine, each in 2.5 % H3PO4] in a
96-well plate at room temperature for 10 min, and the absorbance
was measured at 550 nm using a microplate reader (Biotek, USA).
The percentage inhibition was calculated based on the ability of the
extracts to inhibit the formation of nitric oxide by cells compared to
the control (cells in media without extracts containing triggering
agents and DMSO), which was considered 0 % inhibition.

Table 2
Primer sequences used for qPCR analysis.
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2.6. Quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR) analysis of NO, IL-6 and COX expression in induced macrophages

Firstly, RAW 264.7 macrophages (5 x 10° cells/flask) were
allowed to attach overnight at 5 % CO, and 37 °C. Then the medium
was removed and replaced with 2 ml of plant extracts (at a concen-
tration of 2 x ICsq NO dissolved in DMEM). An aliquot of 2 ml of LPS
(1 ng/ml) was added to activate macrophages. Quercetin and LPS
only were used as controls. Subsequently, the RNA was extracted
from activated RAW 264.7 cells according to the Zymo RNA extrac-
tion kit protocol (Inqaba biotec) and the RNA was reverse transcribed
using qPCR. About 20—100 ng of mRNA were converted into cDNA by
reverse transcription using a Gene Amp PCR thermal cycler. To 10 ul
of synthesized cDNA, 30 ul of nuclease-free water was added. The
final 5 wl reaction mixture containing primer, cDNA template
(0.39 wl), and Greenmaster mix (Biolabs) was prepared in tubes. Sub-
sequently, a one-step qPCR analysis was performed using specific pri-
mers for COX, IL-6, and iNOS (Table 2) according to Boesch-
Saadatmandi et al. (2011) and Kiselova-Kaneva et al. (2012). The dif-
ference between samples and controls was calculated using the
2-2A¢ method (Livak & Schmittgen, 2001). As a standard housekeep-
ing gene, the B-actin gene was used. Expression levels of mRNA were
presented as relative units (RU) compared to the untreated control
group of cells, where the levels of mRNA expression were equal to 1.
The experiments were carried out in triplicate and included all cell
groups in one plate while testing the expression of each gene.

2.7. The 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
assay

The DPPH assay was conducted according to Gyamfi et al. (1999)
with slight modifications. Firstly, the optical density (OD) of the
DPPH solution was calibrated at 517 nm to between 0.9—1.00. Then,
the DPPH solution (160 1) was added to 40 ul of different crude
extracts at different concentrations (3 —1000 wg/ml). The mixture
was incubated in the dark for 30 min, and the absorbance was mea-
sured at 517 nm using a microplate reader (Biotek, USA). Lower
absorbance of the solution indicates higher free radical scavenging
activity. The percentage of scavenging activity was calculated using
as follows:

Percentage scavenging activity (%) = [(AO — As)/A0] x 100

Where AO is the absorbance of the control (DPPH solution without
sample), As is the absorbance of the tested sample (DPPH plus sam-
ple). The 50 % inhibitory concentration (ICsp) values of extracts or
fractions was determined using a non-linear regression curve of the
percentage of scavenging activity against the logarithm of concentra-
tions. Ascorbic acid and Trolox were used as positive controls. Each
test was repeated thrice and results presented as mean + standard
deviation (SD).

2.8. The 2, 2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical scavenging assay

The radical scavenging ability of the plant extracts was deter-
mined by the ABTS method described by Re et al. (1999) with

Gene Forward primer (5'-3') Reverse primer (5'—3') Annealing temperature ( °C)
IL-6 AGTTGCCTTCTTGGGACTGA CAGAATTGCCATTGCACAAC 55
iNOS GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC 57
-Actin  GACAGGATGCAGAAGGAGATTACT =~ GACAGGATGCAGAAGGAGATTACT 55
COX TGAGCAACTATTCCAAACCAGC GCACGTAGTCTTCGATCACTATC 55-60
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modifications (Dzoyem and Eloff, 2015). The stock solution of the
ABTS radical was prepared by mixing ABTS (7 mM) with potassium
persulfate (2.45 mM) at room temperature in the dark for 12-16 h
before the experiment. The working solution was obtained by cali-
brating the stock solution to obtain an optical density (OD) = 0.70 at
734 nm. An aliquot of 160 n1 ABTS working solution was mixed with
the plant extract (40 wl) (final concentration 1-0.14 mg/ml) and the
absorbance was measured after 5 min at 734 nm using a microplate
reader (Biotek, USA). The percentage of scavenging activity was cal-
culated using the formula above. The 50 % inhibitory concentration
(ICs0) values of plant extracts were evaluated using a non-linear
regression curve of a percentage of scavenging activity against the
logarithm of concentrations. Ascorbic acid and trolox were used as
positive controls. Each test was done in triplicate and results pre-
sented as mean =+ standard deviation (SD).

2.9. ULPC-MS analysis of phytochemicals in E. rigida extracts

One mg of methanol and acetone was dissolved in 1 ml of metha-
nol to produce a final concentration of 1 mg/ml. Then, the methanol
extracts were reconstituted in ultra-pure LC water:methanol (1:1)
and centrifuged. An ultra-performance liquid chromatography sys-
tem coupled to a Waters® SynaptG2 quadrupole time-of-flight mass
spectrometer (UPLC-QTOF-MS/MS) was used to tentatively identify
compounds through comparison of their fragmentation patterns and
accurate masses to those recorded in databases using UNIFI Scientific
Information System (Van Wyngaard et al., 2023).

2.10. Trace elements analysis in E. rigida

The trace elements selenium (Se), zinc (Zn), manganese (Mn),
cobalt (Co), copper (Cu), iron (Fe), and molybdenum (Mo), in dried
leaf powder of E. rigida digested with perchloric acid (HCIO4) and
nitric acid (HNO3) at 180 °C temperature, were determined using
inductively coupled plasma mass spectrometry ICP-MS (Agilent
7500 s, Agilent Technologies, Germany). On the other hand, magne-
sium (Mg) concentration was estimated by ICP coupled with optical
emission spectroscopy (OES) (Shimadzu).

3. Results

3.1. Inhibition of 15-LOX and NO

The effect of plant extracts on 15-LOX, NO and cell viability was
established and presented in Table 3. Although the acetone extract of

Table 3
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V. gerrardii exhibited a low ICsq of 0.39 mg/ml against 15-LOX, both
the methanol and acetone extracts of D. cinerea had good 15-LOX
inhibitory activity (ICso of 0.64 mg/ml and 0.80 mg / ml, respectively).
The concentrations that inhibited 50 % of NO were not cytotoxic with
LCso ranging from 78.22 pg/ml to 1 mg/ml against RAW 264.7 macro-
phages; however, the V. gerrardii methanol extract showed a low LCsq
of 78.22 ng/ml compared to other extracts. The methanol extract of
V. erioloba was the least cytotoxic with an ICsq of >1 000 pg/ml.
Three extracts, including the methanol extract of E. rigida (90.11 g/
ml), V. sieberiana (94.11 ug/ml), and V. tortilis (101.52 ug/ml) were
found to have a good NO inhibitory effect.

3.2. Effects of three extracts on LPS-induced expression of the iNOS, IL-6,
and COX gene in RAW 256 macrophage cells

Fig. 1 shows the gene expression of the cytokine IL-6 and pro-
inflammatory enzymes (COX and iNOS) produced by cultured RAW
264.7 macrophages at the transcriptional level after 24 h exposure to
concentration (ICsg NO) of E. rigida (90.11 pg/ml), V. tortilis (101 g/
ml) and the acetone extract of V. sieberiana (93.28 ug/ml). -Actin
was used as a housekeeping gene and was highly expressed in all
samples. The selected plants down-regulated the expression of iNOS
(0.0001-0.0003 RU mRNA), IL-6 (0.1-0.14 RU mRNA) and COX
(0.03—0.6 RU mRNA) by reducing their mRNA quantified by qRT-PCR.
The methanol extract of E. rigida showed outstanding inhibitory
activity of the proinflammatory mediator iNOS and the cytokine IL-6
compared to the two species of Vachellia and the positive control,
quercetin.

3.3. UPLC-MS analysis of active phytochemicals with anti-inflammatory
activity in E. rigida extracts

The UPLC chromatograms of methanol and acetone extract are
shown in Fig. 2. The identified principal compounds belonging to
phenolic compounds and fatty acids included quercetin-3-O-a-I1-
rhamnopyranosyl-(1->6)--d-galactopyranoside (Peak 1) in Table 4,
isorhamnetin-3-0O-rutinoside (Peak 2), eupatin (Peak 3) and vicenin
(Peak 4) in Table 5.

3.4. The level of trace elements E. rigida

The results of estimation of trace elements levels in E. rigida using
the ICP-MS method are presented in Table 6. Among all metals, Fe
was the highest with value of 262 mg/kg DM followed by Zn
(58.90 mg/kg DM) and Mn (45.10 mg/kg DM). Several trace elements

Effect of methanol and acetone extracts on 15-LOX activity, cell viability and NO expressed by LPS-activated mac-

rophages.

Plant species  Extraction solvent

15-LOX ICsg (mg/ml)

Cell viability (LCso ug/ml)  NO (ICs0 pg/ml)

D. cinerea Acetone 0.80
Methanol 0.64
E. rigida Acetone 1.39
Methanol 1.13
S. babylonica Acetone 2.00
Methanol 2.00
V. erioloba Acetone 2.00
Methanol 1.55
V. gerrardii Acetone 039
Methanol 1.82
V. sieberiana Acetone 2.00
Methanol 2.00
V. tortilis Acetone 2.00
Methanol 2.00
Quercetin 0.035
Doxorubicin nd

283.69 125.26
291.89 119.66
667.05 118.83
125.41 90.11
722.61 107.86
384.29 109.81
559.01 122.42
>1000 200.63
317.36 120.49
78.22 326.66
267.99 111.26
396.85 94.11
323.46 118.00
429.00 101.52
nd 30.00
0.04 nd

nd denotes not determined.
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Fig. 1. Expression of (a) iNOS, (b) IL-6 and (c) COX in LPS activated RAW 256 macro-
phages after exposure to E. rigida, V. sieberiana and V. tortilis. Quercetin was used as a
positive control.

including Se, Co, Mo and Mg were found in extremely low levels >
1.00 mg/kg DM, however, Cu showed significant levels of 11.50 mg/
kg DM.

4. Discussion

The maintenance of animal health and the prevention of disease
are of paramount importance in sustainable livestock production.
Phytogenic extracts are known to be sustainable feed additives with
antioxidant, anti-inflammatory and immunostimulant properties for
animal health. Although many studies have investigated the anti-
inflammatory and antioxidant activity of some of the selected medic-
inal plants used to treat inflammation conditions, their effects on the
expression of pro-inflammatory genes, particularly iNOS, IL-6 and
COX using qPCR is a novel area of research.

In this study, the potential inhibitory ability of the seven plant
extracts on the AA pathway and the activity of 15-LOX that plays an
important role in the biosynthesis of leukotrienes (LT) implicated in
the pathophysiology of many inflammatory diseases, was examined.
All extracts revealed a low 15-LOX inhibition activity with ICsq values
ranging from 0.39 to > 2 mg/ml in comparison with the quercetin
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positive control (ICsg = 35 wg/ml). Dzoyem and Eloff (2015) demon-
strated that E. rigida acetone extract inhibited 15-LOX with an ICsq
value of 62.99 ng/ml, with quercetin (ICsp= 35.85 ug/ml) as a positive
control, however, in the current study the E. rigida acetone extract
had a high ICsq of > 1000 pg/ml. Furthermore, indigenous South Afri-
can Vachellia species have been reported to have inhibitory activity
against the pro-inflammatory enzyme, LOX, as well as iNOS (Mamba
et al., 2016; Maroyi, 2017) with a low ICsq of 62.42 j+g/ml by an etha-
nol extract in the 15-LOX assay compared to the high values in this
present study (Mamba et al., 2016). The difference may be attributed
to the geographical area of plant collection, or the amount and type
of phenolic compounds or flavonoids in the plant. This study is the
first to report the 15-LOX inhibitory activity by methanol and acetone
extracts of D. cinereaq, V. sieberiana and S. babylonica.

Nitrate production in LPS-induced RAW 264.7 macrophages was
quantified using the Griess reaction spectrophotometric assay. The
crude extracts of E. rigida, V. sieberiana and V. tortilis significantly
decreased the accumulation of nitrate in LPS-stimulated macro-
phages with ICsq values of 90.11, 94.11 and 101.52 respectively.
There is insufficient information available on NO inhibition by the
selected plants. However, a previous study indicated that the acetone
extract of E. rigida inhibited NO by 86.3 to 92.6 % with cell viability of
34.3 to 63.6 % in a dose-dependent manner (Dzoyem and Eloff, 2015).
Regarding cytotoxicity against RAW 264.7 macrophages, extracts had
high LCso values ranging from 90 to 1000 pg/ml. According to the
guidelines of the National Cancer Institute, the methanol and acetone
extracts of the selected plants were not toxic because their LCsq was
higher than 20 pg/ml. It is crucial to reduce NO overproduction,
which is a free radical molecule produced endogenously because NO
induces tissue damage associated with acute and chronic inflamma-
tion (Joo et al., 2014).

Lipopolysaccharide-induced macrophages produce excessive
inflammatory mediators COX and iNOS, as well as cytokines such as
IL-6 (Nkadimeng et al., 2020). The expression of COX, IL-6, and iNOS
mRNA in three extracts that showed good NO inhibition of the
untreated control macrophages stimulated with LPS was evaluated
by qPCR. Plants with good NO inhibition were selected for further
molecular analysis because the expression of inducible NOS is
responsible for increasing the level of NO important in the pathogen-
esis of a variety of inflammatory diseases (Yang et al., 2019). Our find-
ings also suggested a positive correlation between the decrease in
expression of iNOS and decrease in inhibition of NO by LPS-induced
macrophages treated with plant extracts with the positive control
quercetin. Several studies have demonstrated that NO production is
dependent on the iNOS expression in the cell (Broadbelt et al., 2007;
Anavi and Tirosh, 2020; Madhu et al., 2016). For instance, Broadbelt
et al. (2007) showed that the upregulation of iNOS mRNA expression
increases NO metabolism in epithelial cells in vitro. In the present
study, untreated macrophages showed <1-fold increase in gene
expression of COX, IL-6, and iNOS mRNA; however, treatment with
plant extracts decreased gene expression of these inflammatory
mediators and cytokines compared to the quercetin positive control.
COX was expressed in a relative unit mRNA of 0.02 to 0.06 higher by
all plant extracts compared to quercetin (0.01 relative mRNA).
Vachellia spp. showed ICsq inhibition of COX 1 and COX 2 in an in vivo
model (Burnett et al., 2007). In this study E. rigida showed good regu-
latory effects on COX and iNOS. On the other hand, the methanol
extract of V. tortilis had a higher 0.12 relative unit of IL-6 mRNA. It is
essential to regulate IL-6 because high levels could induce tissue
damage, reduce growth hormone secretion, change metabolic energy
and protein and negatively affect animal performance (Li et al.,
2012). Previous studies have shown that Acacia (Vachellia) spp.
inhibit tumor progression by regulating inflammatory TNF, iNOS,
COX-2, IL-2 and IL-6 in vivo (Susithra and Jayakumari, 2018).

The commonly used antioxidant colorimetric tests such as ABTS
and DPPH are inexpensive, simple and useful techniques to
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Fig. 2. UPLC-MS chromatogram of E. rigida methanol extract (A) and acetone (B) in ESI negative mode.

determine the radical scavenging activity of plant extracts. According
to Jumina et al. (2019), a plant extract with ICso < 100 pg/ml has
good antioxidant activity, while one with ICsq < 50 pg/ml is consid-
ered a very strong antioxidant agent. In this regard, the methanol
extract of D. cinerea and the acetone extract of V. erioloba had strong
antioxidant capacity using the ABTS and DPPH mechanisms. Simi-
larly, several studies have reported that the extracts and fractions of
D. cinerea fruits, roots and leaves have good antioxidant potential in
vitro (Bolleddu et al., 2019; Irie-N'guessan et al., 2018).

Trace elements greatly impact cattle health and performance, par-
ticularly by influencing the inflammatory, antioxidant and immune
status of the animal. More importantly, reports have shown that Fe
plays a role in the inflammation response in livestock and horses
(van Emon et al.,, 2020; Ceciliani et al., 2012). The current study
showed that Fe, Zn, Mn and Cu were the most abundant trace ele-
ments with values of 262, 58.90, 45.10 and 11.50 mg/kg DM respec-
tively, and relatively lower Mg and Se in E. rigida collected from
Onderstepoort, Gauteng province. Sebolai (2018) collected leaves
from the Eastern Cape province and these contained 85 g/100 g DM
of Fe, 7.10 g/100 g DM of Cu, 25.70 g/100 g of Zn and 78.00 g/100 g
Mn. The discrepancy may be attributed to the geographical and

climatic conditions where E. rigida was growing. According to van
Emon et al. (2020), supplementation of Mn, Zn and Cu increases the
total antioxidant capacity in cows. Selenium, which is a major com-
ponent of the antioxidant system to maintain health status of ani-
mals, was found in low concentrations.

Flavonoids function to decrease ROS synthesis, inhibit enzymes,
chelate trace elements, scavenge ROS, and improve the oxidant
defense (Halliwell and Gutteridge, 2015). Several researchers have
isolated and identified phytochemicals in bark, leaf and roots respon-
sible for various biological activities including antioxidant and anti-
inflammation in the Ehretia genus (Maroyi, 2023b; Shukla and Kaur,
2018; Li et al., 2008). Those phytochemicals include benzoquinones,
glycosides, fatty acids, flavonoids, alkaloids, phenolic acids, and
others. This study showed the presence of four flavonoids (quercetin-
3-0-a-l-rhamnopyranosyl-(1->6)-8-d-galactopyranoside, isorham-
netin-3-O-rutinoside, eupatin and vicenin) and one fatty acid (9-oxo-
10,12-octadecadienoic acid) as well as two unknown molecules with
molecular weights of 32822 m/z (CigH3;05) and 528.13 m/z
(C36H24012). According to Dong et al. (2000), 9-0x0-10,12-octadeca-
dienoic acid and other isomers were isolated from E. dicksonii and
reported to have potent anti-inflammatory activity in vivo at 500 mg
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Table 4

Tentative identification of phytochemicals in methanolic crude extract of E. rigida.

South African Journal of Botany 167 (2024) 322—-332

Peak  Retention Acquired Adduct Mass error Formula of Calculated Possible compound Possible Structure
time(min) [M-H] - m/z. (ppm) possible accurate
compound. mass.
1 6.93 609.1790 [M-H]- 0.2 Ca7H30016 610.153390 Quercetin-3-0-a-1-
rhamnopyrano-
syl-(1->6)-p-d-
galactopyranoside HO
2 7.68 623.1972 [M-H]- -21 CogH32016 624.169040 Isorhamnetin-3-0-
rutinoside
3 9.91 327.2353 [M-H]- 2.8 Ci8H3,05 328.224975 Unidentified
4 12.39 293.2344 [M-H]- 29 Ci8H3003 294.219495 9-0x0-10,12-octa-
decadienoic acid
Table 5
Tentative identification of phytochemicals in acetone crude extract of E. rigida.
Peak  Retention Acquired Adduct Mass error Formula of Calculated Possible compound Possible Structure
time(min) [M-H] - m/z. (ppm) possible accurate
compound. mass.
1 6.17 527.1531 [M-H]- 2.8 Co6H24012 528.126780 Unidentified Unidentified
2 6.95 609.1898 [M-H] 0.2 Cy7H30016 610.153390 Quercetin-3-0-a-1-
rhamnopyrano-
syl-(1->6)-p-d-
galactopyranoside
3 7.04 359.1055 [M-H] 12 Ci1sH160s 360.084520 Eupatin
4 7.57 593.1891 [M-H]- 0.2 Co7H30015 594.158475 Vicenin Il
5 12.39 293.2344 [M-H]- 44 Ci18H3003 294.219495 9-0x0-10,12-octa-

decadienoic acid
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Table 6

The trace element content in Ehretia rigida.
Plant Mg Co Cu Fe Mn Mo Se Zn
E.rigida 060 019 1150 262 4510 044 <1.00 58.90

dose. Furthermore, quercetin-3-O-a-D arabinoside, quercetin-3-0O-
B-D-glucopyranoside, and quercetin-3-0-arabinosylgalactoside have
been identified in E. thrysiflora (Li et al., 2008; Shukla and Kaur,
2018). According to a review by Chagas et al. (2022), quercetin is a
potent anti-inflammatory molecule which has been extensively stud-
ied in vivo and in vitro. Vicenin-2 is a c-glycoside that is present in
many plants and has shown to exert anti-inflammatory effects by
suppressing the production of tumor necrosis factor-o (TNF-c¢) or
interleukin (IL)—6 and the activation of nuclear factor-«B (NF-«B) by
LPS (Kang et al., 2015). Moreover, this molecule was found to signifi-
cantly inhibit NO production and reduce iNOS and COX-2 expression
in LPS-stimulated RAW 264.7 cells at 100 pg/ml (Kim et al., 2016).

In summary, this study provides novel evidence that plant
extracts including E. rigida, V. tortilis and V. sieberiana have anti-
inflammatory activities by inhibiting the production of cytokines and
expression of inflammatory markers involved in disease pathogene-
sis in animal production. The findings are consistent with previous
reports, as selected plant extracts possess flavonoids and trace ele-
ments known to have antioxidant and anti-inflammatory effects.

5. Conclusions

The present study was designed to evaluate the in vitro inflamma-
tory and antioxidant activity and identify active compounds as well
as essential trace elements in seven medicinal plants traditionally
used to treat inflammation and pain in South Africa. Novel molecular
studies demonstrated that the methanolic extract of E. rigida is a
promising source of good anti-inflammatory activity by inhibiting
NO and depressing mRNA expression of COX, IL-6 and NO, and they
were also non-toxic to LPS-induced macrophages. However, extracts
of this plant showed relatively low antioxidant activity. ULPC-MS and
ICP-MS analysis revealed the presence of flavonoids, fatty acids and
essential elements responsible for anti-inflammatory activity. Further
in vivo studies are recommended for testing the active compound(s)
or extracts before development of a feed additive with immunomo-
dulating, anti-inflammatory and antioxidant properties for animal
health.
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