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Abstract: Oxidative stress is a key factor that activates several transcription factors and mediators
involved in the inflammatory pathways responsible for the pathogenesis of many chronic diseases.
Targeting the expression of these mediators represents a promising approach to preventing these
diseases. Cassinopsis ilicifolia leaf infusion is traditionally used for treating conditions such as in-
flammation and pain relief. Thus, the present study assessed the antioxidant and anti-inflammatory
activities of the hydroethanolic leaf extract of C. ilicifolia using in vitro and cell-based assays. As a
result, C. ilicifolia extract exhibited the highest DPPH® and ABTS** radical scavenging potential. At
the same time, it weakly scavenged the Fe3*-TPTZ radical up to 200 jig/mL, thus suggesting a differ-
ent antioxidant mechanism triggered during each assay. Additionally, C. ilicifolia extract inhibited
NO production and 15-LOX activity with ICsy values of 21.10 ug/mL and 40.28 pug/mL, respectively.
Further, C. ilicifolia extract was found to strongly inhibit ROS production in LPS-activated RAW
264.7 cells, and the study of its mechanism of action showed that it exerts its anti-inflammatory
effect by downregulating the expression of inflammatory mediators such as IL-13, TNF-«, and
COX-2. Overall, C. ilicifolia extract showed consistent potency in all assays, and the analysis of its
phytochemical profile led to the identification of 30 compounds, among which the most abundant
were secologanic acid (1), chlorogenic acid (3CQA) (2), monotropein (3), chlorogenic acid (56CQA) (4),
geniposidic acid (5), rutin (6), quercetin 3-galactoside (7), astragalin-7-rhamnoside (8), and minecoside
(9) that are possibly responsible for its anti-inflammatory and antioxidant activities. Therefore, our
findings suggested the potential use of C. ilicifolia as an alternative source for developing plant-based
products against oxidative stress and inflammation-related conditions.

Keywords: phytochemicals; radical scavenging potential; reactive oxygen species; cytokines; inflam-

mation; oxidative stress

1. Introduction

Several non-communicable diseases, including type II diabetes, arthritis, cancer, and
cardiovascular and neurodegenerative diseases, have been associated with oxidative stress
and inflammation [1]. Since one can cause the other and vice-versa, oxidative stress
and inflammation are interconnected [2]. Oxidative stress is caused by a disproportion
between the body’s antioxidant systems’ capacity to eliminate free radicals and their
excessive production. Long-term persistence of this condition may cause inflammation
because of the immune system’s defensive reaction to the imbalanced control of free
radicals [2,3]. More specifically, innate cells, including macrophages, are recruited to
inflammatory sites, and trigger the release of inflammatory mediators such as prostaglandin
E; (PGEy), nitric oxide (NO), cyclooxygenase-2 (COX-2), and pro-inflammatory cytokines
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(IL-1B, IL-6, TNF-¢, etc.) [4,5]. Furthermore, the overproduction of these pro-inflammatory
mediators enhances the inflammatory response, therefore accelerating the development of
pathogenic inflammation and chronic diseases via the activation of the transcription factor,
nuclear factor-kappa B (NF-«B) [6]. On the other hand, immunocompetent cells, such
as macrophages, activate the lipoxygenase (LOX) pathway, and numerous studies have
documented the significance of 12/15-LOX in oxidative and inflammatory responses [7,8].
Thus, using plant-based products to target free radicals or inflammatory mediators and
inhibiting 12/15-LOX is a promising strategy for the development of novel medicines
against the above-mentioned chronic disorders.

The use of medicinal plants to prevent or treat a wide range of diseases is common in
South Africa. The public and medical professionals are accepting the benefit of medicinal
plants and their derivative products due to numerous research studies that have been con-
ducted to examine their therapeutic efficacy and mechanisms that underlie their positive
effects on health and quality of life. The therapeutic potential of medicinal plants is mostly
attributed to the presence of bioactive secondary metabolites, which may act individually,
additively, or synergistically to improve human health [9,10]. Furthermore, research in-
dicates that 35-50% of approved medications over the past 30 years have either directly
or indirectly derived from natural products [11,12]. This suggests that medicinal plants
can be important sources of novel bioactive compounds or precursors for the synthesis
of new drugs. Medicinal plants are generally thought to be effective at scavenging free
radicals and possessing a variety of therapeutic properties, including anti-inflammatory;,
anticancer, and antioxidant activities [13]. The free radical scavenging property is thought
to be related to the presence of phenolics and flavonoids, which can inhibit the produc-
tion of inflammatory mediators or regulate the expression of various signaling pathways.
Therefore, plant-based products seem to be an important source of free radical scavengers
that protect against oxidative stress and inflammation. Cassinopis ilicifolia is a South African
indigenous plant from the family of Icacinaceae, and its leaf and bark infusions are tra-
ditionally used for treating stomachache problems, tuberculosis, inflammation of the ear,
and pain relief [14,15]. To date, C. ilicifolia ethanolic extract has been found to have an-
timicrobial activity against Staphylococcus aureus with an MIC value of 0.39 mg/mL and
anthelmintic activity against Caenorhabditis elegans with an MLC value of 0.033 mg/mL.
Additionally, the anti-inflammatory activity of C. ilicifolia ethanolic extract was assessed
against cyclooxygenases (COX), with higher inhibitory activity against COX-2 compared to
that of COX-1 [15]. These results suggested the inhibitory potential of this extract against
other pro-inflammatory mediators and oxidative stress markers, known as common causes
of several chronic diseases. Moreover, the phytochemical composition of C. ilicifolia is
not fully known. Therefore, the present study aims to investigate the antioxidant and
anti-inflammatory potentials of C. ilicifolia and determine the phytochemicals that might
justify its pharmacological properties. In this regard, we used in vitro methods and cell-
based assays on LPS-activated RAW 264.7 macrophages to determine its radical scavenging
capacity, its preventive effect on the generation of reactive oxygen species (ROS), and its
modulatory effect on the expression of inflammatory mediators. The outcomes of this
investigation may shed light on the beneficial effects of C. ilicifolia on humans and open
further directives toward the development of natural products against oxidative stress and
inflammation-related conditions.

2. Materials and Methods
2.1. Plant Material and Method of Extraction

Fresh leaves of C. ilicifolia were collected at the Walter Sisulu National Botanical
Garden, Gauteng (South Africa). A herbarium specimen was prepared, and identification
was made by Ms. Magda Nel and Mrs. Elsa van Wyk of the HGW] Schweickerdt Herbarium
(PRU), University of Pretoria, with the identification number PRU 119039. Each plant’s
leaves were dried in a well-ventilated room at ambient temperature, and a fine powder
was obtained after grinding the dried leaves. After that, 50 g of leaf powder was macerated
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in 500 mL of ethanol/water (80:20) with constant stirring for 48 h at room temperature.
Whatman No. 1 filter paper was used to filter, and the filtrate was collected into beakers
previously weighed. After drying the filtrate under a cold air stream, residue named crude
extract was obtained, and the beaker was weighed again to deduce the quantity extracted,
and the yield of extraction was computed as a percentage. Until they were used, the dried
extract was kept in a 4 °C cold chamber.

2.2. Antioxidant Assays

2.2.1. Azino-bis (3-Ethylbenzothiazoline-6-Sulfonic Acid) (ABTS**) Radical
Scavenging Assay

The technique used to determine the potential of crude extracts to scavenge ABTS**
radical was outlined by Miller et al. [16] and adjusted by Re et al. [17]. An ABTS solution
(7 mM in methanol) and a potassium persulfate solution (2.45 mM in methanol) were mixed
at ambient temperature for at least 16 h to form ABTS®** radical cation. The absorbance of
the generated radical ABTS®** was assessed at 734 nm on a multi-mode microplate reader,
SpectraMax iD3 (Molecular Devices, San Jose, CA, USA), and calibrated to 0.70 == 0.02. Next,
on a 96-well microtiter plate, 1 mg/mL of C. ilicifolia extract (40 uL) was serially diluted
with methanol, and then ABTS®* radical cation (160 uL) was added. After 5 min of dark
incubation at ambient temperature (25 °C), the absorbance readings were recorded against
a blank (extract containing methanol without ABTS®*) at 734 nm using a multi-mode
microplate reader, SpectraMax iD3 (Molecular Devices, San Jose, CA, USA). Methanol plus
radical cation ABTS** was used as the negative control, while ascorbic acid (0200 pg/mL)
was utilized as the positive control. Formula (1) below was used to calculate the percentage
of ABTS®** radical scavenging potential at each dosage. The inhibitory concentrations (ICs)
values were then obtained by plotting a non-linear regression curve of percentage ABTS®**
radical scavenging potential against the logarithm of various extract dosages.

Radical scavenging capacity (%) = [(Ag — A1)/ Ap] x 100 (1)

Ay is the absorbance of the negative control and A is the absorbance of extract plus
the radical cation ABTS®*.

2.2.2. Diphenyl-1-Picrylhydrazyl (DPPH®) Radical Scavenging Assay

The technique outlined by Brand-Williams et al. [18] was used to assess the extracts’
capacity to scavenge DPPH® radical. In summary, on 96-well microtiter plates, 1 mg/mL of
C. ilicifolia extract (40 pL) was serially diluted with methanol, and a DPPH?® solution (160 uL,
25 pg/mL in methanol) was added. Using a multi-mode microplate reader SpectraMax iD3
(Molecular Devices, San Jose, CA, USA), the absorbance readings were recorded at 517 nm
against a blank (extract containing methanol without DPPH?®) after dark incubation of plates
at ambient temperature (25 °C) for 30 min. The negative control was made of methanol
plus DPPH?®, while the positive control was constituted of a serial dilution of ascorbic acid
(0-200 pg/mL). Using the preceding formula (1), the DPPH® scavenging potential was
computed at each dosage, and the IC5 values were determined as previously indicated.

2.2.3. Ferric Reducing Antioxidant Power (FRAP) Assay

The method outlined by Benzie and Strain [19] was utilized to assess the antioxidant
potential in a colorimetric redox reaction in which iron-tripyridyltriazine (Fe**-TPTZ) is
reduced at low pH to a dark blue iron-tripyridyltriazine complex (Fe?*-TPTZ) [20]. Briefly,
10 mg/mL of C. ilicifolia extract (50 pL) was serially diluted to obtain different concentra-
tions (1.56-200 pg/mL), or 50 uL of 200 pg/mL gallic acid (Merck, Darmstadt, Germany)
were separately incubated for 30 min at 50 °C with 50 pL of potassium ferricyanide (1%;
prepared in 0.2 M sodium phosphate buffer, pH 6.6). Ascorbic acid (0-200 pg/mL) used as
the positive control was tested in similar conditions as crude extract. Subsequently, 50 pL of
trichloroacetic acid (10%), 40 uL of distilled water, and 10 pL of ferric chloride (0.1%) were
added, respectively. After that, the absorbance readings were recorded at 700 nm against a
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blank (extract containing sodium phosphate buffer) using a multi-mode microplate reader,
SpectraMax iD3 (Molecular Devices, San Jose, CA, USA). The FRAP activity was then
reported as the inhibitory percentage of gallic acid (200 pg/mL).

2.3. Anti-Inflammatory Assays
2.3.1. Soybean 15-Lipoxygenase Inhibitory Assay

The test was conducted according to the protocol established by Pinto et al. [21], with
a few amendments adapted to the 96-well microtiter plate format. The principle of this test
is based on the formation of a Fe** /xylenol orange complex whose absorption maximum is
observed at 560 nm. On a 96-well microtiter plate, 10 mg/mL of C. ilicifolia extract (20 pL)
was serially diluted with distilled water, and 40 pL of soybean 15-lipoxygenase (15-LOX)
(200 UI/mL) (Merck, Darmstadt, Germany) was added. The positive control, gallic acid
(0.78 to 100 png/mL), was used as the standard inhibitor of 15-LOX, while the negative
control was made of DMSO at 5% (v/v). The microtiter plates were then incubated at
ambient temperature (25 °C) for 5 min. Subsequently, 140 uM of linoleic acid (40 pL) used
as substrate prepared in Tris-HCI buffer (50 mM, pH 7.4) was added, followed by dark
incubation of plates at ambient temperature (25 °C) for 20 min. The assay was completed by
adding 100 pL of FOX reagent used as the stop solution, which is made of 30 mM sulfuric
acid, 100 uM xylenol orange, and 100 uM ferrous II sulfate, prepared in methanol /water
(9:1). The absorbance readings were measured at 560 nm on a multi-mode microplate
reader, SpectraMax iD3 (Molecular Devices, San Jose, CA, USA), after dark incubation of
microtiter plates at ambient temperature (25 °C) for 30 min. The blanks were prepared in
the same manner as assayed samples, with the exception that FOX reagent was added after
the substrate. Formula (2) below was used to calculate the 15-LOX inhibitory activity, and
the software GraphPad Prism 6.0 (GraphPad Software, Inc., San Diego, CA, USA) was used
to plot a non-linear regression curve of 15-LOX inhibitory activity against the logarithm
(log10) of various dosages. This allowed for the determination of ICsy values for both
extracts and gallic acid.

15-LOX inhibitory activity (%) = 100 — [(Ag — A1) — (A — Aq)] x 100 )

Ay is the absorbance of assayed samples, A; is the absorbance of the blank, and A; is
the absorbance of the negative control (DMSO 5%).

2.3.2. Culture of RAW 264.7 Murine Macrophages and Cytotoxicity Assay

RAW 264.7 macrophages were purchased from the American Type Culture Collection
(ATCC® TIB-71") (Rockville, MD, USA), and Roswell Park Memorial Institute (RPMI)
1640 medium (Cytiva Hyclone, Logan, UT, USA) supplemented with 10% FBS and 1%
penicillin/streptomycin (P/S) was used for the maintenance of cells in a CO, incubator
(N"vve, Ankara, Turkey) at 37 °C in a humidified environment containing 5% CO, and
95% air. The cells were trypsinized at 70-80% confluency using trypsin/EDTA (0.25%;
Cytiva Hyclone, Logan, UT, USA) and split at a ratio of 1:5 for the next sub-culturing.
Using an automated cell counter (NanoEntek, Seoul, South Korea), the percentage of cell
viability was assessed with 0.4% trypan blue (Cytiva Hyclone, Logan, UT, USA). For our
investigations, only cell suspensions with a percentage of cell viability greater than 90%
were used.

The cytotoxic effect of the C. ilicifolin extract was assessed using the 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay [22]. On a 96-well
microtiter plate, RAW 264.7 cells (20,000) were seeded per well, and the cells were allowed
to adhere overnight at 37 °C in a humidified environment containing 5% CO, and 95% air.
After, the cells were exposed to C. ilicifolia extract (3.125-100 pg/mL) for 24 h and further
incubated at 37 °C in a humidified environment containing 5% CO; and 95% air. Next, the
culture medium including tested extract was removed with an aspirator and replaced with
200 pL of newly prepared medium and 30 pL of a 5 mg/mL thiazolyl blue tetrazolium
bromide (Melford, Ipswich, UK) prepared in phosphate-buffered saline. The microtiter
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plates were further incubated at 37 °C in a humidified environment containing 5% CO,
and 95% air for 4 h, after which the culture medium was carefully aspirated from the wells.
After dissolving the formazan crystals in 50 pL of DMSO at room temperature for 15 min in
the dark, the absorbance readings were recorded at 570 nm using a multi-mode microplate
reader, SpectraMax iD3 (Molecular Devices, San Jose, CA, USA).

2.3.3. Nitric Oxide Production Inhibitory Assay

Nitric oxide (NO) generated by murine RAW 264.7 murine macrophages was assessed
using the Griess reagent (Sigma Aldrich, Hamburg, Germany) after 24 h of exposure with
1 pg/mL of lipopolysaccharide (LPS) in the presence of C. ilicifolia extract or quercetin used
as a positive control [23]. DMSO (0.5%) and LPS treated cells were used as the negative
control. After exposure, cell supernatant (100 uL) from each well of the 96-well microtiter
plates was passed on a new 96-well microtiter plate, and Griess reagent (100 nL) was added.
The plates were left at room temperature (25 °C) in the dark for 15 min, and the absorbance
readings were recorded at 540 nm on a multi-mode microplate reader SpectraMax iD3
(Molecular Devices, San Jose, CA, USA). The amount of nitrite was determined from a
calibration curve (y = 0.0029x + 0.0114, R? = 0.994) obtained with sodium nitrite (0-100 uM)
used as standard. Based on each extract’s capacity to suppress NO release by LPS-activated
RAW 264.7 macrophages relative to the negative control (DMSO (0.5%) and LPS-treated
cells without extract), the percentage of NO production inhibitory activity was determined
at each tested concentration.

2.4. Quantification of the Levels of Inflammatory Mediators in LPS-Activated RAW264.7 Cells

The enzyme-linked immune sorbent assay (ELISA) method was used according to
the manufacturers’ guidelines for commercial kits. Murine RAW 264.7 cells (500,000) were
seeded per well into 6-well microtiter plates, and they were left to adhere overnight at
37 °C in a humidified environment containing 5% CO; and 95% air. Before the addition of
LPS (200 ng/mL) for 24 h, the cells were pre-treated with C. ilicifolia extract (12.5, 25, and
50 pug/mL), quercetin at 25 uM (positive control), and DMSO at 0.5% (negative control)
for 2 h at 37 °C in a humidified environment containing 5% CO, and 95% air. Following
that, cells were rinsed twice with PBS (Cytiva Hyclone, Logan, UT, USA) and detached
using trypsin-EDTA (0.25%; Cytiva Hyclone, Logan, UT, USA). By replicating thrice, the
freeze—thaw cycles in liquid nitrogen (—194 °C) and a water bath (37 °C), the cell lysates
were collected in PBS with a phosphatase inhibitor and EDTA-free Pierce protease tablets
(ThermoFisher Scientific, Lenexa, KS, USA). The cell homogenates were centrifuged at
13,000 g at 4 °C, and the supernatants were aspirated and used for the estimation of the
levels of inflammatory mediators such as interleukins (IL-1f3, IL-10), tumor necrosis factor
(TNF-«), and cyclooxygenase-2 (COX-2) using respectively Elabscience® Mouse IL-13,
IL-10, TNF-«, and COX-2 ELISA kits (Elabscience Biotechnology Inc., Houston, TX, USA)
in accordance per the manufacturer’s guidelines.

2.5. Determination of Intracellular Reactive Oxygen Species Levels

On black/clear bottom microtiter plates, RAW 264.7 murine macrophages (10,000)
were seeded and left to adhere overnight at 37 °C in a humidified environment containing
5% CO; and 95% air. These cells were then pre-treated with C. ilicifolia extract at non-toxic
concentrations for 2 h, followed by exposure or not to 200 ng/mL LPS for 24 h at 37 °Cin a
humidified environment containing 5% CO, and 95% air. Subsequently, the intracellular
ROS levels were assessed using the fluorescent probe 2’,7'dichlorodihydrofluorescein
diacetate (DCFH-DA) (Sigma-Aldrich, Hamburg, Germany) [24]. Briefly, the cells were
washed once with PBS, and a free-FBS fresh culture medium containing 10 uM of DCFH-
DA was added, followed by incubation for 30 min under standard culture conditions.
The fluorescent probe was aspirated and replaced with fresh PBS, and the fluorescence
of cells was determined at 485 nm (excitation) and 535 nm (emission) using a multi-
mode microplate reader, SpectraMax iD3 (Molecular Devices, San Jose, CA, USA). The



Curr. Issues Mol. Biol. 2024, 46

9644

intracellular ROS levels were computed as the percentage of negative control cells. Using
an excitation/emission filter (480/535 nm), images were taken on a 40X objective with
a fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany) coupled to a
Flexacam C1 camera (Leica Microsystems GmbH, Wetzlar, Germany).

2.6. Phytochemical Analysis and Tentative Identification of Compounds in Extract
2.6.1. Total Phenolic Content

The Folin-Ciocalteu colorimetric method described by Singleton et al. [25] and adapted
to a 96-well microtiter plate by Zhang et al. [26] was utilized to assess the total phenolic
content (TPC) of C. ilicifolia crude extract. Briefly, the reaction solution was obtained by
sequentially mixing 5 mg/mL of C. ilicifolia extract (20 uL), Folin—-Ciocalteu reagent (100
uL; Folin—Ciocalteu/distilled water (1:9)), and 7.5% (w/v) NapyCOj solution (80 pL). It
was then left in the dark for 30 min at ambient temperature (25 °C). Using a multi-mode
microplate reader, SpectraMax iD3 (Molecular Devices, San Jose, CA, USA), the absorbance
readings of the mixture were recorded at 765 nm in comparison to ethanol used as a blank.
A gallic acid calibration curve (0-100 mg/L; y = 0.208x + 0.129; R? = 0.998) was used to
transform the absorbance readings into milligrams of gallic acid equivalent (GAE) per gram
of dry extract.

2.6.2. Total Flavonoid Content

The aluminum chloride colorimetric method was used to quantify the total flavonoid
content (TFC) of crude extracts [27]. Using test tubes, the reaction mixture was com-
posed by combining 0.3 mg/mL of C. ilicifolia extract (2 mL), 10% aqueous aluminum
chloride hexahydrate solution (0.1 mL), 1M potassium acetate (0.1 mL), and deionized
water (2.8 mL). After homogenization, this mixture was left for 10 min at ambient temper-
ature (25 °C), and 200 pL of each mixture was passed on a 96-well microtiter microplate
to read the absorbance at 415 nm using a multi-mode microplate reader, SpectraMax iD3
(Molecular Devices, San Jose, CA, USA). Using a quercetin calibration curve (0-0.1 mg/mL;
y = 7.588x + 0.241; R? = 0.999), the absorbance readings were converted into milligrams of
quercetin equivalents (QE) per g of dry extract.

2.6.3. Liquid Chromatography-Mass Spectrometric (LC-MS) Analysis

Forty milligrams of C. ilicifolia extract was dissolved in 2 mL of methanol, spun down,
and then 10-fold diluted with methanol before passing to glass vials for high-resolution
LC-MS analysis, which was carried out using a Waters Cyclic Quadrupole time-of-flight
(qTOF) mass spectrometer (MS) coupled to a Waters Acquity ultra-performance liquid
chromatograph (UPLC) (Waters, Milford, MA, USA). The eluate from the column first
passed through a photodiode array (PDA) detector before reaching the mass spectrometer,
allowing simultaneous detection of ultraviolet (UV) and MS spectra. Negative mode
electrospray ionization was used with a desolvation temperature set at 275 °C, a cone
voltage of 15V, and desolvation gas at 650 L/h, and the remaining MS conditions were
optimized for high resolution and sensitivity. Data were collected by scanning from m/z
150 to 1500 m/z in both MSE and resolution modes. MS data from two channels were
acquired in MSE mode: one at a low collision energy (4 V) and the second using a collision
energy ramp (40—100 V) to generate fragmentation data. Leucine enkaphalin was used as
reference mass for accurate determination of mass, and the instrument was calibrated with
sodium formate. Two microliters of crude extract were injected, and separation was carried
out on a Walters HSS T3, 2.1 x 100 mm, 1.7 pum column. The flow rate was 0.3 mL/min, and
the column temperature was kept at 55 °C. The mobile phase consisted of water containing
0.1% formic acid (solvent A) and acetonitrile containing 0.1% formic acid (solvent B). The
gradient started at 100% solvent A for 1 min and changed linearly to 28% solvent B over
22 min. It then moved to 40% solvent B over 50 s, followed by a wash step of 1.5 min at 100%
solvent B, and ended by re-equilibration to initial conditions for 4 min. A calibration curve
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for chlorogenic acid (3CQA) was established by injecting 3CQA at different concentrations
(0.5 to 100 mg/L) obtained under similar instrumental conditions as the injected extract.

MS-DIAL and MS-FINDER (RIKEN Center for Sustainable Resource Science:
Metabolome Informatics Research Team, Kanagawa, Japan) were used for data analy-
sis after compression, centroiding, and application of reference mass correction [28,29].
In fact, functions 1 (unfragmented channel) and 2 (fragmented channel) of the Waters
MS data were processed by MS-DIAL to produce MS1 and MS2 spectra with extraction
of peak height intensity data. Since calibration standards are not available for all com-
pounds, a semi-quantitative method was used to transform the peak height intensity to
relative concentration by interpolating on a calibration curve for chlorogenic acid (3CQA).
Each deconvoluted feature (alignment in MS-DIAL), together with its associated MS1 and
MS2 spectra, was exported from MS-DIAL to MS-FINDER for a tentative identification
of compounds. Based on the accurate mass elemental compositions, possible compounds
were identified from available databases and then subjected to in silico fragmentation. By
comparing the in silico and measured spectra, a score (out of 10) was attributed to each
potential compound match, with the highest score showing the most possible identification
being a minimum score of 4.

2.7. Statistical Analysis

Three replicate experiments were conducted for each assay, and the data are presented
as the mean + SEM (standard error of mean) values. The software GraphPad Prism 6.0
(GraphPad Software Inc., San Diego, CA, USA) was used for statistical analysis. One-way
analysis of variance (ANOVA) and Student-Newman-Keuls or Dunnett’s tests were used
to compare the data between tested samples and/or positive controls. A p-value less than
0.05 indicated a significant difference in the results.

3. Results and Discussion
3.1. Antioxidant Activity of C. ilicifolia Crude Extract

The antioxidant activity of C. ilicifolia hydroethanolic leaf extract was examined us-
ing ABTS®**, DPPH®, and Fe®*-TPTZ radical scavenging assay techniques. The combina-
tion of these assays is very important as they can be used to test lipophilic, hydrophilic,
and hydrophobic antioxidants. The ABTS** scavenging assay can be used to measure
both lipophilic and hydrophilic antioxidants, while the FRAP assay only assesses hy-
drophilic antioxidants, and the DPPH® scavenging assay only applies to hydrophobic
compounds [30,31]. As presented in Table 1, C. ilicifolia extract had good antioxidant poten-
tials in the DPPH and ABTS assays, with IC5 values of 31.61 pg/mL and 21.29 ug/mL,
respectively (Figure S1). It is known that a lower ICsj value suggests a higher antioxidant
power. As such, C. ilicifolia extract was not as effective as ascorbic acid (positive control) that
showed strong radical scavenging capacities in all assays. Further, the scavenging potency
of extracts changed according to the radical involved, and this is illustrated by the fact that
the ICs( values in the ABTS assay were lower than those in the DPPH assay, thus suggesting
different polarity of antioxidant compounds in each assay. Likewise, extracts active in
both the DPPH and ABTS assays weakly scavenged the Fe**-TPTZ radical, and the ICsq
values were extrapolated to be higher than 200 pg/mL. These data imply either a different
antioxidant mechanism compared to the ABTS** and DPPH?* assays or a different polarity
of antioxidant compounds in the FRAP assay. This can be interpreted by the fact that an
antioxidant compound within an extract may have different scavenging mechanisms of
action on different radicals, especially considering that antioxidant assays depend on the
polarity of active compounds and reaction mechanism [32].
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Table 1. Antioxidant and anti-inflammatory potentials of C. ilicifolia hydroethanolic plant extract.

ICs (ug/mL)

Flant Name DPPH ABTS FRAP ROS NO 15-LOX
C. ilicifolia 31.61 £1.35 21.29 £ 1.36 >200 43.07 £ 2.08 21.10 £ 1.20 40.28 £ 1.35
Ascorbic acid 499 +0.20* 4.64+0.85* 26.68 +1.34* 5.76 + 0.87 * n.d. n.d.
Quercetin n.d. n.d. n.d. n.d. 211 +1.01* n.d.
Gallic acid n.d. n.d. n.d. n.d. n.d. 22.08 £1.96*

Data are presented as the mean of three replicates & standard error of the mean (SEM); * mean statistically
significantly different (p < 0.05). ICsp: concentration required to inhibit 50% of each biological activity compared
to negative controls. n.d.: not determined.

3.2. Anti-Inflammatory Activity of C. ilicifolia Crude Extract
3.2.1. Lipoxygenase Inhibitory Activity

The anti-inflammatory activity of C. ilicifolia crude extract was first evaluated in vitro
against 15-LOX enzymatic activity. This enzyme is known to regulate inflammatory re-
sponses through the release of pro-inflammatory lipid mediators such as leukotrienes,
and several reports have proven its implication in the development of various chronic
diseases [7]. Inhibition of 15-LOX suggests a reduction of the release of lipid mediators, and
this will lessen the deleterious effects of inflammation. Therefore, the 15-LOX inhibitory
activity of C. ilicifolia crude extract was assessed using the xylenol orange iron oxidation
assay. Data obtained showed that C. ilicifolia extract inhibited the 15-LOX enzymatic ac-
tivity in a dose-dependent manner (Figure S2) with an ICsg value of 40.28 ug/mL. When
compared to gallic acid, which was used as a positive control and is known as a potent
15-LOX inhibitor (ICsy value of 22.08 &+ 1.96 pug/mL), C. ilicifolia extract was less efficient
than gallic acid, a pure compound, and this may be justified by the low concentrations
of bioactive compounds within C. ilicifolia crude extract. However, the C. ilicifolia extract
can be assumed to be a potential source of compounds with 15-LOX inhibitory potential.
The isolation and characterization of such compounds responsible for the efficacy of this
extract against 15-LOX enzymatic activity is therefore important, as this may result in the
discovery of new drug candidates against inflammatory-related diseases.

3.2.2. Cytotoxic Potency of C. ilicifolia Extract on RAW 264.7 Murine Macrophages

The cytotoxic potency of C. ilicifolia extract was determined on RAW 264.7 murine
macrophages by exposing these cells to increasing concentrations of extract and quercetin
for 24 h, followed by an evaluation of cell viability using the MTT assay, a method that
measures the capacity of live cells to transform MTT absorbed by cells into formazan
crystals using dehydrogenase and oxidoreductase enzymes [22,33]. The negative control
comprised 0.5% DMSO-treated cells, which was considered 100% cell viability, and the
cytotoxic potency of tested samples was expressed as percentage of 0.5% DMSO treated
cells (negative control). C. ilicifolia extract slightly reduced the cell viability at 100 pg/mL,
but this cytotoxic potency was not significantly distinct from that of the negative control
(Ctrl) (Figure 1). Quercetin was found to be significantly (p < 0.05) cytotoxic at higher
concentrations tested (50 and 100 uM). Thus, non-cytotoxic doses of tested samples were
used in our future experiments on RAW 264.7 murine macrophages.
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Figure 1. Cytotoxicity potency of C. ilicifolia hydroethanolic extract (A) and quercetin (B) on RAW
264.7 macrophages. These cells were exposed to increasing concentrations C. ilicifolia and quercetin
for 24 h and the percentage of cell viability was assessed using MTT assay. Data are represented as
percentage of 0.5% DMSO-treated cells (Ctrl). Each bar depicts the mean 4= SEM of three replicates
(n = 3). One-way ANOVA combined with Dunnett’s test was used for data analysis. * p < 0.05 vs. Ctrl.

3.2.3. Nitric Oxide Production Inhibitory Effects of C. ilicifolia Crude Extract

Nitric oxide (NO) is a pro-inflammatory mediator synthesized by the inducible nitric
oxide synthase (iNOS), involved in the regulation of inflammatory responses, and its
excessive production can instigate oxidative stress [34,35]. As a result, iNOS functions to
generate the free radical NO as a product of its enzymatic activity. Therefore, measuring the
NO production in cells automatically correlates with the quantification of iNOS expression.
The potential anti-inflammatory activity of C. ilicifolia extract was investigated by assessing
the NO production inhibitory effect on LPS-activated RAW 264.7 murine macrophages.
The measurement of NO production in cell supernatants was carried out using Griess
reagent. It was found that LPS treatment of RAW 264.7 murine macrophages significantly
(p < 0.05) boosted NO release compared to non-treated cells (Ctrl), and C. ilicifolia extract
and quercetin prevented LPS-generated NO release in a dose-dependent manner (Figure 2).
Quercetin, a known anti-inflammatory compound, inhibited NO release with an ICs; value
of 7.08 uM, while C. ilicifolia extract had an ICsq value of 21.10 ug/mL (Figure S3). As C.
ilicifolia extract showed significant anti-inflammatory effects by strongly preventing NO
release in LPS-activated RAW 264.7 macrophages, the measurement of iNOS expression
after exposure to C. ilicifolia extract will be tested in future experiments as both molecular
markers are important contributors to cellular oxidative stress and inflammation. However,
the modulatory effect of C. ilicifolin extract was tested on the expression of cytokines in
subsequent experiments.
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Figure 2. Nitric oxide (NO) released by RAW 264.7 macrophages after pre-treatment with C. ili-
cifolia hydroethanolic extract (A) and quercetin (B). RAW 264.7 cells were exposed to non-toxic
concentrations of C. ilicifolia, and quercetin for 2 h, followed by 24 h of LPS (1 pug/mL) activation. The
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release of NO was assessed by quantifying the levels of nitrite in cell supernatants using the Griess
reagent. Each bar depicts the mean 4+ SEM of three replicates (1 = 3). One-way ANOVA combined
Dunnett or Student-Newman-Keuls’s tests were used for data analysis. * p < 0.05 vs. Ctrl. # p < 0.05
vs. LPS.

3.3. Regulatory Effect of C. ilicifolia Extract on the Levels of Inflammatory Mediators

To confirm the anti-inflammatory potential of C. ilicifolia extract, we investigated its
potential to modulate the levels of pro-inflammatory mediators (COX-2, IL-1$3, and TNF-«)
and IL-10 anti-inflammatory cytokines on LPS-activated RAW 264.7 murine macrophages.
Pro-inflammatory cytokines, namely TNF-a and IL-1f3, are implicated in the inflam-
matory responses through the activation of immune cells and increasing the release of
prostaglandins, while IL-10 is produced to terminate or alleviate an uncontrolled inflamma-
tory response either by directly suppressing the effect of pro-inflammatory cytokines or by
intercepting the synthesis of cytokines [36,37]. In addition, COX-2 is an enzyme stimulated
in response to inflammatory stimuli, which play a crucial role in converting fatty acids
to prostaglandins, which support the development of inflammation [38]. As such, the
regulation of the levels of these inflammatory mediators is an effective line of action to
control the inflammatory process. In this regard, the levels of inflammatory mediators were
measured in cell lysates obtained from cells pretreated with non-toxic concentrations of
bioactive extracts for 2 h, followed by exposure to LPS for 24 h. It was observed that the LPS
exposure of RAW 264.7 macrophages significantly (p < 0.05) upregulated the levels of pro-
inflammatory mediators (COX-2, IL-1$3, and TNF-«) and downregulated the production of
IL-10, as compared to control cells (Ctrl). However, treatment of RAW 264.7 macrophages
with C. ilicifolia extract significantly (p < 0.05) decreased the levels of pro-inflammatory
mediators (IL-13 COX-2, and TNF-«x) in a dose-dependent manner (Figure 3A,C,D). In
contrast, C. ilicifolia extract did not change the level of IL-10 as compared to LPS-treated
cells (Figure 3B). Noteworthy, quercetin (25 uM), used as the positive control, was able
to downregulate the levels of COX-2, IL-1$3, and TNF-« and upregulate the level of IL-10.
These data provide evidence that C. ilicifolia extract exerts its anti-inflammatory action by
suppressing the levels of COX-2, IL-1f3, and TNF-«, therefore suggesting that C. ilicifolia
hydroethanolic extract is a potential source of compounds with anti-inflammatory effects.
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Figure 3. Regulatory impact of C. ilicifolia and quercetin on the expression of IL-13 (A), IL-10 (B),
COX-2 (C), and TNF-« (D). RAW 264.7 cells were exposed to non-toxic concentrations of C. ilicifolia
(CI), and quercetin (Q) at 25 uM for 2 h, succeeded by 24 h treatment with LPS (200 ng/mL). Each
bar represents the mean + SEM of two replicates (1 = 2). One-way ANOVA combined Dunnett or
Student-Newman-Keuls’s tests were used for data analysis. * p < 0.05 vs. Ctrl. # p < 0.05 vs. LPS.

3.4. Preventive Action of C. ilicifolia Extract on the Production of Reactive Oxygen Species

Reactive oxygen species (ROS) are metabolic products emerging from various cells,
and they play a key role in the induction and/or development of several diseases through
the stimulation of signaling pathways related to oxidative stress [39,40]. The modulation of
oxidative stress created by the uncontrolled release of ROS can be monitored either by the
antioxidant protection networks within the cells or by the addition of natural antioxidants



Curr. Issues Mol. Biol. 2024, 46

9649

200+

ROS production
(% of Ctrl)
2

o
o
L

o
=]
x

from medicinal plants or foodstuffs [41]. Therefore, we analyzed the preventive action of
C. ilicifolia extract on LPS-induced oxidative stress on RAW 264.7 murine macrophages
by determining the levels of ROS using DCFH-DA. Figure 4 illustrates the protective
effect of C. ilicifolin extracts against ROS production. Treatment of RAW 264.7 murine
macrophages with C. ilicifolia (CI) extract did not induce a significant release of ROS as
compared to untreated cells (Ctrl), while the treatment of RAW 264.7 macrophages with
LPS induced a significant inflation of ROS production compared to untreated cells (Ctrl).
Most importantly, the pre-treatment of RAW 264.7 murine macrophages with C. ilicifolia
extract (CI + LPS) significantly blocked LPS-induced ROS production. The positive con-
trol (ascorbic acid, 25 ng/mL) was also found to prevent LPS-induced ROS production.
Ascorbic acid is a known anti-inflammatory and antioxidant compound that has a radical
scavenging capacity, including ROS production inhibition at an early stage of their forma-
tion through the activation of intracellular antioxidant systems [41]. After determining
the percentage inhibition of ROS production by extracts, it was observed that C. ilicifolia
extract decreased the generation of ROS in a dose-dependent manner with ICsy values of
43.07 £ 2.08 ug/mL, respectively (Table 1). These results showed that the antioxidant ca-
pacity of C. ilicifolia extract was able to reduce the generation of intracellular ROS activated
by LPS and further confirmed its antioxidant and anti-inflammatory potency by protecting
RAW 264.7 murine macrophages from the deleterious effects of ROS. These data agree with
the above-mentioned results from antioxidant assays and suggest potential correlations
between the biological activities of C. ilicifolia extract and its phytochemical composition.

Ctrl CI (50 pg/mL) LPS ClI (50 pg/mL) +LPS

100!
LPS

(2]
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Figure 4. Preventive action of C. ilicifolia, and ascorbic acid on the release of reactive oxygen species
in LPS-activated RAW 264.7 macrophages. These cells were exposed to non-toxic concentrations of C.
ilicifolia (CI) and ascorbic acid (AA) at 25 pg/mL for 2 h, and then treated or not with LPS (200 ng/mL)
for 24 h. Intracellular ROS levels were measured using the probe DCFH-DA (10 uM), and the cell
fluorescence was measured at 485 nm (excitation) and 535 nm (emission). Intracellular ROS levels
were expressed as percentage of 0.5% DMSO-treated cells (Ctrl). Each bar represents the mean + SEM
of three replicates (n = 3). One-way ANOVA combined Dunnett or Student-Newman-Keuls’s tests
was used for data analysis. * p < 0.05 vs. Ctrl. # p <0.05 vs. LPS.

3.5. Phytochemical Composition of C. ilicifolia
3.5.1. Total Phenolic and Total Flavonoid Contents

It is well known that phenolic compounds and flavonoids improve human health by
preventing and treating many diseases. These phytochemicals can be used to reinforce
the immune system or shield the skin from ultra-violet (UV) radiation, as well as being
interesting sources of bioactive compounds with antibacterial, cardioprotective, anticancer,
anti-inflammatory, and antioxidant effects [42,43]. Due to the importance of these phyto-
chemicals and considering the traditional uses of C. ilicifolia for the management of several
infectious and chronic diseases, the total phenolic (TPC) and flavonoid (TFC) contents of
their crude extracts were determined (Table 2). C. ilicifolia hydroethanolic leaf extracts
were found to have the highest total phenolics (109.32 & 5.26 mgGAE/g of extract) and
flavonoids (23.63 £ 2.03 mg QE/g of extract, respectively). In a qualitative phytochem-
ical screening of these plant extracts, lower quantities of phenolics and flavonoids were
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reported in C. ilicifolia methanolic leaf extracts compared to amounts found in their hy-
droethanolic extracts [44]. This could be attributed to the polarity of solvents used since it
has been confirmed that alcoholic aqueous mixtures are very effective for the extraction of
the highest amounts of phenolics and flavonoids [32,45]. Hydro-ethanol (20:80) solvent is
highly recommended in the extraction of medicinal plants as it can dissolve both polar and
non-polar molecules. Further, our results suggest that the antioxidant activity of C. ilicifolia
extract is mainly related to the presence of phenolics, while flavonoids are responsible for its
anti-inflammatory activity. The antioxidant activity of phenolic compounds is attributed to
the availability of free hydroxyl groups and functional groups within aromatic rings having
the capacity to donate electrons or hydrogen to oxidant species, thereby forming stable end
products or attenuating ROS production [46]. On the other hand, flavonoids are recognized
to exert their anti-inflammatory activity by suppressing the release of several mediators,
including NO and cytokines, and downregulating the enzyme activity of cyclooxygenases
and lipoxygenases, thereby decreasing the level of pro-inflammatory mediators within the
cells [47,48].

Table 2. Extraction yield and phytochemical contents of hydroethanolic extracts of selected plants.

Plant Name % Extraction Yield (g Extract/100 g Phenolic Content Flavonoid Content
Dry Material) (mgGAE/g Extract) (mgQE/g Extract)
C. ilicifolia 15.66 109.32 + 5.26 23.63 £+ 2.03

Data are presented as the mean of three replicates + standard error of mean (SEM); QE: quercetin equivalent,
GAE: gallic acid equivalent.

3.5.2. LC-MS Profile of C. ilicifolia Extract

Based on its consistent potency in all antioxidant and anti-inflammatory activities, C.
ilicifolia extract was analyzed using the LC-MS method. Thirty compounds were tentatively
identified by matching their MS1 and MS2 spectra with search databases. The most
abundant compounds were (1) secologanic acid (RT: 7.69 min), (2) chlorogenic acid (3CQA)
(RT: 8.23 min), (3) monotropein (RT: 10.34 min), (4) chlorogenic acid (5CQA) (RT:10.63 min),
(5) geniposidic acid (RT: 10.99 min), (6) rutin (RT: 16.08 min), (7) quercetin 3-galactoside (RT:
16.46 min), (8) astragalin-7-rhamnoside (RT: 17.71 min), and (9) minecoside (RT: 19.29 min)
(Table 3; Figure 5) with their chemical structures being presented in Figure 6. The detection
of these compounds implied that they may play a key role in the anti-inflammatory and
antioxidant activities of C. ilicifolia.

Rutin (8342 mg/L), a flavonoid that is found abundantly in many plants, had the
highest amount in C. ilifolia extract. Preclinical studies have proven that rutin exerts strong
antioxidant properties by inhibiting xanthin oxidase, which is an enzyme implicated in
ROS production [49-51]. Rutin also increases the production of glutathione (GSH) and
strengthens cellular oxidative protection systems through the enhancement of antioxidant
enzymes such as superoxide dismutase (SOD) and catalase (CAT) [52]. Additionally, rutin
ameliorates inflammation by inhibiting the release of IL-1§3, IL-6, NO, TNF-o,, COX-2,
interferon-gamma (IFN-y), monocyte chemoattractant protein-1 (MCP-1), and downregu-
lating the activation of NF-«kB and mitogen activated protein kinase (MAPK) signaling path-
ways in palmitate or LPS-activated RAW 264.7 murine macrophages and animal-induced
inflammatory models [53-56]. Other flavonoids found in C. ilicifolia were astragalin-7-
rhamnoside (4050 mg/L) and quercetin 3-galactoside (1539 mg/L). The anti-inflammatory
and antioxidant potentials of astragalin-7-rhamnoside are not yet fully studied. However,
quercetin 3-galactoside (also known as hyperoside) is known to suppress the levels of
NO, TNF-«, and IL-6 by downregulating NF-«B translocation and inhibitory «B-o« (IkB-
o) degradation [57]. Hyperoside also exerts its antioxidant potency by hunting radicals
such as ABTS®** and DPPH®. It reduces oxidative stress by alleviating lipid peroxidation
and intracellular ROS production via the modulation of nuclear factor erythroid 2-related
factor 2 (Nrf2)/antioxidant response element (ARE) antioxidant pathways [58,59]. The
second most abundant compound in C. ilifolia extract was secologanic acid (5342 mg/L),
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an iridoid glycoside, which is reported to exhibit its anti-inflammatory action by sup-
pressing the expression of protein kinase B (AkT) and p-AkT that mediate the activation
of downstream NF-«kB to stimulate the secretion of pro-inflammatory mediators such as
TNF-«, therefore aggravating inflammation [60]. Other iridoid glycosides detected in C.
ilicifolia were monotropein (3973 mg/L) and geniposidic acid (1497 mg/L). Monotropein
is known to prevent cell apoptosis by decreasing ROS production and inhibiting LPS-
stimulated release of inflammatory mediators such as COX-2, iNOS, IL-13, and TNF-o
by downregulating the phosphorylation and degradation of IkB-o. Consequently, this
action resulted in the translocation of NF-«kB, which plays an important role in the initiation
and progression of oxidative stress and inflammatory responses [61,62]. Monotropein is
also able to alleviate HyO;-induced inflammation and oxidative stress by depleting the
level of malondialdehyde and enhancing the activity of SOD and glutathione peroxidase
(GSH-Px) [63]. Geniposidic acid (GPA) is reported to relieve oxidative stress by triggering
the Akt/Nrf2 pathway [64], and it also reduces ROS production by inhibiting xanthine
oxidase [65]. Additionally, GPA exerts its anti-inflammatory activity by suppressing the
levels of IL-6, IL-1§3, and TNF-o through the suppression of MAPK and NF-«kB signaling
pathways [66,67]. Another compound that was found in considerable amounts in C. ilicifolia
extract was minecoside (3441 mg/L), which is reported to exhibit an antioxidative effect in
an oxygen radical absorbance capacity assay [68]. Two quinic acid derivatives, i.e., chloro-
genic acids (3CQA and 5CQA, 1191 mg/L and 2375 mg/L, respectively), were also found
in the C. ilicifolia extract. Chlorogenic acids have been shown to lessen inflammation and
oxidative stress by diminishing ROS, hydroxyl, and superoxide radicals [69,70], and they
can also attenuate the generation of pro-inflammatory mediators [71,72]. The presence of all
the above-mentioned compounds, which may act synergistically or additively to contribute
to the anti-inflammatory and antioxidant potentials of C. ilicifolia, may justify its strong
efficacy in scavenging radicals such as DPPH®, ABTS** and ROS, as well as suppressing the
levels of COX-2, 15-LOX, IL-1$3, and TNF-o. These results therefore support the medicinal
uses of C. ilicifolin against oxidative stress and inflammatory-related diseases. However,
the pharmacological activities of some compounds identified in C. ilicifolia are not yet
studied, and several unrevealed compounds are still not elucidated, therefore launching
further research directives regarding the bioassay-guided isolation of anti-inflammatory
and antioxidant compounds from this plant species.
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Figure 5. Phytochemical composition of C. ilicifolin hydroethanolic leaf extract using liquid
chromatography—mass spectrometric (LC-MS). High-resolution UPLC-MS analysis was used for
the detection of phytochemicals in C. ilicifolia hydroethanolic leaf extract by injecting two micro-
liters into a Waters Cyclic Quadrupole time-of-flight (qTOF) mass spectrometer (MS) connected to
a Waters Acquity ultra-performance liquid chromatograph (UPLC) (Waters, Milford, MA, USA).
Major compounds detected were (1) secologanic acid (RT: 7.69 min), (2) chlorogenic acid (3CQA)
(RT: 8.23 min), (3) monotropein (RT: 10.34 min), (4) chlorogenic acid (56CQA) (RT:10.63 min), (5) geni-
posidic acid (RT: 10.99 min), (6) rutin (RT: 16.08 min), (7) quercetin 3-galactoside (RT: 16.46 min),
(8) astragalin-7-rhamnoside (RT: 17.71 min), and (9) minecoside (RT: 19.29 min).
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Table 3. Natural compounds detected in C. ilicifolia hydroethanolic leaf extract, using negative mode ionization liquid chromatography-mass spectrometric analysis.

o . Tentative Assignment Molecular Peak Height Conc. in Extract
Peak N RT (min) [M-H]-(m/z) (Compound Name) Ontology Formula Total Score Intensity vs. 3COA (mg/L)
1 6.77 315.07 Gentesic acid 5-O-glucoside Phenolic glycosides C13H1609 7.20 2096 77
Trans-Caffeic acid Hydroxycinnamic
2 7.28 473.13 [apiosyl-(-glucosyl] ester acid glycosides C20H26013 6.32 4933 182
3 7.69 373.11 Secologanic acid Terpene glycosides C16H2 019 7.13 144,505 5342
. Quinic acids and
4 8.23 353.08 Chlorogenic acid 3CQA derivatives C16H1809 7.83 13,644 1191
5 9.23 373.11 Geniposidic acid Iridoid O-glycosides C16H2 019 7.55 6376 236
6 9.64 375.12 Loganic acid Iridoid O-glycosides C16H24019 8.61 32,220 504
7 10.34 389.10 Monotropein Iridoid O-glycosides Ci16H2 011 7.46 107,470 3973
.. Quinic acids and
8 10.63 353.08 Chlorogenic acid 5CQA derivatives C16H1809 8.82 64,238 2375
9 10.99 373.11 Geniposidic acid Iridoid O-glycosides Ci16H2019 7.63 40,505 1497
10 13.51 403.12 Oleoside 11-methyl ester Terpene glycosides C17H4011 7.43 17,541 648
Fatty acyl glycosides
11 13.79 435.22 Amphipaniculoside E of mono- and Cy0H3z6010 5.52 4102 152
disaccharides
Quercetin Flavonoid-3-O-
12 14.51 625.14 3-glucosyl-galactoside elycosides Cy7Hy9017 7.22 625 23
(7’R)-(+)-Lyoniresinol . .
13 15.47 581.22 9'-glucoside Lignan glycosides CpgH33013 6.25 636 24
. . .. Flavonoid-3-O-
14 15.81 609.14 Quercetin robinobioside glycosides Cy7H30016 7.07 48,294 785
15 16.08 609.14 Rutin Flavonoid-3-O- Co7H30016 8.09 225,648 8342
glycosides
Kaempferol Flavonoid-3-O-
16 16.14 463.08 3-alpha-L-arabinopyranoside glycosides Ca20H15010 6.13 4716 174
. . Flavonoid-3-O-
17 16.46 463.08 Quercetin 3-galactoside Cr1Hy9O12 7.90 41,638 1539

glycosides
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Table 3. Cont.

o . Tentative Assignment Molecular Peak Height Conc. in Extract
Peak N RT (min) [M-H]-(m/z) (Compound Name) Ontology Formula Total Score Intensity vs. 3COA (mg/L)
. N Isoflavonoid
18 17.15 515.12 3,4-Dicaffeoylquinic acid O-glycosides CosH4012 6.67 800 30
. . . Fatty acyl glycosides
19 17.46 503.25 4’;'_IE:e%sztfg‘_%‘;l_le?jc'i'sgiil]"l' of mono- and Co4HyoO13 5.94 73,694 724
prosy & disaccharides
20 17.59 515.12 3,5-Dicaffeoylquinic acid Quinic acids and Cy5H,40 6.11 18,935 700
: : -rcatieoylquime ac derivatives B2 ’ ’
21 17.71 593.15 Astragalin 7-rhamnoside Flavonoid-7-O- Co7H30015 8.12 109,553 4050
glycosides
. Flavonoid-3-O-
22 18.11 447.09 Astragalin alycosides Co1HyoO11 8.09 22,404 828
. Flavonoid-3-O-
23 18.27 447.09 Quercitrin glycosides Cr1Hp9O11 6.76 12,741 471
24 18.79 515.11 4,5-Dicaffeoylquinic acid Quinic acids and CosHosO1n 6.48 25,615 947
: : ¢ derivatives 5 ' ’
25 19.29 537.16 Minecoside Coumaric acids and CasH30013 5.95 93,070 3441
derivatives
. Flavonoid
26 20.25 431.09 Kaempferol rthamnoside O-glycosides Cr1Hy9O19 8.03 9675 358
27 20.78 535.18 8-Hydroxypinoresinol Lignan glycosides CyH30 7.27 4710 174
' ' 8-glucoside shan gty 26773212 ’
28 20.96 835.28 Sylvestroside II Iridoid O-glycosides C35H50099 5.42 8788 325
29 21.95 759.23 Adinoside D;(-)-Adinoside D Terpene glycosides C33Hy4099 6.58 9653 357
30 22.63 207.06 6-Methoxymellein 2-benzopyrans C11H1,04 7.60 3160 117

RT: retention time; 3CQA: chlorogenic acid. Compounds indicated with bold are found in higher concentration in the plant species.
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Figure 6. Chemical structures of identified compounds in C. ilicifolia hydroethanolic leaf extract.
Secologanic acid (1), chlorogenic acid (3CQA) (2), monotropein (3), chlorogenic acid (5CQA) (4), geni-
posidic acid (5), rutin (6), quercetin 3-galactoside (7), astragalin-7-rhamnoside (8), and minecoside (9).

4. Conclusions

Overall, data obtained from the current study demonstrated that C. ilicifolia hy-
droethanolic extract exerts its anti-inflammatory and antioxidant effects by lowering the
levels of radicals such as ABTS** and DPPH® and suppressing ROS production and the
release of COX-2, IL-13, NO, and TNF-« in LPS-activated RAW 264.7 murine macrophages.
Moreover, C. ilicifolia extract efficiently inhibited the enzymatic activity of 15-LOX, a key en-
zyme in the production of leukotrienes, which mediate the inflammatory process. Moreover,
based on the fact that the release of NO and cytokines in LPS-stimulated cells is activated by
ROS production, further investigation on other molecular markers such as iNOS, GSH, CAT,
and SOD is needed to fully elucidate the mechanism of action of C. ilifolia extract and to
support its potential application for the management of oxidative stress and inflammatory
conditions. However, due to its richness in several identified compounds with recognized
anti-inflammatory and antioxidant activities, the C. ilicifolia extract depicted strong efficacy
in all assays, thereby indicating this plant species to be a good potential alternative to con-
ventional drugs against oxidative stress and inflammatory-related diseases. These results
open doors for further investigations regarding the pharmacological and phytochemical
analyses of C. ilicifolia for the discovery of novel therapeutics and the development of
plant-based products against inflammation and oxidative stress-related conditions.
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the determination of ICs values of C. ilicifolia hydroethanolic leaf extract in ABTS (A) and DPPH
(B) assays. Figure S2: Non-linear regression graphs for the determination of ICsq values of C. ilicifolia
hydroethanolic leaf extract (A) and gallic acid (B) in 15-LOX inhibitory assay. Figure S3: Non-linear
regression graphs for the determination of ICs, values of C. ilicifolia (A), and quercetin (B) in the NO
production inhibitory assay.

Author Contributions: Conceptualization, E.M.N.; methodology, E.M.N.; software, EM.N.; vali-
dation, EM.N., L.J.M. and T.].M.; formal analysis, E.M.N.; investigation, E.M.N.; resources, L.].M.
and TJ.M.; data curation, EM.N., L.J.M. and T.J.M.; writing—original draft preparation, EM.N.;
writing—review and editing, L.J.M. and T.].M.; visualization, E.M.N.; supervision, L.].M. and T.].M.;


https://www.mdpi.com/article/10.3390/cimb46090573/s1
https://www.mdpi.com/article/10.3390/cimb46090573/s1

Curr. Issues Mol. Biol. 2024, 46 9655

project administration, E.M.N.; funding acquisition, T.].M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Central University of Technology operational expenses
(RES. 10/22/04 awarded to EMN) and the Incentive Funding for Rated Researchers of the National
Research Foundation (NRF), South Africa awarded to Tshepiso Jan Makhafola (Grant Number:
CSRP200429517876). The sponsor had no role in the experimental design, data collection, data
analysis, and data interpretation; and in drafting the manuscript; and the decision to submit the
manuscript for publication. The APC was funded by the Central University of Technology.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, and further details on these data will be available from the corresponding authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Sharifi-Rad, M.; Anil Kumar, N.V,; Zucca, P; Varoni, E.M.; Dini, L.; Panzarini, E.; Rajkovic, J.; Tsouh Fokou, P.V.; Azzini, E.; Peluso,
I; et al. Lifestyle, Oxidative Stress, and Antioxidants: Back and Forth in the Pathophysiology of Chronic Diseases. Front. Physiol.
2020, 11, 694. [CrossRef]

Biswas, S. Does the Interdependence between Oxidative Stress and Inflammation Explain the Antioxidant Paradox? Oxid. Med.
Cell Longev. 2016, 9, 5698931. [CrossRef]

Lugrin, J.; Rosenblatt-Velin, N.; Parapanov, R.; Liaudet, L. The role of oxidative stress during inflammatory processes. Biol. Chem.
2014, 395, 203-230. [CrossRef] [PubMed]

Basheer, A.S.; Abas, F; Othman, I.; Naidu, R. Role of Inflammatory Mediators, Macrophages, and Neutrophils in Glioma
Maintenance and Progression: Mechanistic Understanding and Potential Therapeutic Applications. Cancers 2021, 13, 4226.
[CrossRef] [PubMed]

Zhang, L.; Wang, C.C. Inflammatory response of macrophages in infection. Hepatobiliary Pancreat Dis. Int. 2014, 13, 138-152.
[CrossRef] [PubMed]

Yu, H,; Lin, L.; Zhang, Z.; Zhang, H.; Hu, H. Targeting NF-kappaB pathway for the therapy of diseases: Mechanism and clinical
study. Signal Transduct. Target Ther. 2020, 5, 209. [CrossRef]

Singh, N.K.; Rao, G.N. Emerging role of 12/15-Lipoxygenase (ALOX15) in human pathologies. Prog. Lipid Res. 2019, 73, 28-45.
[CrossRef]

Snodgrass, R.G.; Brune, B. Regulation and Functions of 15-Lipoxygenases in Human Macrophages. Front. Pharmacol. 2019, 10,
719. [CrossRef]

Sofowora, A.; Ogunbodede, E.; Onayade, A. The Role and Place of Medicinal Plants in the Strategies for Disease Prevention. Afr.
J. Tradit. Complement. Altern. Med. 2013, 10, 210-229. [CrossRef]

Vaou, N.; Stavropoulou, E.; Voidarou, C.C.; Tsakris, Z.; Rozos, G.; Tsigalou, C.; Bezirtzoglou, E. Interactions between Medical
Plant-Derived Bioactive Compounds: Focus on Antimicrobial Combination Effects. Antibiotics 2022, 11, 1014. [CrossRef]
Najmi, A; Javed, S.A.; Al Bratty, M.; Alhazmi, H.A. Modern Approaches in the Discovery and Development of Plant-Based
Natural Products and Their Analogues as Potential Therapeutic Agents. Molecules 2022, 27, 349. [CrossRef]

Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the 30 years from 1981 to 2010. J. Nat. Prod. 2012, 75,
311-335. [CrossRef] [PubMed]

Nwozo, O.S,; Effionga, EM.; Aja, PM.; Awuchi, C.G. Antioxidant, phytochemical, and therapeutic properties of medicinal plants:
A review. Int. |. Food Prop. 2023, 26, 359-388. [CrossRef]

Semenya, S.S.; Maroyi, A. Ethnobotanical survey of plants used by Bapedi traditional healers to treat tuberculosis and its
opportunistic infections in the Limpopo Province, South Africa. S. Afr. J. Bot. 2019, 122, 401-421. [CrossRef]

Okem, A.; Finnie, ].F.; Van Staden, J. Pharmacological, genotoxic and phytochemical properties of selected South African medicinal
plants used in treating stomach-related ailments. J. Ethnopharmacol. 2012, 139, 712-720. [CrossRef]

Miller, N.J.; Rice-Evans, C.; Davies, M.].; Gopinathan, V.; Milner, A. A novel method for measuring antioxidant capacity and its
application to monitoring the antioxidant status in premature neonates. Clin. Sci. 1993, 84, 407-412. [CrossRef]

Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS
radical cation decolorization assay. Free. Radic. Biol. Med. 1999, 26, 1231-1237. [CrossRef]

Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. Lebensm. Wiss. Technol.
1995, 28, 25-30. [CrossRef]

Benzie, LF,; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.
Biochem. 1996, 239, 70-76. [CrossRef]


https://doi.org/10.3389/fphys.2020.00694
https://doi.org/10.1155/2016/5698931
https://doi.org/10.1515/hsz-2013-0241
https://www.ncbi.nlm.nih.gov/pubmed/24127541
https://doi.org/10.3390/cancers13164226
https://www.ncbi.nlm.nih.gov/pubmed/34439380
https://doi.org/10.1016/S1499-3872(14)60024-2
https://www.ncbi.nlm.nih.gov/pubmed/24686541
https://doi.org/10.1038/s41392-020-00312-6
https://doi.org/10.1016/j.plipres.2018.11.001
https://doi.org/10.3389/fphar.2019.00719
https://doi.org/10.4314/ajtcam.v10i5.2
https://doi.org/10.3390/antibiotics11081014
https://doi.org/10.3390/molecules27020349
https://doi.org/10.1021/np200906s
https://www.ncbi.nlm.nih.gov/pubmed/22316239
https://doi.org/10.1080/10942912.2022.2157425
https://doi.org/10.1016/j.sajb.2018.10.010
https://doi.org/10.1016/j.jep.2011.11.034
https://doi.org/10.1042/cs0840407
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1006/abio.1996.0292

Curr. Issues Mol. Biol. 2024, 46 9656

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Mfotie Njoya, E. Medicinal plants, antioxidant potential, and cancer. In Cancer, 2nd ed.; Oxidative Stress and Dietary Antioxidants:
Preedy, V.R., Patel, V.B., Eds.; Academic Press: San Diego, CA, USA, 2021; pp. 349-357.

Pinto, M.C.; Tejeda, A.; Duque, A.L.; Macias, P. Determination of lipoxygenase activity in plant extracts using a modified ferrous
oxidation-xylenol orange assay. J. Agric. Food Chem. 2007, 55, 5956-5959. [CrossRef]

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55-63. [CrossRef]

Mfotie Njoya, E.; Ndemangou, B.; Akinyelu, J.; Munvera, A.M.; Chukwuma, C.I.; Mkounga, P.; Mashele, S.S.; Makhafola, T.J.;
McGaw, LJ. In vitro antiproliferative, anti-inflammatory effects and molecular docking studies of natural compounds isolated
from Sarcocephalus pobeguinii (Hua ex Pobeg). Front. Pharmacol. 2023, 14, 1205414. [CrossRef] [PubMed]

Marrazzo, P.; Angeloni, C.; Freschi, M.; Lorenzini, A.; Prata, C.; Maraldi, T.; Hrelia, S. Combination of Epigallocatechin Gallate
and Sulforaphane Counteracts In Vitro Oxidative Stress and Delays Stemness Loss of Amniotic Fluid Stem Cells. Oxid. Med. Cell
Longev. 2018, 2018, 5263985. [CrossRef] [PubMed]

Singleton, V.; Orthofer, R.; Lamuela-Raventos, R. Analysis of total phenols and other oxidation substrates and antioxidants by
means of folin-ciocalteu reagent. Methods Enzymol. 1999, 299, 152-178.

Zhang, Q.; Zhang, J.; Shen, ].; Silva, A.; Dennis, D.; Barrow, C. A simple 96-well microplate method for estimation of total
polyphenol content in seaweeds. J. Appl. Phycol. 2006, 18, 445-450. [CrossRef]

Chang, C.; Yang, M.; Wen, H.; Chern, J. Estimation of total flavonoid content in propolis by two complementary colorimetric
methods. J. Food Drug Anal. 2002, 10, 178-182.

Lai, Z.; Tsugawa, H.; Wohlgemuth, G.; Mehta, S.; Mueller, M.; Zheng, Y.; Ogiwara, A.; Meissen, J.; Showalter, M.; Takeuchi, K,;
et al. Identifying metabolites by integrating metabolome databases with mass spectrometry cheminformatics. Nat. Methods 2018,
15, 53-56. [CrossRef]

Tsugawa, H.; Cajka, T.; Kind, T.; Ma, Y.; Higgins, B.; Ikeda, K.; Kanazawa, M.; VanderGheynst, J.; Fiehn, O.; Arita, M. MS-DIAL:
Data-independent MS/MS deconvolution for comprehensive metabolome analysis. Nat. Methods 2015, 12, 523-526. [CrossRef]
[PubMed]

Munteanu, I.G.; Apetrei, C. Analytical Methods Used in Determining Antioxidant Activity: A Review. Int. ]. Mol. Sci. 2021, 22,
3380. [CrossRef]

Rumpf, J.; Burger, R.; Schulze, M. Statistical evaluation of DPPH, ABTS, FRAP, and Folin-Ciocalteu assays to assess the antioxidant
capacity of lignins. Int. J. Biol. Macromol. 2023, 233, 123470. [CrossRef]

Venkatesan, T.; Choi, Y.W.; Kim, Y.K. Impact of Different Extraction Solvents on Phenolic Content and Antioxidant Potential of
Pinus densiflora Bark Extract. BioMed Res. Int. 2019, 2019, 3520675. [CrossRef] [PubMed]

Berridge, M.V.; Herst, PM.; Tan, A.S. Tetrazolium dyes as tools in cell biology: New insights into their cellular reduction.
Biotechnol. Annu. Rev. 2005, 11, 127-152. [PubMed]

Korhonen, R; Lahti, A.; Kankaanranta, H.; Moilanen, E. Nitric oxide production and signaling in inflammation. Curr. Drug
Targets Inflamm. Allerqy 2005, 4, 471-479. [CrossRef] [PubMed]

Papi, S.; Ahmadizar, F.; Hasanvand, A. The role of nitric oxide in inflammation and oxidative stress. Immunopathol. Persa 2019, 5,
e08. [CrossRef]

Docherty, S.; Harley, R.; McAuley, ].J.; Crowe, L.A.N.; Pedret, C.; Kirwan, P.D,; Siebert, S.; Millar, N.L. The effect of exercise on
cytokines: Implications for musculoskeletal health: A narrative review. BMC Sports Sci. Med. Rehabil. 2022, 14, 5. [CrossRef]
Zhang, ] M.; An, J. Cytokines, inflammation, and pain. Int. Anesthesiol. Clin. 2007, 45, 27-37. [CrossRef] [PubMed]

Simon, L.S. Role and regulation of cyclooxygenase-2 during inflammation. Am. J. Med. 1999, 106, 375-42S. [CrossRef] [PubMed]
Anik, M.I,; Mahmud, N.; Masud, A.A.; Khan, M.I; Islam, M.N.; Uddin, S.; Hossain, M.K. Role of Reactive Oxygen Species in
Aging and Age-Related Diseases: A Review. ACS Appl. Bio Mater. 2022, 5, 4028—4054. [CrossRef]

Liu, Z.; Ren, Z.; Zhang, ].; Chuang, C.C.; Kandaswamy, E.; Zhou, T.; Zuo, L. Role of ROS and Nutritional Antioxidants in Human
Diseases. Front. Physiol. 2018, 9, 477. [CrossRef]

Gegotek, A.; Skrzydlewska, E. Antioxidative and Anti-Inflammatory Activity of Ascorbic Acid. Antioxidants 2022, 11, 1993.
[CrossRef]

Sun, W.; Shahrajabian, M.H. Therapeutic Potential of Phenolic Compounds in Medicinal Plants-Natural Health Products for
Human Health. Molecules 2023, 28, 1845. [CrossRef]

Tungmunnithum, D.; Thongboonyou, A.; Pholboon, A.; Yangsabai, A. Flavonoids and Other Phenolic Compounds from Medicinal
Plants for Pharmaceutical and Medical Aspects: An Overview. Medicines 2018, 5, 93. [CrossRef] [PubMed]

Makhafola, T.].; Elgorashi, E.E.; McGaw, L.J.; Verschaeve, L.; Eloff, ].N. The correlation between antimutagenic activity and total
phenolic content of extracts of 31 plant species with high antioxidant activity. BMC Complement. Altern. Med. 2016, 16, 490.
[CrossRef]

Mannoubi, LE. Impact of different solvents on extraction yield, phenolic composition, in vitro antioxidant and antibacterial
activities of deseeded Opuntia stricta fruit. J. Umm Al-Qura Univ. Appl. Sci. 2023, 9, 176-184. [CrossRef]

Cosme, P,; Rodriguez, A.B.; Espino, ]J.; Garrido, M. Plant Phenolics: Bioavailability as a Key Determinant of Their Potential
Health-Promoting Applications. Antioxidants 2020, 9, 1263. [CrossRef] [PubMed]

Kim, H.P; Son, K.H.; Chang, HW.; Kang, S.S. Anti-inflammatory plant flavonoids and cellular action mechanisms. J. Pharmacol.
Sci. 2004, 96, 229-245. [CrossRef] [PubMed]


https://doi.org/10.1021/jf070537x
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.3389/fphar.2023.1205414
https://www.ncbi.nlm.nih.gov/pubmed/37416061
https://doi.org/10.1155/2018/5263985
https://www.ncbi.nlm.nih.gov/pubmed/30647811
https://doi.org/10.1007/s10811-006-9048-4
https://doi.org/10.1038/nmeth.4512
https://doi.org/10.1038/nmeth.3393
https://www.ncbi.nlm.nih.gov/pubmed/25938372
https://doi.org/10.3390/ijms22073380
https://doi.org/10.1016/j.ijbiomac.2023.123470
https://doi.org/10.1155/2019/3520675
https://www.ncbi.nlm.nih.gov/pubmed/31467882
https://www.ncbi.nlm.nih.gov/pubmed/16216776
https://doi.org/10.2174/1568010054526359
https://www.ncbi.nlm.nih.gov/pubmed/16101524
https://doi.org/10.15171/ipp.2019.08
https://doi.org/10.1186/s13102-022-00397-2
https://doi.org/10.1097/AIA.0b013e318034194e
https://www.ncbi.nlm.nih.gov/pubmed/17426506
https://doi.org/10.1016/S0002-9343(99)00115-1
https://www.ncbi.nlm.nih.gov/pubmed/10390126
https://doi.org/10.1021/acsabm.2c00411
https://doi.org/10.3389/fphys.2018.00477
https://doi.org/10.3390/antiox11101993
https://doi.org/10.3390/molecules28041845
https://doi.org/10.3390/medicines5030093
https://www.ncbi.nlm.nih.gov/pubmed/30149600
https://doi.org/10.1186/s12906-016-1437-x
https://doi.org/10.1007/s43994-023-00031-y
https://doi.org/10.3390/antiox9121263
https://www.ncbi.nlm.nih.gov/pubmed/33322700
https://doi.org/10.1254/jphs.CRJ04003X
https://www.ncbi.nlm.nih.gov/pubmed/15539763

Curr. Issues Mol. Biol. 2024, 46 9657

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Nile, S.H.; Keum, Y.S; Nile, A.S; Jalde, S.S.; Patel, R.V. Antioxidant, anti-inflammatory, and enzyme inhibitory activity of natural
plant flavonoids and their synthesized derivatives. J. Biochem. Mol. Toxicol. 2018, 32, €22002. [CrossRef] [PubMed]

Cos, P; Ying, L.; Calomme, M.; Hu, ].P; Cimanga, K.; Van Poel, B.; Pieters, L.; Vlietinck, A.].; Vanden Berghe, D. Structure-activity
relationship and classification of flavonoids as inhibitors of xanthine oxidase and superoxide scavengers. J. Nat. Prod. 1998, 61,
71-76. [CrossRef]

Hanasaki, Y.; Ogawa, S.; Fukui, S. The correlation between active oxygens scavenging and antioxidative effects of flavonoids.
Free. Radic. Biol. Med. 1994, 16, 845-850. [CrossRef]

Nagao, A.; Seki, M.; Kobayashi, H. Inhibition of xanthine oxidase by flavonoids. Biosci. Biotechnol. Biochem. 1999, 63, 1787-1790.
[CrossRef]

Enogieru, A.B.; Haylett, W.; Hiss, D.C.; Bardien, S.; Ekpo, O.E. Rutin as a Potent Antioxidant: Implications for Neurodegenerative
Disorders. Oxid. Med. Cell Longev. 2018, 2018, 6241017. [CrossRef]

Muvhulawa, N.; Dludla, P.V,; Ziqubu, K.; Mthembu, S.X.H.; Mthiyane, F.; Nkambule, B.B.; Mazibuko-Mbeje, S.E. Rutin ameliorates
inflammation and improves metabolic function: A comprehensive analysis of scientific literature. Pharmacol. Res. 2022, 178,
106163. [CrossRef]

Oluranti, O.I; Alabi, B.A.; Michael, O.S.; Ojo, A.O.; Fatokun, B.P. Rutin prevents cardiac oxidative stress and inflammation
induced by bisphenol A and dibutyl phthalate exposure via NRF-2/NF-kappaB pathway. Life Sci. 2021, 284, 119878. [CrossRef]
[PubMed]

Sharma, A.; Tirpude, N.V.; Kumari, M.; Padwad, Y. Rutin prevents inflammation-associated colon damage via inhibiting the
p38/MAPKAPK?2 and PI3K/Akt/GSK3beta/NF-kappaB signalling axes and enhancing splenic Tregs in DSS-induced murine
chronic colitis. Food Funct. 2021, 12, 8492-8506. [CrossRef] [PubMed]

Tian, C.; Liu, X.; Chang, Y.; Wang, R.; Yang, M.; Liu, M. Rutin prevents inflammation induced by lipopolysaccharide in RAW 264.7
cells via conquering the TLR4-MyD88-TRAF6-NF-kappaB signalling pathway. J. Pharm. Pharmacol. 2021, 73, 110-117. [CrossRef]
[PubMed]

Kim, S.J.; Um, J.Y; Lee, ].Y. Anti-inflammatory activity of hyperoside through the suppression of nuclear factor-kappaB activation
in mouse peritoneal macrophages. Am. J. Chin. Med. 2011, 39, 171-181. [CrossRef] [PubMed]

Gao, Y,; Fang, L.; Wang, X.; Lan, R.; Wang, M.; Du, G.; Guan, W,; Liu, J.; Brennan, M.; Guo, H.; et al. Antioxidant Activity
Evaluation of Dietary Flavonoid Hyperoside Using Saccharomyces Cerevisiae as a Model. Molecules 2019, 24, 788. [CrossRef]
[PubMed]

Lee, S.; Lee, J.; Lee, H.; Sung, ]. Relative protective activities of quercetin, quercetin-3-glucoside, and rutin in alcohol-induced liver
injury. J. Food Biochem. 2019, 43, e13002. [CrossRef]

Guo, X,; Yu, X,; Zheng, B.; Zhang, L.; Zhang, F; Zhang, Y.; Li, J.; Pu, G.; Zhang, L.; Wu, H. Network Pharmacology-Based
Identification of Potential Targets of Lonicerae japonicae Flos Acting on Anti-Inflammatory Effects. BioMed Res. Int. 2021, 2021,
5507003. [CrossRef]

He, Y.Q.; Yang, H.; Shen, Y.; Zhang, ] H.; Zhang, Z.G,; Liu, L.L.; Song, H.T; Lin, B.; Hsu, H.Y,; Qin, L.P.; et al. Monotropein
attenuates ovariectomy and LPS-induced bone loss in mice and decreases inflammatory impairment on osteoblast through
blocking activation of NF-kappaB pathway. Chem. Biol. Interact. 2018, 291, 128-136. [CrossRef]

Wu, M.; Lai, H.; Peng, W.; Zhou, X.; Zhu, L.; Tu, H.; Yuan, K.; Yang, Z. Monotropein: A comprehensive review of biosynthesis,
physicochemical properties, pharmacokinetics, and pharmacology. Front. Pharmacol. 2023, 14, 1109940. [CrossRef] [PubMed]
Jiang, F.; Xu, X.R.; Li, WM.; Xia, K.; Wang, L.F,; Yang, X.C. Monotropein alleviates HyO,-induced inflammation, oxidative stress
and apoptosis via NF-kappaB/AP-1 signaling. Mol. Med. Rep. 2020, 22, 4828-4836. [CrossRef] [PubMed]

Cheng, S.; Jia, H.; Zhang, Y.; Zhou, J.; Chen, X.; Wu, L.; Wang, J. Geniposidic Acid from Eucommia ulmoides Oliver Staminate
Flower Tea Mitigates Cellular Oxidative Stress via Activating AKT/NRF2 Signaling. Molecules 2022, 27, 8568. [CrossRef]
[PubMed]

Huang, H.; Gu, Q.; Nie, S.M.; Wang, ].D.; Zhao, H.; Zhai, BW.; Zhang, M.Y.; Fu, Y.J. Untargeted metabolomics reveals the
regulatory effect of geniposidic acid on lipid accumulation in HepG2 cells and Caenorhabditis elegans and validation in
hyperlipidemic hamsters. Phytomed. Int. ]. Phytother. Phytopharm. 2024, 125, 155295. [CrossRef]

Jiang, P; Zhang, Y.; Li, X.; Chen, J. Geniposidic acid attenuates DSS-induced colitis through inhibiting inflammation and regulating
gut microbiota. Phytother. Res. PTR 2023, 37, 3453-3466. [CrossRef] [PubMed]

Tamura, T.; Zhai, R.; Takemura, T.; Ouhara, K.; Taniguchi, Y.; Hamamoto, Y.; Fujimori, R.; Kajiya, M.; Matsuda, S.; Munenaga, S.;
et al. Anti-Inflammatory Effects of Geniposidic Acid on Porphyromonas gingivalis-Induced Periodontitis in Mice. Biomedicines
2022, 10, 3096. [CrossRef] [PubMed]

Kwak, ].H,; Kim, H.J.; Lee, KH.; Kang, S.C.; Zee, O.P. Antioxidative iridoid glycosides and phenolic compounds from Veronica
peregrina. Arch. Pharm. Res. 2009, 32, 207-213. [CrossRef]

Gong, W.; Li, J.; Zhu, G.; Wang, Y.; Zheng, G.; Kan, Q. Chlorogenic acid relieved oxidative stress injury in retinal ganglion cells
through IncRNA-TUG1/Nrf2. Cell Cycle 2019, 18, 1549-1559. [CrossRef] [PubMed]

Liang, N.; Kitts, D.D. Role of Chlorogenic Acids in Controlling Oxidative and Inflammatory Stress Conditions. Nutrients 2015, 8,
16. [CrossRef]


https://doi.org/10.1002/jbt.22002
https://www.ncbi.nlm.nih.gov/pubmed/28972678
https://doi.org/10.1021/np970237h
https://doi.org/10.1016/0891-5849(94)90202-X
https://doi.org/10.1271/bbb.63.1787
https://doi.org/10.1155/2018/6241017
https://doi.org/10.1016/j.phrs.2022.106163
https://doi.org/10.1016/j.lfs.2021.119878
https://www.ncbi.nlm.nih.gov/pubmed/34384828
https://doi.org/10.1039/D1FO01557E
https://www.ncbi.nlm.nih.gov/pubmed/34302158
https://doi.org/10.1093/jpp/rgaa015
https://www.ncbi.nlm.nih.gov/pubmed/33791807
https://doi.org/10.1142/S0192415X11008737
https://www.ncbi.nlm.nih.gov/pubmed/21213407
https://doi.org/10.3390/molecules24040788
https://www.ncbi.nlm.nih.gov/pubmed/30813233
https://doi.org/10.1111/jfbc.13002
https://doi.org/10.1155/2021/5507003
https://doi.org/10.1016/j.cbi.2018.06.015
https://doi.org/10.3389/fphar.2023.1109940
https://www.ncbi.nlm.nih.gov/pubmed/36937894
https://doi.org/10.3892/mmr.2020.11548
https://www.ncbi.nlm.nih.gov/pubmed/33173962
https://doi.org/10.3390/molecules27238568
https://www.ncbi.nlm.nih.gov/pubmed/36500666
https://doi.org/10.1016/j.phymed.2023.155295
https://doi.org/10.1002/ptr.7819
https://www.ncbi.nlm.nih.gov/pubmed/37098758
https://doi.org/10.3390/biomedicines10123096
https://www.ncbi.nlm.nih.gov/pubmed/36551860
https://doi.org/10.1007/s12272-009-1137-x
https://doi.org/10.1080/15384101.2019.1612697
https://www.ncbi.nlm.nih.gov/pubmed/31055996
https://doi.org/10.3390/nu8010016

Curr. Issues Mol. Biol. 2024, 46 9658

71. Bagdas, D.; Gul, Z.; Meade, J.A.; Cam, B.; Cinkilic, N.; Gurun, M.S. Pharmacologic Overview of Chlorogenic Acid and its
Metabolites in Chronic Pain and Inflammation. Curr. Neuropharmacol. 2020, 18, 216-228. [CrossRef]

72. Hwang, SJ.; Kim, YW.,; Park, Y.; Lee, H].; Kim, KW. Anti-inflammatory effects of chlorogenic acid in lipopolysaccharide-
stimulated RAW 264.7 cells. Inflamm. Res. 2014, 63, 81-90. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2174/1570159X17666191021111809
https://doi.org/10.1007/s00011-013-0674-4
https://www.ncbi.nlm.nih.gov/pubmed/24127072

	Introduction 
	Materials and Methods 
	Plant Material and Method of Extraction 
	Antioxidant Assays 
	Azino-bis (3-Ethylbenzothiazoline-6-Sulfonic Acid) (ABTS+) Radical Scavenging Assay 
	Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Assay 
	Ferric Reducing Antioxidant Power (FRAP) Assay 

	Anti-Inflammatory Assays 
	Soybean 15-Lipoxygenase Inhibitory Assay 
	Culture of RAW 264.7 Murine Macrophages and Cytotoxicity Assay 
	Nitric Oxide Production Inhibitory Assay 

	Quantification of the Levels of Inflammatory Mediators in LPS-Activated RAW264.7 Cells 
	Determination of Intracellular Reactive Oxygen Species Levels 
	Phytochemical Analysis and Tentative Identification of Compounds in Extract 
	Total Phenolic Content 
	Total Flavonoid Content 
	Liquid Chromatography–Mass Spectrometric (LC–MS) Analysis 

	Statistical Analysis 

	Results and Discussion 
	Antioxidant Activity of C. ilicifolia Crude Extract 
	Anti-Inflammatory Activity of C. ilicifolia Crude Extract 
	Lipoxygenase Inhibitory Activity 
	Cytotoxic Potency of C. ilicifolia Extract on RAW 264.7 Murine Macrophages 
	Nitric Oxide Production Inhibitory Effects of C. ilicifolia Crude Extract 

	Regulatory Effect of C. ilicifolia Extract on the Levels of Inflammatory Mediators 
	Preventive Action of C. ilicifolia Extract on the Production of Reactive Oxygen Species 
	Phytochemical Composition of C. ilicifolia 
	Total Phenolic and Total Flavonoid Contents 
	LC–MS Profile of C. ilicifolia Extract 


	Conclusions 
	References

