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Abstract: Dietary bioactive compounds from natural sources (e.g., herbal medicines, foods) are
known to potentially suppress acute or chronic inflammation and promote the effectiveness of treat-
ment to reduce the harmful effects of gastritis alone or in combination. In this regard, we have
characterized four Cameroonian spice extracts, namely Aframomum citratum, Dichrostachys glom-
erata, Tetrapleura tetraptera, and Xylopia parviflora through reverse phase-high-performance liquid
chromatography (RP-HPLC), ultra-performance liquid chromatography-electrospray ionization high-
resolution mass spectrometry (UPLC-ESI-HRMS/MS), and Fourier transform infrared spectroscopic
(FTIR) analyses and investigated their antioxidant and synergistic anti-inflammatory activities in
human gastric adenocarcinoma (AGS) and gastric epithelial (GES-1) cells. The extracts showed a
high amount of total phenolic (TPC: 150–290 mg gallic acid equivalents (GAE)/g of extract) and
flavonoid content (TFC: 35–115 mg catechin equivalents (CE)/g of extract) with antioxidant properties
in a cell-free system (1,1-Diphenyl-2-picryl-hydrazyl (DPPH) half maximal inhibitory concentration
(IC50s) ≤ 45 µg/mL; 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) half maximal in-
hibitory concentration (IC50s) ≤ 29 µg/mL. The extracts in combination (MIX) exert a synergistic
beneficial effect (combination index (CIs) < 1 and dose reduction index (DRIs) > 1) on inflammatory
markers (interleukin (IL)-8 and -6 release, and nuclear factor kappa B (NF-κB) driven transcription) in
human gastric epithelial cells, which may result from the presence of phenolic compounds (phenolic
acids, flavonoids) or other compounds (protein, lipid, aromatic, and polysaccharide compounds)
tentatively identified in the extracts. The general findings of the present study provide supporting
evidence on the chemical composition of four Cameroonian dietary plants and their significant
synergistic inhibitory activities on inflammatory markers of gastric epithelial cells.

Keywords: dietary plants; gastric inflammation; interleukin; antioxidant; phenolic compounds;
synergistic effect

1. Introduction

Gastric ulcers and gastritis are among the most common gastrointestinal disorders,
with a strong relationship with Helicobacter pylori (H. pylori) infection and nonsteroidal
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anti-inflammatory drugs (NSAID) administration [1]. Various pathogenic mechanisms
can contribute to the development of ulcers leading to an imbalance between protective
(prostaglandins, mucus, endogenous antioxidants, etc.) and aggressive (hydrogen chloride
(HCl), reactive oxygen species, pepsin) factors occurring in the gastric mucosa [2]. Genetic
predisposition, smoking, stress, nutritional deficiencies, alcohol consumption, in addition
to the long-term use of NSAIDs (i.e., acetylsalicylic acid or indomethacin) and H. pylori
infection are all causative factors relevant to the development of gastric ulcers [3].

From a mechanistic point of view, several transcription factors are involved in gastric
inflammatory disorders, with nuclear factor kappa B (NF-κB) playing a key role among
others. Several in vitro studies, also performed by our group, have shown that H. pylori
and some pro-inflammatory cytokines (i.e., tumor necrosis factor (TNF)-α) are capable
of activating the NF-κB pathway in gastric epithelial cells [4,5]. NF-κB is responsible for
the expression and release of IL-8 and IL-6, which, in turn, increase the gastric phlogistic
processes [4].

The prevention or treatment of gastric ulcers is a medical challenge [6]. Currently, the
treatment of gastric ulcers and gastritis requires a combination of drugs, such as proton
pump inhibitors (i.e., omeprazole), histamine receptor antagonists (i.e., ranitidine), anti-
cholinergic, and antibiotics (i.e., clarithromycin, amoxicillin, and metronidazole). Although
it is possible to achieve effectiveness with the clinical use of these drugs, their potential side
effects and drug interactions are major problems during treatment, thus making drug toler-
ance by patients quite low [7]. Consequently, products with good efficacy and negligible or
no side effects are necessary. Several studies have shown that natural products from herbal
medications have therapeutic benefits for gastric disorders with fewer side effects [8–10].
Moreover, the use of plant extracts in combination (synergistic therapy) may lead to new
therapeutical strategies and represent a potential area for future investigations [11].

Since ancient times, nature has supplied a variety of phytochemicals with beneficial
effects on humans. Thus, there is increasing attention to natural products, especially for the
treatment of gastrointestinal disorders, corroborated by the traditional use, low cost, and
lower toxicity with respect to conventional medicines [12]. Based on ethnopharmacological
information, and our previous studies, in which we reported the gastro-protective and anti-
inflammatory effects of a variety of Cameroonian plants in human epithelial cells (GES-1
and AGS) [5,13], Xylopia parviflora Spruce, Tetrapleura tetraptera (Schum. and Thonn.) Taub,
Dichrostachys glomerata (Forssk.) Chiov., and Aframomum citratum (C.Pereira) K.Schum were
chosen for gastro-protective evaluation. Our early studies showed that hydro-ethanolic
extracts from these plants exerted antioxidant, hepato-protective, and enzyme inhibition
activities [14–17]. In addition to their anti-inflammatory effects, the combination of these
dietary plants, suggested by traditional Cameroonian medicine, might provide phytochem-
icals (mainly polyphenols) with synergistic gastro-protective effects. In this report, we
chemically characterized the compounds present in each extract through the reversed-
phase-high performance liquid chromatography (RP-HPLC), ultra-performance liquid
chromatography-triple time-of-flight electrospray ionization tandem mass spectroscopy
(UPLC-Triple TOF-ESI-MS/MS), and Fourier transform infrared spectrophotometer (FTIR)
analyses. In addition, the gastro-protective activity and mode of action of the extracts in
combination were investigated in human GES-1 and AGS cells.

2. Materials and Methods
2.1. Chemicals and Reagents

The HPLC-grade solvents were purchased from Spectrochem Pvt. Ltd., Mumbai
(India). MilliQ water prepared by a Millipore water purification system (Merck, Mumbai,
India) and ultrapure double distilled were used to prepare reagents and buffers throughout
the experiment to prevent metal contamination. HPLC analytical grade syringic acid,
chlorogenic acid, gallic acid, protocatechuic acid, p-hydroxybenzoic acid, catechin, caffeic
acid, coumaric acid, epicatechin, gallate, quercetin, ferulic acid, kaempferol were used
for chromatographic analysis. All remaining chemicals and solvents were obtained from
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Sigma Chemicals Co. (St. Louis, MO, USA). Human epithelial adenocarcinoma cells
(AGS, CRL-1739) were purchased from LGC Standard S.r.l. (Milan, Italy). Gastric non-
tumoral epithelial cells (GES-1) were a kind gift from Dr. Dawit Kidane-Mulat (University
of Texas, Austin, TX, USA). Roswell Park Memorial Institute (RPMI 1640) medium and
Dulbecco’s Modified Eagle’s Medium/F12 (DMEM)/F12 (1:1) were purchased from Gibco
(Life Technologies Italia, Monza, Italy). 1,1-Diphenyl-2-picryl-hydrazyl (DPPH), 3,3′,5,5′-
tetramethylbenzidine (TMB), 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
Folin–Ciocalteu reagent (FCR), and 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium
bromide (MTT) were from Sigma Aldrich (Milan, Italy). Life Technologies Italia (Monza,
Italy) provided penicillin, streptomycin, L-glutamine, sodium pyruvate, trypsin-EDTA, and
Lipofectamine 2000. Human IL-8 and IL-6 ELISA Development Kits were manufactured by
Peprotech Inc. (London, UK). Fetal bovine serum (FBS) and disposable materials for cell
culture were purchased by Euroclone (Euroclone S.p.A., Pero-Milan, Italy). All reagents
were at the highest grade available.

2.2. Sample Preparation

Xylopia parviflora Spruce, Tetrapleura tetraptera (Schum. and Thonn.) Taub, Dichrostachys
glomerata (Forssk.) Chiov., and Aframomum citratum (C.Pereira) K.Schum were harvested
as previously described by Nwakiban et al. [14,18]. The plant material was cleaned, taken
to dryness, and stored at room temperature. The air-dried and powdered samples (100 g)
were subjected to magnetic stirring with 100 mL of a hydroalcoholic (ethanol: water, 70:30)
mixture for 4 and 6 hrs at room temperature, in dark conditions. The solvent was removed
through a rotary evaporator (Laborota 4000 efficient, Heidolph Instruments, Schwabach,
Germany), and subjected to lyophilization. The lyophilized extracts were maintained at
4 ◦C, and 10 mg were freshly dissolved in 1 mL of HPLC grade or MS grade methanol
for chemical characterization. Each extract and its combination (MIX) (mixed in the same
proportion) were dissolved in pure dimethyl sulfoxide (DMSO), aliquoted, and stored at
−80 ◦C. For cell treatment and anti-inflammatory assays under sterile conditions, the final
concentration of DMSO added to the cells was not above 0.1%.

2.3. Quantification of Phenolic Compounds through HPLC-PDA

The phenolic compounds content within each extract was analyzed as described
above [17] by HPLC (Nexera X-2 LC-30A, Shimadzu, Japan), and chromatography separa-
tions were carried out on a Chromasol™ RP-C18 column (250 mm × 4.6 mm, 5 µm). The
mobile phase was made up of water set at a pH of 2.65 with acetic acid (solvent A) and
solvent B (20% solvent A and 80% acetonitrile). The extracts were dissolved in HPLC-grade
methanol and filtered through a syringe filter (0.45 µm PVDF, Millipore, MA, USA). A
20 µL volume for each standard or sample was injected into the HPLC system, and a linear
elution gradient was applied in the following manner: 0–20% B in 0–35 min, 20–50% B
in 35–40 min, 50–100% B in 40–45 min, and 100–0% B in 45–60 min. The temperature of
the column was kept at 20 ◦C. The flow rate was 1.2 mL/min, and the PDA detector was
adjusted to λ1 = 280 and λ2 = 320 simultaneously using LabSolutions software (version 6.50,
Shimadzu, Japan). The identified phenolic compounds were quantified using the peak area
obtained from the standards, comparing their retention times with those of corresponding
standards and by spiking samples with appropriate standards.

2.4. UPLC-ESI-HRMS/MS Analysis

The extracts were diluted with MS-grade methanol and injected directly into the UPLC-
ESI-HRMS/MS system with an ekspert 110 binary pump, an ekspert 110-XL autosampler,
an ekspert PDA detector, and ekspert 110 column compartment (AB Sciex Instruments,
Netherlands) via a syringe pump. The Kinetex C18 100A (30 × 2.1 mm 1.7 µm) Column
(Phenomenex) was used for separation at a flow rate of 0.4 mL/min. The mobile phase
was made up of a combination of two solvents: A (0.1% acetic acid in water) and B (0.1%
acetic acid in acetonitrile and methanol in the ratio 8:2) [17]. The mass spectra analyses
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were performed in negative ion mode in the m/z range from 100 to 2000 m/z at an IRDx
resolution of 15,000 using an LC/MS/MS Quadrupole-TOF Hybrid Mass Spectrometer
(Sciex Triple ToF 5600, Singapore) and under the following conditions: gases were GS1-45,
GS2-60, and Curtain GAS (CUR)-40, source voltage was 4.0 kV, Duospray ion source was
set at 400 ◦C, and the collision energy was 10 V. CID-MS/MS experiments were carried out
on mass-selected precursor ions using standard isolation and excitation configuration. All
data acquisition and analysis were performed using the Peak View 2.1 Software (AB SCIEX
Triple TOF 5600, Singapore), which has MasterView™ (Version 1.0, AB SCIEX). The Master
View’s XIC management tool was used to detect quasi-molecular weights, mass errors, and
isotope patterns of both targeted and non-targeted compounds. ChemSpider, elemental
composition analysis, as well as literature review, were used to define consistent tentative
structures of the identified compounds.

2.5. Fourier Transform Infrared Spectroscopic (FTIR) Analysis

Dried powder from various extracts of each plant material was used for FTIR analysis.
Approximately 10 mg of each extract were loaded into the FTIR spectroscope (Bruker,
Germany), which is connected to a computer operating on a Windows system and to an
OPUS software (Version 7.0 Bruker Optic). The spectra were recorded at a resolution of
4 cm−1 from 4000 to 400 cm−1 using 64 co-added scans. All spectra were subtracted against
a background of air spectra. The attenuated total reflectance (ATR) plate was carefully
cleaned by scrubbing with isopropyl 70% twice, then drying with soft tissue before being
filled with the following sample. The spectra were recorded as absorbance values at each
data point in triplicate and two times for spectrum confirmation.

2.6. Estimation of Polyphenols and Antioxidant Activity Assays

The polyphenol estimation and antioxidant capacity assays were modified and trans-
lated into 96-well plates based on the methods used in previous literature reports [19–21].
The stock solution (100 µg/mL) of each extract was prepared for experimental analysis and
the data was measured using a UV–VIS spectrophotometer (Shimadzu, Model: UV 2100,
Kyoto, Japan). All tests were run in triplicate at least three times.

2.6.1. Total Phenolic Content Assay

Total phenolic content (TPC) was determined using a Folin-Ciocalteu assay with slight
modifications [22]. Briefly, a 25 µL sample was mixed with 25 µL Folin’s reagent (1:3 diluted
with water), and 200 µL deionized water was added, then the mixture was incubated at
room temperature for 5 min. The reaction mixture was then alkalized by adding 25 µL
of sodium carbonate (10%, w/v) and allowed to stand in the dark at 25 ◦C for 60 min.
The absorbance was read at 765 nm against the reagent blank. Gallic acid was used as a
standard in a concentration range between 0 and 50 µg/L. TPC was expressed in mg gallic
acid equivalents (GAE) per g of dried extracts based on the calibration curve.

2.6.2. Total Flavonoid Content Assay

Total flavonoid content (TFC) was determined by the colorimetric method as described
by Zhishen et al. [23] and slightly modified by Moukette et al. [24]. To a 15 µL sample
or standard, 45 µL of distilled water, followed by 4.5 µL of sodium acetate (5% solution)
were added. The mixture was left in the darkness at 25 ◦C for 5 min and 4.5 µL of
aluminum chloride (10% of Al2Cl3) was added. Afterward, 30 µL of 1 mM NaOH and
150 µL distilled water were added to the reaction mixture. The absorbance of the resulting
solution was measured at 765 nm wavelength against the reagent blank. Catechin was used
as a standard in a concentration range between 0 and 60 µg/L. TFC was expressed in mg
catechin equivalents (CE) per g of dried extracts based on the calibration curve.
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2.6.3. Total Flavonol Content Assay

The total flavonol assay (FC) was adapted from [25,26] with quercetin as the standard
compound. Briefly, 80 µL of the samples were mixed with 80 µL of aluminum chloride
(2% of Al2Cl3) diluted in ethanol and 120 µL of 50 g/L sodium acetate solution. The
mixture was incubated at 25 ◦C for 2.5 hrs and the absorbance was measured at 440 nm.
Concentrations (0–60 µg/mL) of quercetin dissolved in ethanol were used to draw the
standard curve. The results were expressed as mg quercetin equivalents (QE) per g of dried
extracts based on the calibration curve.

2.6.4. 1,1-Diphenyl-2-picryl-hydrazyl (DPPH) Assay

The DPPH scavenging activity of extracts was determined based on the method of
Sogi et al. [27] and modified from the method reported by Peng et al. [20]. Samples were
dissolved in methanol and tested at concentrations between 1 and 100 µg/mL. An aliquot
of a 40 µL sample was mixed with 260 µL of 0.1 mM DPPH radical methanolic solution in a
96-well plate and incubated for 30 min at 25 ◦C. Afterward, the absorbance was measured
at 517 nm against the reagent blank. Concentrations ranging from 0 to 50 µg/mL ascorbic
acid dissolved in water were used to draw the standard curve. The results were expressed
as mg ascorbic acid equivalents (AAE) per g of dried extracts and the IC50 concentration
showing 50% radical scavenging activity was determined.

2.6.5. 2,2′-Azinobis-(3-ethylbenzothiazoline-6-sulfonic Acid) (ABTS) Assay

The ABTS antioxidant activity of spice extracts was carried out using the ABTS+

radical cation decolorization assay with some modifications [28]. To 5 mL of 7 mmol/L of
ABTS solution, 88 µL of a 140 mM potassium persulfate solution was added to produce
ABTS+. The mixture was allowed to stand in the dark at 25 ◦C for 16 hrs, then 0.5 mL of the
ABTS+ solution was diluted by adding 45 mL analytical grade ethanol to obtain an initial
absorbance of 0.70 ± 0.02 at 734 nm. A 10 µL sample extract and 290 µL prepared ABTS+

solution were mixed in a 96-well plate and incubated at 25 ◦C for 6 min in the darkness.
The absorbance was measured at 734 nm against the reagent blank. Concentrations from 0
to 15 µg/mL Trolox were used to draw the standard curve. The results were expressed as
mg Trolox equivalents (TE) per g of dried extracts and the IC50 concentration showing 50%
radical scavenging activity was determined.

2.7. Cell Culture

Human non-tumoral gastric epithelial cells (GES-1) and human adenocarcinoma gas-
tric epithelial cells (AGS) were respectively grown in RPMI 1640 and DMEM/F12 media
supplemented with L-glutamine 2 mM, streptomycin 100 mg/mL, penicillin 100 units/mL,
and 10% heat-inactivated fetal bovine serum, at 37 ◦C in a humidified atmosphere contain-
ing 5% CO2.

2.8. Cytotoxicity Assay and Cell Treatment

Cell viability was measured as previously described by Nwakiban et al. [5], after
6 h of co-treatment with the stimulus (TNFα, 10 ng/mL) and the combination (MIX)
of extracts (assessed in the range 0.1–10 µg/mL), by the 3,4,5-dimethylthiazol-2-yl-2,5-
diphenyltetrazolium bromide (MTT) method. Briefly, the medium was removed from each
well at the end of the treatment and 200 µL of MTT solution (0.1 mg/mL) was added for
45 min at 37 ◦C in dark conditions. The formazan salt was extracted from the cells with
200 µL of a mixture of DMSO: isopropanol (10:90), and the absorbance was measured
at 570 nm (Envision, PerkinElmer, Walthman, MA, 02451, USA). To study the release of
pro-inflammatory mediators (IL-8 and IL-6) and the NF-κB driven transcription, cells were
seeded in 24-well plates at a density of 30,000 cells/well. Seventy-two hours later, cells were
co-treated with the pro-inflammatory stimulus (TNFα, 10 ng/mL) and the MIX extracts for
6 h using serum-free medium: DMEM/F12 or RPMI 1640 medium, supplemented with
penicillin 100 units/mL, L-glutamine 2 mM, and streptomycin 100 mg/mL. At the end
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of the treatment, the media were collected for the biological assays. All tests were run in
triplicate at least three times.

2.9. Transient Transfection Assay

Gastric epithelial cells were transiently transfected with the reporter plasmid NF-
κB-Luc [29], which contains three κB responsive elements controlling the luciferase gene.
AGS cells were transfected by the calcium phosphate method, whereas GES-1 cells were
transfected using Lipofectamine® (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA). The day after, the cells were treated for 6 hrs with the MIX extracts and TNFα
(10 ng/mL), as previously described. Then, cell lysis and the luciferase enzymatic reaction
were conducted through BriteliteTM Plus reagent (PerkinElmer Inc., Milan, Italy), according
to the manufacturer’s instructions. The results (mean ± SD of at least three experiments)
were expressed as relative% with respect to the luminescence of the pro-inflammatory
conditions (100%).

2.10. Measurement of IL-8 and IL-6 Secretion

IL-8 and IL-6 were quantified using two different ELISA kits, as previously reported [5],
according to the manufacturer’s instructions. Briefly, Corning 96 well EIA/RIA plates
(Sigma-Aldrich, St. Louis, MO, USA) were coated with the corresponding antibody and
incubated overnight at room temperature. Then, cell media and biotinylated antibodies
were added to construct a sandwich ELISA. The cytokines were measured in the samples
at 450 nm through the colorimetric reaction between horseradish peroxidase enzyme and
3,3′,5,5′-tetramethylbenzidine substrate (Sigma-Aldrich, St. Louis, MO, USA) using a
spectrophotometer (Victor X3, PerkinElmer, Walthman, MA, 02451, USA). Epigallocatechin-
3-O-gallate (EGCG, 20 µM) was used as a reference inhibitor, for its ability to decrease both
TNFα-induced IL-8 and IL-6 secretion [4,5,9].

2.11. Synergistic Effect Analysis of Extracts in Combination

The Chou Talalay equations [30,31] and the CompuSyn software (version 1.0; Com-
boSyn, Paramus, NJ, USA) were used to determine the combination index (CI) and the
dose reduction index (DRI). The half-maximal inhibitory concentration (IC50) (µg/mL) of
every single extract on IL-6, IL-8, and NF-κB has already been obtained during our latest
research work [5]. The CI was used to determine the types of drug interactions in which
CI < 1 indicates a synergistic effect, CI = 1 indicates an additive effect, and CI > 1 repre-
sents an antagonistic effect. The Equation (1) below was used to calculate the CI for the
combination of the extracts:

CI =
IC50 of Extract A in combination
IC50 of Extract A in monotherapy

+ . . . +
IC50 of Extract D in combination
IC50 of Extract D in monotherapy

(1)

The dose reduction index (DRI) was calculated using the following Formula (2), by
measuring how many times each extract could be reduced in the combination compared
to monotherapy:

DRIExtract A =
IC50 of Extract A in monotherapy
IC50 of Extract A in combination

(2)

2.12. Statistical Analysis

All results are expressed as mean ± SD. Statistical data were determined with a
one-way analysis of variance (ANOVA) followed by the multiple comparison analysis
performed with the Bonferroni post hoc test. To compare data obtained from RP-HPLC, the
Waller–Duncan test of SPSS software (IBM Corporation, NY, USA, Version 25) was used
to test for differences in means. Pearson’s test was applied to understand the correlation
between the antioxidant variables through the XLSAT software (Version 2022). Statistical
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analyses were calculated, and graphs were prepared using GraphPad Prism 9.0 software
(GraphPad Software Inc., San Diego, CA, USA).

3. Results and Discussion
3.1. Characterization of Compounds in Extracts by UPLC-ESI-HRMS/MS Analysis

The UPLC-ESI-HRMS/MS profiles of X. parviflora, D. glomerata, T. tetraptera, and
A. citratum hydro-ethanolic extracts are shown in Figure S1 and the chromatographic,
MS, and MS/MS data are reported in Table 1. The structure of 33 compounds present
in the four spice extracts from Cameroon was tentatively identified using the combined
interpretation of the fragmentation patterns and the retention time obtained from the
UPLC-ESI-HRMS/MS analysis.

3.1.1. Phenolic Acids

Nine compounds belonging to two different classes of phenolic acids have been identi-
fied in the extracts (two hydroxybenzoic acids and six hydroxycinnamic acids) (Table 1). Caf-
taric acid derivatives were identified in D. glomerata (compound 9b, tR = 16.05 min) and T.
tetraptera (compound 11c, tR = 16.03 min) extracts with [M−H]− at m/z 311.2 (Figure S1B,C).
They displayed similar MS2 fragmentation patterns (Table 1) that produced a fraction at
m/z 149 [M−H−162]−, thus indicating the loss of a caffeoyl moiety [32]. Protocatechuic
acid 4-O-glucoside (compound 4a, tR = 15.25 min), gallic acid monohydrate (compound 1a,
tR = 11.59 min), and derivative (compound 7a, tR = 17.53 min) were identified as the hy-
droxybenzoic acids present in A. citratum (Figure S1C). Compound 1a showed a [M−H]− at
m/z 187.1 and it produced two fractions, one base peak at m/z 125 [M−H−CO2−H2O]− and
another at m/z 169 [M−H−H2O]−, characteristics of gallic acid [33]. Compound 7a, with a
[M−H]− at m/z 473.3 and fragment at m/z 311 [M−H−162]−, obtained after a loss of caffeoyl
moiety, was assigned as chicoric acid, a hydroxycinnamic acid derivative, while compound
4a displayed parent ion at m/z 315.3 and fragment ion at m/z 141 [M−H−162−CO]− with
the cleavage of the O-sugar bond (Table 1) [21,34]. Compound 8b (tR = 15.10 min) and com-
pound 5a (tR = 15.75 min) (Figure S1B,C) revealed molecular ions at m/z 325.2 and m/z 295.2,
respectively (Table 1). Based on these data and comparing retention times and MS2 frag-
ments, they were tentatively assigned to hydroxycinnamic acid compounds [17,21]. Fur-
thermore, compound 6d (tR = 12.58 min) and compound 10d (tR = 15.65 min) (Figure S1D)
in X. parviflora spectra exhibited [M−H]− at m/z 335.2 and m/z 339.2, respectively (Table 1)
The MS2 fragmentation patterns of compound 6d are typical of caffeoylshikimic acid [35].
Compound 10d showed fragment ions at m/z 183 [M−H−156]− characterized for methyl-
gallate residue, and at m/z 197 [M−H−146]− corresponding to the loss of one deoxyhexose,
which indicated the presence of caffeoyl tricarboxylic acid isomers [33]. Compound 11d
(tR = 16.96 min) was conditionally identified as an isomer of ellagic acid with a deproto-
nated molecule at m/z 301.2, based on its fragmentation pattern, including the characteristic
aglycone fragment (Figure S1D) [36].

3.1.2. Flavonoids

Flavonoids were present mostly as anthocyanins, flavanols, flavanonols, flavanones,
flavones, flavonols, and isoflavonoids (Table 1).

Ten flavanols (compounds 5c, 7c, 8c, 1c, 2c, 3c, 4c, 2d, 8d and 9d) were identified in
the hydro-ethanolic extracts. Compound 5c ([M−H]− at m/z 841.5, tR = 12.54 min), com-
pound 7c ([M−H]− at m/z 865.5, tR = 13.49 min), and compound 8c ([M−H]− at m/z 825.5,
tR = 13.60 min) were tentatively assigned as B-type proanthocyanidin trimers (Figure S1C),
due to the fragmentation sequences of their molecular ions which yielded MS2 ions at 441
[M−H−162−162−76]−, 751 [M−H−90]− for compound 5c, 658 [M−H−162−CH2O−CH3]−,
640 [M−H−120−90−CH3]− for compounds 7c and 617 [M−H−120−2CO2]−, 735 [M−H−90]−

for compounds 8c, indicating the presence of a C-hexosyl unit that producing 0, 2 and 0,
3 cross ring cleavage (Table 1) [37,38]. Compound 1b (tR = 8.36 min) and compound 2d
(tR = 8.41 min) (Figure S1B,D), with similar [M−H]− at m/z 289.1, showed characteristic MS2
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fragments at m/z 245 [M−H−CO2]− (loss of carboxyl group), m/z 109 [M−H−162−H2O]−

(loss of a caffeoyl moiety and water), and m/z 203 [M−H−60− CO2]− (cleavage of the
A-ring of flavan-3-ol) (Table 1). Therefore, those compounds were identified as (+)-
catechin [33,38]. Another compound was detected at tR = 8.94 min (compound 2b) in
D. glomerata (Figure S1B) and exhibited a [M−H]− at m/z 561.2. The MS2 spectrum gave
intense ions at m/z 271 [M−H−288]− (loss of galloyl residue), and other fragment ions
at m/z 289 and m/z 245, which are similar to those obtained for compound 1b (Table 1).
These results led to identifying compound 2b as a catechin monogallate [38]. Compound
3b (tR = 9.14 min) with a [M−H]− at m/z 729.2 generated an MS2 fragment ion at m/z 289
[M−H−152−288]− corresponding to the loss of a galloyl group followed by the loss of an
(epi)catechin molecule or to the loss of an (epi)catechin gallate (m/z 289 [M−H−152−288]−)
(Table 1). Based on the obtained mass spectrometry sequences, this compound was tenta-
tively identified as procyanidin dimer monogallate [38,39]. The MS2 spectrum of compound
4b (tR = 9.62 min), with [M−H]− at m/z 441.2 produced ions at m/z 169 [M−H−152−120]
and 289 [M−H−152]− (Table 1) corresponding to the deprotonated ions of gallic acid
and (epi)catechin, respectively. Compound 4b also displayed similar MS2 fragmenta-
tion patterns that produced a fraction at m/z 245 and m/z 271 which is characteristic of
(epi)catechin monogallate [19]. Compound 8d (tR = 14.37 min) (Figure S1A), with [M−H]−

at m/z 315.2 was identified as an isomer of isorhamnetin by comparison of their MS2

fragmentation spectra [33]. Compound 9d (tR = 15.33 min) showed a [M−H]− at 505.2
and produced fragmentation sequences at m/z 359 [M−H−146]−, m/z 373 [M−H−132]−,
m/z 417 [M−H−2CO2]− corresponding to the loss of a pentoxyl and deoxyhexosyl unit
(Table 1). Based on these data, it was assigned to quercetin 7-O-pentosyl-deoxyglucoside.

Four flavanones, compounds 1c (tR = 11.56 min), compounds 5b (tR = 10.32 min), 2a (tR =
11.72 min), and 4d (tR = 10.14 min) were respectively identified in T. tetraptera, D. glomerata, A.
citratum, and X. parviflora extracts (Figure S1A–D). Compounds 5b, 2a, and 4d showed similar
[M−H]− at m/z 433.1 (Table 1). Compounds 5b and 2a gave typical fragmentation pattern at
m/z 269 [M−H−146−H2O]− (loss of moiety of O-linked rhamnose) and m/z 287 [M−H−146]−

(loss of a deoxyhexose moiety), characteristic of eriodictyol deoxyhexose derivatives [40].
Compounds 4d generated MS2 fragments at m/z 271 [M−H−162]− indicating a loss of
caffeoyl moiety, and according to the literature [17,21,33], this compound was assigned to
naringenin-7-O glucoside. Compound 1c gave a [M−H]− at m/z 271.1. This compound
was tentatively characterized as naringenin based on its MS2 fragmentation at m/z 151
[M−H−120]− indicating the presence of a C-hexosyl unit [33].

Three flavones, compound 10c (tR = 15.30 min), compound 10a (tR = 18.94 min),
and compound 3d (tR = 9.57 min) were respectively identified in T. tetraptera, A. citra-
tum, and X. parviflora extracts (Figure S1A,C,D). Compounds 10c showed a [M−H]−

at m/z 359.2 with a loss of ethoxy group (245 [M−H−C2H2O]−) (Table 1), correspond-
ing to the fragmentation of a trihydroxyflavone isomer. Compound 10a was tentatively
assigned as a 5,7 dimethoxyflavone isomer with a deprotonated molecule at m/z 281.3
(Table 1) [41], while compound 3d gave a [M−H]− at m/z 563.3 corresponding to apigenin
7-O-apiosyl-glucoside [42]. This was confirmed by the presence of fractions at m/z 383
[M−H−162−18]− with the loss of an O-hexosyl moiety and a molecule of water, and at
m/z 329 [M−H−269−60]−, corresponding to the deprotonation of an apigenin residue
(Table 1).

Compound 9c (tR = 14.18 min), compound 9a (tR = 18.75 min), compound 7d (tR = 14.05 min),
with [M−H]− at m/z 726.4, m/z 255.5, m/z 465.2 respectively (Figure S1A,C,D), were identi-
fied as anthocyanin, dihydroflavonol, and flavanonols compounds by comparison of their
chromatographic retention times and MS2 fragmentation spectra. Compound 9c (Table 1)
exhibited a fragment ion at m/z 656 [M−H−CO−C2H2O]− and suggests the character-
istic fragmentation of cyanidin 3-xylosylrutinoside isomer [43]. Compound 7d (Table 1)
produced MS2 ions at m/z 319 [M−H−146]− and 377 [M−H−2CO2]− corresponding to
the loss of moiety of O-linked rhamnose and a carboxyl group, was tentatively assigned
taxifolin hexoside isomer [33].
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3.1.3. Other Compounds

In addition to the phenolic compounds described above, an alkylmethoxyphenol,
compound 6b ([M−H]− at m/z 221.1, tR = 12.63 min), and a phytolaccagenic acid isomer,
compound 3a ([M−H]− at m/z 809.3, tR = 11.94 min) were also detected in D. glomerata
and A. citratum extracts, respectively (Figure S1A,B). The above compounds 6b and 3a
respectively produced MS2 spectra with losses of water molecules and aliphatic residues
(Table 1), which complied with the published literature [21,44]. No tentative identification
could be proposed for compounds 6a ([M−H]− at m/z 566.4, tR = 15.91 min), 8a ([M−H]−

at m/z 279.1, tR = 18.18 min), 7b ([M−H]− at m/z 704.5, tR = 14.25 min), 2c ([M−H]− at
m/z 1107.6, tR = 11.86 min), 3c ([M−H]− at m/z 1191.7, tR = 12.03 min), 4c ([M−H]− at m/z
1189.7, tR = 12.22 min), 6c ([M−H]− at m/z 820.4, tR = 13.14 min), 12c ([M−H]− at m/z 758.6,
tR = 20.02 min), 1d ([M−H]− at m/z 374.1, tR = 7.39 min), and 5d ([M−H]− at m/z 333.2,
tR = 12.46 min), since it was not possible to assign the obtained ion fragments.

Table 1. Identification of polyphenol compounds in hydro-ethanolic extracts through UPLC-ESI-
HRMS/MS analysis.

Peak No (RT)
(min) [M–H]- (m/z) Fragment Ions Tentative Identification

(References)

Compound fractions from Aframomum citratum (C.Pereira) K.Schum

1a 11.594 187.1 125.1045, 169.0948, 186.5114,187.1070. Gallic acid monohydrate [33]
2a 11.722 433.1 433.1337, 269.0577, 152.0185, 259.0729, 287.0682. Eriodictyol rhamnoside [40]
3a 11.941 809.3 165.0630, 175.0473, 176.0558, 191.0805, 405.1739. Isomer of phytolaccagenic acid [21,44]
4a 15.255 315.3 141.1357, 279.2450, 297.2568, 313.2524, 315.2688. Protocatechuic acid 4-O-glucoside [21,34]
5a 15.755 295.2 171.1097, 195.1476, 277.2295, 294.2950, 295.2412. p-Coumaroyl tartaric acid derivative [17,21]
6a 15.910 566.4 224.0794, 242.0891, 281.2615, 506.3491, 566.3742. Unknown

7a 17.553 473.3 109.0714, 311.0407, 357.3319, 385.3647, 429.3557,
473.3481. Gallic acid derivative [34]

8a 18.181 279.1 223.1274, 278.3513, 279.458. Unknown
9a 18.755 255.2 254.4282, 255.2440. Dihydroxyflavanone derivative [36]

10a 18.949 281.3 280.3598, 281.2613. Isomer of 5,7-dimethoxyflavone [41]

Compound fractions from Dichrostachys glomerata (Forssk.) Chiov

1b 8.365 289.1 109.0356, 203.0802, 245.0925, 271.0730, 289.0849. (+)-Catechin [33,38]
2b 8.943 561.2 245.0922, 289.0844, 271.0722, 407.0940, 561.1649. Gallocatechin derivative [38]
3b 9.143 729.2 125.0309, 289.0844, 407.0948, 451.1226, 729.1808. Procyanidin dimer monogallate [38,39]
4b 9.621 441.2 169.0216, 245.0924, 271.0730, 289.0846, 441.1005. (Epi)catechin gallate [19]
5b 10.328 433.1 180.0144, 259.0720, 269.0570, 287.0682, 433.1322. Eriodictyol rhamnoside [40]
6b 12.633 221.1 149.1036, 221.0931, 221.1284. Alkylmethoxyphenol derivative [21,44]
7b 14.255 704.5 100.0458, 202.0810, 455.3721, 656.3367, 658.4625. Unknown
8b 15.107 325.2 170.0116, 183.0205, 197.0362, 324,1567, 325.1992. p-Coumaric acid 4-O-glucoside [17,21]
9b 16.058 311.2 148.6320, 149.1049, 310.2184, 311.2156. Caftaric acid derivative [32]

Compound fractions from Tetrapleura tetraptera (Schum. and Thonn.) Taub

1c 11.565 271.1 151.0110, 270.2059, 271.0739. Naringenin [33]

2c 11.861 1107.6 657.4731, 817.5348, 961.5842, 979.5956,
1061.6415. Unknown

3c 12.037 1191.7 655.4725, 817.5347, 961.5837, 979.5950,
1145.7018. Unknown

4c 12.225 1189.7 491.3951, 563.4203, 815.5194, 959.5690, 977.5805. Unknown
5c 12.545 841.5 441.3565, 603.4182, 751.500, 765.4799, 795.4926. Proanthocyanidin trimer [37,38]
6c 13.142 820.4 628.4523, 684.3904, 686.4044, 730.3969, 774.3895. Unknown
7c 13.492 865.5 455.3725, 640.4509, 658.4626, 776.5315, 820.5249. Proanthocyanidin trimer [37,38]
8c 13.607 825.5 161.0527, 455.3738, 617.4362, 735.5049,779.4983. Proanthocyanidin trimer [37,38]
9c 14.1867 726.4 100.0453, 656.3380, 658.4661, 726.4573. Isomer of cyanidin 3-xylosylrutinoside [43]

10c 15.301 359.2 178.9161, 317.2262, 358, 0867, 359.2388. Isomer of trihydroxyflavone [41]
11c 16.031 311.2 133.0731, 149.1050, 310.2188, 311.2661. Caftaric acid derivative [32]
12c 20.029 758.6 89.0280, 119.0410, 532.4972, 550.5090, 712.5726. Unknown
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Table 1. Cont.

Peak No (RT)
(min) [M–H]- (m/z) Fragment Ions Tentative Identification

(References)

Compound fractions from Xylopia parviflora Spruce

1d 7.395 374.1 166.0585, 207.0604, 328.1169, 374.1243, 374.2026. Unknown
2d 8.413 289.1 203.0798, 205.0592, 245.0918, 271.0716, 289.0837. (+)-Catechin [33,38]
3d 9.571 563.3 329.1557, 383.2043, 561.4585, 563.276. Apigenin 7-O-apiosyl-glucoside [42]
4d 10.148 433.1 255.0398, 271.0352, 300.0391, 301.0474, 433.0944. Naringenin hexoside [21,33]
5d 12.463 333.2 332.1515, 333.2203. Unknown
6d 12.583 335.2 334.1605, 335.2356. Caffeoylshikimic acid [35]
7d 14.052 465.2 318.2117, 319.2397,377.1922, 463.6790, 465.1749. Isomer of taxifolin hexoside [33]
8d 14.376 315.2 314.1987, 315.2095, 315.2620. Isomer of isorhamnetin [33]

9d 15.332 505.2 300.5674, 359.2367, 373.1619, 417.1890, 461.1799,
505.1717. Quercetin 7-O-pentosyl-glucoside [45]

10d 15.652 339.2 170.0111, 183.0200, 197.0361, 338.1263, 339.2138. Caffeoyl tricarboxylic acid isomer [33]
11d 16.964 301.2 300.2623, 301.0084, 301.2291. Isomer of ellagic acid [36]

3.2. Quantitative Determination of Some Phenolic Compounds in Extracts

Phenolic compounds have always been an integral part of the secondary metabolites
found in most plant extracts. During phenolic profiling by RP-HPLC, the presence of
seven phenolic compounds was observed in the extracts: the most represented in each
plant were underlined by statistical analysis (Table 2). The qualitative composition, with
regards to the selected phenols, was only partially similar among plants. One phenolic
acid, i.e., caffeic acid (7.07 ± 1.45 µg/100 mg of extract) was determined in X. parviflora
extract. In addition, two flavanols, i.e., catechin (2.95 ± 0.70 µg/100 mg of extract) and
epicatechin (106.91 ± 0.67 µg/100 mg of extract) were identified, with epicatechin signifi-
cantly (p ≤ 0.05) higher than the two other compounds. According to the present study,
it was reported in other recent papers [14] the presence of catechin compounds (amount
of 3.31%) in the X. parviflora extract using GC-MS analysis. In A. citratum, three pheno-
lic acids, i.e., protocatechuic acid (31.12 ± 0.96 µg/100 mg of extract), p-coumaric acid
(8.49 ± 1.66 µg/100 mg of extract), rosmarinic acid (4.62 ± 0.15 µg/100 mg of extract) and
kaempferol (111.79 ± 0.22 µg/100 mg of extract), were significantly (p ≤ 0.05) higher than
the other compounds. [17] reported that the p-coumaric acid identified in this study was
exactly 4-O glucoside p-coumaric acid. As well as in A. citratum, T. tetraptera contained
kaempferol (13.96 ± 0.90 µg/100 mg of extract). Only two phenolic acids i.e., p-coumaric
acid (22.39 ± 1.23 µg/100 mg of extract) and rosmarinic acid (22.03 ± 0.13 µg/100 mg of
extract) were identified in D. glomerata. In comparison with the UPLC-ESI-HRMS/MS anal-
ysis of D. glomerata extract, no catechin molecules were found. It was therefore interesting
to note that even other bioactive compounds were detectable and quantified.

Table 2. Phenolic (µg/100 mg of extract) content in each extract through HPLC-PDA analysis.

Phenolic Compounds Aframomum
citratum

Dichrostachys
glomerata

Tétrapleura
tetraptera Xylopia parviflora λmax (nm)

Protocatecheuic acid 31.12 ± 0.96 b - - - 280
Epicatechin - - - 106.91 ± 0.67 b 280

Catechin - - - 2.95 ± 0.70 a 320
Caffeic acid - - - 7.07 ± 1.45 a 320

p-Coumaric acid 8.49 ± 1.66 a 22.39 ± 1.23 a - - 320
Rosmarinic acid 4.62 ± 0.15 a 22.03 ± 0.13 a - - 320

Kaempferol 111.79 ± 0.22 c - 13.96 ± 0.9 - 320

-: not found.; Data are expressed as mean ± standard deviation (n = 3). The values with different lowercase letters
are significantly different at p ≤ 0.05 within each column.
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3.3. FTIR Analysis of Extracts

The wavenumber ranges of the FTIR peaks and functional groups of each extract
were determined by comparing them to the previous reports [46–48] (Table 3). The FTIR
spectrum of A. citratum, D. glomerata, T. tetraptera and X. parviflora extracts (Figure S2A–D)
showed absorption signals for 12 wavenumber or wavenumber ranges, which were identi-
fied as components in the samples namely phenols at 3276 cm−1, 3233 cm−1, 3283 cm−1,
3232 cm−1 (O–H), lipids at 1710–1733 cm−1, 1724 cm−1 (C=O), proteins at 1693 cm−1

(C=O, C–N), polysaccharides and carbohydrates at 2853–2924 cm−1, 2927 cm−1, 2928 cm−1,
2928 cm−1 (Csp3–H (CH2–H)), phenyl groups at 1443–1601 cm−1, 1604 cm−1, 1602 cm−1,
1603 cm−1 (C=C), amino acids at 1377 cm−1, 1372–1518 cm−1, 1372–1518 cm−1 (N–H, C–N),
acids or esters at 1153–1238 cm−1, 1143–1284 cm−1, 1157–1236 cm−1 (Csp2–O (O–C=O
or O–C–O)), alcohols at 1036 cm−1, 1040 cm−1, 1030 cm−1, 1065 cm−1 (Csp3–O (C–OH)),
aromatic compounds at 674–867 cm−1, 767–867 cm−1, 776–886 cm−1, 663–886 cm−1 (cis
C–H), isoprenoids at 420–617 cm−1, 423–636 cm−1, 419–630 cm−1, 427–626 cm−1 (cis C–H).
Among these absorption signals, the FTIR spectra of T. tetraptera and X. parviflora extracts
(Figure S2A,D) showed specific wavenumber ranges, namely aromatic secondary amines
at 1259–1371 cm−1 (C–N) and mono–, oligo– carbohydrates, oligosaccharides, and glyco-
proteins at 926 cm−1, 931–979 cm−1 (trans C–H, Csp3–O (C–OH)). However, there were
four signals, in which their function groups were still unknown, i.e., 1918–2350 cm−1,
1917–2350 cm−1, 1918–2350 cm−1, and 1768–2326 cm−1. In corresponding previous re-
ports, it has been reported that hydro-ethanolic extracts from the plants used in this
study contained phenols, lipids, polysaccharides (generally in the form of glycosides), and
aromatic compounds which are also consistent with the results obtained by the UPLC-
ESI-HRMS/MS analysis [14,17,18]. Furthermore, these results may be due to the different
solvation properties of ethanol and water.

Table 3. Functional groups and mode of vibration from FTIR spectra of extracts.

The Wavelength Range
Found in This Study, cm−1) Assignment of Bonds Mode of Vibration Function Groups

Functional groups and mode of vibration from FTIR spectra of Aframomum citratum (C.Pereira) K.Schum

3276 O–H O–H stretching Phenols

2853–2924 Csp3–H (CH2–H) CH2–H stretching Polysaccharides, lipids, and
carbohydrates

1918–2350 – – Unknown
1710–1733 C=O C=O stretching Lipids
1443–1601 C=C C=C aromatic ring stretching Phenyl groups

1377 N–H, C–N N–H, C–N stretching Amino acids
1153–1238 Csp2–O (O–C=O or O–C–O) C–O stretching Acids or esters

1036 Csp3–O (C–O) C–O stretching Alcohols
674–867 cis C–H Aromatic C–H bending Aromatic compounds
420–617 cis C–H C–H bending Isoprenoids

Functional groups and mode of vibration from FTIR spectra of Dichrostachys glomerata (Forssk.) Chiov

3233 O–H O–H stretching Phenols

2927 Csp3–H (CH2–H) CH2–H stretching Polysaccharides, lipids, and
carbohydrates

1917–2350 – – Unknown

1604 C=C C=C– Aromatic ring
stretching Phenyl groups

1372–1518 N–H, C–N N–H, C–N stretching Amino acids
1143–1284 Csp2–O (O–C=O or O–C–O) –C–O stretching Acids or esters

1040 Csp3–O (C–OH) C–O stretching Alcohols
767–867 cis C–H Aromatic C–H bending Aromatic compounds
423–636 cis C–H C–H bending Isoprenoids
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Table 3. Cont.

The Wavelength Range
Found in This Study, cm−1) Assignment of Bonds Mode of Vibration Function Groups

Functional groups and mode of vibration from FTIR spectra of Tetrapleura tetraptera (Schum. and Thonn.)Taub

3283 O–H O–H stretching Phenols

2928 Csp3–H (CH2–H) CH2–H stretching Polysaccharides, lipids, and
carbohydrates

1918–2350 – – Unknown
1693 C=O, C–N C=O, C–N stretching Proteins

1602 C=C C=C– Aromatic ring
stretching Phenyl groups

1259–1371 C–N C–N stretching Aromatic secondary amines
1030 Csp3–O (C–OH) C–O stretching Alcohols

926 trans C–H, Csp3–O (C–OH) trans C–H and Csp3–O
(C–OH) stretching

Alcohols, mono–,
oligo–carbohydrates,

oligosaccharides,
glycoproteins

776–886 cis C–H Aromatic C–H bending Aromatic compounds
419–630 cis C–H C–H bending Isoprenoids

Functional groups and mode of vibration from FTIR spectra of Xylopia parviflora Spruce

3232 –O–H O–H stretching Phenols

2928 Csp3–H (CH2–H) CH2–H stretching Polysaccharides, lipids, and
carbohydrates

1768–2326 – – Unknown
1724 C=O C=O stretching Lipids
1693 C=O, C–N C=O, C–N stretching Proteins
1603 C=C C=C– aromatic ring stretching Phenyl groups

1372–1518 N–H, C–N N–H, C–N stretching Amino acids
1157–1236 Csp2–O (O–C=O or O–C–O) C–O stretching Acids or esters

1065 Csp3–O (C–OH) C–O stretching Alcohols

931–979 trans C–H, Csp3–O (C–OH) trans C–H and Csp3–O
(C–OH) stretching

Alcohols, mono–,
oligo–carbohydrates,

oligosaccharides,
glycoproteins

663–886 cis C–H Aromatic C–H bending Aromatic compounds
427–626 cis C–H C–H bending Isoprenoids

–: not found.

3.4. Polyphenol Estimation (TPC, TFC, and FC Content) and Antioxidant Activities (DPPH and
ABTS) of Extracts

The polyphenol content in each extract was measured as TPC, TFC, and
FC (Table 4) and the results are expressed as gallic acid, catechin, and quercetin equivalents,
respectively. Among the extracts, D. glomerata and X. parviflora possessed the highest
TPC, with 282.62 ± 3.88 and 271.18 ± 7.10 mg gallic acid equivalents (GAE)/g respectively,
followed by T. tetraptera (150.33 ± 0.036 mg gallic acid equivalent (GAE)/g) and A. cit-
ratum (129.36 ± 2.13 mg gallic acid equivalent (GAE)/g) [18,49] reported similarities and
discrepancies between their findings on the same plants compared to this study. This may
arise from different experimental protocols (i.e., organic solvent extraction vs. aqueous
extraction) or the harvest period of plant material [16]. A similar trend, but with lower
values in TFC was observed in each extract with 35.43 ± 1.33, 114 ± 1.32, 48.73 ± 4.38,
96.61 ± 0.86 mg catechin equivalents (CE)/g for A. citratum, D. glomerata, T. tetraptera, and
X. parviflora respectively, indicating that the majority of phenolics present in extracts are
flavonoids. Regarding the FC estimation, extracts showed values with a range of 0.58
to 0.21 mg quercetin equivalent (QE)/g, D. glomerata values (0.58 ± 0.14 mg quercetin
equivalent (QE)/g) significantly (p ≤ 0.05) higher than the others. This study was similar
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and comparable with several studies on cultivars, including mango, blueberry, strawberry,
raspberry, grapes, garlic, and ginger previously reported by [19,21,50].

Table 4. Polyphenol content estimation and antioxidant activities of spice extracts.

Names of the
Extracts Polyphenol Estimation Antioxidant Activities

TPC
(mg GAE/g
of Extract)

TFC
(mg CE/g
of Extract)

FC
(mg QE/g
of Extract)

ABTS DPPH

mg TE/g
of Extract IC50 (µg/mL) mg AAE/g

of Extract IC50 (µg/mL)

A. citratum 129.36 ± 2.13 a 35.43 ± 1.33 a 0.37 ± 0.02 a 52.66 ± 2.66 a 29.21 184.88 ± 0.14 a 41.04
D. glomerata 282.62 ± 3.88 b 114 ± 1.32 c 0.58 ± 0.14 b 51.57 ± 0.74 a 5.28 254.30 ± 0.15 c 15.06
T. tetraptera 150.33 ± 0.036 a 48.73 ± 4.38 b 0.26 ± 0.07 a 60.47 ± 1.05 b 28.15 218.08 ± 1.20 b 45.67
X. parviflora 271.18 ± 7.10 b 96.61 ± 0.86 c 0.21 ± 0.04 a 47.06 ± 1.05 a 14.01 253.54 ± 1.88 c 20.38

Data are expressed as mean ± standard deviation (n = 3). The values with different lowercase letters
are significantly different at p ≤ 0.05 within each column. AAE: Ascorbic acid equivalents; ABTS: 2,2′-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid); DPPH: 1,1-Diphenyl-2-picryl-hydrazyl; CE: Catechin equivalent;
FC: Flavonol content; GAE: Gallic acid equivalent; IC50: Half maximal inhibitory concentration; QE: Quercetin
equivalent; TFC: Total flavonoid content; TPC: Total phenol content; TE: Trolox equivalent.

The antioxidant capacities of each extract were evaluated through DPPH and ABTS
methods. As shown in Table 4, D. glomerata showed the highest ABTS free radical scav-
enging activity (IC50 = 5.28 µg/mL) with 51.57 ± 0.74 mg Trolox equivalent (TE)/g of
extract. D. glomerata was respectively followed by X. parviflora (IC50 = 14.01 µg/mL,
47.06 ± 1.05 mg TE/g of extract), T. tetraptera (IC50 = 28.15 µg/mL, 60.47 ± 1.05 mg
TE/g of extract) and A. citratum (IC50 = 29.21 µg/mL, 52.66 ± 2.66 mg TE/g of ex-
tract). As previously noted, D. glomerata showed the highest DPPH antioxidant poten-
tial (IC50 = 15.06 µg/mL) with 254.30 ± 0.15 mg ascorbic acid equivalent (AAE)/g of
extract, followed by X. parviflora (IC50 = 20.38 µg/mL, 253.54 ± 1.88 mg AAE/g of extract),
A. citratum (IC50 = 41.04 µg/mL, 184.88 ± 0.14 mg AAE/g of extract) and T. tetraptera
(IC50 = 45.67 µg/mL, 218.08 ± 1.20 mg AAE/g of extract). In both ABTS and DPPH assays,
D. glomerata and X. parviflora extracts showed higher antioxidant potential when compared
to the others. This could be due to a greater amount of antioxidant compounds (i.e., phe-
nolic and flavonoid) contained in those extracts that likely could contribute to a strong
antioxidant potential [51]. In addition, it is known that the level of antioxidant activity
depends on the type and concentration of the phenolic compounds present because their
structures greatly affect their bioactivity. Similar experimental procedures and findings
were also reported by [49,52–54] when investigating the antioxidant activities of some
dietary plants.

3.5. Correlations of Antioxidant Assays with Phenolic Compounds

The correlations between the phenolic estimation and antioxidant assays were carried
out using the principal component analysis (PCA) and Pearson’s correlation test as shown
in the supplementary data (Figure S3 and Table S1). The total phenolic acids and flavonoids
were calculated by summing the proposed compounds from the HPLC-PDA quantitation to
provide an idea of the overall correlations between all phenolic compounds and antioxidant
tests. Polyphenols not found in the HPLC-PDA were not considered. Here, 90.16% variabil-
ity of the initial data was kept by the first two main components (PC1 = 51.61% and PC2
= 38.52%, respectively) (Figure S3). DPPH and ABTS were highly correlated (p ≤ 0.05) to
both TPC and TFC with positive correlation coefficients of R ≥ 0.96 (Table S1). These strong
correlations suggested that polyphenols were the major contributors to the scavenging
activity of the plant extracts. Moreover, the correlation between TPC and TFC parameters
(R > 0.9, p ≤ 0.05) indicated that flavonoids were the main antioxidant polyphenols. Similar
findings were also reported by [18,19,21,55] who studied the polyphenolic composition
of some spice extracts. Furthermore, it is observed that DPPH and ABTS tests were pos-
itively correlated since Pearson’s correlation coefficient was R = 0.97 (p ≤ 0.05) between
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the assays (Table S1), in line with previous studies [56–58]. Since DPPH is only applicable
to hydrophobic systems due to the use of a radical dissolved in organic media, the strong
correlation with ABTS indicated that additional and less hydrophilic compounds may also
contribute to the scavenging effect [59]. On the contrary, the HPLC-detected phenolic acids
were negatively correlated (p ≤ 0.05) with the antioxidant assays (Table S1), suggesting that
within the selected samples in this study, the phenolic acids do not significantly contribute
to the antioxidant activities, maybe because of vitamins (carotenoids, vitamin C, vitamin E)
and antioxidant heteropolysaccharides and polypeptides.

3.6. Cytotoxicity and Effect of the MIX on the TNFα-Induced NF-κB Driven Transcription in AGS
and GES-1 Cells

These studies were performed using two models of gastric epithelial cells (AGS and
GES-1 cells) (Figure S4) stimulated with TNFα (10 ng/mL), a cytokine that contributes to
the inflammatory process during gastric epithelium infection. The cytotoxicity of extracts
in combination (namely MIX) was assessed in the concentration range of 0.1–10 µg/mL
through the MTT assay (Figure 1A). Similar to our earlier study [5], in which extracts
were used as a single treatment, no cytotoxic effects of extracts in combination were ob-
served in the cell cultures after 6 h treatment (Figure 1A). Extracts in combination (MIX)
were investigated for their ability to inhibit the TNFα-induced NF-κB driven transcription
in a concentration-dependent manner (Figure 1B). The MIX was tested in the range of
0.1–10 µg/mL and the corresponding IC50 values were calculated (Table 5). In AGS cells,
the MIX significantly impaired the activation of NF-κB driven transcription with more
than 95% reduction (p ≤ 0.001) observed at 10 µg/mL and IC50 (0.7 µg/mL) below the
previously reported IC50s (2.14–9.67 µg/mL) for each plant [5]. In GES-1 cells, the MIX at
concentrations ranging between 5 and 10 µg/mL, significantly (p ≤ 0.01) impaired the acti-
vation of NF-κB driven transcription (32.14–62.39% reduction). The IC50 (4.9 µg/mL) value
was higher compared to the one obtained in AGS cells, but below IC50s (5.22–12.17 µg/mL)
for each plant summarized in Table 5. The treatment with the reference compound (20 µM
EGCG) yielded a significant (p ≤ 0.001) inhibition of NF-κB driven transcription in AGS
(>70% reduction) and GES-1 (>50% reduction) cells, which was higher than the MIX at
concentrations below 1 µg/mL). Moreover, the basal concentration of the NF-κB driven
transcription was not affected by the extracts used as single or in combination (all tested
at 10 µg/mL) (Figure S5). The chemical analysis of each extract reported the presence of
many groups of compounds (polyphenols, carbohydrates, lipids, and proteins). Based
on this characterization, these metabolites can act as NF-κB inhibitors, such as epigallo-
catechin, quercetin, cyanidin, chlorogenic acid, and catechins, identified in some extracts.
Several studies reported that phenolic acids stimulate the inhibition of NF-κB activation
and macrophage infiltration, resulting in the reduction of inflammation in vitro and in
animal models [60–63]. In addition to their role in food intake regulation and nutrition
absorption, a growing body of evidence supports that flavonoids counteract NF-κB and
inducible nitric oxide synthase (iNOS) signaling pathways, resulting in reduced oxidative
damage and inflammation [64,65].
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Figure 1. Cytotoxicity of the extracts in combination (MIX) (A) and their effect on the NF-κB-driven
transcription in human gastric adenocarcinoma (AGS) and gastric epithelial (GES-1) cells (B). Data
are expressed as percentages versus the stimulated control, which is arbitrarily set to 100%. * p < 0.05;
** p < 0.01; *** p < 0.001 in AGS cells and # p < 0.05, ## p < 0.01 and ### p < 0.001 in GES−1 cells.
EGCG: Epigallocatechin-3-O-gallate, +: Present, −: Absent.

Table 5. Half-maximal inhibitory concentrations (IC50) (µg/mL) as individual extracts [5] or a
combination of the TNFα-induced cytokines release and NF-κB driven transcription in human gastric
adenocarcinoma (AGS) and gastric epithelial (GES−1) cells.

Names of Plants IL-8 Release IC50
(µg/mL)

IL-6 Release IC50
(µg/mL)

NFkB Driven Transcription IC50
(µg/mL)

Half-maximal inhibitory concentrations (IC50s) summary of extracts used as single and in combination

GES-1 AGS GES-1 GES-1 AGS
Aframomum citratum
(C.Pereira) K.Schum 2.30 0.35 5.11 9.08 6.80

Dichrostachys glomerata
(Forssk.) Chiov. 4.20 0.19 3.50 8.79 2.14

Tetrapleura tetraptera (Schum.
and Thonn.)Taub 5.71 1.37 4.90 5.22 9.67

Xylopia parviflora Spruce 8.37 0.30 3.47 12.17 4.10
Combination of extracts (MIX) >10 0.27 1.8 4.9 0.7

Combination and dose reduction indices of interaction between extracts

GES-1 AGS GES-1 GES-1 AGS
Combination Index (CI) of
the MIX 6.18 0.82 ++ 0.46 +++ 0.61 +++ 0.18 ++++

Means of dose reduction
index (DRI) of extracts 0.80 ± 0.40 8.18 ± 8.13 9.22 ± 1.91 14.28 ± 4.6 28.74 ± 11.58

The means of the dose reduction index (DRI) of extracts are expressed as mean ± standard deviation (n = 4). The
graded symbols indicate ++: Moderate synergism (0.7 < CI < 0.85), +++: Synergism (0.3 < CI < 0.7), ++++: Strong
synergism (0.1 < CI < 0.3). Experiments using individual or a combination of extracts were performed at the
same time.
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3.7. The Combination of Extracts (MIX) Inhibits TNFα-Induced IL-8 and IL-6 Release in AGS and
GES-1 Cells

IL-8 and IL-6 are well-known NF-κB-dependent cytokines that are implicated in
the gastric inflammatory process [66,67]. The MIX at concentrations ranging between
0.1 and 10 µg/mL, inhibited IL-8 release in AGS and GES-1 cells with different IC50s
(Figure 2A, Table 5). In AGS cells, the MIX was more active at 5 and 10 µg/mL (the highest
concentrations tested) compared to the reference compound (20 µM EGCG, >58% reduction)
and significantly (p ≤ 0.001) inhibited the release of IL-8 (90% reduction) with an IC50
(0.27 µg/mL) below the one of A. citratum (0.35 µg/mL), T. tetraptera (1.37 µg/mL), X.
parviflora (0.30 µg/mL), but over the IC50 of D. glomerata (0.29 µg/mL) used as single. This
value was lower in AGS cells compared to GES-1 cells (IC50 > 10 µg/mL), as noted earlier
in the NF-κB driven transcription results. However, the IC50s of the extracts used as single
were lower in GES-1 cells (2.30–8.37 µg/mL) in comparison to the IC50 of the MIX. In
this study, no detectable IL-6 secretion was induced in the AGS cells (data not shown);
thus, only GES-1 cells were considered. The MIX also inhibited the IL-6 release in GES-1
cells with an IC50 of 1.8 µg/mL (Figure 2B, Table 5), a value which was below the IC50s
(3.47–5.11 µg/mL) of the extracts used as single. In addition, as noted in AGS cells, the
MIX was more active at 5 and 10 µg/mL (the highest concentrations tested) compared to
the reference compound (20 µM EGCG, around 40% inhibition). This suggests that it can
reduce the release and gene expression of NF-κB-dependent pro-inflammatory mediators,
which contribute to the amplification of the gastric inflammatory process.
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Figure 2. Effect of the MIX on the TNFα-Induced IL-8 (A) and IL-6 (B) release in human gastric
adenocarcinoma (AGS) and gastric epithelial (GES-1) cells. Data are expressed as percentages versus
the stimulated control, which is arbitrarily set to 100%. ** p < 0.01; *** p < 0.001 in AGS cells and
# p < 0.05, and ###p < 0.001 in GES-1 cells. EGCG: Epigallocatechin-3-O-gallate, +: Present, −: Absent.

3.8. Synergistic Effect of Extracts in Combination on AGS and GES-1 Cells

Combined therapy has shown a variety of advantages over monotherapy, including
decreasing the concentration and toxicity of drugs, improving efficiency, targeting multi-
ple molecular pathways, and sensitizing cells to treatment [68]. As the above statements
make clear, the definition of synergy can overlap with potentiation. However, a concrete
definition derives only from a mathematical approach, shown and proven by different
methodologies, such as Berenbaum’s pioneering work, the isobologram method of Loewe,
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the fractional product method of Webb, the combination index method of Chou and Talalay,
which provided the foundation for its use in pharmacology and phytopharmacology [69].
Therefore, in the current study, we tested the synergistic effects of the extracts on inflam-
matory markers involved in gastric inflammation. The effects of each extract (used as a
single) on the TNFα-induced cytokines (IL-8, IL-6) release and NF-κB driven transcription
of AGS and GES-1 cells, previously reported by Nwakiban et al. [5] and their combination
are shown in Table 5. The CI values of IL-8, IL-6 release, and NFκB-driven transcription
were more than one (6.18) in GES-1 cells and 0.82 (slight synergism) in AGS cells; 0.46 (syn-
ergism) in GES-1 cells; 0.61 (synergism) in GES-1 cells and 0.18 (strong synergism) in AGS
cells respectively, which in overall indicates a synergistic effect of the MIX on cells against
the gastric inflammatory process. Moreover, the means DRI of extracts in combination
were 0.80 ± 0.40 in GES-1 and 8.18 ± 8.13 in AGS cells for IL-8 release; 9.22 ± 1.91 in
GES-1 cells for IL-6 release; 14.28 ± 4.6 in GES-1 and 28.74 ± 11.58 in AGS cells for NFκB
driven transcription, which suggests a very high-fold dosage reduction compared to each
extract in monotherapy, i.e., eight-fold dosage reduction for IL-8 release in AGS cells and
fourteen-fold dosage reduction for the NF-κB driven transcription in GES-1 cells. the
MIX has been noted to act antagonistically in GES-1 cells on NF-κB transcription (CI > 1),
however, it was found to exert an NF-κB inhibition activity in a concentration-dependent
fashion (Figure 1B). Overall, the biological activities of the MIX were lower in AGS cells
compared to GES-1 cells as was previously reported [5]. This could be attributed to the
differences in mutation and differentiation of GES-1 and AGS cells, but also due to the
differences in their genetic profiles [31]. Furthermore, the natural bioactive compounds
found in each extract have a more structural diversity that could more effectively inhibit
certain targets of gastric disorders (gene expression of proinflammatory cytokines). They
also inherently target other biologically relevant NF-κB pathways, i.e., enzymes such as
prostaglandin-endoperoxide synthase 2 (PTGS2) (COX-2), because many natural bioactive
compounds are secondary metabolites or signaling molecules [5,70]. Based on the above
findings, it is suggested that the MIX contains various types of bioactive compounds that
act in synergy in human gastric epithelial cells by two or more mechanisms (synergistic
multi-target effects and elimination or neutralization potential).

4. Conclusions

In this study, a comparative analysis of the chemical composition of each hydroalco-
holic extract through RP-HPLC, UPLC-ESI-HRMS/MS, and FTIR indicates that they mostly
contain a great number of phenolic compounds, but also proteins, lipids, polysaccharides
(generally in the form of glycosides) and aromatic compounds. The extracts showed a
high amount of total phenolic (TPC: 150–290 mg GAE/g of extract) and flavonoid con-
tent (TFC: 35–115 mg CE/g of extract) with antioxidant properties in a cell-free system
(DPPH IC50s ≤ 45 µg/mL; ABTS IC50s ≤ 29 µg/mL). The extracts in combination (MIX)
exert a synergistic beneficial effect (CIs < 1 and DRIs > 1) on inflammatory markers (IL-8,
IL-6 release, and NF-κB driven transcription) in human gastric epithelial cells which may
be due to the presence of phenolic compounds (mostly phenolic acids and flavonoids).
Among the phenolic compounds, phenolic acids (hydroxybenzoic and hydroxycinnamic
acids) and flavonoids (anthocyanins, flavanols, flavanonols, flavanones, flavones, flavonols,
and isoflavonoids) which promoted an antioxidant potential, have been reported in the
extracts. The MIX enhances the efficacy of extract used in monotherapy and reduces the
potential adverse effects related to high concentrations, as indicated by high DRI. Beyond
the plausible pharmacodynamic interaction among phenolic compounds, further studies
are required to assess other possible mechanisms of synergistic interaction, and to in vivo
confirm the synergistic effect herein reported. To the best of our knowledge, this study
provides a scientific basis for the traditional practice of using a combination of extracts
useful to alleviate gastric inflammation.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12030591/s1, Figure S1: UPLC-ESI-MS/MS mass spec-
tra of Aframomum citratum (C.Pereira) K.Schum (A), Dichrostachys glomerata (Forssk.) Chiov. (B),
Tetrapleura tetraptera (Schum. and Thonn.)Taub (C) and Xylopia parviflora Spruce (D) extracts; Figure
S2: FTIR spectra of Aframomum citratum (C.Pereira) K.Schum (A), Dichrostachys glomerata (Forssk.)
Chiov. (B), Tetrapleura tetraptera (Schum. and Thonn.)Taub (C) and Xylopia parviflora Spruce (D)
extracts; Figure S3: Principal component analysis (PCA) of the antioxidant assays, phenolic acids, and
flavonoids determined by HPLC-PDA; Figure S4: Microscopy (inverted phase contrast microscopy;
10X magnification) representation of human normal gastric (GES-1) cells (A) gastric adenocarcinoma
(AGS) (B) epithelial cells; Figure S5: Effect of extracts in monotherapy and combination on the basal
level of NF-κB-driven transcription in non-stimulated human gastric adenocarcinoma (AGS) and
gastric epithelial (GES-1) cells. Table S1: Correlation coefficient (R) among the assays (antioxidant
assays with phenolic compounds).
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