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The genus Moringa contains 14 species, including the widely cultivated Moringa oleifera and Moringa
stenopetala. They have outstanding nutritional and medicinal advantages. This study aimed to analyze
and compare the anti-inflammatory potential, antioxidant capacity, and phytochemical profile of the two

species’ methanolic leaf extracts. The ultra-high-performance liquid chromatography-high resolution

mass spectrometry method was utilized for phytochemical profiling. Total flavonoid content and

phenolic content were determined using the colorimetric procedures of aluminum chloride and Folin—

Ciocalteu assays, respectively. In vitro, antioxidant activity was measured using 2,2'-casino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) and 2,2-diphenyl-1-picrylhydrazyl assays. Protein denaturation and

protease activity inhibition assays were employed to determine the anti-inflammatory effects. M. oleifera

and M. stenopetala showed similar chemical profiles, with 29 compounds tentatively identified, including

glucosinolates, hydroxycinnamic acids, and flavonoid glycosides. M. stenopetala had significantly higher
(p < 0.05) total phenolic content (74.23 + 2.65 mg GAE per g) than that of M. oleifera (66.33 + 0.40 mg
GAE per g), and M. stenopetala also had a greater total flavonoid content (11.27 + 0.48 mg CE per g)
compared to M. oleifera leaf extract (9.19 + 0.06 mg CE per g) (p < 0.05). M. stenopetala had better
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antioxidant activity than M. oleifera. Both species of Moringa suppressed egg albumin denaturation and

protease activity. M. stenopetala inhibits protein denaturation and protease activity more effectively than

DOI: 10.1039/d5ra05914c

rsc.li/rsc-advances

1. Introduction

Inflammation is a sequence of biological responses consisting
of processes such as protein denaturation, vascular perme-
ability, and reorganization in the structure of membranes."
Oxidative stress occurs when the generation of pro-oxidant
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M. oleifera. In conclusion, this study showed that both plant species have antioxidant and anti-
inflammatory properties, with M. stenopetela exhibiting greater activity than M. oleifera.

molecules exceeds the ability of an organism to neutralize
them. This discrepancy could be attributed to augmented
oxidant generation and/or impaired antioxidant defenses,
contributing significantly to initiating and maintaining the
inflammation, which is essential to the pathogenesis of
diseases like diabetes, neurodegeneration, metabolic
syndrome, and cancer.” Reactive nitrogen and oxygen species
production and activity are both significantly reduced by
antioxidants.?

Researchers are looking into plant-derived compounds for
the creation of new drug entities because they have been shown
to have a variety of therapeutic benefits.** Throughout history,
plant-derived natural products have been used as therapeutic
agents, with many ancient civilizations using plant-based foods
as medicine.® Phytochemicals are the various compounds that
greatly influence human health due to their numerous physio-
logical impacts.” The therapeutic values of plants depend on
their chemical constituents, the phytochemicals.® Inflammatory
conditions are often treated with drugs. However, these agents
are to blame for some serious side effects: the biggest culprits
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being GI irritation and ulcer formation.” Thus, in an effort to
find bioactive compounds with antioxidant and anti-
inflammatory qualities that have therapeutic potential while
reducing side effects, researchers have been looking more and
more at medicinal plants.'®**

The genus Moringa contains 14 species, including the widely
cultivated M. oleifera Lam. and M. stenopetala (Baker f.)
Cufod™* known for their good nutritional and therapeutic
properties.** The most frequently studied is M. oleifera,”> which
is cultivated in various nations across the globe, such as South
and Central America, Africa, Southeast Asia, and India.'® M.
stenopetala, also known as the African Moringa tree, is
commonly planted in southern Ethiopia, eastern Somalia, and
northern Kenya. In Ethiopia, this plant goes by many local
names: Haleko in Derashe, Shelagta in Konso, Halako in Gofa
and Wolaita, and Shiferaw in Ambharic."”*® It is a vegetable
source for about 5 million people in southern Ethiopia. The
Konso people grow this tree in large areas around their home
gardens and farms for both food and medicine. In the Gamo
Gofa and Wolaita regions, people traditionally cook and eat the
leaves of this plant alongside their kurkufa dish, which is made
from maize and sorghum grains."”" M. stenopetala is widely
used in traditional medicine for treating different illnesses,
leading to significant research interest in it.**

Moringa species have gained global attention due to their
rich phytochemical diversity and broad spectrum of bioactiv-
ities. Recent studies have revealed that Moringa species contain
diverse phytochemicals, including flavonoids, terpenoids,
tannins, anthocyanins, and proanthocyanidins, which
contribute to their antioxidant, anti-inflammatory, antimicro-
bial, anticancer, and cardiovascular health benefits.'®>°2>>
However, changes in a plant's origin or variety can lead to
different metabolite phenotypes because these factors affect the
makeup of the plant's metabolites.”® The amount and compo-
sition of the bioactive compounds in a plant affect its phar-
macological characteristics. Important influences on the
productivity and quality of plants are the kind of temperature,
soil, type of water, and light intensity. Plants of the same species
grown in different environments might also vary substantially
in the amount of bioactive compounds they contain.*»** The
phytochemical compositions have shown variability across
different countries, and there is limited research on Ethiopian-
grown M. stenopetala and M. oleifera. Furthermore, we
employed an optimized extraction approach (methanol + soni-
cation + centrifugation) combined with UHPLC-HR-ESI-
Orbitrap/MS technology to analyze both species cultivated at
the same location. While extensive literature has investigated
the biological activity and chemical content of M. oleifera,*
fewer studies were performed on M. stenopetala.”” Beyond
phytochemical characterization, we also investigated the in vitro
anti-inflammatory potential of M. stenopetala leaves, which, to
our knowledge, has not been previously reported. Therefore,
this study takes a new approach by using UHPLC-HR-ESI-
Orbitrap/MS technology to analyze the phytochemical
profiling of these species. This will help address gaps in
knowledge and provide a detailed understanding of the phyto-
chemical composition of these two species in Ethiopia.
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Additionally, the study analyzes and compares the anti-
inflammatory and antioxidant abilities of M. stenopetala and
well-researched M. oleifera.

2. Methods and materials

2.1. Chemicals

Formic acid, UHPLC-grade, and water were acquired from
Deltek (Italy). Aluminum chloride (AICl;), butylated hydrox-
ytoluene (BHT), ascorbic acid, Folin-Ciocalteu's phenol
reagent, casein, catechin, potassium persulfate, perchloric acid,
sodium nitrite (NaNO,), sodium hydroxide (NaOH), Tris-HCl,
trypsin., 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and gallic acid
were acquired from Sigma-Aldrich (USA). Aspirin was purchased
from Medtech Ethiopia, which distributes Bayer Aspirin.

2.2. Source of Moringa leaves

Fresh leaves of the two species were collected from Arba Minch,
Ethiopia. Arba Minch is located at 6°01'59” N and 37°32'59" E,
at an altitude of 1269 m above sea level, receives an average
annual rainfall of 952.1 mm, and is 505 km away from the
capital city.”® Soils are deep, dark in color, and have a texture
like clay.” This location was preferred specifically for the
availability and abundance of Moringa trees in the vicinity. All
plant materials were deposited at Addis Ababa University,
College of Natural Sciences, National Herbarium, for future
reference after a taxonomist confirmed the validity. M. oleifera
and M. stenopetala are represented by the voucher numbers
MA001 and MA002, respectively.

2.3. Sample collection and preparation

Fresh, mature, and healthy leaves from two Moringa species
were collected from 14 randomly selected mother trees, each at
the optimal maturity stage, typically between 2 to 3 years of age.
The composite sample was made by combining leaves from
different locations and parts of the trees (e.g., top, middle, and
bottom branches) to represent the overall chemical profile of
the species. Approximately 150 grams of leaves were collected
from each tree, totaling 2 kilograms. The leaves were placed in
plastic bags with ventilation holes to prevent moisture buildup
during transport and were immediately delivered to the labo-
ratory. Upon arrival, the leaves were sanitized for one and 5 min
with 70% ethanol and sodium hypochlorite, respectively, and
then repeatedly washed with distilled water and dried in the
shade. Powdered in an electric multifunction mill (HYDDNice:
Model HY-AB-0326, China), then passed through a screen (20
mesh). Finally, they were placed in a refrigerator at —20 °C for
storage.

2.4. Moringa leaf extracts preparation

Five grams of each powder were extracted with 100 mL of
methanol, and then two sonication cycles (40 °C, 60 min, 80%)
and centrifugation for 9 min at 3500 rpm were applied (using
a Beckman Coulter Allegra 21R refrigerated centrifuge, USA). A
Buchi R-210 rotary evaporator (Switzerland) at 40 °C was used to
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concentrate the filtrates from the two cycles. The obtained
extracts were viscous in consistency. The concentrated extracts
were kept at —20 °C.***° Methanol was chosen as the organic
solvent for this study because it is more polar than other types
of alcohol, like ethanol, acetone, and others. In many cases,
methanol extraction gave the best results. Especially for
extracting leaves in various situations using sonication.*® The
safety of M. oleifera’'s methanolic extract at low and moderate
concentrations was validated by a cytotoxicity study that was
published in the literature.”* This supports both the efficiency
and relative safety of the chosen extraction method. The
extraction yield was calculated as shown in eqn (1),*

mass of extract
Extracti eld (%) — 100
xtraction yield (%) mass of the sample powder .
1)

2.5. Chemical characterization of the extracts by LC-HR-
Orbitrap/ESI-MS

The chemical investigation of both M. oleifera and M. sten-
opetala methanolic leaf extracts was performed using
a Vanquish Flex UHPLC system equipped with a diode array
detector and a high-resolution mass spectrometry (HR-MS) Q
Exactive Plus Orbitrap-based FT-MS, which was equipped with
an electrospray ionization (ESI) source (Thermo Fisher Scien-
tific Inc., Bremen, Germany). Methanol (MeOH) was used to
dissolve the extracts and create mixtures containing 1 mg mL .
A5 uL supernatant was obtained by centrifuging the mixture for
10 minutes at 2710xg. Then, the mixture was introduced into
an LC-MS system that was fitted with a SecurityGuard™ Ultra
Cartridge (Phenomenex, Bologna, Italy) and a C18 Kinetex®
Biphenyl column (100 x 2.1 mm, 2.6 pm particle size), provided
by a SecurityGuard™ Ultra Cartridge (Phenomenex, Italy). The
chromatography was performed with a linear solvent gradient,
increasing solvent B from 5% to 60% over 20 minutes, with
a flow rate of 0.5 mL min~'. The mobile phase consisted of
solvent A (0.1 v/v formic acid in water) and solvent B (0.1 v/v
formic acid in methanol). The column's temperature was
maintained at 4 °C.

ESI-HR mass spectra were obtained using both negative and
positive ESI modes in the m/z 135-2000 range. For full MS
studies, the resolution was set to 70000, with a maximum
injection time of 220 ms. For data-dependent MS/MS scans, the
resolution was set at 17 500, and the maximum injection time
was 60 ms. The ionization parameters were optimized accord-
ing to previously described methods.** UV spectra were recor-
ded between 200-600 nm, and three specific channels were
selected at 254, 280, and 325 nm.

2.6. Total phenolic content (TPC)

To measure TPC Folin—-Ciocalteu method® was slightly modi-
fied. One mL of 10-fold diluted Folin-Ciocalteu reagent was
added to 0.1 mL of the extract (1 mg mL™"). Then, the mixture
was allowed to stand for 5 minutes before 1 mL (7.5% w/w) of
sodium carbonate was added. After incubating for 90 minutes at
room temperature, the absorbance was measured at 765 nm.
The gallic acid calibration curve equation (y = 0.0083x — 0.0622,
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R?> = 0.980) was used to express the data as mg of gallic acid
equivalent per gram of dry extract (mg GAE per g).

2.7. Total flavonoid content (TFC)

The aluminum chloride colorimetric method* was slightly
modified to measure TFC. After diluting the extracts (1 mg
mL ") with 1.25 mL of distilled water, 0.75 uL of 5% NaNO, was
added. After 6 minutes, 150 pL of 10% AlCl; was added, fol-
lowed by 1 mL of NaOH after another 5 minutes. The resulting
pink color was immediately measured at 510 nm. Standard
solutions of catechin at varying concentrations were prepared to
construct a calibration curve (y = 0.0583x — 0.0494, R> = 0.978),
and the results were expressed in milligrams of catechin
equivalents per gram of dry extract (mg CE per g).

2.8. Antioxidant activity

2.8.1. DPPH (2,2-diphenyl-1-picrylhydrazyl radical) radical-
scavenger assay. With a few minor adjustments, the DPPH
radical-scavenging method** was used to determine the anti-
oxidant activity of the extract. 50 to 1000 pg mL~" of extracts
were used. For every mL of extract, 2 mL of DPPH solution
(0.06% w/v) was added and left to remain at room temperature
in the dark for 30 min. Methanol (100%) was used as a blank,
and ascorbic acid and BHT were used as positive controls. At
520 nm, the solutions’ absorbance was measured. Percent
DPPH radical scavenging capability calculated using eqn (2).

% DPPH radical scavenging activity

(absorbance of control — absorbance of sample)
= x 100.
(absorbance of control)
(2)

2.8.2. ABTS (2,2/-azino-bis(3-ethylbenzothiazoline-6-
sulphonic)) radical-scavenger assay. Using a slightly modified
version of,** the ABTS radical-scavenger assay was determined.
Various extract concentrations (50 to 1000 ug mL ") were used.
The ABTS radical cation (ABTS") was created by mixing 2.45 mM
potassium persulfate (pH 7.4) and a 7 mM ABTS stock solution.
The mixture was incubated in the dark for 12 hours before use.
The resultant ABTS" solution was diluted with ethanol to reach
an absorbance of 0.700 4+ 0.02 at 734 nm. Thereafter, 200 pL of
each sample and 4 mL of ABTS' solution were combined,
incubated for 15 minutes, and at 734 nm, the absorbance was
measured. The two positive controls were BHT and ascorbic
acid. Methanol served as the blank. Eqn (3) was used to calcu-
late the percentage ABTS radical scavenging capability.

% ABTS radical scavenging activity

(absorbance of control — absorbance of sample)
= x 100
absorbance of control
(3)

2.9. Anti-inflammatory activity

2.9.1. Inhibition of protein denaturation. The study
assessed the capacity of M. oleifera and M. stenopetala leaf
extract to prevent albumin denaturation using the methods
described by,***” with slight modification. A reaction mixture (5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mL) was made by using 2.8 mL of phosphate buffer (pH 6.4),
0.2 mL of fresh hen's egg albumin, and 2 mL of extract (100-500
ug mL~') concentration. The concentration range applied in
this assay differs from that used in the DPPH assay, as it was
specifically selected based on preliminary optimization studies,
solubility constraints, and previously reported literature values,
to ensure accurate assessment of anti-inflammatory activity.
Positive and negative controls were aspirin and deionized water,

o '
o =2 &
n

=

o

B
—

10

Relative hbnmdance
=

= 8 8
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respectively. After 20 minutes of incubation at 37 °C, test solu-
tions were heated to 70 °C for five minutes. After cooling, the
samples were measured at 660 nm, and eqn (4) was used to
determine the percentage inhibition.

% Inhibition =
(absorbance of control — absorbance of sample)
(absorbance of control)

x 100 (4)
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Fig. 1 UHPLC-HR-ESI-MS/Orbitrap profiles, registered in negative ionization mode, of methanol extracts of Moringa oleifera and Moringa

stenopetala leaves. Peak data are shown in Table 1.
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2.9.2. Protease inhibition activity. With a few minor
adjustments, the proteinase inhibitory activity method*”** was
utilized to evaluate the extract's proteinase inhibitory activity. A
reaction mixture (2 mL) was made using 0.06 mg of trypsin,
1 mL of Tris-HCI buffer (20 mM, pH 7.4), and 1 mL of test
extract (100-500 pg mL ™). After 5 min of incubation at 37 °C,
1 mL of casein (0.8% w/v) was added to the mixture. A second 20
minute incubation period was applied to the mixture. The
process was subsequently halted by adding 2 mL of a 70% v/v
perchloric acid solution. To obtain the supernatant, it was
centrifuged for 5 min at 5000 rpm, and the absorbance was
measured at 210 nm. Tris-HCI buffer was used as a blank. A
solution of Tris-HCI and aspirin was used as the negative and
positive control, respectively. Percentage inhibition was calcu-
lated using eqn (5).

% Inhibition =

(absorbance of control — absorbance of sample)
absorbance of control

x 100 (5)

2.10. Data analysis

With Xcalibur 4.1 software (Thermo Fisher Scientific Inc., Ger-
many), all MS data were processed. The ICs, values were esti-
mated by nonlinear curve-fitting. The Student's t-test was
utilized to compare the differences between the two groups, and
one-way ANOVA with Tukey's post hoc test was utilized to assess
group differences. The GraphPad Prism version 10.2.3 was used
for analysis. Each experimental measurement was conducted
thrice, and findings were reported as average + standard devi-
ation (SD). p < 0.05 was considered statistically significant.

3. Results

The percentage extraction yield of both species was calculated.
The percentage extraction yield of Moringa oleifera and Moringa
stenopetala was 24.5% and 24.7%, respectively.

3.1. Chemical fingerprint of Moringa extracts

Fig. 1 displays the chromatograms that were obtained operating
in negative ion mode. The components of the two Moringa
species were tentatively identified by comparing their elution
order, molecular formula, full MS, and MS/MS data (Table 1)
with literature data,***> considering an accepted mass error
<5 ppm. Fragmentation mass spectra of all compounds are
provided in Fig. S1-S11. As a result, 29 compounds were
tentatively characterized as glucosinolates, hydroxycinnamic
acids, and flavonoid glycosides. Results showed that the two
extracts shared many components, differing in the presence of
several compounds and their level of production. Glucosino-
lates are compounds well known as constituents of Moringa
plants. According to the literature,* two isomers of glucomor-
ingin (1 and 3, [M-H]|™ at m/z 570.0960), a hydroxy-aromatic
glucosinolate disaccharide, were found in both extracts.
Furthermore, compound 10 ([M-H]™ at m/z 612.1066) was also

43822 | RSC Adv, 2025, 15, 43818-43829
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annotated as a glucosinolate, as deduced by the existence of
product ions at m/z 96.06 (HSO, ) and 79.96 (HSO; ") in the MS/
MS experiments (Fig. S1). Due to the possibility of different
isomeric forms, compound 10 could be attributed to 4-(2"-O-
acetyl-a-.-rhamnopyranosyloxy) benzyl glucosinolate or 4-(3'-O-
acetyl-o-i-rhamnopyranosyloxy) benzyl glucosinolate or 4-(4’-O-
acetyl-o-.-rhamnopyranosyloxy) benzyl glucosinolate.*

Hydroxycinnamic acids (4-9, 11) were represented by
caffeoylquinic, p-coumaroylquinic, and feruloylquinic acids
found as isomers in both extracts, with M. oleifera having the
highest content compared to M. stenopetala leaves. Hydrox-
ycinnamoyl quinic acids are known to be produced in plants as
positional isomers since the esterification can occur at C3, C4,
and C5 hydroxides, and occasionally at C1.** Furthermore, trans
isomers are generally produced in plants, while exposure of
extracts to UV light or the MS electric field can generate cis
isomers.** Based only on MS data, it is difficult to discriminate
against Regio-isomers since common product ions in the ESI-
MS/MS experiments were generated. However, based on the
elution order reported in a previous study by Masike et al.*
positional isomers were suggested in Table 1. The identification
of 4-caffeoylquinic acid can be supported by the presence of
a base ion peak at m/z 173.04, instead of 191.06 as observed in
the isomers 4 and 5 (ref. 45) (Fig. S2). Among flavonols, glyco-
sides of quercetin (16-19, and 22), kaempferol (20, 21, and 24),
and isorhamnetin (23 and 25) were found, but differently
distributed in the two plants. Rutin (16) was the prominent peak
detected in M. stenopetala, present only in traces in M. oleifera;
on the contrary, quercetin glucoside (17) was found to be very
abundant in M. oleifera, together with a quercetin malo-
nylhexoside I (18) tentatively identified as quercetin 3-O-(6"-
malonylglucoside) previously reported by Amaglo et al*
Compound 22 was a quercetin malonylglucoside isomer,
probably having a malonyl residue attached to a different
position on the glucose moiety. In addition, the other flavo-
noids were detected only in M. oleifera, except for kaempferol
rutinoside (20), found as a component only of M. stenopetala,
even in a low amount. Both extracts showed the presence of
a flavone C-glycoside, identified as vicenin 2 (or apigenin 6,8-C-
glucoside).” Finally, minor peaks corresponding to trihydroxy
octadecadienoic acids (28 and 29) were detected in both Mor-
inga samples.

3.2. Total flavonoid and phenolic contents

M. stenopetala had significantly higher TPC (74.23 + 2.65 mg
GAE per g) than M. oleifera (66.33 + 0.40 mg GAE per g), as well
as a significantly higher TFC (11.27 + 0.48 mg CE per g)
compared to M. oleifera (9.19 + 0.06 mg CE per g) (p < 0.05)
(Table 2).

3.3. Antioxidant activity

3.3.1. DPPH radical-scavenging assay. Table 2 shows the
ICs, values, which were 57.12 & 0.09 ug mL™"* for M. oleifera,
44.00 + 1.61 pg mL ™" for M. stenopetala, 15.20 + 0.81 ug mL ™"
for ascorbic acid, and 24.82 4+ 0.93 ug mL ™' for butylated
hydroxytoluene (BHT). M. stenopetala demonstrated superior

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 UHPLC-HR-ESI-Orbitrap/MS and chromatographic (tg = retention time) data registered in negative ionization mode of compounds
detected in the methanol extracts of Moringa oleifera (MO) and Moringa stenopetala (MS) leaves

No.”  Compound® tg (min)  [M-H] (m/z)  Product ions‘ (m/z) Formula Error Extract

1 Glucomoringin I 0.51 570.0960 259.01, 96.06, 79.96 Cu0H29NO14S, +0.579 MO, MS

2 Citric acid 0.69 191.0194 173.00, 111.01, 87.00 CeHgO, +1.728 MO, MS

3 Glucomoringin TI 1.42 570.0960 259.01, 96.06, 79.96 Cy0H20NO,,S, —0.579 MO, MS

4 Caffeoylquinic acid I (3- 2.54 353.0880 191.06, 173.04, 179.03,  CyH,40, —0.538 MO, MS
caffeoylquinic acid) 135.04

5 Caffeoylquinic acid II (5- 3.11 353.0880 191.06, 173.04, 179.03, C16H1509 —0.538 MO, MS
caffeoylquinic acid) 135.04

6 p-Coumaroylquinic acid I (3-p- 4.07 337.0932 191.06, 163.04, 119.05 C16H150g —0.920 MO, MS
coumaroylquinic acid)

7 p-Coumaroylquinic acid II (5-p- 4.42 337.0932 191.06, 163.04, 119.05 C16H180s —0.920 MO, MS
coumaroylquinic acid)

8 Caffeoylquinic acid III (4-p- 5.19 353.0880 191.06, 173.04, 179.03,  C,H,40, —0.538 MO, MS
caffeoylquinic acid) 135.04

9 Feruloylquinic acid 6.19 367.1035 193.05, 173.04, 149.06 C17H000 —0.109 MO, MS

10 4-(2'-0-Acetyl-o-I- 6.42 612.1066 370.10, 259.01, 96.96, CpH3,NO, S, —0.588 MO, MS
rhamnopyranosyloxy)benzyl 79.96

glucosinolate or 4-(3'-O-acetyl-o.-I-
rhamnopyranosyloxy)benzyl
glucosinolate or 4-(4’-O-acetyl-o.-I-
rhamnopyranosyloxy) benzyl

glucosinolate
11 p-Coumaroylquinic acid TIT (4-p- 6.88 337.0932 191.06, 173.04, 119.05 C16H150s —0.920 MO, MS
coumaroylquinic acid)
12 Roseoside 7.49 431.1924 385.19, 223.13, 153.09 C19H3004 —0.301 MS
[M + HCOO]™
13 Benzyl alcohol xylopyranosyl-(1,6)- 7.65 447.1511 401.43, 269.10, 161.05 C15H56010 —0.671 MO, MS
glucopyranoside (benzyl b- [M + HCOO]™
primeveroside)
14 Apigenin 6,8-C-glucoside (vicenin 8.77 593.1519 503.12, 473.11, 383.08, C,,Hj30015 -1.197 MO, MS
2) 353.07
15 Alkyl b-primeveroside 9.34 439.1824 393.18, 191.06, 179.06,  Cy,H30010 —0.683 MO
[M +HCOO]™  161.04, 149.05
16 Rutin 11.23 609.1464 301.04, 300.03, 271.02,  C3oH,4014 —0.476  MS
255.03
17 Quercetin glucoside 11.46 463.0886 301.04, 300.03, 271.02,  Cy,H,,015 —0.864 MO, MS
255.03
18 Quercetin malonylhexoside I 12.45 549.0888 505.10, 463.09, 300.03, Cy4H5,045 —0.382 MO, MS
(quercetin 3-0-(6"- 301.04, 271.02
malonylglucoside))
19 Quercetin 3-hydroxy-3- 12.72 607.1302 545.13, 505.10, 463.09, Cy7H5016 +0.428 MO
methylglutarylglucoside 301.04, 300.03, 271.02,
255.03
20 Kaempferol rutinoside 12.93 593.1517 284.03, 285.04, 255.03, C,,Hj30015 —0.860 MS
227.03
21 Kaempferol glucoside 12.95 447.0936 284.03, 285.04, 255.03,  CpyH,0044 —0.693 MO, MS
227.03
22 Quercetin malonylhexoside II 13.21 549.0888 505.10, 463.09, 300.03, Cy4H5,045 —0.382 MO, MS
301.04, 271.02
23 Isorhamnetin glucoside 13.56 477.1041 314.04, 315.05, 299.02, Cy,H5,015 —0.524 MO
285.04, 271.02
24 Kaempferol malonylhexoside 14.21 533.0939 489.10, 284.03, 285.04, Cy4Hy,014 —0.413 MO, MS
267.03, 255.03
25 Isorhamnetin malonylhexoside 14.98 563.1044 519.11, 314.04, 315.05, Cy5H54015 —0.284 MO
299.01
26 Sebacic acid 15.20 201.1129 183.10, 157.12, 139.11,  CyoH1404 +1.641  MS
111.08
27 Jasmonic acid 16.42 209.1181 180.97, 59.01 C1,H1503 +1.052 MS
28 Trihydroxyoctadecadienoic acid 18.29 327.2178 309.21, 291.20, 229.14, C1gH3,05 —0.306 MO, MS
211.13
29 Trihydroxyoctadecenoic acid 19.22 329.2335 311.22, 293.21, 211.13 C15H3405 —0.456 MO, MS

4 Peak numbers correspond to those of Fig. 1 and are listed in elution order. > Compounds were tentatively identified by comparison of mass
spectra (full scan and fragmentation pathway) with literature data. © The base ion peak is shown in bold.
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Table 2 Antioxidant activities, TPC, and TFC of the two Moringa species and positive controls®

Samples ICso DPPH (ug mL ™) IC5o ABTS (ug mL™Y) TPC (mg GAE per g) TFC (mg CE per g)
M. oleifera 57.12 £ 0.09° 37.58 £ 0.87° 66.33 £ 0.40° 9.19 + 0.06"

M. stenopetala 44.00 + 1.61° 25.64 + 1.06° 74.23 + 2.65° 11.28 + 0.48°
Ascorbic acid 15.20 + 0.81¢ 13.42 + 0.27¢ Nt Nt

BHT 24.82 + 0.93° 18.17 + 0.28° Nt Nt

% Note: values = mean + SD (n = 3). Different superscript letters (a-d) in the same column indicate statistically significant differences, assessed
using one-way ANOVA and Tukey's multiple comparison tests at a p-value <0.05. “Nt” indicates that a particular value was not tested.

DPPH radical scavenging activity compared to M. oleifera, as
evidenced by its lower ICs, value (p < 0.05). This indicates that
M. stenopetala required a lower concentration to achieve 50%
inhibition of the DPPH radical, suggesting its greater antioxi-
dant potency. Overall, the observed order of DPPH radical
scavenging activity was ascorbic acid > BHT > M. stenopetala >
M. oleifera.

3.3.2. ABTS radical-scavenging assay. The ICs, values for M.
oleifera, M. stenopetala, ascorbic acid, and BHT were 37.58 +
0.87, 25.64 + 1.06, 13.42 + 0.27, and 18.18 £ 0.28 ug mL *,
respectively. M. stenopetala has significantly higher scavenging
activity than M. oleifera (p < 0.05). Overall, ABTS scavenging
activity was ranked as follows: ascorbic acid > BHT > M. sten-
opetala > M. oleifera (Table 2).

3.4. Anti-inflammatory activity

3.4.1. Inhibition of protein denaturation. Fig. 2 summa-
rizes the inhibitory effects of the two Moringa species against
protein (albumin) denaturation. Both extracts demonstrated

B M.oleifera

*k
N M.stenopetala
o Bl Aspirin ns
]
£ 100 **W
: |
k3 80
8=
]
I 60—
g
G
S 40+
=
8
S 20
=
=
5 0
X 100 200 300 400 500

Concentration (pg/mL)

Fig. 2 Inhibition of protein denaturation by two Moringa species and
a positive control at different concentrations. The results were
examined using one-way ANOVA and Tukey's multiple comparison
test to assess group differences. Any differences **p < 0.01, *p < 0.05
were statistically significant and ns p > 0.05: non-signific. (ns).

43824 | RSC Adv, 2025, 15, 43818-43829

a significantly increased dose-dependent inhibition of egg
albumin denaturation from 100 to 500 ug mL "' of M. oleifera,
M. stenopetala, and aspirin exhibited maximum inhibition
percentages at 500 ug mL ™" and a percentage of inhibition of
74.08 + 0.80, 85.02 £ 0.85, and 89.9 £ 1.37, respectively. M.
stenopetala and the reference drug, aspirin, showed similar
activity with no significant difference between them (p > 0.05).
However, M. stenopetala exhibited a significantly higher inhi-
bition of protein denaturation than M. oleifera at concentrations
of 500 ug mL ™" (p < 0.01).

Protein denaturation inhibition was further expressed by
ICs. Table 3 illustrates that the ICs, value for M. stenopetala
(95.23 & 1.32 pg mL™ ') was significantly lower (p < 0.05) than
that of M. oleifera (110.73 + 2.45 ug mL ') and similar to aspirin
(93.01 + 3.51 pg mL™'). This indicates that M. stenopetala
demonstrates stronger inhibition activity against protein
denaturation compared to M. oleifera and is equivalent to the
reference drug aspirin.

3.4.2. Protease inhibitory activity. Fig. 3 summarizes the
inhibitory effects of the two species and a positive control
against protease activity. The protease inhibition activity of the
test sample and the standard rose linearly in a dose-dependent
manner. M. oleifera, M. stenopetala, and aspirin exhibited
maximum inhibition percentages at 500 pg mL™' with
percentages of inhibition of 85.10 £ 0.12, 86.98 £+ 0.19, and 88.9
+ 0.1%, respectively. The reference drug, aspirin, and the
extract from M. stenopetala leaf exhibited comparable activity
with no discernible differences (p > 0.05). Although there was no
significant difference between the two species’ extracts (p >
0.05), aspirin inhibited protease activity more effectively than
M. oleifera at a concentration of 500 pg mL ™.

Both M. oleifera and M. stenopetala extracts demonstrated
significant inhibitory effects against protease activity, 94.56 +
1.95 ug mL ™' and 91.30 4 1.70 pg mL " ICs, values, respectively.
In summary, extracts of the two Moringa species effectively
inhibit protease activity but exhibit slightly higher IC values
compared to aspirin (79.15 + 1.51 pg mL '), indicating
a slightly lower protease inhibitory activity (Table 3).

4. Discussion

Our results show that the extracts contain a wide spectrum of
bioactive compounds, including glucosinolates, hydroxycin-
namic acids, and flavonoid glycosides, all of which have proven
medicinal benefits. In the present study, a UHPLC-HR-ESI-MS/
Orbitrap system was utilized to fingerprint the chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Anti-inflammatory activities of extracts and positive controls®
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Samples Protein denaturation test ICs, (ug mL ") Protease inhibition test ICs, (ng mL ")
M. oleifera 110.73 + 2.45% 94.56 + 1.95%
M. stenopetala 95.23 + 1.32° 91.30 + 1.70%
Aspirin 93.01 =+ 3.51° 79.15 + 1.51°

“ Note: values = mean =+ SD (n = 3). Different superscript letters (a-b) in the same column indicate statistically significant differences, assessed
using one-way ANOVA and Tukey's multiple comparison tests at a p-value <0.05.

*
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Fig. 3 Inhibition of protease by two Moringa species and positive
control at different concentrations. The results were examined using
one-way ANOVA and Tukey's multiple comparison test to assess
group differences. Any differences with **p < 0.01, *p < 0.05 were
statistically significant and ns p > 0.05: non-significant (ns).

constituents in test sample leaf extracts. By comparing with
available secondary metabolite databases such as ChemSpider,
mzCloud, and available literature, 29 compounds were tenta-
tively characterized. These bioactive compounds’ presence in
the two species indicates that they could be good sources of
bioactive chemicals with considerable health benefits, known
for their anti-inflammatory, antioxidant, and possible anti-
cancer activities, and are essential for improving the nutrition
and the health of the populations within the region.*® Glucosi-
nolates are naturally occurring compounds containing sulfur
and nitrogen used for anti-inflammatory, antioxidant, and
chemoprotective effects.”” Plant-based phenolic compounds
called hydroxycinnamic acids (HCAAs) have several health
advantages, such as antioxidant, anti-cancer, and anti-
inflammatory properties.*® Flavonoid glycosides are also
known for a range of health benefits. They exhibit significant
anti-inflammatory, antioxidant, antiviral, hepatoprotective,
anticancer, and antitumor activities.”*** These compounds
exhibit dual bioactivities, particularly antioxidant and anti-
inflammatory effects. For instance, glucosinolates and their
hydrolysis products (e.g., isothiocyanates) can modulate

© 2025 The Author(s). Published by the Royal Society of Chemistry

inflammatory pathways by inhibiting pro-inflammatory cyto-
kines and enzymes such as COX-2 and iNOS.** Hydroxycin-
namic acids act as radical scavengers while also suppressing
NF-kB activation, a key regulator of inflammation.’* Similarly,
flavonoid glycosides not only neutralize reactive oxygen species
(ROS) but also modulate intracellular signaling cascades
involved in inflammation, such as MAPK and PI3K/Akt path-
ways.”** The multifunctionality of these phytochemicals
signifies a mechanistic advantage, supporting their broader
therapeutic potential in managing complex disorders charac-
terized by both oxidative and inflammatory stress. The simul-
taneous presence of glucosinolates, hydroxycinnamic acids,
and flavonoid glycosides within the extract also raises the
possibility of synergistic interactions, where their combined
bioactivities may produce enhanced anti-inflammatory and
antioxidant effects compared to isolated compounds.>***** This
multifunctional and cooperative behavior highlights the thera-
peutic potential of these phytochemicals.

The extract's TPC and TFC of the two Moringa species
showed remarkable results from spectrophotometric analysis.
The noted phytochemical constituents suggest antioxidant
activity and possible health benefits.*® This benefit holds value
especially for regions where synthetic antioxidants or drugs are
not readily available. This makes Moringa species ideal candi-
dates for inclusion in contemporary diets or traditional medi-
cine due to their health-promoting properties. We observed that
M. stenopetala (74.23 + 2.65 mg GAE per g) had greater TPC (p <
0.05) than M. oleifera (66.33 & 0.40 mg GAE per g). This supports
the findings of (ref. 16 and 56) where M. stenopetala had
significantly greater TPC than M. oleifera. The TPC values for M.
stenopetala in this study were higher than those obtained by
Dessalegn & Rupasinghe®” and Befa et al.,"* who found the TPC
of 39 and 2.6 mg GAE per g, respectively, and lower than those
found by Tebeka & Libsu®® and Toma et al.,*® who reported TPC
of 92.8 and 79.81 mg GAE per g, respectively. The TPC of the M.
oleifera in this study exceeded the results of (ref. 60-64) and was
lower than the findings of ref. 37 and 65. Variances in the
quantities of secondary metabolites, plant maturity age, and
genotype could all be contributing causes to the variances in
TPC values of Moringa leaf extract.'**>®” Our result also showed
that the TFC of M. stenopetala (11.28 + 0.48 mg CE per g) was
higher than M. oleifera (9.19 &+ 0.06 mg CE per g). The obser-
vation aligns with the," report, confirming that M. stenopetala
has significantly greater TFC than M. oleifera. Regarding the
TFC of M. stenopetala detected in this research, it agrees with
Befa et al.*®* and Dessalegn & Rupasinghe,®” who stated TFC (11.9

RSC Adv, 2025, 15, 43818-43829 | 43825
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+ 0.2 mg CE per g) and (11 + 2 mg CE per g), respectively, which
are lower than those found by Toma et al.,* who stated TFC of
71.73 mg CE per g. TFC of M. oleifera detected in this research
agrees with the previous studies and is higher than the findings
of (ref. 60-64) and lower than the findings of ref. 37, 60, 68 and
69. Numerous factors, including genotype, plant age, and
varying concentrations of secondary metabolites, could be the
cause of the variability in TFC values of Moringa leaf
extract.'®°%¢

Plant extracts are categorized by their antioxidant capacity
based on their IC5, values: extracts with ICs, values under 50 pg
mL " are classified as having high antioxidant capacity, those
between 50 and 100 pg mL~' have moderate antioxidant
capacity, and those over 100 g mL ™" are considered to have low
antioxidant capacity.”®”* In the present study, M. stenopetala
had an IC;, value of 44.00 + 1.61 ug mL ™" for DPPH radical
scavenging activity, which is classified as a strong antioxidant
activity, and M. oleifera had an ICs, value of 57.12 £ 0.09, which
is classified as a moderate antioxidant. M. stenopetala exhibited
considerably better antioxidant capacity than M. oleifera (p <
0.05). This finding is comparable to that of Ntshambiwa et al.*®
M. stenopetala showed stronger antioxidant activity (DPPH ICjs,
value of 44.00 + 1.61 ug mL™ "), which is higher than the find-
ings stated by Habtemariam” and Desalegn and Rupasinghe,®
who reported DPPH ICs, values of 59.50 and 78 pg mL™",
respectively. M. oleifera antioxidant activity (with a DPPH ICs,
value of 57.12 + 0.09 ug mL™ ") observed in the present study
agrees with Aziz et al.”® and Nassrallah et al.,”* higher than the
finding reported by Baldisserotto et al.>* and Ezz El-Din Ibrahim
et al.®® but lower than the finding stated by Jahan et al.,”® Pra-
sajak et al.,”® and Unuigbe et al.”” Based on the ABTS radical
scavenging activity result, M. stenopetala had better antioxidant
activity than M. oleifera in ABTS radical scavenging experiments
(p < 0.05). Both Moringa species demonstrated strong antioxi-
dant activity, likely due to their high phenolic compound
content. The antioxidant activity of phenolic compounds is
primarily due to their hydroxyl (-OH) groups, which donate
hydrogen atoms to neutralize free radicals such as DPPH" and
ABTS’, resulting in the formation of stable phenoxyl radicals.
This stability is enhanced by resonance delocalization and the
presence of bulky hydrophobic substituents on the aromatic
ring, which further support radical stabilization and improve
antioxidant efficiency.”»”® Variations in antioxidant capacity
primarily stemming from genetic differences between M. olei-
fera and M. stenopetala.**” Environmental factors and
secondary metabolites, genetic diversity, plant maturity, and
extraction procedures may all contribute to the antioxidant
capacity difference between the current research and literature
values. Environmental situations can impact variation in active
substances and antioxidant activity.** Qadir et al.®® reported that
there was variation in an antioxidant as maturity progressed.
Dzieciol®" analyzed how different extraction techniques impact
the yield and antioxidant activity. Moreover, temperature,
annual precipitation, and soil type from the plant's location also
impact the level of antioxidants.*>

We also identified strong anti-inflammatory effects of the
two species. The two species revealed significant inhibitory
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effects on inflammation. Protein denaturation has been linked
to many inflammatory disorders. Therefore, the protein dena-
turation inhibition assay has been used extensively to evaluate
the degree of inhibition exerted by M. oleifera and M. stenopetala
extracts. Thus, the protein denaturation inhibition assay has
been utilized as a convenient tool to check the extent of inhi-
bition rendered by the M. oleifera and M. stenopetala extracts.
Our results demonstrate substantial protein denaturation
inhibition activity for both Moringa species. This suggests that
their ability to stabilize protein structures under inflammatory
conditions, which is comparable with the findings reported by
Saleem et al.’” and Padmalochana,* who reported that M. olei-
fera extracts strongly inhibited protein denaturation. The ICsq
value for M. stenopetala extract (95.23 + 1.32 pg mL™') was
significantly lower than that of M. oleifera (110.73 £ 2.45 pg
mL ") and similar to that of aspirin (93.01 + 3.51 pg mL ).
This evidence that M. stenopetala could inhibit protein dena-
turation is better than M. oleifera and equals the reference drug
aspirin. Similarly, our results demonstrate protease inhibition.
Proteases are major players in inflammation, inducing tissue
destruction and activation of cytokines.** Our results indicate
that extracts of both Moringa species effectively inhibit protease
activity; however, ICs, values were a little bit higher than
aspirin, which could mean weaker protease inhibition in this
assay. This reveals that the bioactive component of both species
is likely to inhibit the enzymatic activities involved in inflam-
matory processes. Our findings are correlated with other
studies, in which Saleem et al.*” and Padmalochana®® found that
methanolic extracts of M. oleifera had significant protease
inhibition capacity. These Moringa species’ anti-inflammatory
properties could be due to their secondary metabolites, like as
polyphenols and flavonoids. These chemicals act by blocking
pro-inflammatory enzymes, controlling cytokine synthesis, and
providing antioxidant action to alleviate oxidative stress and
inflammation.*®

The current study's findings are promising; however, it has
some limitations. A key limitation of our study is the restricted
range of techniques available in our laboratory, which impacted
our ability to fully assess the biological activities of the extracts.
Efforts were made to address these limitations through poten-
tial collaborations with laboratories abroad. However, further in
vivo validation, mechanistic studies, and cytotoxicity assess-
ments are still required. To build on our findings and overcome
these constraints, we propose the following future research
directions: confirm the in vitro results with animal models or
clinical trials to enhance their biological relevance, pathway
analysis or molecular target identification would increase
understanding of how these activities are achieved and to
further elucidate the mechanisms, molecular modeling of the
extracts is necessary to appropriately relate their chemical
composition with the biological activities.

5. Conclusion

In conclusion, the current study using UHPLC-HR-ESI-Orbitrap/
MS revealed the presence of glucosinolates, hydroxycinnamic
acids, and flavonoid glycosides in the M. oleifera and M.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stenopetala methanolic leaf extracts. This study also verified that
the methanolic leaf extracts of the two species are potentially
rich sources of antioxidants and other bioactive compounds.
The extract also possesses anti-inflammatory properties, as it
has similar effects to aspirin. Notably, this is one of the first
reports on the anti-inflammatory activity of M. stenopetala
leaves. The results highlight Moringa species’ therapeutic value
and have impacts for the development of nutraceuticals that
combat oxidative stress and inflammation. These findings also
contribute to the standardization of traditional Moringa-based
medicinal practices. Despite being encouraging, the lack of
cytotoxicity and in vivo research is a drawback. To gain a better
understanding, future work needs to define dosing parameters,
toxicity thresholds, and safety profiles for long-term use to
increase the practical use of these findings.
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