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A B S T R A C T

Moringa oleifera is a tree used as a medicinal herb by several populations. Due to their curative and preven-
tive properties, all parts have been studied, especially the leaves. They have been found to act as antithrom-
botic, antihypertensive, anticancer, immunomodulating, and antioxidant agents. This study was aimed to
characterize and evaluate the antioxidant and anti-inflammation activities of Moringa oleifera leaves protein
hydrolysate obtained by in vitro gastrointestinal digestion. The antioxidant activity of these peptides was
determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS), and Oxygen Radical Absorbance Capacity (ORAC) assays. RAW 264.7 macrophages were stimulated
with lipopolysaccharides, and the effect of the peptides over nitric oxide production was measured to assess
the anti-inflammatory effect. Furthermore, peptides were identified by nanoscale liquid chromatography
coupled to tandem mass spectrometry. Moringa oleifera leaves peptides (1.33 mg/ml) inhibited DPPH and
ABTS radicals by 45.70 and 93.09%, respectively, and had an ORAC activity of 3.27 mM Trolox equivalent/g.
They were not cytotoxic to lipopolysaccharides-induced RAW 264.7 macrophages and, at a concentration of
100 mg/ml, inhibited the nitric oxide production by 30.51%. The sequences of 14 novel peptides were identi-
fied. Our findings suggest that Moringa oleifera leaves peptides released by in vitro gastrointestinal digestion
might be a potential resource for natural antioxidant and anti-inflammatory components. However, further
in vivo experiments are needed.

© 2021 SAAB. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Moringa oleifera Lam. (MO), also known as ''the miracle tree,'' is a
tree species belonging to the Moringaceae family, within the order
Brassicales. The Moringaceae family has 13 species, with MO as the
most cultivated and studied one (Tshabalala et al., 2019). MO is native
to sub-Himalayan tracts of Northern India, where it was first
described as a medicinal herb. Later, it was distributed to Africa and
Ethiopia. Nowadays, since the tree can grow in various conditions, it
is also found in distant places such as Latin America and the Pacific
Islands, among other countries (Bartíkov�a et al., 2020). In Africa
particularly, folk medicine uses MO (a.k.a. panacea) to treat and pre-
vent more than 300 diseases such as cancer, diabetes, malaria,
dementia, hypercholesterolemia, Parkinson's, and asthma, among
others. Also, MO has been used to combat child malnutrition
(Granella et al., 2021; Matic et al., 2018).

Due to their preventive and curative properties, all MO parts have
been studied, particularly leaves, which are an important dietary
source for humans (Nouman et al., 2020). Consumption of MO leaves
may enrich the human diet in bioactive components, for example,
biologically active peptides. Bioactive peptides are released during
gastrointestinal digestion and are small compounds with biological
activity, for example, antithrombotic, antihypertensive, immunomo-
dulating, anticancer, and antioxidant agents (G€org€uç et al., 2020;
Lin et al., 2019; Paula et al., 2017; Yun et al., 2020).

There is increased interest in the use of plant peptides for the
treatment of oxidative stress. Overproduction of free radicals and oxi-
dants can cause oxidative stress and oxidative damage to biological
molecules promoting cancer, cardiovascular disease, and neurological
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diseases (Pizzino et al., 2017). Natural antioxidants are the subject of
increasing interest for their role in preventing diseases. Several stud-
ies have shown that antioxidant and anti-inflammatory peptides
have a protective effect against ROS, contributing to reducing oxida-
tive stress (Saenjum et al., 2012).

MO leaves have high amounts of crude protein (23.0 to 30.3%)
composed of the essential amino acids methionine, phenylalanine,
threonine, leucine, valine, histidine, isoleucine, lysine, and trypto-
phan (Aderinola et al., 2018; Granella et al., 2021; Su and
Chen, 2020). Therefore, they may be a good source of bioactive pepti-
des. MO leaves protein hydrolysate (MOPH) is hypoglycemic; never-
theless, its full bioactive potential is unknown (Paula et al., 2017).

For this reason, this study aimed to evaluate the antioxidant and
anti-inflammation activities of MOPH obtained by in vitro gastroin-
testinal digestion. The antioxidant activity of MOPH was determined
by 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid (ABTS), and Oxygen Radical Absorbance
Capacity (ORAC) assays. RAW 264.7 macrophages were stimulated
with lipopolysaccharides (LPS), and the effect of MOPH over nitric
oxide (NO) production was measured to assess the anti-inflammatory
effect. Furthermore, novel peptides were identified within MOPH by
nanoscale liquid chromatography-coupled to tandem mass spec-
trometry (nano LC-MS/MS).
2. Material and methods

2.1. Chemical reagents

Protein extraction, hydrolysis, hydrolysis degree, antioxidant
assays, peptide identification, and Griess reagents: pepsin, tris
(hydroxymethyl)aminomethane hydrochloride (TRIS-HCl), NaCl, poly
(vinylpolypyrrolidone) (PVPP), phenylmethanesulfonyl fluoride
(PMSF), ethylenediaminetetraacetic acid (EDTA), ammonium sulfate,
pepsin, HCl, NaHCO3, NaOH, pancreatin, phenolphthalein, formalde-
hyde, ABTS, Trolox, K2S2O8, DPPH, fluorescein, 2,2’-azobis-(2-ami-
dino-propane) dihydrochloride (AAPH), K2HPO4, KH2PO4, H3PO4,
formic acid, acetonitrile, sulfanilamide, N(1-naphthyl) ethylenedi-
amine dihydrochloride, indomethacin, and LPS were purchased from
Sigma-Aldrich (MO, USA). Electrophoresis reagents were purchased
from Bio-Rad (CA, USA). Murine macrophage cell line RAW 246.7 was
purchased from American Type Culture Collection (VA, USA). Cell cul-
ture reagents were purchased from GIBCO (MA, USA). [3-(4,5-
dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium inner salt (MTS) was purchased from Promega Co (WI,
USA).
2.2. Plant material

The present investigation was conducted on 20 plants of Mor-
inga oleifera Lam. marked from a larger number of plants culti-
vated in a family-owned Farm of Culiac�an, Sinaloa, M�exico (24°
51037.0'' N / 107°12059,6'' W and 86 m above sea level). The farm
has sandy-loam soil, which was irrigated at regular intervals as
required. The selected plants were three years old, and after har-
vest, samples were taken into the laboratory. They were first
soaked in gentle commercial detergent for 15 min and washed in
running tap water, followed by washing them in double-distilled
water. Samples were further disinfected with chlorine (150 ppm),
and right after, they were double washed in double-distilled
water. The fresh young leaves were excised from the plants. After
cleaning, leaves were dried at a temperature of 40 °C for 72 h in
an Excalibur 3526T food dehydrator (Ca, USA). The dried leaves
were milled in a KRUPS Gx41011 coffee grinder (CDMX, Mexico).
MO leaves flour was stored at 4 °C in sealed containers until fur-
ther use.
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2.3. Characterization of Moringa oleifera leaves flour

Moisture, ash, crude protein content (N x 6.25), crude fiber, and
crude fat were performed according to AOAC official methods 925.10,
923.03, 978.02, 962.09 and 963.15, respectively (AOAC, 1992). Nitro-
gen free extract was calculated by difference: 100-(% moisture + %
ash + % protein + % fiber + % fat).

2.4. Moringa oleifera leaves protein extraction

MO leaves flour protein was extracted in 0.05 M Tris-HCl buffer
pH 8.0 containing 2% (W/V) PVPP, 0.15 M NaCl, 0.01 M EDTA, and
0.001 M PMSF, 1:5 (w/v). The solution was agitated at 4 °C for 30 min
and subsequently filtered through a cheesecloth layer. The solid
retained fraction was discarded, and the filtrate was centrifugated at
10000 rpm and 4 °C for 30 min. The supernatant was precipitated at
90% saturation of (NH4)2SO4 at 4 °C for 18 h. The precipitate was cen-
trifugated at 10000 rpm and 4 °C for 30 min. The pellet was recovered
and dissolved in double distilled water and dialyzed with a mem-
brane of molecular weight cut-off (MWCO) of 2 kDa against double
distilled water at 4 °C. The dialysate was further lyophilized, and MO
leaves protein (MOP) was stored at -20 °C until further analyses.

2.5. Digestion of Moringa oleifera leaves protein

The simulated gastrointestinal digestion of MOP was done based
on the modified method from Minekus et al. (2014). The protein iso-
late was suspended in pepsin solution (2000 units per ml) 1:20 (w/v)
at 37 °C and pH 3 during 2 h of continuous stirring to simulate pas-
sage through the stomach. pH was revised and adjusted with HCl 1 M
every 30 min. Afterward, pH was adjusted to 7.0 with NaOH 1 M, and
subsequently, NaHCO3 and pancreatin were added at a concentration
of 0.1 M and 100 units per ml, respectively, to simulate intestinal
fluid. The solution was stirred for 2 h at 37 °C, while pH was revised
and adjusted with NaOH 1 M every 30 min until it was placed on ice
to stop the reaction. The enzymes were inactivated by heating the
hydrolysate for 20 min at 80 °C. Later, the hydrolysate was centri-
fuged at 4000 rpm, and 37 °C for 20 min and the supernatant was
recovered and ultrafiltered with a 5 kDa MWCO to remove enzymes
and undigested protein. The permeated was recovered, lyophilized
and stored at -20 °C until further analyses.

2.6. Degree of hydrolysis of Moringa oleifera leaves protein after
gastrointestinal digestion

The degree of hydrolysis (DH) of the MOP after in vitro gastroin-
testinal digestion was calculated using the relationship between
a-amino nitrogen and total nitrogen according to the following equa-
tion:

DH %ð Þ ¼ a� amino nitrogen
Total nitrogen

x 100

The a-amino nitrogen represents the proportion of nitrogen that
was once part of a peptide bond and then is found in the free state; it
was quantified by the Sorensen formol titration technique (Silva and
Silveira, 2013). Total nitrogen represents bound nitrogen within pep-
tide bonds, as determined by the AOAC official method 978.02
(AOAC, 1995).

2.7. Electrophoretic profile of Moringa oleifera leaves protein and
protein hydrolysate

Electrophoretic profile was determined for MOP and MOPH. MOP
was dissolved in double distilled water to a concentration of
0.9 mg/ml. This aliquot (aliquot #1A) was subsequently combined
with denaturing buffer (1:1) (aliquot #1B). MOPH was dissolved in
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double distilled water to a concentration of 10 mg/ml (aliquot #2A).
Subsequently, aliquot #2A was combined with denaturing buffer
(3:1) (aliquot #2B). The denaturing buffer was prepared with 5%
b-mercaptoethanol (v/v), 2% sodium dodecyl sulfate w/v, 10% glyc-
erol v/v, and 0.025% bromophenol blue w/v in 62.5 mM Tris-HCl pH
6.8. 20 ml of both aliquots, #1B and #2B, were boiled at 100 °C for
5 min and loaded on a discontinuous sodium dodecyl sulfate-poly-
acrylamide gel (SDS-PAGE) (stacking section at 6% and the resolving
section at 15%) according to the protocol described by Laemmli (1970)
using a Mini electrophoresis cell Protean II from Bio-Rad (CA, USA).
Protein separation was carried out at 120 V until the dye reached the
lower edge of the gel before staining with Coomassie Brilliant Blue R-
250, according to Neuhoff et al. (1985). The gel picture was obtained
by using an Axygen gel documentation system BL-Imagen (MA, USA).

2.8. Antioxidant activity of Moringa oleifera leaves protein and protein
hydrolysate

ORAC assay: the oxygen radical absorbance capacity was mea-
sured for MOP and MOPH. They were dissolved in phosphate buffer
according to the protocol developed by Huang et al. (2002). AAPH
was used as the peroxyl radical generator and fluorescein as the fluo-
rescent probe. Trolox was used as a standard, and its curve ranged
from 6.5 to 125 mM Trolox equivalent (TE)/g. The reaction mixture
contained 25 ml of the sample/blank (phosphate buffer)/ Trolox stan-
dard curve, 75 ml of 0.8 M AAPH, and 200ml of 0.106mM fluorescein.
The sample/ blank (phosphate buffer)/ Trolox standard curve and
fluorescein were pre-incubated at 37 °C for 15 min. APPH was added
to start the reaction. The fluorescence was measured every 70 s for
70 min (485 nm excitation and 580 nm emission) in a Synergy HT
multi-detection microplate reader from BioTek (VT, USA). The values
were calculated using the regression equation that relates Trolox
concentration and the net area under the fluorescein decay curve.
The results are expressed as mM TE/g.

DPPH scavenging capacity: DPPH radical scavenging assay was
carried out according to Karadag et al. (2009) for MOP and MOPH.
They were dissolved in double-distilled water. Briefly, 20 ml of the
samples were placed in a 96-well microplate. Then, 280 ml of DPPH
was added and left to incubate for 30 min in the dark. Absorbance
was measured at 540 nm in an Epoch microplate spectrophotometer
from Biotek (VT, USA). Water was used as a blank, and the results
were expressed as the percentage of DPPH inhibition at a concentra-
tion of 1.33 mg of the sample per ml.

ABTS assay: the assay was carried out according to
Thaipong et al. (2006) for MOP and MOPH. They were dissolved in
double-distilled water. The ABTS was first dissolved in double dis-
tilled water to 7.4 mM. Subsequently, the ABTS stock solution reacted
in the dark with a 2.6 mM potassium persulfate solution (1:1, v/v) for
16 h at room temperature. 100 ml of the resulting solution were
diluted in 2900 ml of methanol (reaction solution). 15 ml of the sam-
ples were placed in a 96-well microplate. Then, 285 ml of the reaction
solution was added and left to incubate for 2 h in the dark. Absor-
bance was measured at 734 nm in an Epoch microplate spectropho-
tometer from Biotek (VT, USA). Water was used as a blank, and the
results were expressed as the percentage of ABTS inhibition at a con-
centration of 1.33 mg of the sample per ml.

2.9. In vitro anti-inflammatory activity of Moringa oleifera leaves
protein hydrolysate

Cell culture: RAW 264.7 macrophages were grown in Dulbecco�s
Modified Eagle�s medium (DMEM)/F12 supplemented with 7.5% heat-
inactivated fetal bovine serum (FBS) and GlutaMax. No antibiotics
were used. RAW 264.7 macrophages were plated and incubated in a
humidified atmosphere (5% CO2 at 37 °C). Cells were subcultured by
scraping and seeding them in 75 cm2

flasks.
468
Treatment of RAW 264.7 macrophages with LPS: macrophages
were plated into 96-well plates at a density of 2.5 £ 104 cells per well
and incubated for 24 h at 37 °C and 5% CO2 in 200 ml of DMEM/F12
medium supplemented with 7.5% heat-inactivated FBS. Subse-
quently, macrophages were incubated for 2 h either with the extracts
at various concentrations (1-100 mg/ml), vehicle (dimethyl sulfoxide,
0.5%, V/V) or indomethacin (30 ug/mL). After that, macrophages were
incubated with LPS at a concentration of 10 mg/ml (20 h at 37 °C).
Finally, the cell-free supernatants were collected and stored at -20 °C
until NO quantification.

Determination of NO production: nitrite was used as an indicator
of NO production in the culture medium. It was measured according
to the Griess reaction. 50 ml of each cell culture supernatants were
mixed with 100 ml of the Griess reagent (50 ml of 0.1% N(1-naphthyl)
ethylenediamine dihydrochloride in 2.5% of phosphoric acid and by
50 ml of 1% sulfanilamide) during 10 min at room temperature. Sub-
sequently, the optical density was measured (540 nm) using a micro-
plate reader (Yang et al., 2012). Nitrite concentrations were
calculated by comparison with a standard curve of NaNO2 prepared
in a fresh culture medium.

Cell viability: macrophages were plated in 96-well plates at a density
of 1.2 £ 104 cells/well for 24 h. Subsequently, cells were treated with
MOPH (0-100 mg/ml) and later incubated for 24 h. MTS assay was used
in order to determine cell viability. 20ml of MTS was added to each well,
and macrophages were then incubated (4 h, 5% CO2 at 37 °C). Optical
density wasmeasured on amicroplate reader at 490 nm.

2.10. Characterization of Moringa oleifera leaves protein hydrolysate

MOPH peptides identification by nano LC-MS/MS: ultrapure water
was prepared from a Millipore purification system (MA, USA). MOPH
was dissolved and desalted using Ziptip C18 resin and further lyophi-
lized to near dryness. MOPH was resuspended in 20 ml of 0.1% formic
acid before LC-MS/MS analysis. For peptides resolution, the Ultimate
3000 nano UHPLC system (ThermoFisher Scientific, USA) was used;
the trapping column was a PepMap C18, 100A

�
, 100 mm £ 2 cm, 5

mm and the analytical column a PepMap C18, 100A
�
, 75 mm £ 50 cm,

2 mm. The loaded sample amount was 2 mg. Mobile phase A was
composed of 0.1% formic acid in water; mobile phase B was com-
posed of 0.1% formic acid in acetonitrile. The LC linear gradient was
as follow: from 6% to 9% B for 8 min, from 9% to 14% B for 16 min,
from 14% to 30% B for 36 min, from 30% to 40% B for 15 min, and from
40% to 95% B for 3 min, eluting with 95% B for 7 min. The total flow
rate was 250 nl/min. For mass spectrometry, the full scan was per-
formed between 300�1,650 m/z at the resolution of 60,000 at
200 m/z, the automatic gain control target for the full scan was set to
3e6. The MS/MS scan was operated in Top 20 mode using the follow-
ing settings: resolution 15,000 at 200 m/z; automatic gain control tar-
get 1e5; maximum injection time 19 ms; normalized collision energy
at 28%; isolation window of 1.4 Th; charge state exclusion: unas-
signed, 1, > 6; dynamic exclusion 30 s. For data analysis, MS raw file
was analyzed with PEAKS STUDIO X. The parameters were set as fol-
lows: the protein variable modifications were dioxidation (M), oxida-
tion (HW), and deamination (variable); the enzyme specificity was
set to as none. The precursor ion mass tolerance was set to 10 ppm,
and MS/MS tolerance was 0.05 Da. Only high confident identified
peptides were chosen for downstream peptide sequencing analysis.

Peptide structures and physicochemical properties were pre-
dicted using the PepDraw tool. The potential biological activity of the
peptides was predicted by using the BIOPEP database. Swisstarget
algorithm was used to predict targets of the peptides.

2.11. Statistical analysis

Each experiment was conducted in triplicate, and the standard
deviations were calculated. Data were reported as mean § standard



Table 1
Proximate composition of Moringa olei-
fera leaves flour.

Component Content (%)

Protein 27.77 § 0.31
Fat 8.09 § 0.02
Ash 11.49 § 0.07
Moisture 2.46 § 0.03
Crude fiber 23.34 § 0.05
Nitrogen free extract 1.%2 § 0.31

Table 2
Antioxidant activity of Moringa oleifera leaves protein,
andMoringa oleifera leaves protein hydrolysate.

Assay MOP MOPH

DPPH (%)* 36.68 § 4.86a 45.70 § 3.57a

ABTS (%)* 67.18 § 0.67b 93.09 § 0.07a

ORAC (mM TE/g) 1.81§ 0.21b 3.27 § 0.24a

* At a concentration of 1.33 mg/ml
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deviations. Data were subjected to analysis of variance (ANOVA)
using the statistical software Minitab from MiniTab Inc. (PA, USA).
Means were compared using Tukey's multiple comparison test at p �
0.05.

3. Results

3.1. Characterization of Moringa oleifera leaves flour

The proximate composition of MO leaves flour is presented in
Table 1. The main component was protein, while moisture showed
the lowest content.

3.2. Degree of hydrolysis of Moringa oleifera leaves protein

The DH for MOP after enzymatic digestion has not been reported
before. The DH of MOP by Sorensen formol titration technique and
the AOAC total nitrogen official method was 3.53 § 0.29%. This result
confirms that MOP underwent hydrolysis by pancreatin and pepsin.

3.3. Electrophoretic profile of Moringa oleifera leaves protein and of
Moringa oleifera leaves protein hydrolysate

Electrophoresis was performed to identify the characteristic pro-
tein pattern of MOP and determine whether peptides were produced
Fig. 1. Assessment of the in vitro digestibility ofMoringa oleifera leaves protein (MOP) by elec
sin digestion, 3) MOP after 2 h of pepsin digestion, 4) MOP after 2 h of pepsin digestion and
digestion, 6) ultrafiltered and centrifuged MOP hydrolysate.
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after the hydrolysis process. SDS-PAGE analysis revealed that MOP is
composed of several protein bands (Fig. 1a). The majority of them
showed a mass of over 20 kDa, and two strong bands between 10
and 15 kDa and 5 and 10 kDa were identified. From what is shown,
MOP was susceptible to pepsin and pancreatin digestion (Fig. 1b).
3.4. Antioxidant activity of Moringa oleifera leaves protein and of
Moringa oleifera leaves protein hydrolysate

The percentage of DDPH and ABTS inhibition and mM of TE/g of
MOP and MOPH values are given in Table 2. The results showed that
both MOP and MOPH could scavenge ABTS radical cation and exhib-
ited strong ORAC assay activity. However, in both assays, MOPH pre-
sented significantly greater antioxidant activity. As for DPPH radical
scavenging, no significant differences were found between MOP and
MOPH.
3.5. In vitro anti-inflammatory activity of Moringa oleifera leaves
protein hydrolysate
3.5.1. Cell viability as affected byMoringa oleifera leaves protein
hydrolysate

The potential toxic effect of MOPH was evaluated with the MTT
assay. The results are shown in Fig. 2, where the cell viability of
RAW264.7 macrophages was not affected by MOPH in any
trophoresis SDS-PAGE 15%. A. 1) Marker, 2) MOP. B. 1) Marker, 2) MOP after 1 h of pep-
1 h of pancreatin digestion, 5) MOP after 2 h of pepsin digestion and 2 h of pancreatin
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concentration (from 1 to 100 mg/ml). Therefore, these concentrations
were used in the subsequent experiment.
3.5.2. Determination of Nitric oxide production by LPS stimulated
RAW264.7 macrophages after Moringa oleifera leaves protein
hydrolysate exposure

The effect of different concentrations of MOPH (0 to 100 mg/ml)
on NO production by LPS stimulated RAW264.7 macrophages is
shown in Fig. 3. A minimum amount of NO was produced by macro-
phages when cultured in medium alone (control). LPS-stimulated
macrophages released NO at a level of 31.93§0.27 mM. Only the con-
centrations of 50 and 100 mg/ml of MOPH significantly reduced by
15.68 and 30.51%, respectively, the NO that resulted from LPS expo-
sure.
3.6. Moringa oleifera leaves protein hydrolysate characterization

The sequences, physicochemical properties, and biological poten-
tial of the main peptides present in MOPH are listed in Table 3. The
identified sequences of 14 peptides showed a mass of 726.31 to
1520.63 Da, a pI between 3.01 to 9.84, hydrophobicity that ranks
between 5.14 to17.14 Kcal * mol�1, and a net charge from -2 to +1.
The main bioactivities predicted for the identified peptides are angio-
tensin I-converting enzyme and dipeptidyl peptidase IV inhibitor, as
well as an antioxidant. The chemical structures of the 14 peptides are
presented in Fig. 4.
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4. Discussion

4.1. Moringa oleifera leaves proximate composition

Wide ranges of values have been reported in the literature for the
different constituents of MO leaves. These values depend on the solar
radiation, humidity, type of soil, harvest time, and geographic area
(Firenzuoli and Gori, 2007). Protein, fat, ash, crude fiber, and nitro-
gen-free extract contents in MO leaves are near or within the range
of values previously reported (Alves et al., 2017; Evum and Sans-
than, 2014; Leone et al., 2018; Leone et al., 2016; Su and Chen, 2020;
Sultana, 2020). Protein, carbohydrate, high fiber, and low-fat content
of MO leaves makes MO leaves flour a great source of nutrients. The
ash content in MO leaves flour is considered a measure of the mineral
content (Sultana, 2020). As for fiber, it is mainly cellulose with small
amounts of lignin (Su and Chen, 2020).

4.2. Degree of hydrolysis ofMoringa oleifera leaves protein after pepsin
and pancreatin digestion

The DH is defined as the proportion of cleaved peptide bonds
within a protein hydrolysate (El et al., 2015). The degree of hydrolysis
by proteolytic enzymes of the gastrointestinal tract usually varies
from 3.26 to 36.41% (Silvestre et al., 2013). The value here reported
for MOP after pepsin and pancreatin digestion is near the DH
reported for other plant sources of protein when using these
enzymes, such as lupin, with a value of 3.37% (Schlegel et al., 2019).
Other sources, such as whey protein concentrates, showed 2-25% DH
by pepsin and trypsin (proteolytic enzymes), depending on the pro-
cess duration (Kim et al., 2007). Regarding the time used in this
research, the result is similar to what has already been reported for
digestive enzymes (Schlegel et al., 2019; Kim et al., 2007; Shu et al.,
2018). Moreover, when the food is a protein concentrate or isolate,
the DH is around 5%, close to the MOPH value (Vidal et al., 2018).

The DH for MOPH is considered low; it may depend upon Moringa
oleifera leaves protein being poor in certain bonds such as those of
trypsin and pepsin cleavage (C-terminal of lysine and arginine and
after phenylalanine and leucine, respectively) or that these bonds are
unavailable for the digestive enzymes (Silvestre et al., 2013). A low
value of the DH indicates protein that is not highly nutritious since it
suggests the formation of peptides greater than three amino acids.
However, this does not compromise the peptides' bioactivity
(Silvestre et al., 2013). For example, high DH does not always trans-
late into increases in the antioxidant capacity of the hydrolysates
since hydrolysates with low DH values have shown high antioxidant
capacity (Vidal et al., 2018).

4.3. Electrophoretic profile ofMoringa oleifera leaves protein and of
Moringa oleifera leaves protein hydrolysate

SDS-PAGE analysis showed that protein bands around 50-55 and
10-15 kDa in size were predominant in MOP. These bands may be the
constituent of Rubisco, the most abundant soluble protein in chloro-
plasts, making up to 50% or more of all proteins in plant leaves.
Rubisco is composed of eight small subunits of around 14 kDa and
eight large subunits of around 56 kDa (Ma et al., 2009). The MOPH
electrophoretic profile shows that almost all MOP underwent hydro-
lysis since its characteristic protein bands disappeared. Also, the cen-
trifugation and ultrafiltration processes removed undigested protein.

4.4. Antioxidant activity ofMoringa oleifera leaves protein, and
Moringa oleifera leaves protein hydrolysate

MOPH has a higher antioxidant activity than MOP in terms of
ABTS, DPPH, and ORAC assays. These suggest that the enzymatic
hydrolysis may have caused an increase in exposed amino acid



Table 3
Main peptide sequences inMoringa oleifera leaves protein hydrolysate identified by nanoLC-MS/MS.

Sequence Mass (Da) pI HydrophobicityKcal * mol�1 Net Charge BIOPEP Swiss Target

1 LAYKPPG 744.42 9.78 +10.67 +1 Dipeptidyl peptidase IV inhibitor and
angiotensin-converting enzyme
inhibitor

Neurotensin receptor 1: Family A G pro-
tein-coupled receptor

2 YHSEVPV 829.40 5.06 +12.83 -1 - Cystinyl aminopeptidase; protease
3 WPPTFEQPK 1000.46 3.01 +9.17 -1 Antioxidant HLA class I histocompatibility antigen A-

3; Surface antigen
4 LLGFDNR 833.44 6.74 +11.14 0 - Integrin alpha-IIb / beta-3; Receptor

membrane
5 QVWPTPGLK 1020.57 9.84 +9.35 +1 Angiotensin-converting enzyme

inhibitor
Angiotensin-converting enzyme;
protease

6 FTKDDEWSCFPF 1520.63 3.68 +15.22 -2 - Neurokinin 1 receptor; Family A G pro-
tein-coupled receptor

7 VEQNLVPGLK 1095.63 6.81 +13.82 0 Angiotensin-converting enzyme
inhibitor

Cathepsin D; protease

8 TMMLMT 726.31 5.28 +5.14 0 Antioxidant HLA class I histocompatibility antigen A-
3; Surface antigen

9 VQLPGWRVFP 1197.66 11.11 +5.94 +1 Angiotensin-converting enzyme
inhibitor

Neuropilin-1 (by homology); Secreted
protein

10 SYLPPLSAEVTAK 1374.74 6.57 +13.11 0 Dipeptidyl peptidase IV inhibitor and
angiotensin-converting enzyme
inhibitor

HLA class I histocompatibility antigen A-
3; Surface antigen

11 TMKGPPDTLQ 1086.54 6.46 +15.12 0 Angiotensin-converting enzyme
inhibitor

HLA class I histocompatibility antigen A-
3; Surface antigen

12 MPWHEQ 826.34 5.06 +12.01 -1 Antioxidant Gastrin releasing peptide receptor; Fam-
ily A G protein-coupled receptor

13 LTAPGQATLPT 1068.58 5.36 +9.35 0 Dipeptidyl peptidase IV inhibitor. angio-
tensin-converting enzyme inhibitor
and anticancerogenic

HLA class I histocompatibility antigen A-
3; Surface antigen

14 LLTPEGPKE 982.53 4.08 +17.14 -1 - HLA class I histocompatibility antigen A-
3; surface antigen
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residues, promoting an increase in scavenging activity (Bamdad et al.,
2017). Most antioxidant peptides have been reported to contain a
high proportion of hydrophobic amino acids, which is the case with
most of the identified peptides (Zou et al., 2016). Hydrophobic amino
acids increase peptides solubility in non-polar environments, and
therefore a better interaction with free radicals is promoted
(Saisavoey et al., 2019). There are different amino acids with known
antioxidant activity, such as tyrosine and glycine, which act through
hydrogen atom transfer. ORAC is a hydrogen atom transfer-based
method that measures peptides' ability to quench peroxyl radical by
H-donation (Esfandi et al., 2019; Li et al., 2017). Peptides containing
one of these amino acids are 1, 2, 4, 5, 7, 9, 10, 11, 13, 14 (Table 3). As
for peptide 1, it contains both. The antioxidant activity of any MOPH
has not yet been reported before. As for ORAC, MOPH had a value of
3.27 § 0.24 mM TE/g. Other plant sources such as defatted peanut
meal hydrolysate and hemp seed hydrolysate have shown values of
1.35 and 0.7 mM TE/g, respectively (Zheng et al., 2012; Logaru�si�c
et al., 2019).

On the other hand, the amino acids cysteine, tryptophan, histi-
dine, phenylalanine, and tyrosine acts mainly by single electron
transfer. DPPH and ABTS are single electron transfer-based meth-
ods (Esfandi et al., 2019; Li et al., 2017). Peptides containing one
or more of these amino acids are 1, 2, 3, 4, 5, 6, 9, 10 and 12
(Table 3). As for DPPH, MOPH at a concentration of 1.33 mg/ml
inhibited in 45.70% the DPPH radical. Similar values have been
reported for other plant sources such as oat, barley, and tomato
hydrolysates, which DPPH radical quenching at the same concen-
tration was 46.55, 53.2 and 33.25%, respectively (Bamdad and
Chen, 2013; Bamdad et al., 2011; Esfandi et al., 2019;
Meshginfar et al., 2018; Tsopmo et al., 2010).

As for ABTS radical scavenging activity, MOPH had a value of
93.09%. Hydrolysates for other plant sources such as sorghum and
gluten meal for the same amount of hydrolysate had ABTS radical
scavenging activity values of 66 and 93%, respectively (Xu et al.,
2019) (Hu et al., 2020).
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4.5. Anti-inflammatory activity ofMoringa oleifera leaves protein
hydrolysate

4.5.1. Cell viability as affected byMoringa oleifera leaves protein
hydrolysate

Activated macrophages are important for humoral immunity as
they remove necrotic debris and cells via phagocytosis to alleviate an
injury or kill a pathogen (Hirayama et al., 2018). MOPH hydrolysate
showed no cytotoxicity in LPS-induced RAW 264.7 macrophages.
Instead, they promoted their growth. As for this, peptides have been
considered low or nontoxic molecules since their degradation prod-
ucts are amino acids, which may be used as nutrients by the cells,
promoting their growth (Avil�es-Gaxiola et al., 2020; Gupta et al.,
2013).

4.5.2. Nitric oxide production as affected byMoringa oleifera leaves
protein hydrolysate

Inhibition of NO production is important in the therapeutic man-
agement of inflammatory diseases because it is an inflammatory
response to oxidative stress by cells such as macrophages, endothe-
lial cells, and neurons. When it is overproduced, it may play a critical
role in diseases such as neurodegenerative disorders and diabetes
mellitus due to DNA damage (Sharma et al., 2007). NO production
was increased when macrophages were stimulated with LPS. MOPH
in the higher concentration (100 mg/ml) significantly diminished NO
production. A molecule that reduces NO production can suppress oxi-
dative signaling and alleviate inflammatory response (Bamdad et al.,
2017). Other peptides have been shown to inhibit NO by directly
scavenging and modulating cellular inflammatory pathways
(Saisavoey et al., 2019). One of the amino acids associated with a NO
inhibitory effect is arginine, which inhibits nitric oxide synthase
(Víte�cek et al., 2012). Peptides 4 and 9 contain arginine (Table 3).
Other amino acids that have been found in common anti-inflamma-
tory peptide structures are leucine and glycine (Saisavoey et al.,
2019). At least one of these amino acids was found in peptides 1,4, 5,



Fig. 4. Moringa oleifera peptides chemical structures.
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7, 8, 9, 10, 11, 13 and 14 (Table 3); while both of them were detected
in peptides 1, 4, 5, 7, 9, 11, 13 and 14 (Table 3).
4.6. Moringa oleifera leaves protein hydrolysate characterization

The sequence of peptides fromMO leaves had not been previously
reported. The analysis of the main peptides of the MOPH using the
BIOPEP database showed the presence of angiotensin I-converting
enzyme and dipeptidyl peptidase IV inhibitory peptide sequences.
These peptides could be further evaluated for their preventive poten-
tial against chronic diseases. The presence of amino acids associated
with antioxidant and anti-inflammatory activity was expected; this is
widely described in sections 4.4 and 4.5.2.
5. Conclusions

MO leaves are a source of bioactive compounds such as peptides
produced by enzymatic hydrolysis. The present study demonstrated,
for the first time, the antioxidant and anti-inflammatory activities of
MOPH. With the information reported in this article, it can be con-
cluded that the MOPH obtained by the use of digestive enzymes may
be potentially used as foods/nutraceuticals for improving human
health and for treating oxidative and inflammatory-related disorders.
However, further in vitro and in vivo experiments are needed to con-
firm their benefits and safety before being used by humans.
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