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Abstract: Reactive oxygen species are produced as part of the cellular metabolism. However, lifestyle
can promote an excess in their concentration. Free radicals react with DNA, promoting the appearance
of cancer cells. Therefore, natural antioxidants have been suggested as an alternative to prevent
this disorder. Peptides are protein fragments that have been produced from various plants. In
previous work, Moringa oleifera leaf peptides (MOPHSs) with antioxidant potential were generated
and identified. However, the spectrophotometric methods used to evaluate their antioxidant activity
do not fully reflect its potential. In this work, the antioxidant activity of MOPHs was assessed by
the ferric reducing antioxidant power assay (FRAP) and cellular antioxidant activity method on the
human colon cancer cell line Caco-2. Also, their antiproliferative activity was evaluated. The MOPHs
exhibited a FRAP activity of 1435 pmol TE/g, and at 500 pg/mL; the peptides did not show a cytotoxic
effect on healthy colon CCD-18Co cells. Moreover, the MOPHs increased Caco-2 antioxidative activity
to a greater extent by 73.45% and 83.62% at 250 and 500 pg/mL, respectively. Regarding cellular
proliferation, the MOPHs inhibited it by 78.19% and 90.20% at 200 and 500 pg/mL, respectively.
These findings highlight the potential of Moringa oleifera leaf peptides as functional ingredients with
significant health benefits, demonstrating antioxidant and antiproliferative properties.

Keywords: Moringa oleifera; peptides; hydrolysates; cytoprotective effect; antiproliferative activity;
cellular antioxidant activity

1. Introduction

Reactive oxygen species (ROSs) are produced as a result of cellular metabolism [1].
However, lifestyle can promote their increase, mainly due to exposure to environmental
pollution and ultraviolet radiation, tobacco and alcohol consumption, and physical inactiv-
ity [2]. When the concentration of free radicals exceeds the capacity of cellular antioxidant
systems, homeostasis is affected, and biological molecules are damaged, promoting the
appearance of chronic conditions such as inflammatory processes, cardiovascular diseases,
neural degeneration, diabetes, and cancer [3]. As for the latter, ROSs react with the ge-
netic material of cells, inducing somatic mutations that, when accumulated, promote the
appearance of malignant cells, which have been linked to the onset and development of
several types of cancer. In this regard, ROSs also promote the under expression of tumor
suppressor genes and the overexpression of oncogenes [4]. Much evidence suggests that
the consumption of antioxidants prevents the neoplastic initiation stage, so these molecules
have been targeted as an alternative for treating and preventing this disease [5]. Moreover,
antioxidant studies have been encouraged since medications traditionally used to treat
various types of cancer have been shown to be highly toxic, with documented side effects
affecting quality of life [5,6]. Also, some cancer cells have acquired resistance to some of
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these drugs and existing treatments, not being effective enough to reduce the high mortality
rate associated with cancer [6].

Regarding the use of antioxidant molecules, natural ones are preferred over chem-
ically synthesized ones. For example, they are easier to obtain, exert low-toxicity or
non-toxic effects, and have built-in chirality, which is difficult to achieve when synthesizing
molecules [7]. Also, it has been widely reported that antioxidants of natural origin mod-
ulate cell proliferation and death processes [8]. Natural antioxidants are obtained from
cereals, legumes, fruits, vegetables, etc., and have been classified as phenols, flavonols,
tannins, alkaloids, and peptides, among others [9]. Peptides are protein fragments con-
taining 2 to 20 amino acids that are released from proteins by using digestive enzymes or
other proteases.

The specific bioactivity of peptides depends upon their particular amino acid sequence
and length [10]. As for their antioxidant activity, they may act as reducing agents, metal
chelators, singlet oxygen quenchers, hydrogen donors, etc., and they also inhibit enzymes
involved in free radical production [11]. According to what has been reported in various
studies, peptides with anticancer potential are mainly those that have antioxidant and
antiproliferative activity [12]. The main advantage of these natural antioxidants is that they
can directly attack cancer cells without affecting normal ones [13]. Colorectal cancer has
been one of the most used models for peptide studies since although enterocytes absorb
free amino acids as well as di- and tripeptides through the Pptl Hfl/peptide cotransporter,
these cells can only absorb 0.1% of longer peptides, with the majority going to the large
intestine [14].

Many bioactive peptides with antioxidant and anticancer potential have been pro-
duced from various plant materials like Moringa oleifera (MO). The MO tree is native to the
Himalayas and is now widely distributed worldwide, with the African continent taking
more advantage of its benefits [15]. MO leaf peptides have shown antidiabetic, antihyper-
tensive, antibacterial, antifungal, and anti-osteoporotic potential [16-20]. The antioxidant
effect of MO peptides has also been previously evaluated by DPPH, ABTS, and ORAC [21].
However, more methodologies can be used to assess their antioxidant potential. For exam-
ple, cellular antioxidant activity is a biologically representative method [22]. This test has
been used to predict the antioxidant activity of various molecules of plant origin but less so
for hydrolysates. The only existing study of the cellular antioxidant activity of Moringa leave
peptides was carried out in HepG2 cells [23]. However, nothing is known about the anti-
cancer activity of peptides from MO leaves. The present study is a continuation of previous
investigations in which fourteen MO leaf peptides were produced, extracted, and identified
(LAYKPPG, YHSEVPV, WPPTFEQPK, LLGFDNR, QVWPTPGLK, FTKDDEWSCEFPF, VE-
QNLVPGLK, TMMLMT, VQLPGWRVEFP, SYLPPLSAEVTAK, TMKGPPDTLQ, MPWHEQ,
LTAPGQATLPT and LLTPEGPKE). These peptides showed remarkable antioxidant and
anti-inflammatory effects [20]. Because it is crucial to learn more about the mechanism
of action of antioxidant molecules such as peptides in cancer cells, this work aimed to
evaluate more biological properties of peptides obtained from MO leaves. The antioxidant
activity of the peptides was assessed by the ferric reducing antioxidant power (FRAP)
assay and cellular antioxidant activity method on the human colon cancer cell line Caco-2.
Their antiproliferative activity was also evaluated in Caco-2. Previously, the maximum
concentration at which the peptides did not exert a toxic effect was determined on healthy
colon CCD-18Co cells.

2. Materials and Methods
2.1. Materials

The chemical reagents used for the protein extraction, hydrolysis, cellular antioxidant
assay and the FRAP reagents used were as follows: tris(hydroxymethyl)aminomethane
hydrochloride (TRIS-HCl), NaCl, poly(vinylpolypyrrolidone) (PVPP), phenylmethane-
sulfonyl fluoride (PMSF), ethylenediaminetetraacetic acid (EDTA), ammonium sulfate,
pepsin, HCl, NaHCOs3, NaOH, pancreatin, dichlorodihydrofluorescein diacetate (DCFH-
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DA), 2,2'-azobis(2-methylpropionamidine)dihydrochloride (APPH), AcONa-3H;O0, 2,4,6-
Tri-(2-pyridyl)-s-triazine (TPTZ), Trolox and FeSOy4-7HO. In vitro toxicology assay (TOX-7)
and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) kits were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Cell culture reagents were purchased
from GIBCO (Waltham, MA, USA). Human colorectal adenocarcinoma cells (Caco-2) and
human colorectal fibroblast cells (CCD-18Co) were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA).

For the plant material, we used 20 Moringa oleifera Lam. plants marked from a
larger number of plants cultivated in a family-owned farm of Culiacan, Sinaloa, Mex-
ico (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 samples from selected three-
year-old plants were harvested and taken into the laboratory. They were first soaked in
gentle commercial detergent for 15 min. They were immediately washed in running tap
water, followed by double-distilled water. Samples were further disinfected with chlorine
(50 ppm); subsequently, they were double-washed in double-distilled water. The fresh
young leaves were excised from the plants. After cleaning, leaves were dried at 40 °C for
72 h in an Excalibur 3526T food dehydrator (Sacramento, CA, USA). The dried leaves were
milled in a KRUPS Gx41011 coffee grinder (CDMX, Mexico). MO leaf flour was stored at
4 °C in sealed containers until further use.

2.2. Moringa oleifera Leaf Protein Extraction

MO leaf 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 PMSE, 1:5 (w/v). The solution was
agitated at 4 °C for 30 min and filtered through a cheesecloth layer. The solid retained
fraction was discarded, and the filtrate was centrifugated at 10,000 rpm and 4 °C for 30 min.
The supernatant was precipitated at a 90% saturation of (NH4)»,SO4 at 4 °C for 18 h. The
precipitate was centrifugated at 10,000 rpm and 4 °C for 30 min. The pellet was recovered,
dissolved in double-distilled water, and dialyzed with a membrane with a molecular weight
cut-off MWCO) of 2 kDa against double-distilled water at 4 °C. The dialysate was further
lyophilized, and the MO leaf protein (MOP) was stored at —20 °C until further analyses.

2.3. Digestion of Moringa oleifera Leaf Protein

MOP was obtained by simulated gastrointestinal digestion [24]. The protein isolate
was suspended in pepsin solution (2000 units per mL) in a ratio of 1:20 (w/v) at 37 °C and
pH 3 for 2 h under continuous stirring to simulate passage through the stomach. The pH
was adjusted with 1 M HCI every 30 min. Afterward, the pH was adjusted to 7.0 with
1 M NaOH, and subsequently, NaHCO; 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, and during this time, pH was revised and adjusted with 1 M NaOH
every 30 min. Right after, it was placed on ice to stop the reaction, and the enzymes were
inactivated by heating the hydrolysate for 20 min at 80 °C. Later, MOP hydrolysate (MOPH)
was centrifuged 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 product was recovered, lyophilized, and stored at —20 °C until further analyses.

2.4. Determination of Antioxidant Activity of Moringa oleifera Leaf Protein and Protein
Hydrolysate by Ferric Reducing Antioxidant Power Assay

Antioxidant activity was evaluated using the FRAP method, according to Benzie and
Strain, with some modifications [25]. The FRAP solution was made by mixing acetate buffer
(400 mM, pH 3.6), TPTZ (20 mM in concentrated HCl), and ferric chloride (60 mM) (10:1:1
v/v/v ratio). For the test, 1 mg of MOP or MOPH was diluted in 1 mL of bidistilled water.
An amount of 30 uL of these solutions was placed in each microplate well and mixed with
120 puL of the FRAP solution. The microplate was incubated for 4 min at room temperature
in the absence of light, mixed at medium speed for 1 min in the microplate reader, and
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read at a wavelength of 593 nm. Results are expressed as Trolox equivalent micromoles per
gram (umol TE/g).

2.5. Cytotoxic Effect of Moringa oleifera Leaf Protein and Protein Hydrolysates on Human
Colon Fibroblasts

For the cell culture, CCD-18Co cells were grown in Eagle’s minimum essential medium
(EMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% antibiotic—
antimycotic in 75 cm? culture flasks and incubated in a humidified atmosphere (5% CO, at
37 °C).

To measure the cytotoxic effect, the TOX-7 assay kit was used according to the recom-
mendations of Sigma Aldrich (St. Louis, MO, USA), which are based on lactate dehydroge-
nase activity. For this assay, 1 x 10* CCD-18Co cells were seeded in each well in a sterile
96-well microplate. Once adhered, they were treated with 250, 500, 750, and 1000 pg/mL
of MOP or MOPH and incubated for 24 h at 37 °C and 5% CO,. Samples were read at an
absorbance of 490 nm by a microplate reader. The results are expressed as % mortality.

2.6. Determination of In Vitro Antioxidant Activity of Moringa oleifera Leaf Protein and Protein
Hydrolysate by Cellular Antioxidant Activity

For the cell culture, Caco-2 cells were grown in Dulbecco’s Modified Eagle’s Medium F12
(DMEM/F12) supplemented with 10% heat-inactivated FBS and 1% antibiotic-antimycotic in
75 cm? culture flasks and incubated in a humidified atmosphere (5% CO; at 37 °C).

For the determination of intracellular ROS production, to evaluate the cellular an-
tioxidant activity of MOP and MOPH, the method reported by Lopez-Barrios was per-
formed [26]. In a clear, flat-bottom and black-walled 96-well microplate, 6 x 10% cells/well
were seeded. After 24 h, cells were treated with MOP or MOPH at concentrations of 250,
500, 750, and 1000 pug/mL containing DCFH-DA 20 uM. Afterward, cells were incubated
for 20 min at 37 °C and 5% CO,. The solution was removed, and cells were washed once
with PBS. Finally, 100 uL of APPH 500 uM was added to each well except for the negative
control and blank. Fluorescence was emitted at 538 nm upon excitation at 485 nm. It was
measured every 2 min for 90 min at 37 °C using a microplate reader. Cellular antioxidant
activity (CAA) values were calculated using the following equation:

CAA Unit=1 — (/SA//CA)

JSA is the integrated area under the sample fluorescence versus time curve and [CA is
the integrated area from the control curve.

2.7. Antiproliferative Effect of Moringa oleifera Leaf Protein and Protein Hydrolysates on Human
Colorectal Adenocarcinoma Cells

For cell culture, Caco-2 cells were grown in Dulbecco’s Modified Eagle’s medium
(DMEM)/F12 supplemented with 10% heat-inactivated FBS and 1% antibiotic-antimycotic
and incubated in a humidified atmosphere (5% CO, at 37 °C).

Antiproliferative activity was measured using the MTT assay according to the sup-
plier’s recommendation (Sigma-Aldrich, USA). Caco-2 cells were plated on a 96-well
sterile microplate at a density of 2 x 10% cells/well. Concentrations of 250, 500, 750, and
1000 pg/mL of MOP or MOPH were tested on Caco-2 for 24 h at 37 °C with 5% COy;
likewise, 5-fluorouracil (5-FU) at 250 uM was used as the reference drug to compare the
effect of the treated cells. The percentage of cell viability was calculated based on the
succinate dehydrogenase activity (SDA) as follows:

% SDA = [(absorbance control — absorbance sample)/absorbance control] x 100

The control was cells grown in supplemented DMEM /F12.
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2.8. Statistical Analysis

Each experiment was conducted in triplicate, and the standard deviations were calcu-
lated. Data were reported as mean =+ standard deviations and were subjected to analysis
of variance (ANOVA) using the statistical software Minitab version 19 from MiniTab Inc.
(State College, PA, USA). Means were compared using Tukey’s multiple comparison test at
p <0.05.

3. Results
3.1. Determination of Antioxidant Activity of Moringa oleifera Leaf Protein and Protein
Hydrolysate by Ferric Reducing Antioxidant Power Assay

The values of the antioxidant potential of MOP and MOPH determined by the FRAP
assay are presented in Table 1. MOP was taken into account in this experiment, and the
following ones, since it was considered a positive control and had the purpose of deter-
mining if the hydrolysis process, and therefore the generation of peptides, is responsible
for bioactivity.

Table 1. Antioxidant capacity assessed by the ferric reducing antioxidant power assay.

Sample FRAP (umol TE/g)
MOP 912.5 £+ 0.032b
MOPH 1435 + 0.035 2

Different letters show significant differences (p < 0.05).

3.2. Cytotoxic Effect of Moringa oleifera Leaf Protein and Protein Hydrolysates on Human
Colon Fibroblasts

The cytotoxicity of MOP and MOPH was tested on CCD-18Co to determine a nontoxic
concentration in healthy cells (Figure 1). Triton x-100 (TX-100) was used as a positive control,
considering that it promotes the maximum release of the enzyme lactate dehydrogenase
and therefore the maximum death rate. As a negative control, CCD18-Co cells were grown
under the same conditions but without any stimulus. Thus, their death percentage is
considered the normal cell death rate. The mortality values of MOPH tested doses 250,
500, 750, and 1000 pg/mL in CCD18-Co were 20.32 £ 0.69, 19.35 + 0.46, 36.44 + 3.32, and
75.63 £ 0.11%, respectively. The effect of the first two doses was not statistically different
from that of the negative control. Based on this, it is established that these concentrations
have no adverse impact on healthy cells’ viability. Furthermore, all MOP tested doses had
no adverse effect on CCD18-Co cells’ viability.

3.3. Determination of In Vitro Antioxidant Activity of Moringa oleifera Leaf Protein and Protein
Hydrolysate by Cellular Antioxidant Activity

The antioxidant activity of MOP and MOPH, as assessed by the CAA assay, was deter-
mined by measuring the prevention of the oxidation of 2/ 7'-dichlorofluorescin diacetate to
2/,7'-dichlorofluorescin through the quenching of the peroxyl radical (RO;-). The above is
reflected in a reduction in cellular fluorescence. The cellular antioxidant activity of MOP
and MOPH is presented in Figure 2. When using MOP, the cellular antioxidant activity
was increased concentration-dependently. The 250 ng/mL concentration did not produce
antioxidant activity on Caco-2 cells; nevertheless, 500 pug/mL increased it significantly
by 35.10 & 1.77%. On the other hand, MOPH increased Caco-2 antioxidative activity to
a greater extent by 73.45 £ 8.54% and 83.62 £ 2.92% at the doses 250 and 500 pg/mL,
respectively. Although the change between the doses was not statistically significant, a
tendency was observed that as the dose increases, the oxidative activity decreases.
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Figure 1. Cytotoxic effect of Moringa oleifera leaf protein (MOP) and protein hydrolysate (MOPH) on
human colon fibroblasts (CCD18-Co) expressed as % of mortality. Triton X-100 (TX-100) was used as
the positive control, considering that it is known to promote cell death. EMEM (cells and medium)
contained CCD18-Co cells without treatment to observe normal cell death. Different letters in bars
show significant differences (p < 0.05).

100

o
o

[=2]
o

H
o
o

N
o

C
TR

250 500
#BMOP (ug/ml) GMOPH (ug/ml)

Cellular Antioxidant Activity (%)

o

Figure 2. Cellular antioxidant activity as affected by Moringa oleifera leaf protein (MOP) and protein
hydrolysate (MOPH) in human colorectal adenocarcinoma cells (Caco-2) treated with APPH. Different
letters in bars show significant differences (p < 0.05).

3.4. Antiproliferative Effect of Moringa oleifera Leaf Protein and Protein Hydrolysates on Human
Colorectal Adenocarcinoma Cells

The antiproliferative activity of MOP and MOPH was screened by the MTT assay;
cellular proliferation against tested concentrations is shown in Figure 3. Cells were treated
with 5-FU since it is the most widely used drug for the treatment of colon cancer, and it is
known to be an apoptosis inducer. At the tested concentrations, MOP did not affect Caco-2
proliferation. Briefly, 5-FU inhibited Caco-2 cellular proliferation by 23.10 &+ 11.61%. MOPH
inhibited Caco-2 cellular proliferation to a greater extent, reducing it by 78.19 &+ 5.43%
and 90.20 £ 1.09% at the doses 200 and 500 pg/mL, respectively. Although the change
between the doses was not statistically significant, a tendency was observed that as the
dose increases, the antiproliferative effect increases.



Antioxidants 2024, 13, 1367

7 of 12

120
a
a =
100 a T
9 b
5 80
S
£ 60
°
[«
& 40
= C
)
O 20
o}
DMEM/F12 5-FU 250 500
#MOP @ MOPH

Figure 3. Determination of antiproliferative effect of Moringa oleifera leaf protein (MOP) and protein
hydrolysate (MOPH) in human colorectal adenocarcinoma cells (Caco-2). Cells grown in Dulbecco’s
Modified Eagle’s Medium (DMEM/F12) were used as the negative control, and 5-fluorouracil (5-FU)
was used as the reference drug to compare the effects of the treated cells. Different letters in bars
show significant differences (p < 0.05).

4. Discussion

According to what is reported in Table 1, there was a significant difference between
the antioxidant activity of MOP and MOPH, which increased by 57% after the hydrolyzing
process. The reason may be that when peptide chains are released from complex proteins,
amino acid residues are exposed and can interact with free radicals [27]. In the particular
case of the FRAP assay, it measures the ability of molecules to serve as reducing agents
by donating electrons to the Fe3*-2,4,6-tripyridyl-S-triazine complex, converting it to a
more stable ion, Fe>* [28]. It was established by the FRAP assay that the amino acids that
promote high antioxidant capacity are sulfur-containing amino acids, such as cysteine
and methionine. On the other hand, the presence of hydrophobic amino acids in peptide
structures, such as isoleucine, proline, glycine, and methionine, contribute to their high
electronic density [29].

There is little available information in the literature on determining the antioxidant
activity of vegetable hydrolysates using the FRAP assay. Among what has been published
that takes Trolox per gram of protein as a reference, hydrolysates from soybean, rice,
chickpea, and cassava leaf have antioxidant activities of 15.32, 18.78, 27.31 and 1046.00 TE
umol/g, respectively [30-33]. Compared to the above reported values, the antioxidant
activity of MOPHs is higher than that of legume hydrolysates but very similar to that
of cassava leaf. This may be due to the leaves’ particular amino acid profile. RuBisCo
is the main leaf protein, and glycine is its most abundant amino acid found in 8 of the
14 peptides that make up MOPHSs [34]. As previously discussed, glycine is linked to high
FRAP activity [28].

Based on the above, this methodology confirms the antioxidant activity of the peptides
obtained from Moringa oleifera leaves and shows another mechanism by which they act.

As for peptide safety, it is essential that new molecules studied for their antioxidant
activity and ability to prevent and treat cancer cause the least possible damage to the
healthy tissues of the human body [35]. In this sense, one of the advantages of peptides
is their low toxicity and ability to be used in a large amount. The main reason for this is
that the product of their degradation is amino acids that cells can use as nutrients [14].
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Also, these peptides are small molecules and have no immunogenicity [36]. The effect
of plant-derived proteins and peptides has not been widely evaluated in the CCD-18co.
Regarding peptides, various concentrations have been reported not to be toxic for this cell
line. These concentrations range between 10 and 800 pg/mL for hydrolysates from plants
such as Phaseolus vulgaris L. and soybean [37,38]. As for MOPH concentrations, they fall
within this range (Figure 1). It has been determined that the toxicity of peptides in healthy
mammalian cells depends on the amount that manages to enter them. When peptides are
found in high concentrations, they promote the loss of mitochondrial membrane potential,
resulting in fragmentation. This phenomenon can also occurs in the cell membrane [39]. In
this case, the number of peptides that enter a cell depends on their composition. The main
characteristic is the proportion of hydrophobic amino acids in the peptides since when
this is >30%, their entry into the cells is facilitated [40]. Regarding the peptides identified
and reported in our previous research [20], 11 of the 14 sequences show this characteristic.
Regarding proteins, it is established that they are usually not toxic at high concentrations
because their entry into cells is limited by their size, which slows down passive diffusion
across the plasma membrane, which may be the reason why MOP did not cause CCD-18co
toxicity at any of the concentrations tested [41].

Chemical assays are often used to determine the antioxidant activity of various
molecules. However, these sometimes do not consider highly important aspects such
as cellular absorption. In this regard, cell assays are of great significance [42]. As men-
tioned, 500 ug/mL of MOP showed an antioxidative activity of 35.10 £ 1.77% in Caco-2.
At the same amount, MOPHs increased it by 83.62 £ 2.92%, demonstrating that the hy-
drolysis process is responsible for this bioactivity. Similar values regarding the reduction
in oxidation in Caco-2 have been reported. As for amaranth hydrolysate, 1160 pg/mL
led to a significant inhibition of ROS, keeping cells in the basal state [43]. On the other
hand, 2.5 mg/mL of canary seed hydrolysate had a cellular antioxidant activity of 80% in
Caco-2 [44].

Other investigations have yielded significant values: 1000 ug/mL of soybean hy-
drolysate decreased the ROS level in HyO,-stimulated Caco-2 by 22.74%, and 2500 ug/mL
of Phaseolus vulgaris L. hydrolysates had a cellular antioxidant activity of 73% in Caco-2
treated with the free radical generator ABAP [45,46].

The antioxidant activity of peptides depends on their sequence. Among the amino
acids that are most closely related to the antioxidant activity of a peptide are glutamic
acid, glycine, alanine, leucine, and phenylalanine. Glutamic acid is a negative amino acid
due to an excess of electrons and has quenching activity on free radicals. Due to this
property, it also inhibits metal-mediated oxidation [47,48]. Hydrophobic amino acids such
as leucine, alanine, and glycine, as mentioned above, promote the passage of peptides into
cells. On the other hand, they contain imidazole rings, which are proton donors [49]. In
particular, leucine reduces Fe*, and has a long aliphatic side chain that interacts with the
acyl chains of fatty acids [50]. As for phenylalanine, its aromatic ring functions as a proton
donor. The tyrosine phenolic hydroxyl group also acts as a hydrogen donor, being able to
quench radicals. This amino acid also scavenges the peroxyl radicals generated during the
AAPH assay. It has been associated with high CAA values mainly because it has a higher
ability to remove peroxyl radicals than other amino acids [51,52]. It has been reported that
peptides containing tyrosine have twice the antioxidant activity of those without it in their
structure [53]. Three of the fourteen peptides previously identified have this amino acid
within their structure [20].

Due to their high antioxidant activity, plant-derived peptides are among the most
recently studied molecules as an alternative for the treatment or prevention of cancer. These
molecules offer various advantages, such as a large number of sources, few or no side
effects, and high specificity and efficiency [35,54]. As for MOPH, this is the first research
that reports its effect on cancer cells.

Briefly, 5-FU at 250 uM reduced Caco-2 cellular proliferation by 23.10 £ 11.61%. This
value is low compared to what has already been reported, mainly because the action of 5-FU
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is time-dependent and begins to affect cell proliferation more strongly until after 48 h [55],
unlike MOPHSs, which reduced Caco-2 cellular proliferation to a greater extent, reducing
it by 78.19 & 5.43% and 90.20 & 1.09% at 200 and 500 ug/mL doses, respectively, in 24 h.
Chickpea hydrolysate at these concentrations (500 pg/mL) reduced Caco-2 cell proliferation
by 45% [56]. At 300 ug/mL, a soybean peptide reduced Caco-2 cell proliferation by around
70% [57]. Higher amounts (650 pug/mL) were required for walnut hydrolysates to exert a
similar antiproliferative effect on Caco-2 [40]. Quinoa protein hydrolysate reduced Caco-2
proliferation by 51.45% at a concentration of 8 mg/mL [58].

Regarding the antiproliferative activity of MOPH, it has been established that this
may be due to the size of the peptides, which allows them to penetrate cell membranes and
interact with oncogenic proteins inside cells and with surface receptors, which can promote
arrest of the cellular cycle [59]. A type of amino acid that influences the antiproliferative
capacity of peptides in cancer cells is one that is positively charged, like lysine and arginine.
Peptides with a net positive charge bind to the membranes of cancer cells (which have a
net negative charge), generating pores that affect cell integrity [60]. Three of the fourteen
identified peptides have a net positive charge [20]. Other amino acids important in peptides
with anticancer activity are proline, histidine, and tryptophan. As for proline, it increases
peptide flexibility [61]. Histidine gives anticancer peptides the ability to induce cancer
cytotoxicity by membrane permeability. Tryptophan has been found to enter cancer cells
by the endocytic pathway and binds to the major groove of nuclear DNA [62]. Eleven of
the fourteen identified peptides have at least one of these amino acids [20].

MOP did not affect Caco-2 proliferation, which might be because protein structures
find it hard to pass through cell membranes due to their size and polarity. Due to the above,
a small amount or none reaches the cell’s interior [63].

5. Conclusions

Our findings show that peptides obtained from the protein extracted from Moringa
oleifera leaves have antioxidant potential that is not only limited to chemical assays but also
those involving human cells, specifically cancer cells. In addition, their antiproliferative
potential in cancer cells is becoming evident for the first time, thus opening up a space for
investigating these molecules as preventive or treatment agents in a disease that signifi-
cantly impacts the global mortality rate. This is of great importance since it is essential to
consider that one of the greatest challenges for medicine today is finding an effective cancer
treatment, and these types of scientific studies reinforce the idea that there are molecules of
natural origin that can help manage this disease. As for peptides, the diverse structures
that have been identified unfold a range of possibilities for their study and application,
having the potential to be used as pharmaceutical products. However, more studies are
needed to verify their beneficial effects.

The results presented in this research paper are promising and provide helpful infor-
mation. These molecules could be studied together or separately in different cancer models.
On the other hand, they could be included as part of the formulation of different foods to
improve consumers’ quality of life. More assays, especially in vivo evaluation, are essential
to confirm their safety and efficacy.

Author Contributions: Conceptualization, S.A.-G. and J.B.H.; methodology S.A.-G., L.G.-A. and
L.A.C.-A,; software, S.A.-G. and 1.G.-A.; validation, J.B.H.; formal analysis J.B.H.; investigation S.A.-G.
and I.G.-A.; resources J.B.H.; data curation, L.A.C.-A. and J.B.H.; writing—original draft prepara-
tion, S.A.-G. and 1.G.-A,; writing—review and editing—]J.B.H.; visualization L.A.C.-A.; supervision
L.A.C.-A. and ].B.H.; project administration, ].B.H.; funding acquisitions, ].B.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by CONAHCYT scholarship 597872 and CONFIE Sinaloa
(PAIPC 2024).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Antioxidants 2024, 13, 1367 10 of 12

Data Availability Statement: The data presented in this study are available upon reasonable request
from the author (S.A.-G.).

Acknowledgments: We thank the Office of Graduate Studies from the Centro de Investigacion en
Alimentacién y Desarrollo (CIAD).

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

References

1.  Loffredo, L.; Carnevale, R. Oxidative Stress: The Hidden Catalyst Fueling Atherosclerosis and Cardiovascular Disease. Antioxi-
dants 2024, 13, 1089. [CrossRef] [PubMed]

2. Thomas, D.T.; DelCimmuto, N.R.; Flack, K.D.; Stec, D.E.; Hinds, T.D., Jr. Reactive oxygen species (ROS) and antioxidants as
immunomodulators in exercise: Implications for heme oxygenase and bilirubin. Antioxidants 2022, 11, 179. [CrossRef] [PubMed]

3.  Sharifi-Rad, M.; Anil Kumar, N.V.; Zucca, P.; Varoni, E.M.; Dini, L.; Panzarini, E.; Peluso, I. Lifestyle, oxidative stress, and
antioxidants: Back and forth in the pathophysiology of chronic diseases. Front. Physiol. 2020, 11, 694. [CrossRef] [PubMed]

4.  Baeza-Morales, A.; Medina-Garcia, M.; Martinez-Peinado, P.; Pascual-Garcia, S.; Pujalte-Satorre, C.; Lopez-Jaén, A.B.; Sempere-
Ortells, ].M. The Antitumour Mechanisms of Carotenoids: A Comprehensive Review. Antioxidants 2024, 13, 1060. [CrossRef]
[PubMed]

5. Luo, M; Zhou, L.; Huang, Z; Li, B.; Nice, E.C.; Xu, J.; Huang, C. Antioxidant therapy in cancer: Rationale and progress.
Antioxidants 2022, 11, 1128. [CrossRef]

6.  Uribe, M.L.; Marrocco, I; Yarden, Y. EGFR in cancer: Signaling mechanisms, drugs, and acquired resistance. Cancers 2021, 13, 2748.
[CrossRef]

7. Akbari, B.; Baghaei-Yazdi, N.; Bahmaie, M.; Mahdavi Abhari, F. The role of plant-derived natural antioxidants in reduction of
oxidative stress. BioFactors 2022, 48, 611-633. [CrossRef]

8. George, S.; Abrahamse, H. Redox potential of antioxidants in cancer progression and prevention. Antioxidants 2020, 9, 1156.
[CrossRef]

9. César, A.P; Lopes, EE.; Azevedo, EF; Pinto, Y.O.; Andrade, C.R.; Mesquita, FEP,; Souza, P.F. Antioxidant peptides from plants:
A review. Phytochem. Rev. 2024, 23, 95-104. [CrossRef]

10. Karami, Z.; Akbari-adergani, B. Bioactive food derived peptides: A review on correlation between structure of bioactive peptides
and their functional properties. J. Food Sci. Technol. 2019, 56, 535-547. [CrossRef]

11.  Zhu, Y,; Wang, K; Jia, X.; Fu, C; Yu, H.; Wang, Y. Antioxidant peptides, the guardian of life from oxidative stress. Med. Res. Rev.
2024, 44, 275-364. [CrossRef] [PubMed]

12.  Yaghoubzadeh, Z.; Peyravii Ghadikolaii, F.; Kaboosi, H.; Safari, R.; Fattahi, E. Antioxidant activity and anticancer effect of
bioactive peptides from rainbow trout (Oncorhynchus mykiss) skin hydrolysate. Int. J. Pept. Res. Ther. 2020, 26, 625-632. [CrossRef]

13.  Thundimadathil, J. Cancer treatment using peptides: Current therapies and future prospects. . Amino Acids 2012, 2012, 967347.
[CrossRef]

14. Avilés-Gaxiola, S.; Gutiérrez-Grijalva, E.P.; Leén-Felix, J.; Angulo-Escalante, M. A.; Heredia, ].B. Peptides in Colorectal Cancer:
Current State of Knowledge. Plant Foods Hum. Nutr. 2020, 75, 467-476. [CrossRef] [PubMed]

15. Devkota, S.; Bhusal, K.K. Moringa oleifera: A miracle multipurpose tree for agroforestry and climate change mitigation from the
Himalayas—A review. Cogent Food Agric. 2020, 6, 1805951. [CrossRef]

16. Dahot, M.U. Antimicrobial activity of small protein of Moringa oleifera leaves. ]. Islamic World Acad. Sci. 1998, 11, 27-32.

17.  Kini, S.G.; Wong, K.H.; Tan, W.L.; Xiao, T.; Tam, J.P. Morintides: Cargo-free chitin-binding peptides from Moringa oleifera. BMC
Plant Biol. 2017, 17, 68. [CrossRef]

18. Ma, K.;; Wang, Y.; Wang, M.; Wang, Z.; Wang, X.; Ju, X.; He, R. Antihypertensive activity of the ACE-renin inhibitory peptide
derived from Moringa oleifera protein. Food Funct. 2021, 12, 8994-9006. [CrossRef]

19. Paula, P.C,; Sousa, D.O,; Oliveira, ].T.; Carvalho, A.F,; Alves, B.G.; Pereira, M.L.; Morais, T.C. A protein isolate from Moringa
oleifera leaves has hypoglycemic and antioxidant effects in alloxan-induced diabetic mice. Molecules 2017, 22, 271. [CrossRef]

20. Men, D.; Dai, J.; Yuan, Y.; Jiang, H.; Wang, X.; Wang, Y.; Tian, Y. Exploration of anti-osteoporotic peptides from Moringa oleifera leaf
proteins by network pharmacology, molecular docking, molecular dynamics and cellular assay analyses. . Funct. Foods 2024,
116, 106144. [CrossRef]

21. Avilés-Gaxiola, S.; Leon-Félix, J.; Jiménez-Nevarez, Y.B.; Angulo-Escalante, M.A.; Ramos-Payan, R.; Colado-Velazquez I1J, J.;
Heredia, ].B. Antioxidant and anti-inflammatory properties of novel peptides from Moringa oleifera Lam. leaves. S. Afr. ]. Bot.
2021, 141, 466-473. [CrossRef]

22.  Gulcin, I. Antioxidants and antioxidant methods: An updated overview. Arch. Toxicol. 2020, 94, 651-715. [CrossRef] [PubMed]

23. Tao, L.; Gu, F; Liu, Y,; Yang, M.; Wu, X.Z; Sheng, |.; Tian, Y. Preparation of antioxidant peptides from Moringa oleifera leaves and
their protection against oxidative damage in HepG2 cells. Front. Nutr. 2022, 9, 1062671. [CrossRef] [PubMed]

24. Minekus, M.; Alminger, M.; Alvito, P.; Ballance, S.; Bohn, T.; Bourlieu, C.; Brodkorb, A. A standardised static in vitro digestion
method suitable for food—an international consensus. Food Funct. 2014, 5, 1113-1124. [CrossRef] [PubMed]

25. Benzie, LE; Strain, J.]. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.

Biochem. 1996, 239, 70-76. [CrossRef]


https://doi.org/10.3390/antiox13091089
https://www.ncbi.nlm.nih.gov/pubmed/39334748
https://doi.org/10.3390/antiox11020179
https://www.ncbi.nlm.nih.gov/pubmed/35204062
https://doi.org/10.3389/fphys.2020.00694
https://www.ncbi.nlm.nih.gov/pubmed/32714204
https://doi.org/10.3390/antiox13091060
https://www.ncbi.nlm.nih.gov/pubmed/39334719
https://doi.org/10.3390/antiox11061128
https://doi.org/10.3390/cancers13112748
https://doi.org/10.1002/biof.1831
https://doi.org/10.3390/antiox9111156
https://doi.org/10.1007/s11101-023-09875-y
https://doi.org/10.1007/s13197-018-3549-4
https://doi.org/10.1002/med.21986
https://www.ncbi.nlm.nih.gov/pubmed/37621230
https://doi.org/10.1007/s10989-019-09869-5
https://doi.org/10.1155/2012/967347
https://doi.org/10.1007/s11130-020-00856-6
https://www.ncbi.nlm.nih.gov/pubmed/32964320
https://doi.org/10.1080/23311932.2020.1805951
https://doi.org/10.1186/s12870-017-1014-6
https://doi.org/10.1039/D1FO01103K
https://doi.org/10.3390/molecules22020271
https://doi.org/10.1016/j.jff.2024.106144
https://doi.org/10.1016/j.sajb.2021.05.033
https://doi.org/10.1007/s00204-020-02689-3
https://www.ncbi.nlm.nih.gov/pubmed/32180036
https://doi.org/10.3389/fnut.2022.1062671
https://www.ncbi.nlm.nih.gov/pubmed/36532523
https://doi.org/10.1039/C3FO60702J
https://www.ncbi.nlm.nih.gov/pubmed/24803111
https://doi.org/10.1006/abio.1996.0292

Antioxidants 2024, 13, 1367 11 of 12

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Loépez-Barrios, L.; Antunes-Ricardo, M.; Gutiérrez-Uribe, J.A. Changes in antioxidant and antiinflammatory activity of black bean
(Phaseolus vulgaris L.) protein isolates due to germination and enzymatic digestion. Food Chem. 2016, 203, 417-424. [CrossRef]
Borawska, J.; Darewicz, M.; Pliszka, M.; Vegarud, G.E. Antioxidant properties of salmon (Salmo salar L.) protein fraction
hydrolysates revealed following their ex vivo digestion and in vitro hydrolysis. J. Sci. Food Agric. 2016, 96, 2764-2772. [CrossRef]
Nwachukwu, I.D.; Aluko, R.E. Antioxidant properties of flaxseed protein hydrolysates: Influence of hydrolytic enzyme concen-
tration and peptide size. . Am. Oil Chem. Soc. 2018, 95, 1105-1118. [CrossRef]

Nwachukwu, I.D.; Aluko, R.E. Structural and functional properties of food protein-derived antioxidant peptides. J. Food Biochem.
2019, 43, e12761. [CrossRef]

Dos Santos Aguilar, J.G.; de Castro, R].S.; Sato, H.H. Optimization of the enzymatic hydrolysis of rice protein by different
enzymes using the response surface methodology. Biotech 2018, 8, 372. [CrossRef]

Figueiredo, VR.G; Justus, A.; Pereira, D.G.; Georgetti, S.R.; Ida, E.I,; Kurozawa, L.E. Production of hydrolysate of okara protein
concentrate with high antioxidant capacity and aglycone isoflavone content. Braz. Arch. Biol. Technol. 2019, 62, €19180478.
[CrossRef]

Suarez, L.M.; Fan, H.; Zapata, ].E.; Wu, J. Optimization of enzymatic hydrolysis for preparing cassava leaf hydrolysate with
antioxidant activity. Food Bioprocess Technol. 2021, 14, 2181-2194. [CrossRef]

Rodriguez-Martin, N.M.; Mdrquez-Lopez, ].C.; Cerrillo, I.; Millan, F.; Gonzalez-Jurado, J.A.; Fernandez-Pachén, M.S.; Pedroche, J.
Production of chickpea protein hydrolysate at laboratory and pilot plant scales: Optimization using principal component analysis
based on antioxidant activities. Food Chem. 2024, 437, 137707. [CrossRef] [PubMed]

Allen, D.K,; Laclair, R.W.; Ohlrogge, J.B.; Shachar-hill, Y. Isotope labelling of Rubisco subunits provides in vivo information on
subcellular biosynthesis and exchange of amino acids between compartments. Plant Cell Environ. 2012, 35, 1232-1244. [CrossRef]
[PubMed]

Nurgali, K.; Jagoe, R.T.; Abalo, R. Adverse effects of cancer chemotherapy: Anything new to improve tolerance and reduce
sequelae. Front. Pharmacol. 2018, 9, 245. [CrossRef]

Lei, J.; Sun, L.; Huang, S.; Zhu, C.; Li, P.; He, ].; He, Q. The antimicrobial peptides and their potential clinical applications. Am. ].
Transl. Res. 2019, 11, 3919.

Garcia-Mora, P; Frias, |.; Pefias, E.; Zieliiski, H.; Gimenez-Bastida, ].A.; Wiczkowski, W.; Martinez-Villaluenga, C. Simultaneous
release of peptides and phenolics with antioxidant, ACE-inhibitory and anti-inflammatory activities from pinto bean (Phaseolus
vulgaris L. var. pinto) proteins by subtilisins. J. Funct. Foods 2015, 18, 319-332. [CrossRef]

Rayaprolu, S.J.; Hettiarachchy, N.S.; Horax, R.; Kumar-Phillips, G.; Liyanage, R.; Lay, J.; Chen, P. Purification and characterization
of a peptide from soybean with cancer cell proliferation inhibition. J. Food Biochem. 2017, 41, €12374. [CrossRef]

Slaninova, J.; Mlsov4, V.; Kroupova, H.; Alan, L.; Tmova, T.; Monincova, L.; Cefovsky, V. Toxicity study of antimicrobial peptides
from wild bee venom and their analogs toward mammalian normal and cancer cells. Peptides 2012, 33, 18-26. [CrossRef]

Ma, S.; Huang, D.; Zhai, M; Yang, L.; Peng, S.; Chen, C.; Xu, M. Isolation of a novel bio-peptide from walnut residual protein
inducing apoptosis and autophagy on cancer cells. BMC Complement. Altern. Med. 2015, 15, 413. [CrossRef]

Tripathi, P.P.; Arami, H.; Banga, I.; Gupta, J.; Gandhi, S. Cell penetrating peptides in preclinical and clinical cancer diagnosis and
therapy. Oncotarget 2018, 9, 37252. [CrossRef] [PubMed]

Shahidi, E; Zhong, Y. Measurement of antioxidant activity. J. Funct. Foods 2015, 18, 757-781. [CrossRef]

Filleria, S.G.; Tironi, V. Intracellular antioxidant activity and intestinal absorption of amaranth peptides released using simulated
gastrointestinal digestion with Caco-2 TC7 cells. Food Biosci. 2021, 41, 101086. [CrossRef]

Urbizo-Reyes, U.; Kim, K.H.; Reddivari, L.; Anderson, ].M.; Liceaga, A.M. Oxidative stress protection by canary seed (Phalaris
canariensis L.) peptides in Caco-2 cells and Caenorhabditis elegans. Nutrients 2022, 14, 2415. [CrossRef] [PubMed]
Carrasco-Castilla, J.; Hernandez-Alvarez, A.J.; Jiménez-Martinez, C.; Jacinto-Hernandez, C.; Alaiz, M.; Girén-Calle, J.; Davila-
Ortiz, G. Antioxidant and metal chelating activities of Phaseolus vulgaris L. var. Jamapa protein isolates, phaseolin and lectin
hydrolysates. Food Chem. 2012, 131, 1157-1164. [CrossRef]

Zhang, Q.; Tong, X.; Qi, B.; Wang, Z; Li, Y.; Sui, X,; Jiang, L. Changes in antioxidant activity of Alcalase-hydrolyzed soybean
hydrolysate under simulated gastrointestinal digestion and transepithelial transport. J. Funct. Foods 2018, 42, 298-305. [CrossRef]
He, R.; Ju, X;; Yuan, J.; Wang, L.; Girgih, A.T.; Aluko, R.E. Antioxidant activities of rapeseed peptides produced by solid state
fermentation. Food Res. Int. 2012, 49, 432-438. [CrossRef]

Torres-Fuentes, C.; del Mar Contreras, M.; Recio, I.; Alaiz, M.; Vioque, ]. Identification and characterization of antioxidant peptides
from chickpea protein hydrolysates. Food Chem. 2015, 180, 194-202. [CrossRef]

Zou, T.-B.; He, T.-P; Li, H.-B.; Tang, H.-W.; Xia, E.-Q. The structure-activity relationship of the antioxidant peptides from natural
proteins. Molecules 2016, 21, 72. [CrossRef]

Chunkao, S.; Youravong, W.; Yupanqui, C.T.; Alashi, A.M.; Aluko, R.E. Structure and Function of Mung Bean Protein-Derived
Iron-Binding Antioxidant Peptides. Foods 2020, 9, 1406. [CrossRef]

Jin, D.-X,; Liu, X.-L.; Zheng, X.-Q.; Wang, X.-].; He, J.-F. Preparation of antioxidative corn protein hydrolysates, purification and
evaluation of three novel corn antioxidant peptides. Food Chem. 2016, 204, 427-436. [CrossRef] [PubMed]

Sun, C.; Tang, X.; Ren, Y.; Wang, E.; Shi, L.; Wu, X.; Wu, H. Novel Antioxidant Peptides Purified from Mulberry (Morus atropurpurea
Roxb.) Leaf Protein Hydrolysates with Hemolysis Inhibition Ability and Cellular Antioxidant Activity. J. Agric. Food Chem. 2019,
67,7650-7659. [CrossRef] [PubMed]


https://doi.org/10.1016/j.foodchem.2016.02.048
https://doi.org/10.1002/jsfa.7441
https://doi.org/10.1002/aocs.12042
https://doi.org/10.1111/jfbc.12761
https://doi.org/10.1007/s13205-018-1401-1
https://doi.org/10.1590/1678-4324-2019180478
https://doi.org/10.1007/s11947-021-02693-0
https://doi.org/10.1016/j.foodchem.2023.137707
https://www.ncbi.nlm.nih.gov/pubmed/37922804
https://doi.org/10.1111/j.1365-3040.2012.02485.x
https://www.ncbi.nlm.nih.gov/pubmed/22292468
https://doi.org/10.3389/fphar.2018.00245
https://doi.org/10.1016/j.jff.2015.07.010
https://doi.org/10.1111/jfbc.12374
https://doi.org/10.1016/j.peptides.2011.11.002
https://doi.org/10.1186/s12906-015-0940-9
https://doi.org/10.18632/oncotarget.26442
https://www.ncbi.nlm.nih.gov/pubmed/30647857
https://doi.org/10.1016/j.jff.2015.01.047
https://doi.org/10.1016/j.fbio.2021.101086
https://doi.org/10.3390/nu14122415
https://www.ncbi.nlm.nih.gov/pubmed/35745145
https://doi.org/10.1016/j.foodchem.2011.09.084
https://doi.org/10.1016/j.jff.2018.01.017
https://doi.org/10.1016/j.foodres.2012.08.023
https://doi.org/10.1016/j.foodchem.2015.02.046
https://doi.org/10.3390/molecules21010072
https://doi.org/10.3390/foods9101406
https://doi.org/10.1016/j.foodchem.2016.02.119
https://www.ncbi.nlm.nih.gov/pubmed/26988521
https://doi.org/10.1021/acs.jafc.9b01115
https://www.ncbi.nlm.nih.gov/pubmed/31241944

Antioxidants 2024, 13, 1367 12 of 12

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Yang, J.; Hu, L.; Cai, T.; Chen, Q.; Ma, Q.; Yang, J.; Hong, J. Purification and identification of two novel antioxidant peptides from
perilla (Perilla frutescens L. Britton) seed protein hydrolysates. PLoS ONE 2018, 13, €0200021. [CrossRef] [PubMed]
Guzman-Rodriguez, J.J.; Ochoa-Zarzosa, A.; Lopez-Gomez, R.; Lépez-Meza, J.E. Plant antimicrobial peptides as potential
anticancer agents. BioMed Res. Int. 2015, 2015, 735087. [CrossRef]

Cheah, K.Y,; Howarth, G.S.; Bastian, S.E.P. Grape seed extract dose-responsively decreases disease severity in a rat model of
mucositis; concomitantly enhancing chemotherapeutic effectiveness in colon cancer cells. PLoS ONE 2014, 9, e85184. [CrossRef]
Giron-Calle, J.; Alaiz, M.; Vioque, ]. Effect of chickpea protein hydrolysates on cell proliferation and in vitro bioavailability. Food
Res. Int. 2010, 43, 1365-1370. [CrossRef]

Cruz-Huerta, E.; Fernandez-Tomé, S.; Arques, M.C.; Amigo, L.; Recio, I.; Clemente, A.; Hernandez-Ledesma, B. The protective
role of the Bowman-Birk protease inhibitor in soybean lunasin digestion: The effect of released peptides on colon cancer growth.
Food Funct. 2015, 6, 2626—2635. [CrossRef]

Fan, X.; Guo, H.; Teng, C.; Zhang, B.; Blecker, C.; Ren, G. Anti-colon cancer activity of novel peptides isolated from in vitro
digestion of quinoa protein in Caco-2 cells. Foods 2022, 11, 194. [CrossRef]

Fosgerau, K.; Hoffmann, T. Peptide therapeutics: Current status and future directions. Drug Discov. Today 2015, 20, 122-128.
[CrossRef]

Wodlej, C.; Riedl, S.; Rinner, B.; Leber, R.; Drechsler, C.; Voelker, D.R.; Zweytick, D. Interaction of two antitumor peptides with
membrane lipids-Influence of phosphatidylserine and cholesterol on specificity for melanoma cells. PLoS ONE 2019, 14, e0211187.
[CrossRef]

Kannan, A.; Hettiarachchy, N.S.; Lay, J.O.; Liyanage, R. Human cancer cell proliferation inhibition by a pentapeptide isolated and
characterized from rice bran. Peptides 2010, 31, 1629-1634. [CrossRef] [PubMed]

Chiangjong, W.; Chutipongtanate, S.; Hongeng, S. Anticancer peptide: Physicochemical property, functional aspect and trend in
clinical application. Int. J. Oncol. 2020, 57, 678-696. [CrossRef] [PubMed]

Yang, N.J.; Hinner, M.J. Getting across the cell membrane: An overview for small molecules, peptides, and proteins. In Site-Specific
Protein Labeling; Humana Press: New York, NY, USA, 2015; pp. 29-53. [CrossRef]

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


https://doi.org/10.1371/journal.pone.0200021
https://www.ncbi.nlm.nih.gov/pubmed/29985955
https://doi.org/10.1155/2015/735087
https://doi.org/10.1371/journal.pone.0085184
https://doi.org/10.1016/j.foodres.2010.03.020
https://doi.org/10.1039/C5FO00454C
https://doi.org/10.3390/foods11020194
https://doi.org/10.1016/j.drudis.2014.10.003
https://doi.org/10.1371/journal.pone.0211187
https://doi.org/10.1016/j.peptides.2010.05.018
https://www.ncbi.nlm.nih.gov/pubmed/20594954
https://doi.org/10.3892/ijo.2020.5099
https://www.ncbi.nlm.nih.gov/pubmed/32705178
https://doi.org/10.1007/978-1-4939-2272-7_3

	Introduction 
	Materials and Methods 
	Materials 
	Moringa oleifera Leaf Protein Extraction 
	Digestion of Moringa oleifera Leaf Protein 
	Determination of Antioxidant Activity of Moringa oleifera Leaf Protein and Protein Hydrolysate by Ferric Reducing Antioxidant Power Assay 
	Cytotoxic Effect of Moringa oleifera Leaf Protein and Protein Hydrolysates on Human Colon Fibroblasts 
	Determination of In Vitro Antioxidant Activity of Moringa oleifera Leaf Protein and Protein Hydrolysate by Cellular Antioxidant Activity 
	Antiproliferative Effect of Moringa oleifera Leaf Protein and Protein Hydrolysates on Human Colorectal Adenocarcinoma Cells 
	Statistical Analysis 

	Results 
	Determination of Antioxidant Activity of Moringa oleifera Leaf Protein and Protein Hydrolysate by Ferric Reducing Antioxidant Power Assay 
	Cytotoxic Effect of Moringa oleifera Leaf Protein and Protein Hydrolysates on Human Colon Fibroblasts 
	Determination of In Vitro Antioxidant Activity of Moringa oleifera Leaf Protein and Protein Hydrolysate by Cellular Antioxidant Activity 
	Antiproliferative Effect of Moringa oleifera Leaf Protein and Protein Hydrolysates on Human Colorectal Adenocarcinoma Cells 

	Discussion 
	Conclusions 
	References

