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Abstract

In this work, the activity of extracts from S. edule var. nigrum spinosum, S. compositum, S. chinantlense,
and the hybrid H-387-07 was evaluated against in vitro and in silico models related to leukemia. The
cytotoxicity of extracts was analyzed by the crystal violet assay, whereas their effect on apoptosis was
evaluated through flow cytometry approaches. The effect of treatment on the DNA fragmentation of
representative leukemia cell lines was determined by electrophoresis. In silico modeling consisted of
assessing the binding affinities between major components from the obtained extracts against CCR2.
Results revealed that extracts from Sechium spp. can decrease the viability of ]774 and P388 cell lines
upon exposure to ICso 0.93-1.38 ng/mL. It was noted that extract from S. edule var. nigrum spinosum
exhibited the highest capacity to induce the late apoptosis of J774 cells, whereas treatment with
extract from S. chinantlense exerted the highest capability to cause early apoptosis of P388 cells. It was
also determined that extracts caused the DNA fragmentation of the cell lines tested in this study after
68 h exposure to treatment. In silico evaluation evidenced that metabolites from extracts poses high
affinity for chemokine-type receptors involved in the initiation and progression of leukemia
exhibiting binding energies ranging from -7.89 to -9.49 kcal/mol. The retrieved evidence
demonstrated the therapeutic capacity of Sechium spp. against leukemia considering in vitro and in
silico mechanisms of action.
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1. Introduction

Leukemia is a malignant hematological disorder characterized by the abnormal proliferation of
immature white blood cells within the bone marrow and peripheral blood. It is broadly categorized
into four primary types: acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML),
chronic lymphocytic leukemia (CLL), and chronic myeloid leukemia (CML) [1]. Risk factors for
leukemia include genetic predisposition, exposure to ionizing radiation, certain chemical agents such
as benzene, and prior chemotherapy treatment. Although leukemia can affect individuals across all
age groups, specific types are more prevalent in certain age demographics [2]; for example, ALL is
more common in children [3], whereas CLL predominantly affects older adults [4]. Treatment
regimens typically involve a combination of chemotherapy, targeted therapy, immunotherapy [5],
and stem cell transplantation, tailored to the specific leukemia type, disease stage, and patient
characteristics [6].

Molecularly, there are various receptors involved in the initiation and progression of leukemia
and its subtypes. For instance, the C-C chemokine receptor type 2 (CCR2) is a G protein-coupled
receptor (GPCR) with a crucial role in the immune system by mediating the migration and activation
of monocytes and other immune cells [7]. Even though CCR2 is primarily expressed on various
immune cell types (e.g., monocytes and T dendritic cells) to orchestrate inflammatory phenomena,
recent scientific evidence has suggested that, when it binds to ligands (e.g., CCL2, CCL7, or CCL13),
it can initiate intracellular signaling cascades that influence cell behavior, including migration,
proliferation, and cytokine production [8]. In leukemia, the role of CCR2 is multifaceted since it has
been associated with progression and metastasis events, together with facilitation of tumor
growth[9], immune evasion, and modulation of signaling pathways such as the NF-xB/MAPK
pathway [10].

Despite notable advancements in the treatment of leukemia, current methodologies encounter
several limitations that impede their efficacy and patient outcomes. Chemotherapy, although
effective in inducing remission, frequently results in severe side effects and long-term complications
due to its non-specific nature, impacting both malignant and healthy cells [11]. The development of
drug resistance remains a significant challenge, particularly in relapsed or refractory cases,
necessitating the exploration of alternative therapeutic strategies [12]. Targeted therapies, while more
specific, are constrained by the heterogeneity of leukemic cells and the rapid emergence of resistance
mechanisms [13]. Stem cell transplantation, although potentially curative, is associated with
considerable risks, including graft-versus-host disease and opportunistic infections, and is not
suitable for all patients due to age restrictions or the lack of suitable donors [14]. Furthermore, the
high cost and limited accessibility of novel therapies, such as CAR T-cell therapy, present substantial
barriers to their widespread implementation [15]. These limitations underscore the urgent need for
more effective, less toxic, and more accessible treatment approaches in the management of leukemia.

Traditional medicine has increasingly attracted attention in cancer treatment research, offering
potential complementary approaches to conventional therapies [16]. Various herbal remedies and
natural compounds have demonstrated promising anti-cancer properties in preclinical studies,
targeting multiple cellular pathways involved in cancer progression [16]. For instance, certain plant-
derived compounds have shown the ability to induce apoptosis in cancer cells, inhibit angiogenesis,
and modulate the immune response, together with signaling pathways involved in cancer
progression [17]. Evaluating these mechanisms, as well as potential material genetic damage, and
modulation of signaling pathways, is crucial when evaluating plant extracts to provide critical
insights into their potential efficacy and capacity to participate in drug design and development [18].

Sechium spp., belonging to the Cucurbitaceae family, encompasses economically and culturally
significant species. The genus Sechium is native to Mesoamerica and has been cultivated for centuries,
playing a crucial role in traditional cuisines and medicinal practices [19]. In traditional medicine,
species from the genus Sechium are valued for their edible fruits, leaves, and roots, contributing to
food security and agricultural diversity in many regions [20]. Recent research has highlighted the
potential of Sechium spp. in cancer treatment due to their phytochemical content. The phytochemical
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content of Sechium spp. is based, predominantly, on flavonoids, phenolic acids, and cucurbitacins.
Against in vitro and in vivo cancer-based models, the presence of such compounds has been reported
in extracts from S. chinantlense, which has been reported to exhibit antiproliferative and pro-apoptotic
effects on cell lines representative of cervical cancer [21]. Similar results have been associated with
extracts from S. edule var. Madre Negra, which has been reported to decrease the viability of breast
cancer cells [22]. The application of extracts from Sechium spp. has been reported in only two studies,
which evaluated the activity of the methanol extract of Sechium edule var. nigrum spinosum against
P388 and mononuclear bone marrow cells [23]. Another study considered a similar approach, but
evaluated a Sechium spp. hybrid which was designated as H-837-07-GISeM® [24].

Given the importance of extracts from Sechium spp. in preventing, managing, and treating
various types of cancer, this study aimed to investigate the effect of polar extracts from other varieties
or hybrids, such as S. compositum, S. chinantlense, and the hybrid H-387-07, against representative
cancer cell lines of leukemia. The activity of an extract from S. edule var. nigrum spinosum was also
included to compare the retrieved results. Cytotoxicity assays were performed by the crystal violet
assay, which was also utilized to determine the half-maximal inhibitory concentration (ICso). Flow
cytometry was implemented to unveil the capacity of extracts of leading leukemia cell lines to death
by apoptosis. Electrophoresis was also considered to determine the capability of extracts to cause
DNA fragmentation among the cultured cell lines. In silico modeling was utilized to identify the
affinity of major constituents of extracts towards CCR2.

2. Materials and Methods

2.1. Extract Obtention and Phytochemical Composition Analyses

The extracts from S. edule var. nigrum spinosum, S. compositum, S. chinantlense, and the hybrid H-
387-07 were obtained, processed, and phytochemically characterized as published [23,25,26]. Briefly,
fruits were cut and dried in a RIOSSA E-33 convection oven (Modena, Italy) until a constant weight
was achieved. After this, they were powdered, macerated with methanol for 48 h, and filtered with
cellulose filter paper. The solvent was removed utilizing a Buchi rotavapor R-114 (Flawil,
Switzerland) at 50 °C. The phytochemical content of extracts S. edule var. nigrum spinosum, S.
compositum, S. chinantlense, and the hybrid H-387-07 was determined by high-performance liquid
chromatography (HPLC) and assessed in previous reports by Grupo Interdisciplinario de Sechium
edule en Mexico (GISeM).

2.2. Experimental Animals

CD-1 mice (male and female), aged 10 to 12 weeks, were kept in the animal facility at Facultad
de Estudios Superiores (FES) Zaragoza from Universidad Nacional de México. Male and female mice
received a sterile standard powdered rodent diet available ad libitum. All experimental procedures
were approved by the Ethics Committee of FES-Zaragoza and conducted following the "Guide for
the Care and Use of Laboratory Animals, Eighth Edition" from the National Institutes of Health,
which is considered for research methodologies and evaluation protocols involving traditional
medicine. Additionally, experimental procedures were executed considering the national regulations
for the care and use of experimental animals (NOM-062-ZO0-1999).

2.3. Cell Lines Culture

The ]J774 and P388 cell lines were cultured with Iscove's Modified Dulbeco's Medium (IMDM)
(Gibco BRL, NY, USA) supplemented with 10% deactivated fetal bovine serum (FBS) (Gibco BRL,
NY, USA) at 37°C in a humidified atmosphere supplemented with 5% CO:. The cell density was
maintained at 1x10° cells/mL for P388 and 5x10% cells/mL for ]J774. The same protocol was
implemented for culturing the cells extracted from the bone marrow of CD-1 mice. For obtaining the
bone marrow mononuclear cells from CD-1 mice, the femurs were harvested, and total bone marrow
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cells were collected by flowing IMDM (Gibco BRL, USA) supplemented with 10% FBS (Gibco BRL,
USA). After this, cells were then separated using a density gradient (ficol density = 1.077 g/mL)
(Sigma, St. Louis, USA). The cells were cultured in IMDM supplemented with 15% FBS (Gibco BRL,
USA), 5% equine serum, and recombinant mouse interleukin-3 at a density of 100,000 cells/mL in 5-
mL plates (Corning, NY, USA).

2.4. Cytotoxicity Assay

The effect of extracts from S. edule var. nigrum spinosum, S. compositum, S. chinantlense, and the
hybrid H-387-07 on the viability of the J774 and P388 cell lines was evaluated using the crystal violet
assay. Briefly, 1x10° P388 cells/mL and 5x10*J774 cells/mL were seeded onto 96-well plates (Corning
Costar, St. Louis, MO, USA). After this, cells were fixed with glutaraldehyde (1.1%) and stained with
crystal violet solution (0.1%). The excess of the latter was removed by washing the cells with distilled
water, and it was solubilized with an acetic acid solution (10%). The absorbance of wells was recorded
utilizing a Tecan Spectra microplate reader (Grodig, Austria) at 570 nm. The ICso of each extract was
assessed according to the percentage of dead cells and the tested concentrations.

2.5. Early Apoptosis Analysis

The P388 and ]J774 cell lines were cultured with IMDM (Gibco BRL, NY, USA) supplemented
with 10% deactivated FBS (Gibco BRL, NY, USA) at 37°C in a humidified atmosphere supplemented
with 5% COsz. The cell density was maintained at 1x105 cells/mL for P388 and 5x10* cells/mL for J774.
The effect of treatment with extracts from species of the genus Sechium was evaluated when P388 and
J774 reached an average of 70% saturation. The tested extract concentrations consisted of their half-
maximal inhibitory values (ICso). The tested concentrations of S. edule var. nigrum spinosum, S.
compositum, S. chinantlense, and the hybrid H-387-07 against the 774 cell line were 0.93, 1.96, and 0.26
ug/mL, respectively. The evaluated concentrations of extracts against the P388 cell line were 1.18,
0.98, 0.98, and 1.38 pg/mL, respectively. The effect of treatment on the early apoptosis of J774 and
P388 cell lines was evaluated using the Annexin V Kit (BD pharmagen™ PE Annexin V Apoptosis
Detection Kit). Briefly, cells were washed with phosphate buffer solution, and cell counting was
performed. After this, Annexin V buffer was then added. These cells were removed and placed in a
5 mL Falcon tube. Fluorescein isothiocyanate (FITC) was then added, which is positive for cells
undergoing early apoptosis and cells undergoing late apoptosis, or cells that were dead, either due
to apoptosis or necrosis. Then, they were incubated for 15 minutes at room temperature in the dark.
Annexin V buffer was then added, and the cells were placed in the dark and on ice. Finally, they were
analyzed by flow cytometry on a cytometer (BD FACSAria II) within one hour.

2.6. Oligonucleosomal DNA Fragmentation Analysis

The effect of extracts from S. edule var. nigrum spinosum, S. compositum, S. chinantlense, and the
hybrid H-387-07 in the DNA fragmentation of P388 and ]J774 cell lines, and bone marrow
mononuclear cells from CD-1 mice was evaluated, considering the mentioned ICso values in section
2.3 at 48, 60, and 68 h. Briefly, Cells were collected by conventional centrifugation at 1,500 rpm. Then,
600 uL of lysis buffer and 20 uL of the stock solution (4 mg/mL) of proteinase K (Promega, Madison,
WI, USA) were added, and the cells were incubated at 37°C for 4 h. Next, 7.5 uL of RNAse (Sigma-
Aldrich, USA) was added, and the cells were incubated for one hour at 37°C. After this, 0.9 mL of 3M
sodium acetate (pH 5.2) was added, followed by 0.3 mL of chloroform-phenol-isoamyl alcohol, and
the pellet was centrifuged at 18,000 rpm at 4°C. The upper (aqueous) phase was then transferred to a
new Eppendorf tube containing 600 pL of isopropanol (Sigma-Aldrich, USA) at 4°C. The tube was
centrifuged, and the supernatant was decanted. 30 uL of TE buffer was added to hydrate the pellet.
The DNA obtained was analyzed on a 1.5% UltraPure Agarose gel (Invitrogen) and stained with 40
pL of the stock (0.5 pg/mL) of ethidium bromide (Sigma-Aldrich) in an electrophoresis chamber
(Gibco BRL, Horizon 58) and analyzed using a transilluminator (Foto/Eclipse, FotoDyne).
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2.7. Antagonistic Effect Analysis

The possible antagonistic activity of gallic acid, quercetin, and cucurbitacin B on the receptor
CCR2 was investigated to determine their influence on modulating inflammatory phenomena, pro-
inflammatory cytokine release, apoptosis regulation, and cell proliferation. Briefly, the chemical
structures of gallic acid (CID: 4678042), cucurbitacin B (CID: 5281316), and quercetin (CID: 5280343)
were obtained from Pubchem (https://pubchem.ncbi.nlm.nih.gov) in 2D SDF format. The crystal
structure of CCR2 was obtained from the RCSB protein database (www.rcsb.org) corresponding to
the PDB ID: 6GPS, originally used in the research to modulate the response. Subsequently, the ligand
charges were minimized using the MMFF94 algorithm in Avogadro at a pH of 7.3. Then, the
Autodock 4.2 program was used to prepare the protein by eliminating waters, assigning polar
hydrogens, obtaining native ligand coordinates, and adding Kollman charges. The spatial
coordinates of the native ligand MK-0812 (F7N) were 8.27 (center_x), -10.42 (center_y), -12.43 (center_z),
56 (size_x), 54 (size_y), and 50 (size_z). The ligands of interest were oriented to the same orthosteric
site, performing 10 iterations for each ligand to calculate binding energies, average standard
deviation, normality tests, homoscedasticity, group comparison, and post hoc tests.

2.8. Statistical Analysis

The data retrieved from in vitro and in silico experiments were analyzed utilizing a one-way
analysis of variance (ANOVA) followed by Tukey’s mean separation test.

3. Result

3.1. Cytotoxicity Assay

The results obtained from the application of the extracts showed a reduction in cell density in
the mouse myeloid leukemic lines P388 and J774 (observed under a 10x light microscope) after 68
and 60 hours, respectively, compared to the positive control and the vehicle, in the presence of the
ICs0, recording a reduction in cell density close to that induced by the commercial antineoplastic agent
Ara-C (Cytarabine®) (see Figures 1 and 2). The results obtained after using the highest concentrations
of the plant extracts on normal mouse bone marrow cells showed that the proliferation of normal
mouse bone marrow mononuclear cells was reduced, especially in Ara-c® and S. edule var. nigrum
spinosum (Figure 3A,B). In the specific cases of H-387-07, S. compositum, and S. chinantlense (see Figure
3D,F,G), cell density was observed to be very similar to that of the controls (Figure 3A,B), which could
indicate that these extracts do not significantly affect the proliferation of normal cells. Regarding S.
edule var. nigrum spinosum (see Figure 3E), although it was observed to reduce cell density in normal
cells, it did not reach the levels of reduction observed in the leukemic lines observed in Figures 1E
and 2 E.
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Figure 1. Reduction in cell density in the ]J774 cell line was observed under a microscope (10X) after 68 h of
stimulation with the ICso of plant extracts of Sechium spp. (A) Control, (B) Vehicle (PBS), (C) Ara-C (Cytarabine®)
(5 uM), (D) H-387-07, (E) S. edule var. nigrum spinosum, (F) S. compositum, and (G) S. chinantlense.

25 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Reduction in cell density in the P388 cell line observed under a microscope (10X) after 60 h of
stimulation with the ICso of plant extracts of Sechium spp. (A) Control, (B) Vehicle (PBS), (C) Ara-C (Cytarabine®)
(5 uM), (D) H-387-07, (E) S. edule var. nigrum spinosum, (F) S. compositum, and (G) S. chinantlense.

3.2. Flow Cytometry Assay

It was observed that control and vehicle cells clustered in quadrant Q3, indicating the absence
of PS translocation, which is interpreted as viable cells (untreated). With the addition of the
experimental ICso of each plant extract, the population migrated to quadrant Q4 and Q2, representing
PS translocation, indicative of early or late apoptosis, respectively (see Figures 3 and 4D,E,F,G).
Regarding the J774 and P388 cell lines under S. edule var. nigrum spinosum conditions, it was observed
that the PS-positive cell population migrated to the Q2 region, indicating late apoptosis. One possible
explanation for this is the reduced cell density, since the extract from this genotype had the highest
concentration. Therefore, the damage caused to the cells was much more severe. Another point worth
highlighting is that the data obtained by flow cytometry indicated that at least 50% of the total
population in both cell lines treated with the extracts was undergoing either early (Q4) or late (Q2)
apoptosis (see Tables 2 and 3).
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Figure 3. Detection of phosphatidylserine expression in J774 cells at 68 h of stimulation with the ICso of Sechium
spp. plant extracts. (A) Control, (B) Vehicle (PBS), (C) Ara-C (Cytarabine®) (5 uM), (D) H-387-07, (E) S. edule var.
nigrum spinosum, (F) S. compositum, and (G) S. chinantlense.
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Table 1. Percentage of cells positive for Annexin V-conjugated FITC labeling bound to PS per quadrant in ]774
cells for each treatment. Q1 represents necrosis; Q2 cells are in late apoptosis; Q3 represent normal cells; and Q4

represent cells in early apoptosis.

Cells per quadrant (%)

Treatment Q1 Q2 Q3 Q4
Control 0.5 0.2 99.2 0.1
Vehicle (PBS) 1.7 9.9 86.1 2.3
Ara-C (Cytarabine®) 0.1 6.5 0.8 92.6
H-387-07 0.6 17.5 53.2 28.7
S. edule var. nigrum 4.4 95.5 0.1 0.0
spinosum
S. compositum 0.6 21.0 33.2 45.1
S. chinantlense 2.1 23.9 48.9 25.0
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Figure 4. Detection of phosphatidylserine expression in P388 cells at 68 h of stimulation with the ICso of Sechium
spp. plant extracts. (A) Control, (B) Vehicle (PBS), (C) Ara-C (Cytarabine®) (5 uM), (D) H-387-07, (E) S. edule var.

nigrum spinosum, (F) S. compositum, and (G) S. chinantlense.

Table 2. Percentage of cells positive for Annexin V-conjugated FITC labeling bound to PS per quadrant in P388
cells for each treatment. Q1 represents necrosis; Q2 cells are in late apoptosis; Q3 represent normal cells; and Q4

represent cells in early apoptosis.

Cells per quadrant (%)
Treatment Q1 Q2 Q3 Q4
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Control 0.1 0.0 82.0 17.9
Vehicle (PBS) 0.1 0.1 84.1 15.7
Ara-C (Cytarabine®) 10.0 18.2 34.1 37.7
H-387-07 0.8 12.8 63.3 23.0
S. edule var. nigrum 17.1 82.8 0.1 0.0
spinosum
S. compositum 0.7 16.2 50.6 32.6
S. chinantlense 0.2 9.0 51.6 39.3
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Figure 5. Detection of phosphatidylserine expression in mouse bone marrow mononuclear cells CD-1, at 68 h of
stimulation with the ICso of Sechium spp. plant extracts. (A) Control, (B) Vehicle (PBS), (C) Ara-C (Cytarabine®)
(5 uM), (D) H-387-07, (E) S. edule var. nigrum spinosum, (F) S. compositum, and (G) S. chinantlense.

Table 3. Percentage of cells positive for Annexin V-conjugated FITC labeling bound to PS per quadrant in mouse
bone marrow mononuclear cells CD-1 for each treatment. Q1 represents necrosis; Q2 cells are in late apoptosis;

Q3 represent normal cells; and Q4 represent cells in early apoptosis.

Cells per quadrant (%)

Treatment Q1 Q2 Q3 Q4
Control 0.1 25.1 24.2 50.7
Vehicle (PBS) 0.1 21.9 37.0 41.1
Ara-C (Cytarabine®) 0.4 24.7 15.1 59.8
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H-387-07 0.0 20.8 35.2 43.9

S. edule var. nigrum 3.2 77.7 11.4 8.3
spinosum

S. compositum 0.1 19.2 35.7 45.0

S. chinantlense 0.0 17.6 30.2 52.2

3.2. Oligonucleosomal DNA Fragmentation Analysis

The induction of DNA fragmentation is considered the technique par excellence for detecting
apoptosis [27], given that the apoptotic process is reversible as long as it does not reach the point of
DNA fragmentation, which is a point of no return for the cell and therefore definitive evidence of
apoptotic death [28]. The application of the plant extracts to J774 and P388 cells induced DNA
fragmentation, due to the expression of a "ladder" pattern [29]. This indicates that, under the
conditions of the present study, the extracts lead the cells to a point of irreversible damage (see
Figures 6 and 7), and consequently to a complete apoptosis process. The "ladder" pattern was formed
by oligonucleosomal fragments of multiples between 180 and 200 base pairs (bp), which is a
prominent biochemical marker of apoptotic cells [30] (see Figure 6 and 7).

A B C D

S00 —— e

250 —

Figure 5. Detection of DNA fragmentation in J774 cells, at 68 h of stimulation with the ICso of Sechium spp. plant
extracts. (A) Control, (B) Vehicle (PBS), (C) Ara-C (Cytarabine®) (5 uM), (D) H-387-07, (E) S. edule var. nigrum
spinosum, (F) S. compositum, and (G) S. chinantlense.

After observing that the extracts induced PS translocation in normal cells, it was essential to
evaluate whether the extracts led to DNA fragmentation in normal bone marrow cells. What was
observed was that the plant extracts did not affect the genetic material of normal mouse bone marrow
cells, as none of the concentrations of the plant extracts used induced DNA fragmentation, except for
the commercial anticancer agent Ara-c® (see Figure 8).
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Figure 6. Detection of DNA fragmentation in P388 cells, at 68 h of stimulation with the ICso of Sechium spp. plant
extracts. (A) Control, (B) Vehicle (PBS), (C) Ara-C (Cytarabine®) (5 uM), (D) H-387-07, (E) S. edule var. nigrum

spinosum, (F) S. compositum, and (G) S. chinantlense.
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Figure 7. Detection of DNA fragmentation in mouse bone marrow mononuclear cells CD-1 cells, at 68 h of
stimulation with the ICso of Sechium spp. plant extracts. (A) Control, (B) Vehicle (PBS), (C) Ara-C (Cytarabine®)
(5 uM), (D) H-387-07, (E) S. edule var. nigrum spinosum, (F) S. compositum, and (G) S. chinantlense.

3.3. Antagonistic Effect Analysis

As shown in Table 4, binding energies showed significant differences between groups (Kruskal-
Wallis, H = 23.47, p < 0.001; £2 = 0.795), demonstrating a robust effect depending on the ligand and
affinity. Post hoc tests (Mann-Whitney with Bonferroni correction) showed that the ligands gallic acid
and cucurbitacin B presented significantly higher affinity than quercetin (p < 0.001), but not between
them, which means a better binding profile against the orthosteric site of CCR2.
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Ligand Average (kcal/mol) Standard deviation n
Gallic acid -9.49 0.001 10
Cucurbitacin B -9.53 0.016 10
Quercetin -7.89 0.001 10

Comparison of contact residues revealed key differences between the binding pattern of the
native ligand (F7N) and the selected ligands. The native ligand interacts with a broad set of amino
acids, which according to includes amino acids directly involved in the physiological binding site
[31], such as Glu291, His121, Tyr120, Trp98, and Cys190 (see Figure 8A). In comparison, gallic acid
showed a higher number of matches with the control (see Figure 8B), including Glu291, Trp98,
GIn288, Ser101, Alal02, Tyr120, His121, Cys190, Gly191, Pro192, and Met295, suggesting a possible
competition with the physiological binding site of CCL2.

B ™R
n

58
/-\m\
g% %
¢
3
o
2
3

Figure 8. In silico analysis of (A) F7N, (B) gallic acid, (C) quercetin, and (D) cucurbitacin B towards the CCR2

receptor.

Quercetin was second with 13 shared residues: Trp98, Cys190, Glu291, Tyr120, Thr117, Ser101,
Ala102, and Pro192 (see Figure 9C), showing partial binding to the site of interest within the receptor,
less stable according to the affinity data in Table 4. Similarly, cucurbitacin B exhibited the lowest
number of interactions compared to the control, with 7 matches. Notably, there was no binding of
interest with Glu291 or His121, indicating a distance from the site, which may suggest a role as an
allosteric modulator (see Figure D). Finally, a comparison of structural similarities between the
natural and native ligands was performed using a hierarchical cluster analysis using the Unweighted
Pair Group Method with Arithmetic Mean (UPGMA) [32], for which a presence (1) and absence (0)
matrix of amino acids was constructed, grouping the ligands according to their coincidence with the
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control, to which the value of 1 was assigned to all residues. In this way, the degree of overlap with
the physiological binding site of the CCR2 receptor could be determined. The dendrogram showed a
wide separation between quercetin and the compounds gallic acid and cucurbitacin B, which showed
greater closeness to the control, thus demonstrating the natural closeness of gallic acid with the
binding mode of the native ligand, followed by cucurbitacin B and finally quercetin (see Figure 9E).

Shared Aminoacid Cluster Analysis
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Figure 9. Shared amino acid cluster analysis between F7N, gallic acid, quercetin, and cucurbitacin B.

4. Discussion

Leukemia remains a significant public health concern, accounting for approximately 3.5% of all
new cancer cases and 4% of cancer-related deaths globally. Traditional medicine has historically
posed a pivotal role in the treatment and prevention of various diseases, including leukemia. The
advantages of traditional medicine in leukemia treatment include its potential to induce apoptosis in
cancer cells, inhibit angiogenesis, modulate immune responses, and target multiple cellular pathways
involved in leukemia progression. Sechium spp. is a genus of flowering plants belonging to the
Cucurbitaceae family. Among species from the genus Sechium, S. edule var. nigrum spinosum, S.
compositum, and S. chinantlense are known for their potential therapeutic properties, and climbing
vines, lobed leaves, and green- or dark-colored spiny fruits. Plant hybrids are the result of
crossbreeding between two different plant varieties or species, and it is a convenient approach for
obtaining species with suitable yield, disease resistance, environmental adaptability, and biological
performance. Here, the hybrid H-387-07 was evaluated for its activity towards leukemia and obtained
from the hybridization between S. edule var. amarus sylvestris and S. edule var. virens levis by the
GISeM.

Cytotoxicity alludes to the capability of organic and inorganic substances to induce cell damage
or death. Extracts from natural sources can exert cytotoxicity among cancer cell lines due to their
capacity to interfere with the generation of reactive oxygen species (ROS), modulate cell cycle
progression, promote the disruption of cellular membranes, interfere with metabolic pathways, and
upregulate apoptotic signaling cascades [33]. Here, it was noted that treatment with extracts from
S. edule var. nigrum spinosum, S. compositum, S. chinantlense, and the hybrid H-387-07 reduced the
viability of the J774 and P388 cell lines after 68 h of exposure to treatment. Phytochemically, previous
reports have demonstrated that the biological activities of extracts from S. edule var. nigrum spinosum,
S. compositum, S. chinantlense, and the hybrid H-387-07 are associated with their flavonoid, phenolic
acid, and cucurbitacin content.
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In cancer treatment, it has been noted that phenolic acids such as gallic acid can lead cancer cells
to death (e.g., HeLa) by modulating the levels of P53/Bax in combination with chemotherapy agents
such as doxorubicin [34]. In the same regard, it has been documented that phenolic acids such as
caffeic acid can sensitize mutated breast cancer cells to radiation while exerting mitochondrial
membrane depolarization (AWm) capacity [35]. Against leukemia-based models, treatment with
caffeic acid has been also determined to enhance the activity of imatinib, a targeted therapy agent
indicated for CML, in K562 cells while exerting cytotoxicity through the upregulation of the
expression of cell cycle repressor genes (CDKN1A and CHES1I), and the induction of apoptosis [36].
The anti-leukemia capability of cucurbitacins has been also unveiled over the last years. For instance,
recent studies have reported that cucurbitacin D can hamper cell cycle progression, decrease the
expression of oncogenes such as ZNF217, and contribute to the apoptosis of chronic B-cell
lymphocytic leukemia (MEC1, PGA1), monocytic lymphoma (U937), acute T-cell lymphoblastic
leukemia (Jurkat), and AML (OCI-AMLS3) cell lines [37].

Apoptosis is a form of programmed cell death that is required in maintaining cellular
homeostasis, development, and tissue remodeling [38]. Molecularly, apoptosis is characterized by
specific morphological and biochemical changes, including cell shrinkage, membrane blebbing,
chromatin condensation, and DNA fragmentation [39]. The factors that regulate apoptosis include
intrinsic and extrinsic pathways together with cellular stress, growth factors and cytokines, and
genetic factors [40]. In leukemia, the regulation of apoptosis exhibits a series of aberrations regarding
the upregulation of anti-apoptotic proteins, downregulation of pro-apoptotic proteins, and altered
signaling pathways (e.g., PI3K/Akt, NF-kB, and MAPK) involved in membrane permeabilization,
apoptosome formation, and activation of downstream effects such as caspases. Here, it was noted
that treatment with S. edule var. nigrum spinosum, S. compositum, S. chinantlense, and the hybrid H-387-
07 occurred in the late and early apoptosis of J774 cells being the extract from S. edule var. nigrum
spinosum the treatment with the highest effect in late apoptosis (95.5%), followed by S. chinantlense
(23.9%), S. compositum (21.0%), and the hybrid H-387-07 (17.5%), respectively.

Similar results were obtained towards the P388 cell line, where it was observed that the extract
from S. edule var. nigrum spinosum exerted the highest effect in late apoptosis (82.8%), but followed
by S. compositum (16.2%), S. chinantlense (9.0%), and the hybrid H-387-07 (12.8%), respectively. Still, it
was also recorded that treatment with extracts exhibited higher capacity to induce early apoptosis in
P388 cells. This was the case of treatment with S. compositum (32.6%), S. chinantlense (39.3%), and the
hybrid H-387-07 (23.0%). Early apoptosis is the initial reversible phase of programmed cell death,
characterized by eliciting intrinsic and extrinsic pathways to lead cells to death and the translocation
of PS. Contrary, late apoptosis is the advanced stage of the apoptotic process where irreversible
cellular changes such as DNA fragmentation leads to cell death. According to the data enlisted in
Table 2 and 3, extracts from Sechium spp. can induce the late or early apoptosis of ]774 and P388 cells,
which can be related to their phytochemical content [41]. For example, flavonoids such as kaempferol
have been documented to induce the early apoptosis of K562 by promoting the translocation of PS
upon exposure to 100 uM. In another study, it has been revealed that flavonoids such as quercetin in
combination with targeted therapy agents such as venetoclax, can also cause late apoptosis of the KG-
1 cell line by inducing poly (ADP-ribose) polymerase cleavage, and cell cycle arrest, together with
Bax and Bcl-2 expression [42].

DNA fragmentation refers to the process by which DNA molecules are broken into smaller
pieces. This can occur because of normal cellular processes such as apoptosis, as well as from external
factors like radiation or chemical exposure [43]. Among cell lines derived from leukemia models, it
has been noted that natural products can induce DNA fragmentation by increasing the generation of
ROS, which can cause base modifications and cross-linking with DNA strands [44]. In the same
context, it has been mentioned that extracts can inhibit the activity of topoisomerases or DNA
polymerases, prevent proper repair, replication, or transcription, and lead to the accumulation of
DNA breaks and fragmentation [45]. Here, it was observed that exposure to treatment after 68 h
occurred in the DNA fragmentation of ]744 and P388 cells, as well as mouse bone marrow
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mononuclear cells. Despite the molecular and cellular variabilities between the cultured cell lines, it
was observed in the agarose gels a laddering pattern, which is characteristic of apoptotic events,
where activation of caspases leads to the cleavage of nuclear proteins and DNA fragmentation. As
mentioned in previous paragraphs, the capacity of extracts from S. edule var. nigrum spinosum, S.
compositum, S. chinantlense, and the hybrid H-387-07 to cause DNA fragmentation can be associated
with their phytochemical content. For instance, it has been noted that cucurbitacin B can decrease the
viability of K562 cells by inducing DNA expression, an effect associated with the increased expression
of nuclear H2AX foci, increased intracellular calcium ion concentration, AYm, and G2/M phase arrest
[46]. Similar effects have been reviewed for flavonoids such as quercetin which can induce DNA
fragmentation of leukemia cell lines by increasing the ROS levels, while reducing glutathione levels
and AWm [47].

In silico methods involve computational-based approaches to simulate biological processes and
predict the interactions between molecules and receptors involved in pathophysiological
phenomena. Representative techniques for evaluating this encompass molecular docking, virtual
screening, quantitative structure-activity relationship (QSAR) modeling, and molecular dynamics
simulations [48]. When evaluating extracts from natural sources, the importance of in silico analysis
relies on its capacity to rapidly screen large libraries of compounds for bioactivity against specific
cancer targets, and to determine the possibility of utilizing them in future studies involving other in
vitro, in vivo, and ex vivo models by initially predicting their binding affinities to target proteins [49].
Here, the interaction between three main constituents of extracts from Sechium spp. were analyzed
for their affinity to CCR2, a chemokine type receptor involved in chronic inflammation,
tumorigenesis, and poor prognosis among leukemia patients. It was observed that gallic acid (-9.49
kcal/mol), cucurbitacin B (-9.53 kcal/mol), and quercetin (-7.89 kcal/mol) exerted affinity towards the
orthosteric site of CCR2. Contrary to cucurbitacin B, and quercetin, it was found that gallic acid
exerted the highest number of interactions, especially at Glu291, Trp98, GIn288, Ser101, Ala102,
Tyr120, His121, Cys190, Gly191, Pro192, and Met295 residues. Still, cucurbitacin B also exerted higher
affinity than quercetin, but lower shared interactions (7 matches). Considering their natural closeness
with the binding mode of the native ligand F7N, a UPGMA analysis was performed to categorize the
ligands by means of their coincidence with F7N. Thereby, it was recorded that gallic acid exhibited
higher closeness with the binding mode of the native ligand, followed by cucurbitacin B, and
quercetin.

5. Conclusions

This study reported the capacity of extracts from Sechium spp. decrease the viability of leukemia
cell lines by inducing apoptosis and DNA fragmentation. It was noted that the identification of
Sechium spp. extracts induce DNA fragmentation in leukemic cells but not in normal cells, indicating
that they exhibit selectivity toward tumor cells, unlike the clinically used anticancer drug Ara-C. This
is relevant because drugs used to combat cancer specifically target cellular damage, which is not
selective for tumor cells. This affects all cells in the body, resulting in adverse toxic effects for the
patient. Hence, the importance of having agents that induce apoptosis requires very small doses and
exhibit selectivity, as is the case with the Sechium spp. extracts used in the present study. Regarding
the evaluation performed in silico, it can be concluded that interrupting the binding of the native
CCL2 ligand to CCR2 through the interaction of natural compounds could favor the modulation of
the chronic inflammatory response by inhibiting the NF-«B and JAK/STAT pathways, which are
associated with the expression of proinflammatory and antiapoptotic cytokines and cell proliferation,
especially in tumor contexts. Thus, negative modulation by the selected compounds could also
improve apoptotic processes. Further studies are required to validate in vitro and in vivo the
capability of extracts from Sechium spp. to modulate cell signaling pathways involved in leukemia
initiation and progression.
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