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Spondias species are a relevant source of natural-bioactive compounds in Brazilian folk medicine, and its bio-
logical potential has not been explored. Thus, this study aimed to determine the metabolomic fingerprint of
Spondias mombin and Spondias tuberosa leaves based on the use of reversed-phase liquid chromatography coupled
to a high-resolution mass spectrometer (UPLC-HRMS). The analysis by UPLC-HRMS allowed the annotation of 31
metabolites. The multivariate analysis allowed us to identify the biomarkers responsible for the distinction be-
tween species. Also, we correlate the biomarkers of S. mombin and S. tuberosa as supposed responsible for the

difference in the degree of cytotoxicity between them. The in silico evaluation was performed to give more
consistency to the correlation between biomarkers and cytotoxicity, which were compared to commercial drugs.
Therefore, this study showed that S. mombin has the potential to become an input for the pharmaceutical industry
as a source of raw material that can positively impact the sectors of agricultural production.

1. Introduction

Among the species of the genus Spondias, we can highlight the
commercial importance of Spondias mombin L. (Anacardiaceae family)
and Spondias tuberosa Arr. Cam. (Anacardiaceae family). Its fruits are
marketed in natura or processed in the form of pulps, juices and other
food products. In addition to commercial use, there is also considerable
literature on use of species of this genus as medicinal plants, being used
for the treatment of infectious disorders and also as abortive (Agra et al.,
2007; Hajdu and Hohmann, 2012; Pereira et al., 2015).
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In traditional medicine, in several regions of the world, leaves, barks,
and stems of Spondias mombin (popularly known as yellow mombin) are
used for the treatment of infectious disorders, mainly diarrhea, and
dysentery. In the in vitro studies, the aqueous and ethanolic extracts of
S. mombin leaves inhibited bacterial growth, is this the first report of the
validation of the popular use of this species as an antibacterial agent
(Ajao et al., 1985). Since then, several properties have been attributed to
extracts from S. mombin.

Studies reveal that the hydroalcoholic extract of S. mombin inhibits
the replication of Herpes simplex and coxsakie B viruses, responsible for
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painful mouth ulcers. The active compounds against these viruses were
identified as geraniin, galoylgeraniine, and two esters of caffeine
(Corthout et al., 1991). Besides, recent studies reported in the literature
have indicated that the hydroethanolic extract from S. mombin exhibits
antioxidant and anti-inflammatory activities, in addition, these extracts
have anxiolytic and antidepressant actions (Cabral et al., 2016; Gomes
et al., 2020; Sampaio et al., 2018).

Spondias tuberosa (popularly known as umbu), the ethno-
pharmacological study identified its uses for the treatment of some pa-
thologies, among them diabetes, inflammations, uterine cramps, and
stomach pains (Neto et al., 2010). The fruits of the S. tuberosa present
pronounced antioxidant activity and free radical sequestration, which
can be attributed to the presence of phenolic compounds and vitamin C,
also, there are reports of the presence of flavonoids, anthocyanins, and
carotenoids. Other compounds well known for their therapeutic prop-
erties have also been detected S. tuberosa, such as gallic acid, chloro-
genic acid, protocatechuic acid, p-coumaric acid, vanillyl acid, and
ferulic acid (Dias et al., 2019; Gomes et al., 2013; Zeraik et al., 2016). In
the literature, there are also reports that the hexane extract from
S. tuberosa showed a potent cytotoxic activity, showing inhibition of cell
growth (Guedes et al., 2020).

Scientific studies have supported most of the medicinal uses that
people in various parts of the world make of plants of the genus Spondias.
Besides, pharmacological properties not reported by the population
were also observed in experimental models. The leaves extract from
S. tuberosa and S. mombin showed antiviral activity against the dengue
virus type 2. This fact was associated with the presence of ellagic acid,
flavonoids, quercetin, and rutin in the extracts (Silva et al., 2011).

Many of the pharmacological properties of the genus Spondias are
attributed to the phenolic compounds (tannins and flavonoids), mostly
present in leaves. However, other secondary metabolites may also
contribute to these activities, since vitamin C, saponins, alkaloids, ter-
penes, and carotenoids have been identified in these species (Bataglion
et al., 2015; Pereira et al., 2015; Zeraik et al., 2016). The evidence of
these compounds associated with the popular knowledge of
anti-inflammatory and healing effects of this species becomes promising
for investigation and discovery of new drugs.

Also, because many activities have been studied and proven, and
research has shown low toxicity in experimental models in vivo
(Tomas-Barberan and Clifford, 2000), it is justified the continuity of
other research on species of this genus. Besides, the literature lacks
further information on the chemical profile of these species, associated
with cytotoxicity activity of the pulp, leaves, and bark of the species.
Thus, the metabolomic approach combined with ultra-performance
liquid chromatography-quadrupole time-of-flight mass spectrometry
(UPLC-QTOF-MSF) is a powerful tool for analyzing the profile of me-
tabolites present in S. mombin (yellow mombin) and S. tuberosa leaves
(umbu) (Gonzalez-Riano et al., 2020; Liu et al., 2019; Pezzatti et al.,
2020).

In this sense, the present work proposes to perform the metabolomic
study of S. mombin and S. tuberosa leaves, using reversed-phase liquid
chromatography coupled to a high-resolution mass spectrometer (UPLC-
HRMS), together with chemometric analyzes and in vitro cytotoxic as-
says different cancer cell lines. Also, comparisons, using molecular or-
bitals calculations, from the major components of S. mombin and
commercially available drugs, active against leukemia and other cancer
cell lines, have detailed out the chemical similarities between those
compounds. In this way, it will be possible to trace the metabolic
fingerprint of the S. mombin and S. tuberosa leaves, as well as to correlate
them with the cytotoxic activity.

2. Materials and methods
2.1. Samples, reagents and chemicals

Samples of S. mombin and S. tuberosa leaves were collected at the
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Germoplasm Active Bank of Empresa Paraibana de Pesquisa, Extensao
Rural e Regularizacao Fundidria - EMPAER, in the city of Joao Pessoa, in
the state of Paraiba, Brazil, and at the Umbuzeiro Germplasm Bank -
UGB, Caatinga Experimental Field, at Embrapa Semiarido, in Petrolina,
PE, Brazil, respectively.

Sample collection was carried out so that the respective species
(S. mombim and S. tuberosa) were studied in sample pool systems, this
study a mixture of leaves from twenty accessions collected by species
was performed (N = 20).

The samples were subjected to the liquid nitrogen quenching pro-
cess, later they were submitted dried in a circulating air oven for three
days at 40 °C. Subsequently, the dry plant material was ground and
packed in transparent plastic bags, properly identified and protected
from moisture and light.

After drying the plant material (S. mombin and S. tuberosa) the twenty
accessions collected to each specie were mixed and homogenized,
forming a pool of samples, this final mixture was subdivided into five
sub-samples that were analyzed separately to test the reproducibility
and repeatability parameters of the analytical method. This large pool of
individuals was determined so that there was a comprehensive profile of
metabolites representative of the genetic variability present in the active
germplasm bank.

Water was purified using a Milli-Q Integral Water Purification Sys-
tem (Millipore, Bedford, MA, USA). Ethanol (96%) and hexane (95%)
are purchased from Tedia (Rio de Janeiro, RJ, Brazil), and the aceto-
nitrile (LC-MS grade) was supplied by Tedia (Fairfield, Ohio, EUA).
Formic acid (purity ~ 98%), Dimethyl sulfoxide (DMSO) and 3-(4,5-
dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (Life Science).

The tumor cells used, PC3 (prostate), HL60 (leukemia), SNB-19
(astrocytoma), MCF-7 (breast), BI6F10 (melanoma) and L929 (non-
tumor) were donated by the National Cancer Institute, NCI-USA,
cultured in RPMI 1640 medium, supplemented with 10% fetal bovine
serum and 1% antibiotics, kept in an oven at 37 °C and atmosphere
containing 5% COs.

2.2. Extraction methodology for UPLC analysis

The extracts were obtained by liquid-liquid partition using ultra-
sound. Initially, a 50 mg amount of the dried plant leaf samples was
weighed into a test tube. Subsequently, 4 mL of 95% hexane was added
and the mixture was vortexed for 1 min. The extraction of the non-polar
compounds was performed in an ultrasonic bath for 20 min with fixed
power of 135 W. Then, 4 mL of hydroethanolic solution (7:3) was added.
The mixture was vortexed for 1 min and sonicated for 20 min. There-
after, the test tubes were centrifuged to decant the undissolved plant
material at 3000 rpm for 10 min. At the end of the procedure, a 1 mL
aliquot of the lower polar phase (hydroethanolic) was removed, and this
aliquot was filtered on a 0.22 pm PTFE filter. The filtered aliquot was
collected in vials and sent for analysis in UPLC-QTOF-MSE (Chagas--
Paula et al., 2015; Guedes et al., 2020, 2018; Nehme et al., 2008). The
extraction procedure was done in quintuplet for the two species and the
extraction blank in triplicate, N = 13 extractions.

2.3. Extraction methodology for the analysis of cytotoxicity activity

Extraction for biological analysis occurred similarly to the procedure
for UPLC-QTOF-MSE analysis, as described in section 2.2. However, at
the end of the procedure, instead of withdrawing a 1 mL aliquot of the
hydroethanolic phase, 3 mL was withdrawn, to obtain a sufficient mass
of at least 10 mg for cytotoxic testing. The extracts were dried in a rotary
evaporator and lyophilized.

2.3.1. Methodology for evaluation of cytotoxic potential in vitro
For the analyzes of the cytotoxic potential, all the extracts were
evaluated in vitro using the MTT assay against cancer cell lines: PC3
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(prostate), HL60 (leukemia), SNB-19 (astrocytoma), MCF-7 (breast) and
B16F10 (melanoma). The selectivity of the compounds toward a normal
proliferating cell line was investigated using the cell line L.929 (non-
tumor) after 72 h of drug exposure. All cancer cell lines were maintained
in RPMI 1640 medium. The L929 cell was cultivated under standard
conditions in DMEM with Earle’s salts. All culture media were supple-
mented with 10% fetal bovine serum, 2 mmol L! glutamine, 100 IU mL*
penicillin, 100 mg mL™ streptomycin at 37 °C with 5% CO,. In cyto-
toxicity experiments, cells were plated in 96-well plates (0.1 x 106 cells/
well for PC3, SNB-19, B16F10, MCF-7 and 1929 cells, HL60 cells 0.3 x
106 cells/well). All tested compounds were dissolved with DMSO. The
final concentration of DMSO in the culture medium was kept constant
(0.1%, v/v).

The cell viability was determined through the reduction of the yellow
dye MTT to a blue formazan product, as described by Mosmann (1983).
At the end of the incubation time (72 h), the plates were centrifuged and
the medium was replaced with fresh medium (200 mL) containing 0.5
mg mL ! MTT. Three hours later, the MTT formazan product was dis-
solved in DMSO (150 pL) and the absorbance was measured using a
multiplate reader (DTX 880 Multimode Detector, Beckman Coulter, Inc.
Fullerton, California, EUA). The extract effect was quantified as the
percentage of the control absorbance of the reduced dye at 595 nm. The
results were analyzed according to the mean + standard deviation of the
mean of the percentage of growth inhibition (GI, %) of the cell. Each
sample was tested in triplicate in two independent experiments. Values
were computed using GraphPad Prism® 5.0 program.

2.4. Metabolomics analysis - Reversed-phase UPLC-QT OF-MSE
conditions

The analyzes were performed in an Acquity UPLC (Waters, Milford,
MA, USA) chromatographic system, coupled to a quadrupole/time of
flight (QTOF, Waters, Milford, MA, USA). Chromatographic runs were
performed on a Waters Acquity UPLC BEH (150 mm x 2.1 mm, 1.7 pm),
fixed temperature 40 °C. The binary gradient elution system consisted of
0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B).
The UPLC elution conditions were optimized as follows: linear gradient
from 2 to 95% B (0-15 min), 100% B (15-17 min), 2% B (17.01), 2%
(17.02-19.01 min), a flow of 0.4 mL min’l, and a sample injection vol-
ume of 3 pL.

The chemical profile of samples was performed by coupling the
Waters ACQUITY UPLC system to the QTOF mass spectrometer (Waters,
Milford, MA, USA) with the electrospray ionization interface in negative
ionization mode (ESI-). The ESI- mode was acquired in the range of 110-
1180 Da in MS and in the range of 50-1180 Da in MS?, fixed source
temperature at 120 °C, desolvation temperature 350 °C, desolvation gas
flow of 500 L h™', extraction cone of 0.5 V, the capillary voltage of 2.6
kV. Leucine enkephalin was used as a lock mass. The spectrometer
operated with MSE centroid programming using a tension ramp from 20
to 40 V. The instrument was controlled by Masslynx 4.1 software (Wa-
ters Corporation).

2.5. Metabolite annotation

The data generated by the UPLC-QTOF-MSF analyzes were processed
using MassLynx software version 4.1. The comparison of all the peaks in
the mass chromatogram was made based on a tolerance of +£0.05 min for
the retention time and +0.05 Da for the exact mass. All possible mo-
lecular formulas were deduced (elements C, H, O, and tolerance of 10
ppm) using the Elemental Composition tool from MassLynx.

It is important to note that the metabolic fingerprint of the species
was established through the MSE spectra, by the dereplication of the 31
compounds that were annotated according to data from the literature
based on chemotaxonomy.
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2.6. Data processing and statistical analysis

To discriminate the chemical profiles obtained through the UPLC-
QTOF-MSE of the different species, all data were processed by the
MarkerLynx statistical software. Subsequently, the multivariate analysis
was performed, where the PCA (principal components analysis) and the
OPLS-DA (orthogonal partial least squares discriminant analysis) were
performed. The multivariate analysis was performed under the
following conditions: retention time 0.80 to 17.00 min, a mass range of
110 to 1180 Da, tolerance of masses 0.05 Da, and elimination of noise at
the level of 5.

For the analysis of the data, a list of peak intensities detected using
the retention time pair (tg) and mass data (m/z) was used as the iden-
tifier of each peak. An arbitrary identification was assigned to each of
these tg-m/z pairs based on their elution order. The ion intensities for
each detected peak were normalized against the sum of the peak in-
tensities within that sample using MarkerLynx. The compounds were
considered the same when they matched their tg and m/z values (Sousa
et al., 2017).

The data set was mean-centered, and the Pareto scale method was
used to generate the PCA. The data composing the peak number (tg-m/z
pair), sample name, and ion intensity were analyzed by principal
component analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA) using the MarkerLynx software. The
mean-centered calculates the average spectrum of the data set and
subtracts the average of each spectrum, aiming to focus the floating part
of the data instead of the original value. The Pareto scale measures each
variable by the square root of its standard deviation, amplifying the
contribution of metabolites of lower concentration (Ni et al., 2008; van
den Berg et al., 2006).

2.7. Theoretical calculations

The structures chlorogenic acid, geraniin, myricetin-3-O-rhamno-
side, and the commercial substances used for comparison purposes
paclitaxel and doxorubicin were downloaded from PubChem (Kim et al.,
2016) database with the respectively PubChem CID: 1794427, 3001497,
56843093, 36314 and 31703. The structures were optimized from mo-
lecular mechanics UFF (Rappe et al., 1992) force field to ab initio
DFT/wB97X-D/6-311++G(d,p) including dispersion corrections (Chai
and Head-Gordon, 2008). All ab initio calculation was performed in a
solution using C-PCM (Barone and Cossi, 1998; Cossi et al., 1996;
Tomasi et al., 2005) implicit model for each interaction. Optimizations
were followed by harmonic frequency calculations to obtain vibrational,
rotational, and translational contributions to the free energy. For opti-
mized structures, single-point energy calculations were performed using
DFT/wB97X-D/6-3114++G(d,p) basis set also in solution via C-PCM to
evaluate the charge of the system using the geodesic (Spackman)
(Spackman, 1996) approach. All ab initio calculations were performed
using GAMESS version 1 May 2013 (R1) program system (Schmidt et al.,
1993). The visualization and analysis of the results were done using
MacMolplt program (Bode and Gordon, 1998). All final optimized
structures are present in the supplementary material.

3. Results and discussion

3.1. Analysis of the metabolic fingerprint of S. mombin and S. tuberosa
leaves

The ultra-performance liquid chromatography coupled to the mass
spectrometer with electrospray ionization source and quadrupole/time-
of-flight analyzers (UPLC-QTOF-MSE) was of great relevance for
obtaining the chemical profiles of the hydroethanolic extracts from
S. mombin and S. tuberosa. In view, the power to analyze small amounts
of sample and at low levels of concentration, in rapid analyzes with
obtaining high resolution spectra. Thus, the combination of UPLC with
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mass spectrometry (UPLC-QTOF-MSE), was an essential factor in the
metabolite annotation.

The chemical profile of the S. mombin and S. tuberosa leaves was
established by analyzing the negative mode (ESI-) chromatograms, as
shown in Fig. 1, together with the chromatograms the mass spectra were
analyzed. Besides, it is important to note that the metabolite annotation
was based on studies that used samples of the same genus and species,
genus, or family of the samples studied. To facilitate further manipula-
tion of the data, the peaks displayed in the chromatograms were
consecutively numbered according to the elution order (Table 1). In
Table 1, it is possible to observe 43 compounds detected, with 31 me-
tabolites annotated in the samples. Also associated with metabolites are
their deprotonated ions [M-H]- and their ions fragments, as well as the
error in parts per million (ppm) and its possible molecular formula. In
the Supplementary Material it is possible to find a more detailed
description of the metabolites annotation in the extracts from the leaves
of S. mombin and S. tuberosa.

In general, the metabolic profiles of the S. mombin and S. tuberosa
sample sets are quite similar, with metabolites of different chemical
classes being noted, such as: phenolic acids, flavonoids, tannins, galo-
tanins, elargitanines and some anacardic acids. However, it is also
possible to observe some differences, in which they can be better evi-
denced and visualized with the multivariate analysis to be presented
below.

3.2. Multivariate analysis

3.2.1. Principal Component Analysis (PCA)

The PCA was initially used to reduce the high-dimensional data set in
a two-dimensional or three-dimensional score chart without losing
important information. The scores and loadings graphs resulting from
the PCA were used to investigate the relationship of the identified
compounds with the analyzed samples, in order to verify possible

UPLC-QT oF_2886
1004 0%
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groupings (Ni et al., 2008).

In the identification of compounds present in the leaves of S. mombin
and S. tuberosa, it was possible to verify that the analyzed samples
present differences regarding their metabolic composition. To support
this observation, PCA was used. Thus, it was conceived by the pre-
processed data, this technique allows the visualization of the data
generated by the metabolic study of the S. mombin and S. tuberosa spe-
cies, based on the similarities and differences inherent in the samples.
Thus, those samples that have similar metabolic composition tend to
cluster.

From the 3D PCA graph (Fig. 2) it is possible to verify that there is an
indication of systematic trends among S. mombin and S. tuberosa species
since it is possible to visualize the formation of two groups.

3.2.2. OPLS-DA and S-Plot analysis

The PCA made it possible to separate and distinguish the metab-
olomic fingerprint of the S. mombin and S. tuberosa species in two distinct
groups. Thus, to determine the responsible variables, chemical markers,
separation and consequent differentiation of groups of samples, the
OPLS-DA associated with the S-Plot dispersion charts are used in the
data set.

In this context, the OPLS-DA model was applied to the data from the
UPLC-QTOF-MSE to compare the groups of samples. The tz-m/z values
served as the basis for identifying or attempting to identify the potential
biomarkers responsible for the classification and separation of the
samples.

By analyzing the OPLS-DA score graph (Fig. 3 (a)) between the
samples of the S. mombin and S. tuberosa leaves, it is possible to verify the
clear separation of the two groups of samples. To evaluate the accuracy
and reliability of the OPLS-DA model, two parameters were used: the
variable R2Y, called explained variation and the variable Q2, called
predicted variation. In summary, R2Y provides a measure of model fit
for the original data, while Q2 provides an internal measure of
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Fig. 1. Chromatogram obtained in the UPLC-QTOF-MS” system in negative mode (ESI-) of the hydroethanolic extracts of the leaves from the: (a) S. mombin and

(b) S. tuberosa.
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Table 1
Metabolite annotation in samples of Spondias mombin (yellow mombin) and Spondias tuberosa (umbu).
Peak tg [M-H]- [M-H]- Fragments of ions (MS/ Molecular Error Metabolite annotation S. mombin  S. tuberosa  References
(min) observed calculated MS) formula (ppm)
1 0.89 341.1084 341.1084 89.0253; 179.0508 C12H25011 0.0 sucrose + + (Farag et al., 2014)
2 0.96 189.0026 189.0035 - CeHgO7 —4.8 not identified + + -
3 2.20 315.0726 315.0716 108.0205; 109.0261; C13H1609 0.3 dihydroxybenzoic acid  + + (Engels et al., 2012)
153.0205 hexoside
4 2.98 353.0883 353.0873 191.0536; 179.0346; C16H1809 -2.0 chlorogenic acid + (Engels et al., 2012)
127.0387; 93.0352; (3-caffeoylquinic acid)
85.0258
5 3.09 369.0406 369.0399 - C22HgO6 1.9 not identified + -
6 3.28 951.0728 951.0740 169.0121; 300.9928; C41H25027 -1.3 geraniin + (Kumar et al., 2015)
933.0704
7 3.32 633.0721 633.0728 275.0136; 300.9921; Co7H25018 -1.1 corilagin + + (Kumar et al., 2015)
463.0549; 481.0700
8 3.37 635.0850 635.0884 125.0153; 169.0037; Ca7H24018 —-5.4 trigaloyl glucose + (Kumar et al., 2015)
313.0535; 465.0733
9 3.43 1109.0990  1109.0979 - Ca2H460s0 1.0 not identified + -
10 3.47 387.1656 387.1655 207.0122 C18H2509 0.3 tuberonic acid + (Kumar et al., 2015)
hexoside
11 3.54 457.0776 457.0771 169.0077; 305.0776 CooH158011 1.1 epigallocatechin-3-O- + (Dou et al., 2007)
gallate
12 3.60 169.0136 169.0137 125.0209 C7HeOs -0.6 gallic acid + (Engels et al., 2012)
13 3.70 625.1405 625.1405 301.0172; 463.0570 CoyH30017 0.0 quercetin-O- + + (Hanhineva et al.,
dihexoside 2008)
14 3.81 383.0614 383.0614 - C16H16011 0.0 not identified + -
15 3.85 953.0920 953.0896 935.0901; 633.0782; C41H30027 2.5 galloyl-bis-HHDP- + (Silva et al., 2016)
463.0527 glucose
16 3.99 787.0969 787.0994 169.0055; 465. 0557; C34H2502; -3.2 tetra-O-galloyl- + + (Dorta et al., 2014)
617.0544; 635.1483 glucoside
17 4.02 609.1454 609.1456 151.0046; 179.9985; Ca7H30016 -0.2 quercetin rhamnosyl + + (Engels et al., 2012)
257.0696; 271.0286; hexoside
300.0203; 301.0291
18 4.12 609.1465 609.1456 151.0047; 271.0229; Ca7H30016 1.5 quercetin-3-0- + (Engels et al., 2012)
300.0204; 301.0304; rutinoside (rutin)
343.0400
19 4.19 300.9972 300.9984 229.0009 C14HgOg —-4.0 ellagic acid + (Cabral et al., 2016;
Fracassetti et al.,
2013)
20 4.25 463.0880 463.0877 150.9999; 179.0036; C21H20012 0.6 myricetin-3-O- + + (Cunha et al., 2017)
271.0275 rhamnoside
21 4.28 463.0871 463.0877 272.0222; 301.0347 C21H20012 -1.3 quercetin-3-0- + + (Ersan et al., 2016)
galactoside
22 4.37 463.0891 463.0877 179.0049; 271.0242; C21H20012 3.0 quercetin-3-0- + + (Ersan et al., 2016)
300.9987 glucoside
23 4.41 981.1262 981.1268 - C36H35032 -0.6 not identified + -
24 4.45 609.1454 609.1456 193.0835; 271.0090; Co7H30016 -0.3 rhamnetin hexosyl + (Engels et al., 2012)
300.0305 pentoside
25 4.50 593.1509 593.1506 255.0142; 284.0307; Ca7H30015 0.5 kaempferol + (Engels et al., 2012)
285.0398 deoxyhexosyl
hexoside
26 4.52 433.0762 433.0771 255.0310; 271.0261; CooH18011 -2.1 quercetin-3-O-xyloside ~ + (Schieber et al.,
300.0264; 301.0125 2003)
27 4.58 433.0756 433.0771 255.0297; 271.0261; CooH18011 -3.5 quercetin-3-0- + (Schieber et al.,
300.0275; 301.0098 arabinopyranoside 2003)
28 4.66 433.0750 433.0771 255.0325; 271.0284; C20H15011 —4.8 quercetin-3-O- + (Schieber et al.,
300.0245; 300.9988 arabinofuranoside 2003)
29 4.68 593.1512 593.1506 255.0273; 284.0290; Ca7H30015 1.0 kaempferol-3-O- + (Engels et al., 2012)
285.0376 rutinoside
30 4.72 615.0988 615.0986 169.0203; 287.0917; CogH24016 0.3 myricitrin-O-gallate + (Abu-reidah et al.,
469.8464 2015)
31 4.74 451.1032 451.1029 - C24H2009 0.7 not identified + -
32 5.91 301.0350 301.0348 151.0022; 191.0171; Cy5Ho07 0.7 quercetin + + (Abu-reidah et al.,
271.0193 2015)
33 10.36  397.1324 397.1346 - C15H25012 -5.5 not identified + -
34 10.49  675.3683 675.3686 - C44Hs5106 —0.4 not identified + -
35 11.34  593.2791 593.2809 - CoyH4s014 -3.0 not identified + -
36 11.79  653.3777 653.3783 - C49Hs500 -0.9 not identified + -
37 12.06  577.2653 577.2649 - C30H41011 0.7 not identified + -
38 12.83  385.2385 385.2379 - Co4H3404 1.6 not identified + -
39 15.33 369.2430 369.2430 183.0168; 325.2550 Ca4H3403 0.0 (17:3)-anacardic acid + + (Ersan et al., 2016)
40 15.43  371.2586 371.2586 107.0494; 119.0497; C24H3603 0.0 (17:2)-anacardic acid + + (Ersan et al., 2016)
327.2541
41 15.85 319.2274 319.2273 275.2350 CooH3203 0.3 (13:0)-anacardic acid + (Ersan et al., 2016)
42 15.95  345.2439 345.2430 301.2579 Ca2H3403 2.6 (15:1)-anacardic acid + (Ersan et al., 2016)
43 16.98  373.2776 373.2743 106.0412; 329.2853 C24H3503 8,8 (17:1)-anacardic acid + (Ersan et al., 2016)
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Fig. 2. Principal Component Analysis (PCA) in 3D of the hydroethanolic ex-
tracts of the leaves from the S. mombin and S. tuberosa, analyzed by UPLC-
QTOF-MSE.

consistency between the original and predictive data of the cross-
validation. Models with parameters R2Y and Q2 close to 1 are consid-
ered excellent, although values above 0.5 are accepted when the com-
ponents of the samples present high complexity (Wold et al., 2001).
Thus, the OPLS-DA scores show the separation of the groups with
R2Y values = 0.99 and Q2 = 0.99. This result suggests that the model
explains 99% of the Y variations, with a predictive ability of 99%,
indicating that the model is well established and has an excellent pre-
diction. To identify the possible chemical markers, we used the impor-
tance of projection (VIP) and S-Plot, which were obtained from OPLS-DA
analyzes for all samples. VIP is a way of classifying the best range at
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which discriminatory metabolites are inserted and are considered sta-
tistically significant when the value is greater than 1.0 (Ni et al., 2008).
In this work, we used a VIP > 5 and p < 0.05.

In the S-Plot graph (Fig. 3 (b)), each point represents an ion (pair tg-
m/z). The X-axis represents the variable contribution, and the more the
point of the tg-m/z pair moves away from zero, the more it contributes to
the difference between the two groups. The Y-axis represents the vari-
able confidence, and the pair tg-m/z moves away from zero, the confi-
dence level for the difference between the two groups (Sousa et al.,
2017).

According to the S-Plot (Fig. 3 (b)), the ions in the lower-left corner,
represented by 4, 6, 7, 9, 15, and 20 (Table 1), were the ions that most
contributed to characterize the samples of S. mombin leaves. On the
other hand, in the upper right corner of the S-Plot graph (Fig. 3 (b)),
more characteristic ions of S. tuberosa leaves were identified as 5, 18,
and 25. Therefore, the set of ions represented by 4, 5, 6, 7, 9, 15, 18, 20
and 25, are the potential biomarkers responsible for characterizing and
discriminating the two groups of samples and consequently distinguish
the samples of leaves of S. mombin and S. tuberosa.

As previously mentioned, each point corresponds to a pair of tg-m/z,
and carrying are assigned to the identified compounds. Thus, the com-
pounds were tentatively identified as chlorogenic acid (4), not identified
(5), geraniin (6), corilagin (7), not identified (9), galloyl-bis-HHDP-
glucose (15), rutin (18), myricetin-3-O-rhamnoside (20) and kaemp-
ferol deoxyhexosyl hexoside (25).

3.2.2.1. Evaluation of the distribution of biomarkers in the leaves of
S. mombin and S. tuberosa. In Fig. 3 (c), we can observe the average
variation of the biomarkers distributed in the leaves of S. mombin con-
cerning the leaves of S. tuberosa and vice-versa. With this, we can see
what was predicted by the S-Plot and trend graphs, where we can
observe and determine the biomarkers associated with the samples of
S. mombin and S. tuberosa leaves.

Evaluating the mean distribution of the discriminant biomarkers of
the samples of the S. mombin, Fig. 3(c), it is possible to observe that the
compounds chlorogenic acid, geraniin, corilagin, not identified, galloyl-
bis-HHDP-glucose and myricetin-3-O-rhamnoside practically nonexis-
tent in the samples of leaves of S. tuberosa. Therefore, the compounds are
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e, o, 0,
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Fig. 3. Charts for the extracts of the leaves of S. mombin (yellow mombin) and S. tuberosa (umbu): (a) OPLS-DA; (b) S-Plot and (c) mean variation of the biomarkers of
the hydroethanolic extract of the leaves from the S. mombin about the S. tuberosa and S. tuberosa about the S. mombin.
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very characteristic of the S. mombin leaves.

In a similar way to that realized for the samples of leaves of S. mombin
to the leaves of S. tuberosa. Evaluating the mean distribution of
discriminant biomarkers of S. tuberosa leaves samples (Fig. 3(c)) it is
possible to infer that the compounds kaempferol deoxyhexosyl hexoside,
rutin, and an unidentified compound are much more widely distributed
in the samples of S. tuberosa leaves. The chemical marker rutin stands
out with the other markers, where we can observe that the same one is
presented of quite an intense form in the set of samples of leaves of
S. tuberosa.

To corroborate and confirm the inferences obtained through the
graphs shown in Fig. 3(b), we can observe the trend graphs of the po-
tential biomarkers of the leaves of S. mombin and S. tuberosa (Fig. 4). In
the trend graphs, we can evaluate the dispersion of the biomarkers in the
sample sets of S. mombin and S. tuberosa leaves.

In Fig. 4(a), presents the trend graphs of characteristic biomarkers of
the S. mombin leaves. With this, we can observe the variation of bio-
markers in the S. mombin and S. tuberosa leaves. Thus, as expected,
biomarkers occur at higher concentrations in the S. mombin leaves than
in the S. tuberosa leaves. Thus, reinforcing the conclusions obtained
utilizing the S-Plot graph and the chemical distribution of the markers,
where the compounds chlorogenic acid, geraniin, corilagin, not identi-
fied, galloyl-bis-HHDP-glucose and myricetin-3-O-rhamnoside, are the
compounds responsible for characterizing and discriminating the set of
S. mombin samples from S. tuberosa samples.

Analogously to what has been said previously for the samples of
S. mombin, in Fig. 4(b), shows the trend graphs of biomarkers charac-
teristic of S. tuberosa leaves. Where we can visualize the variation of the
biomarkers on the S. tuberosa and S. mombin leaves. Thus, it is observed
that the compounds kaempferol deoxyhexosyl hexoside, rutin, and
another unidentified compound are present in higher concentrations in
the S. tuberosa leaves samples than in the S. mombin leaves samples.

Variable Trends
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3.3. Evaluation of the cytotoxic activity of leaf extracts of S. mombin and
S. tuberosa

Through the cytotoxic tests, it was possible to compare the efficacy of
extracts of S. mombin and S. tuberosa leaves against the tumor and non-
tumor cell lines. The extracts of S. tuberosa showed low cytotoxicity
against the tumor lines tested. On the other hand, the extracts of
S. mombin presented percentage that varied of high (75-100%) to
moderate (51-74%) of cell growth inhibition, with values varying from
7,4 to 87,6%. The S. mombin extract presented a high percentage of
inhibition for the leukemic lineage (HL60) (87,6%) and moderate
cytotoxic activity for melanoma (B16F10) with the percentage of the
72,6%. The extracts of S. mombin and S. tuberosa were tested against the
non-tumoral lineage, where it can be verified that the percentage of
inhibition was less than 60%, therefore presenting low toxicity to the
non-tumor cells (Fig. 5). Thus, through the cytotoxicity tests, it is
possible to observe that the extracts of the leaves of S. mombin presented
better activity against the leukemic lineage and melanoma, also, it is still
observed that the extract presents low toxicity. These facts may be
associated with the biomarkers attributed to the leaves of S. mombin,
considering that they are the compounds responsible for the distinction
of the leaves of S. mombin and S. tuberosa leaves.

It is important to mention that the biomarkers determined for the
leaves of S. mombin, have important bioactive properties proven. The
chlorogenic acid is a known bioactive agent, acting in the prevention of
some disorders, including cardiovascular disorders, neurological dis-
eases, and cancer. This compound is also capable of improving glucose
tolerance and promoting weight loss (Forino et al., 2015). Studies have
shown that chlorogenic acid promotes cell death by apoptosis in
leukemic cells (HL60) (Yen et al., 2018). Besides, the biomarkers also
have cytotoxic action against breast cancer strains (MCF7) (El-Nabi
et al., 2018), as well as induction of cell death in contralateral tumors in
vivo (Vancsik et al., 2018).
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Fig. 4. Graphs of the trend variables of the chemical markers:
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Fig. 5. Cell proliferation inhibition (%) of extracts of Spondias leaves determined by MTT assay after 72 h of incubation at a concentration of 100 pg mL™.

The geraniin chemical marker is an important bioactive compound in
which it is related to multiple activities, such as anticancer, antiviral,
antihypertensive, antihyperglycemic, and analgesic (Perera et al.,
2015). The geraniin has been reported to inhibit the invasion of human
osteosarcoma cells (Wang et al., 2017), induction of apoptosis in breast
and lung cancer cells (MCF7) and stop the cycle in the S phase at of 24,
48 and 73 hours (Li et al., 2013; Zhai et al., 2016). The apoptotic activity
of geraniin was studied in melanoma cells, where it was verified that the
induction of apoptosis of this compound can provide a fundamental
mechanism for the chemopreventive action of cancer (Lee et al., 2008).

The chemical marker galloyl-bis-HHDP-glucose is a tannin belonging
to the class of ellagitannins. Plants rich in this class of compounds are
used in traditional medicine to treat various diseases such as diarrhea,
high blood pressure, rheumatism, bleeding burns, stomach problems
(heartburn, nausea, gastritis, and gastric ulcer), kidney problems, uri-
nary system and inflammatory processes in general. Besides, in vitro tests
detected several pharmacological activities. Among them, we can
mention the bactericidal, fungicidal, antiviral, cytotoxic, and healing

(d) eraniin 20)

actions (Serrano et al., 2009). In the literature consulted, there were no
reports of the correlation of this compound with cytotoxicity activity.

The results of the present study demonstrate that the ethanolic
extract of S. mombin leaves presented better cytotoxic activity against
the melanoma and leukemia lines, besides presenting low toxicity to the
non-tumoral lineage. Therefore, it is a candidate for a phyto-compound
as a potential antitumor agent.

3.4. Theoretical results

The theoretical study was aimed to help find evidence that could
probe the pharmacological activity of the main substances found in the
ethanolic extract of S. mombin leaves. They were carried out the geom-
etry optimization of chlorogenic acid, geraniin, and myricetin-3-O-
rhamnoside. For comparison reasons we decided to repeat all theoretical
procedures with well-known and commercial available active principles
used against leukemia and other cancer lines, we have chosen doxoru-
bicin and paclitaxel as they present obvious structural similarities with

(e) paclitaxel

Fig. 6. Labeled molecular structure of (a) chlorogenic acid (4), (b) myricetin-3-O-rhamnoside (20), (c) doxorubicin, (d) geraniin (6) and (e) paclitaxel. They were
optimized (DFT/wB97X-D/6-311+-+G(d,p)) under the effect of solvent (water) via implicit model C-PCM.
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the studied substances. The optimized structures can be seen in Fig. 6.

Regarding the similarities previously pointed out we could highlight
the saturated six-member ring for the three first structures of Fig. 6 a)
(4), b (20), and c), where (6) and doxorubicin have a tetrahydropyran
ring. Another characteristic that must be mentioned is the ester (for (4))
and ether (for (20) and doxorubicin) linkages, respectively represented
by C11-01-C17, C17-02-C19, and C13-01-C19. On the other hand, d (6)
and e, are similar in the polycyclic structure and both have important
ester linkages on those cases involving C37-09-C49 and C31-08-C40 for
(6) and paclitaxel, respectively.

Another possible comparison that we have made involves the fron-
tier orbital LUMO of each compound. Fukui et al., 1954; Fukui et al.,
1952 postulated that the reactivity or selectivity of some organic re-
actions should be controlled by the interactions between highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), so one could study a mechanism in the basis of his
frontier molecular orbital theory. In special cases one could refer to an
active site of an enzyme or some biological receptor as a nucleophilic
cavity, where often they have amino acids residues stereochemically
placed to break or making bonds, in these cases, it would be fair imagine
the substrate molecule as the target of the nucleophilic electron cloud in
some kind of mechanisms (Naray-Szabo and Warshel, 2006), so if the
interest is to compare the efficiency of some compound in produce a
pharmacological effect, we could compare the lowest unoccupied mo-
lecular orbital of each comparison candidate to see if at least they have
the same LUMO. The Fig. 7 shows the LUMO for each of the studied
molecules.

As we see in Fig. 7, all studied structures and their commercially
available comparative have a very similar orbital distribution indicating
that all them start the mechanism of pharmacological action in the same
way directing the LUMO density to the cavity of the active site of the
enzyme or proteic receptor. For (4), (20) and doxorubicin, the six-
member saturated ring should be placed out of the reactive cavity of
the protein, and now it could be speculated that the sensitive part of
those molecules is their ester (for (4)) and ether (for (20) and

Phytochemistry Letters 40 (2020) 26-36

doxorubicin) linkages (respectively 01-C17, C17-02-C19, and C13-O1-
C19) that could be broken by the protein and shoot the pharmacolog-
ical signal. The same could be said for (6) and paclitaxel, referring to
their ester linkages C37-09-C49 and C31-08-C40, respectively.

4. Conclusions

Using the UPLC-ESI-QTOF-MSE technique it was possible to conceive
the annotation of a total of 43 compounds in the leaves of S. tuberosa and
S. mombin. In this way, it was possible to establish the metabolic
fingerprint, besides, it is important to mention that some compounds
determined in the present work were described for the first time in
S. tuberosa and S. mombin. Therefore, the present research presents itself
as a great source of information for the development of future works.

The chemometric methods (PCA, OPLS-DA, and S-Plot) were essen-
tial to identify the differences inherent in the metabolic fingerprint of
S. tuberosa and S. mombin leaves. Besides, these methods helped to
identify the biomarkers (chlorogenic acid, geraniin, corilagin, galloyl-
bis-HHPD-glucose, rutin, myricetin-3-O-rhamnoside e kaempferol
deoxyhexosyl hexoside) responsible for characterizing and discrimi-
nating samples of the S. tuberosa and S. mombin.

Concerning the cytotoxicity tests, it was possible to observe that the
extracts of the leaves of S. mombin showed better activity against the
leukemic lineage and melanoma, also, it is still observed that the extract
presents low toxicity against the non-tumoral lineage. The best cytotoxic
activity obtained in the S. mombin leaves samples may be associated with
the chemical markers, since they are responsible for distinguishing the
samples of S. mombin and S. tuberosa leaves, in addition, the determined
biomarkers have several pharmacological properties already mentioned
in literature.

In collaboration with the correlation cytotoxic activity/biomarker,
the in silico approach was used, where commercial drugs were compared
with the biomarkers determined in this study. With this, it was verified
that the biomarkers present chemical similarities with the commercial
drugs used as a comparison parameter.

chlorogenic acid (4)

geraniin (20)

myricetin-3-O-rhamnoside (6)

paclitaxel

Fig. 7. Lowest unoccupied molecular orbital (LUMO) for (4), (6), doxorubicin, (20) and paclitaxel. The LUMO for each structure was calculated from the optimized
(DFT/wB97X-D/6-311+-+G(d,p)) structures under the effect of solvent (water) via implicit model C-PCM.
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