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Some fruits are used as promising anticancer agents due to their antioxidant and antimutagenic
properties. This work explores the potential of the fruit of Pourouma cecropiifolia Mart. as a source of
compounds with anticancer activity. The research covers: (i) phytochemical profiling of hydroethanolic
extracts from the peel, pulp, and seeds of P. cecropiifolia Mart. using liquid ultra-performance
chromatography quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS); (i) evaluation of
antioxidant and anticancer potential of the extracts against carcinoma cell lines (HeLa, RKO, MCF-7, and
T47D); and (iii) in silico docking analyses with human cytochrome P450 1A1 (CYP 1A1) and CYP 1B1. A
total of 18 compounds were tentatively identified by UPLC-QTOF-MS, including flavonoids, phenolic
glycosides, lignans, phenolic acids, terpenes, iridoid glycosides, proanthocyanidins, curcuminoids, and
naphthodianthrone. Molecular docking simulations identified nortracheloside and epicatechin as
potential inhibitors of CYP 1A1 and CYP 1B1, suggesting cytotoxic activity. The antiproliferation assay
showed that pulp extracts had moderate activity against human breast ductal cancer cells.

Cancer is among the leading causes of death worldwide, with 19.3 million
new cases and 10.0 million deaths reported in 2020". Breast cancer in par-
ticular is rising in prevalence, with an estimated 2.3 million new global cases,
according to the Global Cancer Statistics 2020 report™. Despite advance-
ments in cancer diagnosis and treatment, barriers to clinical care and pre-
dictive diagnosis persist. Multimodal treatment approaches, including
radiation, surgery, and chemotherapy, remain the standard for managing
advanced cancer’. However, these treatments are often inadequate, as they
cannot eliminate all cancer cells, necessitating the development of alter-
native therapies.

Research has shown natural products to be promising alternative
anticancer treatments*°. Many plant-derived bioactive molecules have the

potential to contribute to the medical, agricultural, and nutritional fields’.
Phytochemicals, which are specialized metabolites, are known to modulate
multiple biological pathways in living tissue, offering a range of benefits,
such as antioxidant, antimicrobial, anti-inflammatory, anti-diabetic, and
anti-cancer properties’. These phytochemicals are categorized into major
classes—phenolic compounds, carotenoids, alkaloids, terpenes, vitamins,
and anthocyanins—based on their physiochemical properties, distribution
in nature, and biosynthetic pathways’.

The Amazon rainforest, one of the world’s most biodiverse areas, is
home to approximately 40,000 plant species'. In particular, Ecuador is
recognized as one of 17 megadiverse countries owing to its high plant and
animal biodiversity''. Many of its botanical species remain underexplored
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for their phytochemical composition. Among these, the Cecropiaceae
family has shown considerable potential given its phenolic compound-rich
chemical profile" ™.

In this context, Pourouma cecropiifolia Martius (commonly known as
wvilla, uva de monte, and orsacha uvillas)"> was selected for investigation.
This tropical plant, native to the Ecuadorian Amazon (distributed
throughout the Pastaza, Sucumbios, Napo, Zamora Chinchipe, and Morona
Santiago provinces) at altitudes of 200-900 masl, produces sweet, juicy fruit
typically consumed fresh or made into jams and wine'’. The immature fruits
are green, which turn purple after ripening. Fruits are spherical drupes
2-4 cm in diameter with a sweet, mucilaginous flesh containing one seed'".
However, its susceptibility to mechanical damage and high perishability
pose challenges for broader commercial use"”.

Previous studies have partially characterized the phenolic profile of P.
cecropiifolia Mart. (Cecropiaceae), identifying compounds such as rutin,
quercetin derivatives, catechin, epicatechin, procyanidin B, and four
hydroxycinnamic acid derivatives'. Notably, peel extracts of P. cecropiifolia
Mart. have shown cytotoxic effects on cancer cell lines'®. However, com-
prehensive data on the chemical composition and biological activities of
hydroethanolic extracts from the peel and seed remain limited. This study
aims to address these gaps by investigating the cytotoxic and antioxidant
activity of hydroethanolic extracts made from P. cecropiifolia Mart. pulp,
peel, and seeds and profiling their bioactive compounds using ultra-
performance liquid chromatography quadrupole time-of-flight mass
spectrometry (UPLC-QTOF-MS). The findings contribute to a deeper
understanding of the potential applications of P. cecropiifolia Mart. in
nutraceutical development.

Results and discussion

Bioactive compounds

Flavonoids and phenolic compounds derived from botanical sources are
well-known for their extensive pharmacological activities'*'"”. As shown in
Table 1, TPC ranged from 0.30+0.01 to 23.18 +0.04 mg gallic acid
equivalent (GAE) g/, flavonoids 1.02 to 2.3 mg quercetin equivalent (QE)
g ', yellow flavonoids from 0.69 to 1.46 mg QE g ', and anthocyanin from
0.16 £ 0.00 to 8.43 + 0.04 mg g~' d.w. Among the fruit parts, seeds exhibited
the highest total TPC (23.18 +0.04 mg GAE g') and flavonoid content
(031£0.00mg QE g' dw.). The highest anthocyanin content
(8.43 +0.040 mg g ) was observed in the peel extract, while pulp exhibited
the lowest TPC (0.30 +0.01 mg GAE g™') and total flavonoid content
(0.03 £0.00 mg QE g ). The overall phenolic content of the fruit was higher
than the flavonoid content. In contrast to our findings, Luts et al.' found
anthocyanins primarily in the peel of P. cecropiifolia Mart., and Ordonez
et al.” reported high TPC in its peel and seeds. We observed slightly higher
TPC and total anthocyanin content in the seed extract, which is possibly
attributable to variations in cultivars, climatic conditions, fruit ripeness
stage, and the type of extraction solvent used.

The chromatographic analysis of extracts from the peel, pulp, and seed
of P. cecropiifolia Mart. revealed the presence of ascorbic acid and trans-
resveratrol. Ascorbic acid is an essential nutrient that serves as a cofactor for
collagen prolyl hydroxylases, playing a crucial biological role”. It exhibits
notable antioxidant’ and anticancer’* properties, including enhancing
TET?2 dioxygenase activity in myeloid neoplasia®. According to the results,

ascorbic acid was detected exclusively in the P. cecropiifolia Mart. peel
extract (4.67 +0.28 mg 100 g~' d.w.) (Table 1). The ascorbic acid content
was comparable to levels found in fruits such as Pyrus communis L. (2.8 mg
100 g™"), Eriobotrya japonica Lindl. (3.2 mg 100 g™"), and Eugenia malac-
censis L. (3.8 mg 100 g~ ")”".

Trans-Resveratrol (3,4',5-trihydroxystilbene), a stilbenoid polyphenol,
is widely distributed among plant taxa, including grape, pine, blueberry,
cranberry, bilberry, and peanuts™. It exhibits diverse pleiotropic health
benefits against various chronic diseases”™', and in-vitro screening has
identified it as a first-generation sirtuin-activating compound™ that acti-
vates nicotinamide adenine dinucleotide-dependent silent information
regulator 2 (SIR2) deacetylase™, contributing to its therapeutic effects.

For the first time, this study identified the presence of trans-resveratrol
in P. cecropiifolia Mart. using UPLC-ESI-QTOF-MS analysis. Deprotonated
[M-H] ions were identified at m/z 227.97 (Fig. 1). The highest trans-
resveratrol concentration was found in the peel extract (21.00 £ 0.30 pg g ),
with lower levels detected in the pulp (2.60 + 0.00 ug g ') and none in the
seeds. Comparatively, the trans-resveratrol content in the peel of P. cecro-
piifolia Mart. was higher than that found in the peels of Vitis labrusca
(3.54ugg™") and Syzygium cumini L. (11.19 ugg™")*. However, higher
trans-resveratrol levels have been reported in M. rubra fruit (50.61 pg g™
dw.)*. Together, these findings suggest that the trans-resveratrol and
ascorbic acid identified in P. cecropiifolia Mart. are promising bioactive
compounds that contribute to its antioxidant capacity.

Untargeted metabolic profiling

Peel, pulp and seeds extracts from P. cecropiifolia Mart. were analyzed using
UPLC-QTOF-MS. The total ion chromatograms obtained in negative
ionization modes are presented in Fig. 2, while Table 2 summarizes the
tentative identification of metabolites, including molecular ions [M-H] ",
retention times (min), accurate masses, and ion molecular formulas. The
analysis revealed the tentative identification of 18 metabolites as pre-
dominant compounds in the peel, pulp, and seed extracts, including fla-
vonoids (7), phenolic glycosides (1), lignans (2), phenolic acids (1), terpenes
(1), iridoid glycosides (1), proanthocyanidins (2), curcuminoids (1), and
naphthodianthrone (1).

Flavonoids
Three flavonoids (1, 2, and 4) were tentatively identified in the peel extract.
Compound 1, with a retention time (tg) of 3.03 min, exhibited a deproto-
nated molecular ion [M—H] ™ at m/z 909.2027 and was identified as car-
thamin. Compound 2 displayed [M—H] ™ at m/z 547.1420, with typical
fragment ions at m/z 437.08740, 143.03290, and 329.08650; this compound
was tentatively identified as mirificin (CysH,30,3). Compound 4, with [M
—H] atm/z289.0714 (R, = 7.18 min), was characterized as (-)-epicatechin.
Four additional flavonoids were tentatively identified in the seed
extracts of P. cecropiifolia Mart. Compound 12 exhibited [M—H] at
433.0768, with fragmentations at m/z 303.08185, 343.07626, and 373.10287,
and was identified as quercetin-3-arabinopyranoside. Fraisse et al.” isolated
quercetin-3-arabinopyranoside from Alchemilla xanthochlora, a well-
known medicinal plant recognized for its anti-inflammatory and astrin-
gent properties™. Furthermore, this compound has been reported as an a-
glucosidase inhibitor’’”. Compound 13, with an tg of 7.04 min, displayed a

Table 1| Total flavonoid, anthocyanin, ascorbic acid, and trans-resveratrol content of hydroethanolic extracts of P. cecropiifolia

Mart. (peel, pulp, and seed)

Total flavonoids content (QE

Total anthocyanin content (mg g '

Ascorbic acid (mg 1009 'd.w.)  Trans-resveratrol (ug g 'd.w.)

mg g 'd.w.) d. w.)
Peel 0.13+0.00° 8.43 +0.04° 4.67 £0.28% 21.00 +0.30°
Pulp 0.03 +0.00° 0.16 +0.00° 0.00 = 0.00° 2.60 +0.00°
Seed 0.31+0.00% 1.8 +0.00° 0.00 +0.00° 0.00 +0.00°

Values are expressed as mean + SD (n = 3). Superscript lowercase letters (“a”, “b”, “c”) within the same column indicate statistically significant differences among the different parts of P. cecropiifolia (peel,

pulp, and seed), as determined by Tukey’s multiple comparisons test (p > 0.05).
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deprotonated molecule at m/z 503.1227 and was tentatively identified as
neocomplanoside based on electrospray ionization (ESI)-MS? analysis. The
negative ESI-MS spectrum of Compound 16 generated a molecular ion peak
[M-H]™ at 579.1704 (R = 11.24 min) and was identified as narirutin, a
compound previously reported in citrus species”. Finally, in the MS

197.81
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Fig. 1 | Mass spectrometry spectrum of trans-resveratrol from the peel extract from
P. cecropiifolia Mart.

Item name: UVA PULPA PC

spectrum, Compound 17 was noted with [M-H]  at m/z 610.1932
(Cy8H340;5) and was identified as neohesperidin.

Lignans

Two lignans were tentatively identified in this study. The negative ESI-MS
spectrum of the reference standard neoolivil-4-O-glucopyranoside (Com-
pound 3), a deprotonated molecular ion, was detected at m/z 353.0875 (tg =
5.88 min) (CyH3301;). Similarly, the UPLC-ESI-QTOF-MS analysis
identified nortracheloside (Compound 5) with a deprotonated ion at m/z
535.1826 (tg = 10.66 min) (C,6H3,0;,). A peak in the negative ESI mode at
tr = 10.66 min with [M—H] "~ at m/z 355.1627 was identified as denudatin B
(Compound 5), previously reported as a nitric oxide synthase inhibitor”.
According to the literature, nortracheloside exhibits anticancer properties®.

Proanthocyanidins

Two proanthocyanidins were tentatively identified in the P. cecropiifolia
Mart. extracts. The negative ESI-MS spectrum of procyanidin B2 (Com-
pound 9) at tg =6.73 min showed a deprotonated molecular ion at m/z
577.1350. Procyanidin B2 has been reported to exhibit antioxidative, anti-
inflammatory, and antitumor activity"'. Mahuannin J (Compound 10),
detected with [M—H]~ at m/z 555.0951, showed parent ions at m/z
334.01500 and 391.04033.

Phenolic acid

According to the MS spectra, [M-H] ™~ at m/z 353.0876 and two parent ions
at m/z 191.05595 and 179.03457 correspond to chlorogenic acid (CGA).
This compound, also found in tea and green coffee extracts, is synthesized by
plants via the shikimic acid pathway. CGA was first isolated from coffee
beans by K. Freudenberg in 1920%, with its structure identified as 3-O-
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Fig. 2 | Total ion chromatogram of P. cecropiifolia Mart. a Peel, b pulp, and ¢ seed extracts in negative ion mode.
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Table 2 | Characterization of metabolites in P. cecropiifolia Mart. extracts using UPLC-ESI-QTOF-MS

Part Sr.# error Chemical Observed m/z  R;(min) lons Adducts Preliminary identified Biological activity
of fruit ppm Formula fragments compounds
Peel 1 -7.5 C43H42022 909.2027 3.08 455.06115 -H Carthamin Antioxidant and Neuroprotective
201.83439 Activities®
2 —6.8 CoeH2013 547.1420 5.55 437.08740 -H Mirificin Tyrosinase inhibitors®
143.03290
329.08650
3 -0.9 CogH33014 353.0875 5.88 191.05575 -H Neoolivil-4-O- -
189.01857 glucopyranoside
4 —1.1 C15H1406 289.0714 7.18 289.07134 -H (-)-Epicatechin Antioxidant®”
161.02870
577.13503
5 0.9 CoeHz2042 535.1826 10.66 179.03438 -H (-)-Nortracheloside Anticancer®
161.02364
466.13509
6 —-9.7 C15H2004 263.1263 11.31 179.10685 -H (-)-Istanbulin A Antitumoral®
198.03467
7 1 Co1H2405 355.1627 24.32 353.27168 -H (-)- Denudatin B Inhibitory activity on nitric oxide
297.15229 (NO) production
Pulp 8 1.1 C15H1809 341.1024 5.35 221.04499 -H Caffeic acid 3-hexoside Treatment of obesity
179.03449 (hydroxycinnamic acid and
281.06583 derivatives)*'
1 1.7 C43H42022 909.2110 5.86 179.03457 -H Carthamin Antioxidant and
351.07141 Neuroprotective®
353.08745
375.06825
9 -0.3 C30H26012 577.1350 6.73 298.07134 -H Procyanidin B2 Antioxidant, anti-inflammatory
407.07689 and antitumoral®
425.08697
Seed 5 -6.7 CoeH32012 535.1789 5.55 289.07123 -H Nortracheloside Anticancer*®
303.12082
10 3.3 C3oH2409 555.0951 5.86 334.01500 -H Mahuannin J -
391.04033
11 -0.5 C16H1809 353.0876 5.89 191.05595 -H Chlorogenic acid Antioxidant and DNA protective
179.03457 compounds*
12 -2.0 CooH18014 433.0768 6.10 303.08185 -H Quercetin-3- a glucosidase inhibitor*®
343.07626 arabinopyranoside
373.10287
13 6.4 Co4H24042 503.1227 7.04 337.09174 -H Neocomplanoside -
474.07450
14 -7.5 C1gH22044 413.1058 7.79 191.05557 -H Asperuloside Antioxidant*®
245.04474
15 1.1 CagH30014 613.1599 8.64 295.02629 -H Safflomin C Antithrombotic*”
269.04433
16 -1.9 Co7H32044 579.1704 11.24 173.04516 -H Narirutin Anti-inflammatory*®
353.08717
17 11 CogH3z4045 610.1932 15.10 285.03963 -H Neohesperidin Hypoglycemic and
456.07185 hypolipidemic effects*
507.18652
18 -33 CagH180g 505.0912 27.86 358.04000 -H Protohypericin Anti-influenza®

UPLC-ESI-QTOF-MS ultra-performance liquid chromatography with electrospray ionization quadrupole time-of-flight mass spectrometry.

caffeoylquinic acid by Fischer and Dangschat in 1932*. In clinical settings,
chlorogenic acid exhibits multiple pharmacological properties, including
antimicrobial, hepatoprotective, anticancer, immunomodulatory, DNA
protective, neuroprotective, antioxidant, and antidiabetic activities***.
Many in vitro and in vivo studies have also demonstrated that CGA has a
pharmacological effect against myocardial ischemia-reperfusion injury”.

Antioxidant capacity

Antioxidants are compounds that scavenge highly reactive oxygen species,
preventing chain reactions that can damage cell components such as pro-
teins, DNA, and membrane phospholipids*. The literature has extensively
documented the substantial contribution of various phytochemical

components to the antioxidant activity (AA) of fruits, with phenolic com-
pounds recognized as key contributors*~*". In this study, the antioxidant
capacity of P. cecropiifolia Mart. was evaluated using different assays—the
2,2-diphenyl-1-picrylhidrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS), and ferric reducing antioxidant power (FRAP)
assays—as well as electrochemical methods measuring the antioxidant
index 50 value (Alsy) and electrochemical index (EI) to provide a com-
prehensive assessment of its antioxidant potential.

Table 3 shows the free radical scavenging activity of the hydroethanolic
extracts from the peel, pulp, and seed of P. cecropiifolia Mart. Among the
extracts, the seed and peel displayed the highest AA. Potential AA was
quantified using the Trolox equivalent antioxidant capacity (TEAC) assay
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Table 3 | Antioxidant properties of hydroethanolic extracts of P. cecropiifolia Mart

Part of fruit El (MAV ) Also (mg L") TPC (mg GAE g ' d.w.) FRAP (mmol Fe? g 'd.w.) TEACpppH TEACgTs

Peel 11.63+0.1° 1.53+£0.03° 0.67 £0.01° 0.011 +£0.00° 457 £0.03° 7.10£0.10°

Pulp 3.81+0.00° 1.60 +0.03° 0.30+0.01° 0.014 +0.00° 1.34+0.01° 2.70+0.01°

Seed 14.1920.1° 0.75+0.02° 23.18£0.04 2 0.402 +0.01° 212.61+2.92° 350.60 +2.20*

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), Also antioxidant index 50, DPPH 2,2-diphenyl-1-picrylhidrazyl, d.w. dry weight, El electrochemical index, FRAP ferric reducing antioxidant
power, GAE gallic acid equivalent, TEAC Trolox equivalent antioxidant capacity, TPC total polyphenol content.

Values are expressed as mean + SD (n = 3). Superscript lowercase letters (“a”, “b”, “c”) within the same column indicate statistically significant differences among the different parts of P. cecropiifolia (peel,

pulp, and seed), as determined by Tukey’s multiple comparisons test (p < 0.05).
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Fig. 3 | Cyclic voltammograms of the O, /03~ system in the presence of increasing concentrations of P. cecropiifolia Mart. Measurements were performed in DMS +
Bu,NPFg 0.05 M at a scan rate of 0.1 V s, glassy carbon as work electrode. a Peel, b pulp, and c seed.

value. These values determined by the DPPH assay ranged from 1.34 + 0.01
to 212.61 +2.92, while those obtained with the ABTS assay ranged from
2.70 +£0.01 to 350.60 + 2.20. The extracts’ antioxidant capacities obeyed the
following order: seed > peel > pulp. The AA of P. cecropiifolia Mart. was
further evaluated using the FRAP assay, which measures the ability of the
extracts to reduce Fe(III) to Fe(II). The FRAP values ranged from 0.011 to
0.402 £ 0.010 mmol Fe** g~' d.w. As shown in Table 3, the pulp extract
demonstrated the lowest AA, whereas the seed extract showed the highest.
Notably, the seed and peel extracts from P. cecropiifolia Mart. exhibited
significant AA, in contrast to the results of previous studies™.
Phytochemicals are electroactive compounds with small redox
potentials, reflecting their AA. Electrochemical methods are practical, rapid,
and complementary tools for evaluating AA given their high sensitivity and
low detection limits™. Figure 3 presents the cyclic voltammograms of O,"~ in

the absence (blank) and presence of hydroethanolic extracts of P. cecropii-
folia Mart.

In Fig. 3a, b, ¢ the anodic peak current intensity of the voltammograms
decreases significantly upon the addition of P. cecropiifolia Mart. ethanolic
extracts (peel, pulp, and seed). This decrease is because the O,"~ formed by
the reduction of O, reacts with molecules in the extracts possessing anti-
oxidant properties, resulting in a reduced oxidation signal of O, to O,”.
From the voltammograms in Fig. 3, the A5, values were calculated by fitting
the plot of ((Ip? — Ip$)/Ip°) versus the extract concentration (Fig. 4).
According to Table 3, the seed extract exhibited the lowest Als, value
(0.75+£0.02 mgL™"), followed by the peel (1.53 +0.03 mgL™") and pulp
(1.60+£0.03mgL™"). Overall, the cyclic voltammetry (CV) analysis
demonstrates the seed extract of P. cecropiifolia Mart. is a promising source
of antioxidants with strong superoxide radical scavenging activity. It is
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noteworthy that lower Als, values corresponded to higher antioxidant
properties of the sample.

To further investigate the antioxidant properties of hydroethanolic
extracts of P. cecropiifolia Mart., the EI was determined using differential
pulse voltammetry (DPV). Figure 5. reveals an anodic peak with a slight
shoulder for the seed extract between 0.235 and 0.546 V (vs. Ag/AgCl), while
the peel extract signal extends from 0.323 to 0.638 V (vs. Ag/AgCl), and that
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Fig. 4 | Dimensionless parameter ((Ip? — IpS)/Ip’) related to the decrease in O3~
current vs. the concentration of P. cecropiifolia Mart. extracts.
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for the pulp from 0.409 to 0.766 V (vs. Ag/AgCl). Lower potential (E,, <
0.45 V) values correspond to species with high capacity for electron dona-
tion, indicating higher AA™. Thus, the electroactive molecules in the P.
cecropiifolia Mart. seed extract exhibits greater AA, as they react at lower
potentials. The EI results are summarized in Table 3; EI values ranged from
3.81£0.00 to 14.19+0.10pA V. The seed extract demonstrated the
highest antioxidant potential, which is consistent with the results of the
FRAP, TEACpppy, and TEAC,prs analyses.

Correlation analysis

Phenolic compounds have been shown to exhibit a positive relationship
with AA™. Pearson’s correlation coefficients between total polyphenol
content (TPC) and AA assays are presented in Table 4. The analysis revealed
a strong positive linear relationship between TPC and AA assays of P.
cecropiifolia. Mart. (TPC-TEACpppr: R*=1.000; TPC-TEACaprs:

Table 4 | Pearson’s correlation coefficients between TPC and
antioxidant capacity assays

TPC

TEACopp  TEACasts FRAP  Alsp El
TPC 1.000

TEACppp  1.000  1.000

TEACagrs  1.000  1.000 1.000

FRAP 1.000  1.000 1.000 1.000

Also -0.998 —0.998 ~0.998 ~0.997  1.000

El 0.696  0.696 0.694 0681  —0.738 1.000

Alsg antioxidant index 50, El electrochemical index, FRAP ferric reducing antioxidant power, TEAC
Trolox equivalent antioxidant capacity, TPC total polyphenol content.
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Fig. 5 | Differential pulse voltammograms of P. cecropiifolia Mart. extracts in acetate buffer (pH 4.5) at a scan rate of 17 mV s ™'

. a Peel, b pulp, and c seed.
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R*=1.000; TPC-FRAP: R*=1.000). Moreover, the correlation between
spectroscopic and electrochemical AA assays also demonstrated a strong
positive linear correlation, consistent with findings in previous studies™*".
Als, being inversely proportional to AA, showed a moderate negative linear

correlation with TPC, TEACpppy, TEACaprs, FRAP, and EI values.

Effect of P. cecropiifolia Mart. extracts on cancer tumor cell
proliferation

The inhibition of cell proliferation of hydroethanolic extracts from P.
cecropiifolia Mart. (peel, pulp, and seed) on cell lines from cervix, colon, and
breast tumors were also evaluated (Table 5). The results indicate that P.
cecropiifolia extracts have selective cytotoxic activity on the cancer cell lines
evaluated. The greatest activity was observed in the T47D cell line (ductal
breast cancer), especially with the pulp extract. Low activity in the HeLa cell
line suggests differences in the mechanisms of action or the sensitivity of the
cells. While all 3 extracts were effective against T47D, the most active extract
was pulp breast ductal cancer cells. This effect of pulp extract can be
attributed to the presence of specialized metabolites, including procyanidin
B2 and CGA. Previous clinical reports have shown that both procyanidin
B2” and CGA" exhibit anti-proliferative effects against breast cancer cells.
In addition, acceptable ICs values for cytotoxicity (<100 ug mL™", accord-
ing to NCI guidelines) have been reported for anthocyanin-rich extracts
from the pericarp of P. cecropiifolia Mart. against HEp-2 (larynx), MKN-45
(gastric), and MCF-7 (breast) cancer cell lines'.

Molecular docking and dynamics

In the search for anticancer agents, human cytochrome P450 1A1 (CYP
1A1) and human cytochrome P450 1B1 (CYP 1B1) drug target proteins
have come into a focal point in research. CYP 1A1 plays an important role in
the etiology of breast carcinoma as key regulator of 2-hydroxylation of
estrogen’"”. Although its implication in cancer is not fully understood yet,

Table 5 | ICso of P. cecropiifolia Mart. peel, pulp, and seed
extracts on human cancer cell lines

ICs0 + SE®

Human cancer cell lines
Treatment Hela (Cervix) RKO (Colon) MCF-7 (Breast) T47D (Breast)
pg mL"
Peel >200 154.2+2.6 153.9+2.1 83.2+4.3
Pulp >200 194.1+5.6 160.8 5.1 452 +4.7
Seed >200. 183.1+£2.1 1242 +4.1 95+2.1
Doxorubicin 5.0+£0.7 2.4+0.1 2.4+0.1 1.5+0.2
UM

#Standard error.

Table 6 | Docking results for the interaction of predominant
compounds from P. cecropiifolia Mart. and human
cytochrome P450 enzymes

Compound CYP 1A1 score CYP 1B1 score Plant part
(kcal mol™) (kcal mol™)
Caffeic acid -10.7 -9.3 pulp
Procyanidin B2 4.1 9.4 pulp
Neoolivil 4 9.8 peel
Nortracheloside  —9.2 —4.1 peel
Mirificin —4.4 0.2 peel
Istanbulin -7 —4.8 peel
Epicatechin -10 —-10.3 peel
Carthamin 26.8 30.3 pulp

reduction of CYP1ALl levels by inhibition or other means impairs pro-
liferation in breast cancer cells®’. CYP1B1, on the other hand, is considered
as an “universal tumor antigen” involved the estrogen metabolism and the
activation of procarcinogens®**. Previous studies have reported that several
synthetic small molecules inhibit CYP 1A1 and 1B1 therapeutic targets in
cancer cells””.

Molecular docking studies were conducted with eight majors
naturally occurring compounds from P. cecropiifolia Mart extracts based
on the total ion chromatogram as ligands and docked against CYP 1A1
and 1B1 (Table 6). The docking results showed that four compounds
produced positive docking scores for either one or both human cyto-
chrome P450 enzymes (CYP 1Al and 1B1), suggesting they may not
interact with the active sites of these enzymes. Upon examining the
docking poses, procyanidin B2, neoolivil, mirificin, and carthamin were
found to be too large to fit into the active sites of CYP 1Al and 1Bl,
leading to several clashes with the enzymes. Consequently, these mole-
cules were excluded as CYP targets.

Caffeic acid and epicatechin were the most active compounds with the
highest binding energy towards CYP 1A1 and 1B1 underscoring their
possible involvement in apoptotic signaling modulation. Previous docking
studies have unveiled that epicatechin hold the potential to interact with
specific targets, such as estrogen receptor beta, a potential target for triple-
negative breast cancer”'. These findings may support the promising syner-
gistic activity of P. cecropiifolia Mart extracts against CYP 1A1 and 1Bl
enzymes. In contrast, nortracheloside and istanbulin showed a higher affi-
nity for CYP 1A1 than for CYP 1B, suggesting selectivity toward this
enzyme.

To understand the pharmacological activity of that most active com-
pounds of P. cecropiifolia Mart extracts against CYP 1A1 and 1B1 enzymes,
we focused our analysis on the dynamic stability of nortracheloside and
epicatequin as ligands. According to the results from the simulations, the
root-mean-square deviation (RMSD) values for the CYP 1A1 and 1Bl
complexes with nortracheloside and epicatechin increased during the first
few nanoseconds, gradually stabilizing toward the end of the simulation
(Fig. 6a, b). The RMSD values fluctuated between 0.3 and 0.4 nm for all the
studied systems, with slightly higher values for CYP 1B1 compared to CYP
1A1. This behavior was expected, as the protein undergoes conformational
changes when a different ligand binds to the active site.

Analysis of the RMSD values for the different ligands revealed an
RMSD value of 0.2 nm for the complex between nortracheloside and both
CYPs (Fig. 7). In contrast, the RMSD value for epicatechin was below 0.1 nm
(Fig. 7), indicating the structure maintained its conformation with minimal
conformational changes throughout the simulation. The studied complexes
exhibited stable dynamics, as RMSD values < 0.2 nm confirm the accuracy
of the docking method”.

A hydrogen bond (HB) analysis showed that for CYP 1A1l, nor-
tracheloside (Fig. 8a) formed approximately two HBs throughout the
simulation, while epicatechin (Fig. 8b) formed three HBs during most of the
simulation. Both ligands were able to form up to six HBs at certain points
during the simulation. At the end of the simulation, nortracheloside formed
HBs with S122 and the main chain of N222, N223, F224, G316, and 1L496.
Epicatechin formed HBs with N255 and the main chain of N223, F251,
and L312.

In CYP 1BI, both ligands formed, on average, two HBs during the
200 ns simulation. At the end of the simulation, both compounds remained
in the active site of the CYPs. Examining the HBs at the end of the simu-
lation, nortracheloside (Fig. 9a) formed HBs with D333 and the main chain
of S127. Interestingly, epicatechin (Fig. 9b) formed the same two HBs (S127,
D333) and an additional HB with the main chain of D326 (Fig. 9b). The
identified HBs networks can guide the exploration of novel potential drug
targeting strategies.

Finally, the binding energy results (Table 7) indicate that all values were
negative, suggesting possible interactions. When comparing the two com-
pounds, nortracheloside appeared to bind more tightly than epicatechin to
both CYPs. Furthermore, the binding energy was consistent with the
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Fig. 6 | Root-mean-square deviation (RMSD) of the human cytochrome P450 enzymes in complex with nortracheloside and epicatechin during a 200 ns simulation.

a CYP 1A1 and b CYP 1BI1.
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Fig. 7 | RMSD of the ligands in complex with the human cytochrome P450 enzymes during a 200 ns simulation. a CYP 1Al and b CYP 1BI.

docking scores: for nortracheloside, the binding energy was 9.48 kcal mol ™
higher for CYP 1Al than for CYP 1B1, implying a stronger inhibition of
CYP 1Al. In contrast, epicatechin showed better docking scores and
binding energy for CYP 1B1. The difference in energy (4.04 kcal mol ™) was
smaller than that for nortracheloside, which aligns with the observed
docking score differences. In summary, these findings suggest that nor-
tracheloside, epicatechin, along with other bioactive compounds in the
extracts, hold promise as CYP 1A1 and 1B1 inhibitors.

In this study, the anticancer and antioxidant potential of hydro-
ethanolic peel, pulp, and seed extracts of P. cecropiifolia Mart. were inves-
tigated. The findings of this study, which include UPLC-ESI-QTOF-MS and
in silico analysis, are notable as they reveal that extracts of P. cecropiifolia
Mart contain bioactive compounds of medicinal importance. Our findings
revealed that pulp extracts of P. cecropiifolia Mart. shows moderate antic-
ancer activity against breast ductal cancer cells. Furthermore, the results of
an in silico study of the naturally occurring compounds of P. cecropiifolia
Mart revealed that they can inhibit CYP 1A1 and 1B1 synergistically to
prevent cancer. Nonetheless, the potential of these plant extracts and

selected compounds implicated in treating cancer cell lines necessitates
further pharmacological studies to validate the in vitro and in silico
explorations. Finally, the current findings may provide the scientific base to
conduct more studies on these plant extracts.

Methods

Chemicals, reagents, and cell lines

The following compounds were used in this study: DPPH, ferric chloride,
ethanol, methanol, aluminum chloride, sodium nitrite, gallic acid, quercetin,
tetrabutylammonium hexafluorophosphate, dimethyl sulfoxide, and tetra-
butylammonium hexafluorophosphate (Bu,NPFy), all of which were extra-
pure grade (>99%) and obtained from Sigma Aldrich (St. Darmstadt,
Germany). Authentic phenolic compound standards used in the chroma-
tographic analysis, including ascorbic acid (>99%) and trans-resveratrol
(>99%), were also purchased from Sigma Aldrich. The chromatographic
solvents used were of RP-HPLC-DAD grade. Ultrapure water (18 MQ cm™
conductivity) was prepared by purifying deionized water using a Thermo
Scientific™ Barnstead™ GenPure™ water purification system.
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Fig. 8 | Hydrogen bond analysis of human cytochrome P450 1A1 in complex with ligands. a Nortracheloside and b epicatechin.

Cervix adenocarcinoma (Hela, CRM-CCL-2), colon (RKO, CRL-
2577), breast cancer (MCF-7, HTB-22), and ductal breast cancer T-47D
(HTB-133) were purchased from the American Type Culture Collection
(Manassas, VA, USA). 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) was pur-
chased from Promega, Madison, Wisconsin, USA.

Fruit collection and extraction

Samples of P. cecropiifolia Mart. were purchased from a local supplier in
Parroquia Puerto Napo, Tena, Napo Province (1°02'19.2°S,
77°45'41.8“W) during the fruiting season (January-March 2022). The
fruits were placed in sterile plastic bags and transported to the laboratory
inside an icebox. For analysis, the peel, pulp, and seeds of the fruits were
used. The samples were lyophilized using an SP Scientific-Genevac (BTP-
9E LOVE) for 72 h until a constant weight was achieved. The lyophilized
material was kept in an ultra-low freezer at —20 °C. Subsequently, the
dried samples were ground into a fine powder using a laboratory mill. For
extraction, powdered samples were soaked in a hydroethanolic solution
(ethanol:H,O, 40:60, v/v) at room temperature at a ratio of 1:10 (w/v).
The resulting mixtures were then vortexed for 120 min under light-
protected conditions (Supplementary Table 1). The supernatants were
collected in 5 mL amber vials and stored in a refrigerator at —4 °C for
further analysis”.

Determination of TPC

The TPC of the extracts was evaluated following the method described by
Kupina et al.”. Briefly, 100 pL of the extract was added to a test tube con-
taining 40 pL of Folin-Ciocalteu reagent and 860 pL of water. The mixture
was vigorously shaken and allowed to stand for 5 min. Subsequently, 100 uL
of 7% (w/v) sodium carbonate and 900 pL of water were added. The
resulting mixture was kept in the dark for 30 min. The absorbance was
measured at 750 nm using a UV-vis spectrophotometer (Shimadzu UV-
1280). TPC was expressed as milligrams of GAE per gram of dried extract
(mg GAE g™' dw.).

Anthocyanin content

Anthocyanins were extracted using a 1:50 (m:v) ratio with 1.5 M HCI
prepared in 85% ethanol. The extract was stored for 24 h at 4 °C”. After
filtration, the absorbance was measured using a UV-vis spectrophotometer
(UV-DR6000, Hach, Loveland, CO, USA). Anthocyanin content was cal-
culated using the absorption coefficient of 982 (g 100 mL ") ' cm ™" 7.

Total flavonoid content

The total flavonoid content of the hydroethanolic extracts was quantified
using the aluminum chloride colorimetric assay as described by Chang
et al”® The calibration curve was prepared by dissolving quercetin in
methanol. In brief, 0.1 mL of the hydroethanolic extract or quercetin

npj Science of Food | (2025)9:175


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00503-x

Article

# HBs

100
Time (ns)

150 200

0 50 100

Time (ns)

150 200

Fig. 9 | Hydrogen bond analysis of human cytochrome P450 1B1 in complex with ligands. a Nortracheloside and b epicatechin.

Table 7 | Van der Waals, electrostatic, SASA, and binding
energy (in kcal mol~") of the compounds

Enzyme  Compound Vander Electrostatic SASA Binding
Waals energy energy energy
energy

CYP 1A1  Nortracheloside —70.59 —9.82 —6.07 —34.57

Epicatechin -30.98 —15.99 -3.20 —16.21

CYP 1B1  Nortracheloside —68.78 —16.88 —6.29 —25.09

Epicatechin —41.51 —13.95 —3.94 —20.25

CYP human cytochrome P450, SASA solvent-accessible surface area.

standard was mixed with 0.1 mL of 10% (w/v) aluminum chloride solution
and 0.1 mL of 0.1 mM potassium acetate solution. The mixture was incu-
bated for 30 min at room temperature. Absorbance was measured at 415 nm
using a UV-vis spectrophotometer (UV-DR6000, Hach, Loveland, CO,
USA). The results were expressed as milligrams of QE per gram of dried
sample (mg QE g d.w.).

Analysis of ascorbic acid and trans-resveratrol using HPLC
Ascorbic acid and trans-resveratrol were quantified using high-
performance liquid chromatography (HPLC). The analysis was per-
formed using a Hitachi LaChrom Elite® liquid chromatograph equipped
with an autosampler and UV detector. A reverse-phase TC C-18 analytical
column (150 mm x 4.6 mm, 5 pm particle size, Agilent, USA) was used for
the separation.

Ascorbic acid was extracted using the method described by Cheb-
rolu et al. with minor modifications””. An aqueous solution of 3%
metaphosphoric acid (MPA) was used as the extraction solvent, and
extractions were conducted at room temperature. Lyophilized fruit
samples were mixed with the extraction solution at a 1:10 (w/v) ratio,
vortex-stirred for 2 min, and sonicated for 2 min. The mixture was then
centrifuged at 3000 rpm, and the resulting extracts were stored in sealed
dark-glass vials at —4 °C prior to analysis. Separation of ascorbic acid was
achieved via isocratic elution using a mobile phase of methanol and water
(15:85 v/v) with a pH of 2.5 (adjusted with MPA). The flow rate was set at
1.2mLmin"', and UV detection was performed at 245nm (Supple-
mentary Fig. 1).
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Trans-resveratrol extraction followed the method described by Sun
et al.”® with modifications. Briefly, 50 mg of Iyophilized fruit was mixed with
2 mL of ethanol/water (70:30 v/v) as the extraction solvent. The mixture was
then filtered through 0.45 um PVDF filters. Separation was performed using
isocratic elution of water/acetonitrile/acetic acid (70:29.9:0.1 v/v/v) at a flow
rate of 1 mL min~". Detection was conducted at 306 nm, and the column
oven temperature was set to 30 °C (Supplementary Fig. 2).

Analysis of trans-resveratrol via UPLC-QTOF-MS

Resveratrol was verified using UPLC-QTOF-MS (Waters Acquity UPLC
Xevo G2-XS Q/TOF) with a scanning range of m/z 100 to 1200 Da in
negative jonization mode. Separation was performed using an Acquity
UPLC BEH C18 column (2.1 x 50 mm, 1.7 um particle size, Waters, Mil-
ford, MA, USA) with a gradient mobile phase consisting of 0.01% formic
acid in water (Solvent A) and 100% acetonitrile (Solvent B). Gradient elution
conditions were as follows: 1% B (1 min), 1-20% B (10 min), 20-25% B
(10 min), and 35-50% B (5 min), followed by column rebalancing. The flow
rate was maintained at 0.25 mL min~". The optimized ESI parameters were:
a capillary voltage of 0.5 kV, cone gas flow of 30 L h ™", desolvation gas flow
of 900 Lh™, source temperature of 140 °C, desolvation temperature of
450 °C, sample cone voltage of 40 V, and source offset of 80 V. MS/MS
analysis was conducted with a collision energy of 20 eV with the Acquity
UPLC BEH C18 column. Data collection and analysis were carried out using
UNIFI™ v1.8 software on the MassLynx NT 4.1 platform (Waters, Mil-
ford, MA, USA).

UPLC-QTOF-MS analysis

Metabolites in the hydroethanolic extract of P. cecropiifolia Mart. were
identified using a UPLC-ESI-QTOF-MS system. The analysis was con-
ducted in negative ionization mode with a scanning range of m/z
100-1200 Da. Chromatographic separation was achieved with an Acquity
UPLC BEH C18 column (2.1 x 50 mm, 1.7 um particle size, Waters, Mil-
ford, MA, USA). The LC mobile phase A consisted of 0.1% formic acid in
water, while mobile phase B constituted 0.1% formic acid in acetonitrile. The
gradient elution was as follows: 1% A (0-1 min), 1-20% A (10 min), 20-25%
A (10 min), 25-35% A (5 min), 35-50% A (5 min), and 1% A (4 min). MS/
MS parameters were as follows: a capillary voltage of 0.5 kV, source tem-
perature of 140 °C, desolvation temperature of 450 °C, and sampling cone
and source offset voltages of 40 and 80 V, respectively. The collision energy
ramp was set to a low energy of 6 eV and a high energy range of 20-30 eV.
Mass spectral data collection and analysis followed the previously described
methodology for UPLC-ESI-QTOF-MS/MS analysis of trans-resveratrol.

DPPH free radical scavenging activity

The DPPH radical scavenging capacity was carried out in triplicate fol-
lowing the method of Gulati et al.”” with minor modifications. Six different
concentrations of the extracts were mixed with 0.6 uM DPPH prepared in
ethanol (96% w/w). Each reaction consisted of 50 uL of DPPH working
solution, 100 puL of sample dilutions (ethanol served as the blank), and
100 pL of ethanol. The fruit extracts were prepared in test tubes containing
ethanol to give 1001.5 to 4280.0, 6011.3 to 29040.0, and 20.2 to
199.9 pg mL ™" solutions for peel, pulp, and seed, respectively. The mixtures
were incubated in a dark room on an orbital shaker (Orbit™ LS Low-Speed
Laboratory Shaker, Labnet) at 60 rpm. The absorbance of each concentra-
tion was measured at 517 nm using a spectrophotometer (Promega, Glomax
Discover System). Trolox was used as the positive control. The percent
radical scavenging activity of the extracts was calculated using the following
Eq. (1):

(Abs control — Abs sample) * 100
Abs control

DPPH radical scavenging activity(%) =
¢y

where Abs control is the absorbance of DPPH + ethanol and Abs sample is
the absorbance of DPPH radical + sample (sample or standard). The ICs,

values can be calculated with GraphPad Prism® software using a nonlinear
regression as follows, Eq. (2):

100

Y= (1 1 10((LogICs0-X) « Hi]lSlope)) )

The results were expressed as TEAC, was estimated using the equation
below”, Eq. (3):

ICsq0f Trolox(*£)

TEAC =
ICsq0f sample(“£)

(€)

ABTS free radical scavenging activity

The ABTS radical cation decolorization assay was performed following the
method of Re et al.*' Briefly, a solution of 7.07 mM ABTS was prepared by
mixing it with 2.45 mM potassium persulfate to produce the ABTS radical
cation. The mixture was incubated in the dark at room temperature for 16 h.
The resulting ABTS radical solution was diluted with ethanol (96% w/w) to
achieve an absorbance of 0.7 at 734 nm. A reaction mixture was prepared by
combining 2850 pL of the ABTS reagent with 150 pL of either standard
(Trolox) or extract solutions at concentrations of 800.0 to 448.8, 1106.2 to
29040.0, and 21.0 to 116.5ugmL ™" for peel, pulp, and seed extracts,
respectively. Trolox was used as a positive control, with a concentration
range of 10 to 320 pM. All measurements were carried out at least three
times. TEAC was calculated using the same equation as that for the DPPH
free radical scavenging activity.

FRAP assay

The FRAP of the hydroethanolic extracts was assessed according to the
method outlined by Benzie and Strain®. Briefly, the reaction mixture
was prepared by mixing 300 uL of FRAP reagent, 30 pL of distilled
water, and 10 uL of sample in a 96-well microtiter plate reader. The
mixture was incubated at 37 °C for 4 min in the dark, and the absor-
bance was measured at 600 nm using a Promega Glomax Discover
System spectrophotometer. Antioxidant capacity was expressed as pmol
Fe’* g7 dw.

Antioxidant capacity assessment via CV
Antioxidant capacity was evaluated by analyzing changes in the current of
the superoxide anion radical in the presence of increasing concentrations of
antioxidants (0.51 to 2.57 mg mL™"). The Als, was determined from the plot
of the dimensionless parameter ((Ip%-Ip5)/Ip%) vs. antioxidant concentra-
tion, where, Ip? is the peak current in the oxidative scan without the anti-
oxidant in the medium, and Ip}, is the peak current with the antioxidant. The
Alsq value represents the concentration of an antioxidant necessary to
decrease the anodic peak current by 50%. In this assay, the lower the Als,
value, the higher the antioxidant potency, signifying greater capacity to
scavenge superoxide anion radicals***.

CV measurements were performed according to Barrietos et al.” using
a computer-controlled electrochemical system (CH Instruments) equipped
with a standard three-electrode cell assembly. A glassy carbon electrode
(3mm in diameter) served as the working electrode, Ag/AgCl as the
reference electrode, and a graphite rod as the counter electrode. The working
solution consisted of 0.05 M tetrabutylammonium hexafluorophosphate in
dimethylformamide. Before each measurement, the working electrode was
polished with alumina of decreasing granulometry (0.3, 0.1, and 0.05 um),
rinsed with deionized water, sonicated for 1 min, rinsed with acetone, and
dried with air. The cell was saturated with O, by bubbling air through the
solution for 1 min, generating the superoxide anion radical (O,"") through
the one-electron reduction of molecular oxygen. Voltammetric signals were
recorded at room temperature using a scan rate of 0.1 Vs™' and potential
window from —0.2 to —1.0 V (vs. Ag/AgCl).
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Antioxidant capacity assessed using DPV

The antioxidant capacity of the extracts was further evaluated using the
electrochemical index (EI)calculated through DPV as per Eq. (4)™:

Ipa,Z
E

I

pa,n
RS (4)
Pa, pa,n

Ipa,3
E

IpaL,l
E

El = +

‘pa,1 pa,2

where i, represents the current value and Ey, the potential value for each
major anodic peak in the DPV voltammogram. DPV measurements were
carried out using the same electrochemical setup as described previously.
The electrolytic solution consisted of 0.1 M acetate buffer (pH = 5). Prior to
each measurement, nitrogen purging was performed for 30s. DPV was
conducted in a potential window of —1.2 to 1.5 V (vs. Ag/AgCl) and a scan
rate of 17 mV's™.

Antiproliferation assay

Cells Hela, RKO, MCF7 y T47D were cultured in DMEM and T-47D in
RPMI. Mediums were supplemented with 100 units mL™" penicillin G,
100 pg mL™" streptomycin, 0.25 pg mL ™" amphotericin B, 2 mM L-gluta-
mine, and 10% fetal bovine serum. The cells were grown in a humidified
incubator (37 °C, 5% CO,). Cultures were maintained in a humidified
incubator at 37 °C with 5% CO,. Cell viability was assessed using the MTS
assay, which measures mitochondrial respiratory activity as an indicator of
inhibited growth of human cancer cell lines. A total of 3 x 10° cells were
seeded per well in a 96-well plate. After 24 h, the cells were treated with P.
cecropiifolia Mart. extracts (peel, pulp, and seed) for an additional 24 h. for 5
different concentrations, ranging from 2 to 200. DMSO was used as the
vehicle at a final concentration of 0.1% v/v, serving as the negative control.
Doxrubicin was used as a positive control in ranges of 0.1 to 10. Each
concentration was performed three times in triplicate. Cells were incubated
with the treatments for 48 h. At 44 h, M TS solution (5 mg mL™") was added,
and cells were further incubated for 4 h at 37 °C. Absorbance was measured
at 570 nm with a reference wavelength of 650 nm. The percentage of inhi-
bition was calculated using the following formula: viability (%) = (absor-
bance of treated cells/absorbance of control cells) x 100%.

Molecular docking and dynamics

To further investigate the anticancer activity of P. cecropiifolia Mart.,
molecular docking and molecular dynamics simulations were performed.
The eight most predominant compounds identified from the chemical
profile—three from the pulp and five from the peel—were selected for
analysis, as cytotoxicity effects are likely attributed to compounds present in
greater quantities. For the receptor, the X-ray crystal structures of human
cytochrome P450 1A1 (CYP 1A1)" and human cytochrome P450 1B1
(CYP 1B1)* were selected as possible targets for cytotoxicity based on
previous studies”. Docking studies were performed with an exhaustiveness
parameter of 32, 1A spacing, full ligand flexibility, and a calculation box
focused on the active sites of the selected CYPs. Structures were prepared
using AutoDockTools”, and calculations run using AutoDock Vina’'. The
results of docking calculations were used as input for the molecular dynamic
simulation. The topology of the enzymes was built using the AMBER99SB-
ILDN force field”, while ligand topology was generated using the ACPYPE
server”” with the Generalized Amber Force Field”. The ligand-enzyme
complexes were solvated using the three-point water model (TIP3P) and
neutralized with CI” or Na™ ions as needed. The system was energy-
minimized and equilibrated at 300 K for 100 ps following NVT and NPT
protocols™. Simulations were run at 300K and 1bar for 200 ns using
GROMACS 2019™. Free binding energy was calculated from the trajectory
data using the g mmpbsa tool, applying the Molecular Mechanics
Poisson-Boltzmann Surface Area method”.

Statistical analysis

All experiments were performed in triplicate, and the results were expressed
as mean + standard deviation. We conducted a one-way analysis of the
variance (ANOVA) followed by Tukey’s test (p > 0.05) to identify statistical

differences using R v.3.6.2 (R development). The relationships among
DPPH, ABTS, FRAP, EI, Als,, and TPC were evaluated using correlation
analysis. ICs, values were calculated via nonlinear regression analysis using
GraphPad Prism v. 10.4.1 (GraphPad Software Inc., USA).

Data availability

Data is provided within the manuscript or supplementary information files.

Code availability
No applicable.
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DPPH 2,2-diphenyl-1-picrylhidrazyl radical

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

FRAP ferric reducing antioxidant power

TEAC Trolox equivalent antioxidant capacity

Alsg antioxidant index 50

EI electrochemical index

cv cyclic voltammetry

DPV differential pulse voltammetry

TPC total phenolic content

GAE gallic acid equivalent

TFC Total flavonoid content

TAC Total anthocyanin content

QE quercetin equivalent

CGA chlorogenic acid

MPA metaphosphoric acid
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