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Abstract

Introduction The genus Senecio comprises more than 1,200 species, at least 25 of which are known to be toxic due to the
presence of pyrrolizidine alkaloids. In Brazil, approximately 68 species occur, predominantly in rural and mountainous
regions.

Objective This study was performed to investigate the specialized metabolites of Senecio oleosus using isolation and derep-
lication strategies and to evaluate their antiproliferative activity against tumor cell lines.

Methods A phytochemical investigation of S. oleosus was conducted using various chromatographic techniques. Structural
elucidation was based on spectroscopic analyses and comparison with literature data. Dereplication was performed using
UHPLC-HRMS/MS. Molecular networking was generated through GNPS2 and analyzed using Cytoscape. Antiproliferative
activity was assessed using the MTT assay.

Results The study led to the isolation of three new esterified shikimic acid derivatives. Dereplication of pyrrolizidine alka-
loids was guided by the diagnostic fragment ions at m/z 120 and m/z 138. Diagnostic ions for esterified shikimic acid
derivatives were established based on the fragmentation patterns observed in the MS/MS spectra of the isolated compounds.
Molecular networking analysis enabled the annotation of 36 additional putative esterified shikimic acid derivatives. One
triesterified shikimic acid derivative exhibited promising antiproliferative activity against the HCT-116 cell line, with an
ICy, value of 10.5 pg.mL™! (20.2 uM).

Conclusions In total, 82 compounds were identified in S. oleosus. Except for N-oxide retrorsine and N-oxide senecionine, all
compounds are reported for the first time in this species. Esterified shikimic acid derivatives emerged as the major group of
specialized metabolites in S. oleosus, and triesterified derivatives demonstrated promising antiproliferative activity.
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1 Introduction

Continuing our studies on Asteraceae species from the

>4 Debora Cristina Baldoqui Campos Gerais region of Parand, Brazil, the present work
debaldoqui@uem.br focuses on a species belonging to the tribe Senecioneae.

| Departamento de Quimica, Universidade Estadual de Seneczc? is the largest genus within 'thIS Frlbf:, comprising
Maringé, Av. Colombo 5790, Maring4, PR, Brazil approximately 1,200 to 1,500 species distributed world-

2 Departamento de Farmacologia, Instituto de Ciéncias w%de, and 1t.1s one of the. few genera f(?und in all five regions
Biomédicas, Universidade de Sdo Paulo, Av. Prof. Lineu with a Mediterranean climate (Kandziora et al., 2017; Arias
Prestes, 1524, Sdo Paulo, SP, Brazil Cassara et al., 2010).

3 Departamento de Biologia Geral, Universidade Estadual de Phytochemical investigations of Senecio species have
Ponta Grossa, Av. Carlos Cavalcanti, 4748, Ponta Grossa, revealed the presence of toxic pyrrolizidine alkaloids (PAs),

PR, Brazil
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which pose potential health risks to both humans and live-
stock (Mulder et al., 2016; Mulder et al., 2018; Gottschalk
et al., 2020; Burguefio-Tapia et al., 2004). In addition, ses-
quiterpenes of the eremophilane and furanoeremophilane
types are frequently reported in this genus (Arias Cassara et
al., 2010; Burguefio-Tapia et al., 2004; Portero et al., 2012;
Ruiz-Vasquez et al., 2015). By contrast, esterified shikimic
acid derivatives are considered rare taxonomic markers,
having been identified in only eight Senecio species to date
(Bohlmann et al., 1984, 1985, 1986; Cardoso et al., 1987,
Dupré et al., 1991; Ndom et al., 2006; Lu et al., 2021; Klein
et al., 2022; Wang et al., 2022).

The structural complexity and co-occurrence of isomeric
forms of both PAs and shikimic acid derivatives in Senecio
extracts present a significant analytical challenge for con-
ventional phytochemical isolation. In this context, liquid
chromatography tandem mass spectrometry (LC-MS/MS),
combined with modern untargeted metabolomics tools, has
emerged as a powerful approach to accelerate dereplication
and metabolite annotation. Based on their characteristic
fragmentation patterns, PAs can be effectively characterized
in complex mixtures; for instance, the product ions at m/z
120 and m/z 138 are well-established diagnostic markers of
unsaturated PAs (Lu et al., 2021; Klein et al., 2022; Wang
et al., 2022). However, systematizing the MS/MS behav-
ior of these rare shikimic acid esters remains crucial for
supporting their high-throughput identification in complex
mixtures.

In this study, three new esterified shikimic acid deriva-
tives and three known compounds, including the alkaloid
N-oxide retrorsine, were isolated from Senecio oleosus
Vell., a species native to Brazil. Using the diagnostic ions
m/z 120 and m/z 138, six additional PAs were putatively
identified. This analytical approach was also applied to the
dereplication of esterified shikimic acid derivatives. Frag-
mentation patterns and diagnostic ions were first established
based on the MS/MS spectra of the isolated compounds.
Subsequently, molecular networking analysis using the
GNPS2 platform enabled the annotation of 36 previously
undescribed derivatives. Furthermore, because the search
for new natural products with cytotoxic properties remains a
key driver in drug discovery, as highlighted by recent inves-
tigations of plant-derived compounds with in vitro antitu-
mor activity (Situmorang et al., 2024; Xiao et al., 2025),
and given the limited pharmacological data available for
S. oleosus, the antiproliferative activity of the extract, frac-
tions, and isolated compounds was also evaluated.
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2 Materials and methods
2.1 General experimental procedures

Nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Avance III HD spectrometer operating at
300 MHz and 75.5 MHz, using CDCl;, CD;0D, and
dimethyl sulfoxide (DMSO)-d as solvents. For individual
compounds, "H NMR spectra were acquired using the param-
eters set automatically by the instrument, with the number
of transients fixed at 128 (nt=128). For '3*C NMR analyses
and 2D experiments, the acquisition parameters were opti-
mized based on sample concentration. Ultra-high-pressure
liquid chromatography (UHPLC) analyses were performed
using a Shimadzu Nexera X2 system equipped with a CBM-
20 A system controller, two LC-30AD pumps, a CTO-30 A
column oven, and a SIL-30AC autosampler. Mass spectro-
metric data were acquired on a Bruker IMPACT II instru-
ment equipped with an electrospray ionization (ESI) source
operating in both positive and negative ionization modes,
using a quadrupole time-of-flight analyzer and a multichan-
nel plate detector.

Column chromatography (CC) separations were carried
out using silica gel 60 (70-230 mesh; Merck), silica gel flash
(230-400 mesh; Merck), and Sephadex LH-20" (Sigma-
Aldrich). Thin-layer chromatography was performed on
precoated silica gel 60G or 60GF,s, plates (Merck). Spots
were visualized under UV light at 254 and 366 nm and by
spraying with a chromogenic reagent consisting of H,SO,/
anisaldehyde/acetic acid (1:0.5:50 mL), followed by heating
at 100 °C.

2.2 Plant material

The aerial parts of S. oleosus were collected in June 2019
at Cachoeira da Mariquinha, Ponta Grossa, Parana, Bra-
zil (25°11°51.9"S, 49°57°00.7"W). The plant was identi-
fied by Dr. Marta Regina Barrotto do Carmo, and a voucher
specimen was deposited in the herbarium of the Univer-
sidade Estadual de Ponta Grossa (HUPG 22432; SISGEN
A326417).

2.3 Extraction and isolation

The aerial parts of S. oleosus (148.0 g) were dried at
37 °C+2 °C for 72 h, powdered using a knife mill, and
exhaustively extracted with ethanol (LabSynth, 99.5%)
at room temperature through seven successive extraction
cycles. The solvent was evaporated under reduced pres-
sure to yield the crude extract (SCE, 17.0 g). An aliquot of
the crude extract (15.0 g) was suspended in MeOH,O (1:1,
400 mL, v/v) and successively partitioned with n-hexane



Characterization of three new antiproliferative shikimic acid derivatives and known pyrrolizidine alkaloids from...

Page3of 16 109

(4% 100 mL; LabSynth, 100%), dichloromethane (3 x 100
mL; LabSynth, 100%), and ethyl acetate (5 x 100 mL; Lab-
Synth, 99.5%), affording hexane (SHE, 5.58 g), dichloro-
methane (SDC, 3.34 g), ethyl acetate (SEA, 1.77 g), and
hydromethanolic (SHM, 3.97 g) fractions.

A portion of the SHE fraction (4.00 g) was subjected
to silica gel 60 CC (¢=4.0 cm x h=20.0 cm), eluted with
a gradient of n-hexane, EtOAc, and MeOH of increasing
polarity, yielding subfractions SHE-1 to SHE-14. Subfrac-
tion SHE-6 (543.1 mg) led to the isolation of compound 1
(Table 1). The SDC fraction (2.20 g) was subjected to silica
gel 60 CC (¢=3.0 cm X h=25.0 cm), using a similar gra-
dient system, resulting in subfractions SDC-1 to SDC-20.
Subfraction SDC-8 (119.2 mg) yielded a mixture of com-
pounds 2 and 3 (Table 1).

A portion of the SEA fraction (1.40 g) was subjected
to Sephadex LH-20 CC (¢=2.5 cm x h=33.0 cm), eluted
with H,O and MeOH in a gradient of decreasing polarity,
resulting in subfractions SEA-1 to SEA-13. Subfraction

Table 1 'H and '*C NMR data for compounds 1, 2 and 3 in CDCl,

SEA-2 (197.9 mg) was washed with distilled water and
MeOH, and the resulting precipitate afforded compound 4
(44.6 mg). Subfraction SEA-12 was identified as compound
5 (34.9 mg), while compound 6 (19.2 mg) was isolated from
subfraction SEA-10 (379.1 mg) after CC on silica flash,
using a gradient of CH,Cl, and MeOH as eluents of increas-
ing polarity.

2.4 UHPLC-HRMS/MS analysis

UHPLC-HRMS/MS analysis (Figs. S27-S28) was per-
formed for comprehensive metabolite profiling, as previ-
ously described for plant extract characterization by Shi et
al. (2022). The crude extract (SCE) and the dichloromethane
(SDC), ethyl acetate (SEA), and hydromethanolic (SHM)
fractions were analyzed using a UHPLC system (Nexera
X2; Shimadzu) coupled to a high-resolution quadrupole
time-of-flight mass spectrometer (IMPACT II; Bruker Dal-
tonics, USA) equipped with an ESI source maintained at

position 1 2 3

3y, (J Hz)" 8¢” Sy, JHz)® 8¢” 3y, J Hz) 3¢”
1 - 130.6 — 131.1 - 130.5
2 6.89-6.91 (1 H; m) 135.9 6.88-6.92 (1 H; m) 135.4 6.88-6.92 (1 H; m) 135.1
3 5.80 (1 H; t; 3,6) 65.4 5.83 (1 H; t;4.1) 65.1 5.62-5.66 (1 H; m) 67.7
4 5.32 (1 H; d; 4,6) 66.0 5.08 (1 H; dd; 8.6, 4.1) 71.6 4.06 (1 H; dd; 7.7, 4.0) 67.9
5 5.29-5.37 (1 H; m) 67.9 424 (1H;q;7.3) 65.0 531 (1 H; q; 7.5) 68.3
6a 2.44 (1 H; brd; 18.4) 28.4 2.36-2.40 (1 H; m) 31.0 2.42-2.45 (1 H; m) 27.8
6b 2.89 (1 H; brd; 18.4) 2.90 (1 H; d; 17.8) 2.90 (1 H; d; 17.8)
7 - 170.6 - 169.9 - 169.9
1’ - 165.4 - - - 165.3
2’ 5.65 (1 H; dg; 5.0, 1.3) 115.6 - - 5.75 (1 H; t; 1.3) 115.4
3 — 159.0 — — — 158.7
4 2.16 (3 H; d; 1.3) 20.6 - - 2.17 (3H;s) 20.3
5 1.89 3 H; d; 1.2) 27.7 - - 191 3 H;t; 1.3) 27.5
17 - 165.4 - 165.2 - 165.9
27 5.65 (1 H; dq; 5.0, 1.3) 115.3 5.69 (1 H; t; 1.3) 115.0 5.66 (1 H; t; 1.3) 114.9
3” — 158.8 — 159.4 - 158.5
47 2.16 (3 H; d; 1.3) 20.6 2.20 (3 H; d; 1.3) 20.4 2.17 (3 H; s) 20.3
5”7 1.90 3 H; d; 1.2) 27.6 1.93 (3 H;d; 1.3) 274 191 (3H;t;1.3) 27.5
1 - 172.9 - 173.3 - -
27 2272 H;t,7.4) 34.4 231 (2H;t;74) 34.2 - -
3 1.57 (2H;t,7.2) 25.1 1.60 (2 H; t) 24.8 - -
4> 1.24 (2 H; s) 29.8 1.25 (2 H;s) 29.6 — —
5 1.24 (2 H; s) 29.5 1.25 (2 H; s) 29.3 - -
6 1.24 (2 H; s) 29.2 1.25 (2 H; s) 29.2 - —
7 1.24 (2 H; s) 29.5 1.25 (2 H; s) 29.0 - -
8 1.24 (2 H; s) 29.6 1.25 (2 H; s) 29.4 - -
9 1.24 (2 H; s) 29.8 1.25 (2 H;s) 29.6 - -
10°” 1.24 (2 H; s) 32.1 1.25 (2 H;s) 31.8 — —
11 1.24 (2 H; s) 22.8 1.25 (2 H; s) 22.6 - -
12 0.87 (3 H; t; 6.9) 14.3 0.88 (3 H; t; 6.8) 14.1 —

#Data (0) measured at 300 MHz; s=singlet, d=doublet, brd=broad doublet, t=triplet, dd=doublet of doublets, dq=doublet of quartet, m=mul-
tiplet and q=quartet. J values are in Hz and are omitted if the signals overlapped as multiplets. ®Data (§) measured at 75.5 MHz
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40 °C. Samples were prepared in MeOH (1.0 mg mL™1!),
and chromatographic separation was carried out on a C18
column (75x%2.0 mm i.d.; 1.6 pm Shim-pack XR-ODS III)
using H,O (solvent A) and acetonitrile containing 0.1%
formic acid (solvent B) as the mobile phase. The elution
gradient program was as follows: 5% B (0—1 min), 30% B
(1-3 min), 95% B (3-8 min), and held at 95% B (8—16 min).
The flow rate was 0.2 mL min~ !, and the injection volume
was 3 uL. Mass spectrometric detection was performed in
both positive and negative ionization modes with a capil-
lary voltage of 4500 V, and sodium formate (10 uM) was
used for internal calibration. The dry gas was set to 8 L/
min at 200 °C, with a nebulizer pressure of 4 bar. Collision-
induced dissociation was performed using argon as the col-
lision gas, with collision energies ranging from 5 to 45 eV.
Spectra were acquired over a mass range of m/z 50-1300
at a scan rate of 5 spectra/s (Ramos et al., 2019). Target
ions were automatically selected for MS/MS fragmentation
using auto-fragmentation mode. Raw data were processed
using DataAnalysis™ 4.3 software (Bruker). Putative iden-
tification of compounds was based on the analysis of frag-
mentation patterns and comparison with literature reports of
previously described metabolites from the Senecio genus,
as well as with spectral databases. Molecular formulae were
assigned based on accurate mass measurements, consider-
ing a mass error of <10 ppm.

2.4.1 Molecular networking-based annotation

Molecular networking analysis combined with high-reso-
lution mass spectrometry was performed using the GNPS2
platform, which has been widely applied for the derepli-
cation and annotation of natural products in recent stud-
ies (Peng et al., 2024; Sheng et al., 2024). The data were
submitted to the GNPS2 platform for molecular networking
using the classical networking workflow. MS-Cluster was
applied with a parent mass tolerance of 0.02 Da and a frag-
ment ion tolerance of 0.02 Da to generate consensus spectra.
A molecular network was then constructed using a cosine
similarity threshold of >0.7 and a minimum of four matched
fragment peaks to define edges between nodes. Prior to
library matching, MS/MS spectra were filtered by remov-
ing all fragment ions within £17 Da of the precursor m/z.
The resulting network was queried against GNPS2 spectral
libraries, with matches accepted only when the cosine score
exceeded 0.7 and at least four fragment ions were shared.
The final network was exported from GNPS2 and visual-
ized in Cytoscape (Shannon et al., 2003; Yang et al., 2011).
Additionally, the fragmentation data were compared with
previously reported compounds in the literature for further
annotation.

@ Springer

2.5 Invitro antiproliferative assay

The antiproliferative assay was performed against three
tumorigenic cell lines: HCT 116 (colon carcinoma), 501mel
(metastatic melanoma), and MCF-7 (breast adenocarci-
noma), using the MTT cell viability method (Mosmann,
1983). Stock solutions of the test samples were prepared
in DMSO at concentrations of 10 and 1 mg mL™!. Subse-
quently, 1x 10* cells/mL (501mel and HCT-116) and 3 x 10*
cells/mL (MCF-7) were seeded in 96-well plates. After 24 h
of incubation, samples were added at final concentrations
of 5 and 50 ug mL™! (in duplicate), followed by incuba-
tion in a controlled CO, atmosphere (5.0%) at 37 °C. Doxo-
rubicin was used as a positive control and DMSO as the
vehicle control. After 69 h of incubation, the supernatant
was replaced with culture medium containing MTT (0.5 mg
mL™!). Three hours later, the supernatant was removed,
and the precipitates containing blue formazan were dis-
solved in 150 pL of DMSO. Absorbance was measured at
570 nm using a BioTek Synergy HTX Multimode Reader.
Data analysis was performed using GraphPad Prism v9.0
software. Samples that inhibited cell growth by more than
70% were selected for serial dose-response experiments
(0.0016-50 pug mL™'), which were also evaluated using
the MTT assay. The half-maximal inhibitory concentration
(ICsp), along with the 95% confidence interval, was cal-
culated by nonlinear regression in GraphPad Prism v9.0.
Results are presented as the mean+standard deviation of
three independent experiments.

2.6 SwissADME-based theoretical physicochemical
analysis

Theoretical physicochemical descriptors related to mem-
brane permeability and drug-likeness, including lipophilic-
ity (LogP), topological polar surface area, hydrogen bond
donor groups, and predicted aqueous solubility, were calcu-
lated for compounds 1-3 isolated from S. oleosus using the
SwissADME online platform (http://www.swissadme.ch/),
as described by Daina et al. (2017). SMILES strings were
used as input.

3 Results and discussion

3.1 Isolation and structure elucidation

The crude extract from the aerial parts of S. oleosus was
successively partitioned with n-hexane, dichloromethane,

and ethyl acetate. Six compounds were isolated, including
three new shikimic acid derivatives (1, 2, and 3) and three
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known compounds: N-oxide retrorsine (4), quercetin (5),
and 3,5-di-O-caffeoylquinic acid (6) (Fig. 1).

3.1.1 Structure elucidation of compound 1

Compound 1 was isolated as an oil from the hexane frac-
tion, and its molecular formula, C,oH4,O¢, was determined
by HR-ESIMS data at m/z 519.2932 [M—H] (Fig. S13).
The 'H NMR spectrum (Table 1; Figs. S1-S4) showed
diagnostic signals for a triesterified shikimic acid core. An
olefinic multiplet at 8;; 6.89-6.91 (1H, m, H-2) confirmed
the presence of the characteristic o,B-unsaturated carboxylic
system. Three oxymethine proton signals were observed at
Sy 5.80 (1H, t, J=3.6 Hz, H-3), &;; 5.32 (1H, d, /=4.6 Hz,
H-4), and oy 5.29-5.37 (1H, m, H-5), indicating esterifica-
tion at all three hydroxyl groups of the shikimate ring. Addi-
tionally, two large doublets at 6;; 2.44 (1H, br d, /=18.4 Hz)

0]

HO OW
o

‘0, I//O

<

b

Fig. 1 Chemical structures of the compounds isolated from S. oleosus

and oy 2.89 (1H, br d, J=18.4 Hz) were assigned to the
methylene protons H-6a and H-6b. The presence of two
senecioyl (3-methylbut-2-enoyl) moieties was evidenced by
the olefinic signal at &;; 5.65 (2 H, dq, /=1.3 and 5.0 Hz,
H-2' and H-2"), along with the corresponding vinyl methyl
groups at &;;2.16 (6 H, d, J=3.0 Hz, H-4' and H-4") and dy
1.89 (3 H,d,J=1.2)and §;1.90 3 H, d, J=1.2 Hz, H-5").
The remaining signals at 8;2.27 (2 H, t,J=7.4 Hz), §; 1.57
(2 H,t,J=7.2 Hz), 4 1.24 (16 H, s), and & 0.87 (3 H, t,
J=6.9 Hz) were assigned to a dodecanoic acid chain.

The *C and HSQC spectra (Figs. S5, S9, and S10) con-
firmed the shikimic acid scaffold through signals at 8- 130.6
(C-1), 8¢ 135.9 (C-2), 5 65.4 (C-3), 5 66.0 (C-4), 5 67.9
(C-5), 8¢ 28.4 (C-6), and & 170.6 (C-7). The two senecioyl
groups were assigned to signals at 3. 165.4 (C-1"and C-1"),
O¢ 115.6 (C-2'), 8 115.3 (C-2"), 6 159.0 (C-3'), 8- 158.8
(C-3"),620.6 (C-4" and C-4"), and - 27.7 (C-5"and C-5").

OH

4 HO
OH

0 6
OH OH
HO

OH
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Additionally, the dodecanoyl carbonyl group was observed
at 8 172.9 (C-1").

The structural connectivity of the ester substituents was
unambiguously established through COSY (Figs. S6-S8)
and HMBC (Figs. S11 and S12) correlations. In the COSY
spectrum, key homonuclear correlations were observed
between the olefinic proton H-2 (8 6.89—6.91) and the oxy-
methine H-3 (8y; 5.80). In turn, H-3 coupled with both H-2
and the adjacent oxymethine H-4 (§;; 5.32). The contiguous
spin system of the cyclohexene ring was further resolved
by the COSY correlation between the oxymethine H-5 (8
5.29-5.37) and the geminal methylene protons H-6a and
H-6b (6} 2.44 and 2.89). HMBC correlations were detected
between the oxymethine proton H-4 (8;; 5.32) and the lau-
royl carbonyl carbon C-1" (8- 172.9), positioning the fatty
acid chain at C-4. The positions of the two senecioyl groups
were assigned to C-3 and C-5 based on the key HMBC cor-
relations from H-3 (85 5.80) to the first senecioyl carbonyl

Fig. 2 Key correlations observed in
the gHMBC and COSY spectra for
compounds 1, 2, and 3

C-1" (6 165.4) and from H-5 (8 5.29-5.37) to the second
senecioyl carbonyl C-1" (8. 165.4). Thus, the spin-coupling
networks, combined with key HMBC cross-peaks, con-
firmed the positions of the ester substituents (Fig. 2).

The length of the carbon chain of the fatty acid moiety
attached to C-4 was established by mass spectral analy-
sis. In the MS/MS spectrum, the prominent fragment ion
at m/z 319 corresponded to the neutral loss of a dodeca-
noic acid molecule (m/z 200, C,,H,,0,) from the precur-
sor ion [M—H] at m/z 519.2932, leaving the shikimate
core esterified with the two remaining senecioyl units. The
complementary cleavage of this ester linkage was further
supported by the presence of the dodecanoate carboxylate
anion at m/z 199 (C,,H,;0,, [M—H]"), which was detected
as the base peak. Additionally, characteristic product ions
observed at m/z 137 and m/z 93 confirmed the presence of
the unsubstituted shikimic acid scaffold, in agreement with

@ Springer
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fragmentation pathways previously described in the litera-
ture for related derivatives (Ruiz-Vasquez et al., 2015).

The relative stereochemistry of compound 1 was estab-
lished through analysis of the '"H NMR coupling constants
of the oxymethine protons H-3, H-4, and H-5, which were
compared with literature data for structurally related shiki-
mate derivatives (Ruiz-Vasquez et al., 2015; Zhang et al.,
2007; Nurazah et al., 2017). Although it was not possible
to determine the coupling constant of H-5, the coupling
constants of H-3 at §;; 5.80 (J=3.6 Hz) and H-4 at 6;; 5.32
(J=4.6 Hz) confirmed that the substituents at C-3, C-4, and
C-5 retained the typical 3a,40,5p relative configuration of
the natural shikimic acid scaffold. Consequently, based on
the spectroscopic evidence and the regiochemistry of the
ester groups established by HMBC analysis, compound 1
was identified as a new triesterified shikimic acid deriva-
tive, chemically designated 3a,5B-disenecioyloxy-4a-
dodecanoyloxy-shikimic acid (Fig. 1; Table 1).

Compounds 2 and 3 (Fig. 1) were isolated as a mixture.
HR-ESIMS analysis revealed deprotonated molecular ions
at m/z 437.2524 [M—H] (Fig. S25) and m/z 337.1272
[M—H] (Fig. S26), consistent with the molecular formulas
C,,H;;0, and C,,H,,0,, respectively. The 'H and '*C NMR
data (Table 1) indicated that both compounds share struc-
tural similarities with compound 1.

The '"H NMR spectrum of compound 2 (Figs. S14-S17)
displayed two oxymethine proton signals at &y 5.83 (1H,
t, J=4.1 Hz, H-3) and &, 5.08 (1H, dd, J=8.6 and 4.1 Hz,
H-4), which were highly similar to those observed for com-
pound 1. However, the oxymethine H-5 signal showed a
significant upfield shift to &, 4.24 (1H, q, J=7.3 Hz), con-
firming the presence of a free hydroxyl group at C-5 and
demonstrating that esterification occurred only at C-3 and
C-4 of the shikimate ring.

In the COSY spectrum (Figs. S19-S20), key homonu-
clear correlations resolved the cyclohexene ring spin system
(Fig. 2). The positions of the acyl groups were confirmed
through heteronuclear correlations in the HMBC spectrum
(Figs. S23-S24), where a key cross-peak was detected
between the oxymethine proton H-4 (S 5.08) and the
dodecanoyl carbonyl carbon C-1" (5~ 173.3), unambigu-
ously positioning the fatty acid chain at C-4. Additionally,
the senecioyl group was positioned at C-3 based on the key
HMBC correlation from the oxymethine proton H-3 (8y
5.83) to the senecioyl carbonyl carbon C-1' (6 165.2).

The main structural differences between compounds 2
and 3 lie in the characteristic chemical shifts and coupling
constants of the oxymethine protons H-4 and H-5. For com-
pound 3, these signals appeared at 6 4.06 (1 H, dd, J=7.7
and 4.0 Hz) and &, 5.31 (1 H, q, J=7.5 Hz), respectively,
which clearly demonstrated the presence of a free hydroxyl
group at C-4 and esterification at C-5.

The positions of the acyl groups in compound 3 were
confirmed through heteronuclear correlations in the HMBC
spectrum (Figs. S23—-S24). Key cross-peaks were detected
between the oxymethine proton H-3 (8y; 5.62-5.66) and the
senecioyl carbonyl carbon C-1" (3 165.9), and between the
oxymethine proton H-5 (§;; 5.31) and the second senecioyl
carbonyl carbon C-1" (8 165.3). In addition, the senecioyl
group at C-3 was supported by the HMBC correlation from
H-3 (8 5.83) to C-1' (6 165.2) (Fig. 2).

Based on these comprehensive spectroscopic analyses
and in agreement with the natural relative stereochemistry
of the shikimate core, compounds 2 and 3 were putatively
characterized as  3a-senecioyloxy-4a-dodecanoyloxy-
shikimic acid and 3a,5B-disenecioyloxy-shikimic acid,
respectively.

The three new metabolites isolated from S. oleosus
expand the small but consistent group of shikimate esters
reported in the genus Senecio. To date, previously reported
Senecio shikimate esters are polyacylated shikimic acid
derivatives that show considerable variation in their acyl
residues (Bohlmann et al., 1985; Cardoso et al., 1987;
Dupré et al., 1991; Lu et al., 2021; Klein et al., 2022; Wang
et al., 2022). Shikimate esters incorporating medium- or
long-chain acyl groups, such as C10 or C18, have only
been reported from S. lividus (Bohlmann et al., 1986)d bur-
tonii (Ndom et al., 2000), respectively, whereas shikimate
esters containing a senecioyl group have been reported in
S. hieracioides (Bohlmann et al., 1984). In this context, the
metabolites from S. oleosus are distinguished by combining
a fatty acyl chain and a senecioyl moiety within the same
molecule, thereby expanding the known acylation patterns
of this class in the genus.

3.2 Dereplication analysis of pyrrolizidine alkaloids
(PAs)derivatives

A molecular network was constructed from 436 precursor
ions detected in positive ionization mode and visualized
as nodes. As previously described, N-oxide retrorsine was
isolated from the ethyl acetate fraction, and its mass spec-
trum, together with reference data from the literature (Lu et
al., 2021; Klein et al., 2022; Wang et al., 2022; Mosmann,
1983), served as a standard for the dereplication of PAs in
S. oleosus.

Two fragment ions at m/z 120 and m/z 138 are recognized
as diagnostic for retronecine-type PAs in positive ioniza-
tion mode (Lu et al., 2021; Klein et al., 2022; Wang et al.,
2022; Mosmann, 1983). On the GNPS2 platform, the MS?
m/z highlight tool was applied to visualize nodes exhibiting
these diagnostic ions. This filtering highlighted 17 nodes, of
which 7 (designated MS-1 to MS-7) were putatively anno-
tated as PAs based on their MS/MS fragmentation patterns
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Pyrrolidine alkaloids derivatives
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Fig. 3 Molecular network of the Senecio oleosus extract generated
using the GNPS2 platform in positive ionization mode. Nodes are
color-coded according to the sample origin: crude extract (green),

dichloromethane fraction (purple), ethyl acetate fraction (pink), and
hydromethanolic fraction (orange)

Table 2 Data of the annotated compounds in the fractions of Senecio oleosus by UHPLC-HRMS/MS and molecular networking

Compounds Molecular formula Theoreti- Precursor Mass error/ppm tp/min Main fragment ions  Putative
cal mass ion m/z identification
m/z
MS-1 CyoH,,NOg [M+H]"  410.1809  410.1801 1.9 3.94 368 (b); 340; 138; Retrorsine N-oxide
136; 120; 118; 94 Acetate?®
MS-2 CyoH,,NO, [M+H]"  394.1860 394.1855 1.2 3.93 352;324;138; 120  Senecionine-N-0x-
(b); 94 ide acetate®
MS-3 CsHpNOg [M+H]"  382.1496  382.1490 1.6 3.89 338; 138 (b); 136; Adonifoline
120; 118; 94 N-oxide?
MS-4 CyHyoNO, [M+H]" 3962017 396.2004 3.0 3.87 394; 138; 120 (b); 94 TIsoline®
MS-5 CysHysNO, [M+H]"  368.1704 368.1707 —0.8 3.83 340; 138; 136 (b); Retrorsine N-oxide®
120; 118; 94 “4)
MS-6 CHpsNO [M+H]" 3521755 352.1740 4.2 3.79 324; 138; 120 (b); 94 Senecionine-
N-oxide®
MS-7 CysHyCINO, [M+H]™ 404.1471 404.1442 7.2 3.74 376; 368 (b); 156; Jaconine N-oxide?

138; 120; 94

2 Lu et al. (2021); ® Klein et al. (2022)

and comparison with previously reported compounds in the
literature (Fig. 3; Table 2).

Additional diagnostic fragment ions commonly associ-
ated with PAs from the Senecio genus were also investi-
gated. These included m/z 122 and m/z 140, characteristic of

saturated retronecine-type PAs, as well as m/z 122, m/z
150, and m/z 168, which are indicative of unsaturated
otonecine-type PAs (Lu et al., 2021). However, none of the
nodes within the constructed molecular network exhibited

@ Springer



Characterization of three new antiproliferative shikimic acid derivatives and known pyrrolizidine alkaloids from...

Page9of 16 109

these characteristic fragmentation patterns, suggesting
the absence of these specific PA subtypes in the analyzed
fractions.

3.3 Dereplication analysis of shikimic acid
derivatives

A molecular network was generated from 268 precur-
sor ions acquired in negative ionization mode (Fig. 6). As
a starting point for the dereplication process, the MS/MS
spectra of the esterified shikimic acid derivatives previously
isolated from S. oleosus (compounds 1-3) were employed
as in-house reference standards. Likely due to the limited
number of structurally characterized esterified shikimic
acid derivatives reported in the literature, only shikimic
acid itself (MS-8) was annotated in the molecular network
through automated library matching on the GNPS2 plat-
form. This sparse representation of such derivatives in con-
ventional spectral databases highlights the importance of
integrated molecular networking workflows for enhancing
natural product dereplication and metabolite annotation, as
demonstrated by Sheng et al. (2024).

The diagnostic fragmentation pattern for triesterified
shikimic acid derivatives was established based on the MS/
MS profile of compound 1, which exhibited consistent and
informative fragment ions. Specifically, cleavage of the
ester linkages at positions C-3 and C-5 produced a fragment
ion at m/z 319, corresponding to a shikimate core retaining
the ester moiety at C-4. Subsequent loss of CO, yielded a
fragment at m/z 275. The base peak at m/z 199 resulted from
cleavage of the fatty acid linked to C-4, while the peak at
m/z 99 was attributed to the senecioyloxy group. The pro-
posed fragmentation pathway is depicted in Fig. 4.

TR

m/z 519
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S mE319 miz 199

T

m/z 137
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OH -44 Da
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Fig.4 Fragmentation pathway proposed for the shikimic acid derivative 1
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For compounds 2 and 3, which are disubstituted shikimic
acid derivatives, the base peak was observed at m/z 93. In
compound 2, a diagnostic ion at m/z 199 was also detected,
whereas compound 3 produced characteristic fragments at
m/z 99 and 137 (Fig. 5).

Using these fragmentation patterns as a guide, a detailed
examination of the molecular network was carried out. A
highly connected cluster comprising more than 80 nodes
was identified, with several nodes displaying diagnostic
fragment ions consistent with those of esterified shikimic
acid derivatives (Fig. 6). When the GNPS2 MS? m/z high-
light tool was applied to emphasize fragment ions at m/z
319.18, 275.19, and 199.16, a total of 14 nodes were high-
lighted, of which 7 were putatively annotated as related
compounds (MS-9 to MS-16) (Table 3).

Several nodes closely associated with compound 1
exhibited MS/MS fragmentation patterns featuring diag-
nostic ions at m/z 291, 247, and 171, consistent with struc-
tural similarity. These nodes exhibited a systematic mass
difference of 28 Da relative to the diagnostic fragments of
compounds MS-9 to MS-16, suggesting substitution of the
dodecanoyl group at C-4 by a shorter fatty acid chain, most
plausibly capric acid (C10).

To support the dereplication of trisubstituted deriva-
tives, three diagnostic ions were defined as follows: M;;; =
120.02+M,.—1,M_,,=M,;; —44 and M ;;; =M, . — 1, where

ac Tefers to the molecular weight of the acid linked to C-4
and di denotes a diagnostic ion. Among these, M ;; was con-
sistently observed as the base peak. Despite evaluating more
than 20 naturally occurring carboxylic acids, only 6 were
confidently identified. This strategy facilitated the putative
identification of 15 trisubstituted shikimic acid derivatives
(MS-17 to MS-31) (Table 3), whose proposed structures are

m/z 519

- 182 Da .8
jl\/\/\/\/\/\ T
1 o - 44 Da

m/z275
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Fig. 5 Fragmentation pathway proposed for the shikimic acid derivative 2 and 3
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Fig. 6 Molecular network of the Senecio oleosus extract generated
using the GNPS2 platform in negative ionization mode. Nodes are
color-coded according to the sample origin: crude extract (green),
dichloromethane fraction (purple), ethyl acetate fraction (pink), and

illustrated in Figs. S29-S31, with the corresponding finger-
print ions summarized in Table S1.

In addition to analogs of compound 1, diagnostic ions
such as m/z 199, 137, 99, and 93 were recurrent across the
MS/MS spectra, enabling the detection and partial struc-
tural elucidation of shikimic acid derivatives analogous
to compounds 2 and 3. Furthermore, the defined diagnos-
tic ion logic (My;;, Mgy, and My;;) proved instrumental in
the dereplication of diesterified derivatives bearing an acid
group at C-4. This approach allowed the putative identifica-
tion of nine disubstituted derivatives (MS-32 to MS-42), as
well as three monoesterified derivatives (MS-43 to MS-45)
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Tri-esterified shikimic acid derivatives

[l Di-esterified shikimic acid derivatives

I Mono-esterified shikimic acid derivatives

hydromethanolic fraction (orange). The highlighted cluster corre-
sponds to putative shikimic acid derivatives. Annotated compounds
are indicated within the network, and their proposed chemical struc-
tures are provided in the Supplementary Material

(Table 3). The proposed structures of these compounds are
presented in Figs. S32 and S33.

3.4 Dereplication analysis of other specialized
metabolites

In addition to PAs and esterified shikimic acid derivatives,
the molecular networking approach enabled the annotation
of a diverse array of metabolites belonging to distinct chem-
ical classes, including flavonoids, quinic acid derivatives,
fatty acids, and saccharides. In total, 37 compounds were
tentatively identified through spectral library matching and
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Table 3 Putatively annotated compounds (MSI Level 2 and 3) in the dichloromethane fraction of Senecio oleosus characterized by UHPLC-

HRMS/MS and molecular networking”

Compounds Molecular formula Theoretical Precursor  Mass error/ppm tp/min Main fragment ions
mass m/z  ion m/z

MS-8 C;H,,05 [M - H] 173.0455 173.0449 3.5 0.94 173; 137; 111, 99; 93; 83

Shikimic acid

Triesterified shikimic acid derivatives

MS-9 CyyHyOg [M-H]™  519.2963  519.2928 6.7 13.87 319; 275; 199 (b); 137; 99; 93

M

MS-10 CyyH,Og [M-H]™  521.3120 521.3083 7.1 8.02 319;275; 199 (b); 137; 101; 93

MS-11 C,yH,0g [M-H]™ 5233276 523.3243 6.3 10.25 319;275; 199 (b); 112; 101; 93

MS-12 CogHygOg [M-H]™  479.2650  479.2615 7.3 11.78 319;275; 199 (b); 99; 93

MS-13 C,sHpOg [M-H]™  481.2807 4812782 5.2 12.44 319;275; 199 (b); 101; 93

MS-14 CyH, O [M-H]™  507.2963 5072927 7.1 13.59 319;275; 199 (b); 99; 93; 87

MS-15 C,sH,Og [M-H]™  467.2650 4672621 6.2 11.64 319;275; 199 (b); 135; 93; 87

MS-16 C,;H O [M-H]™ 4952963 4952930 6.6 13.50 319; 275; 199 (b); 135; 115; 93; 87

MS-17 CHyOg [M-H]™  491.2650 4912622 5.7 11.58 291; 247; 171 (b); 137, 99; 93

MS-18 CHyOg [M-H]™  451.2337 4512311 5.7 9.71 291;247; 171 (b); 137; 99; 93

MS-19 C, H3504 [M-H]™  453.2494 4532469 5.5 10.29 339;291; 247; 171 (b); 137; 101; 93

MS-20 C,sH;04 [M-H]™  463.2337 4632312 5.4 9.65 263;255; 219; 205; 143 (b); 99; 93

MS-21 C,sH304 [M-H]™  465.2494 4652462 6.9 10.21 263;219; 143 (b); 101; 99; 93

MS-22 C,sH,0Og [M-H]™  467.2650  467.2616 7.3 10.67 263;219; 143 (b); 101; 93

MS-23 C,,H3,0g [M-H]™  423.2024 4232003 4.9 8.17 263; 219; 143 (b); 99; 93

MS-24 C,Hy,Og [M-H]™ 4252181 4252159 52 8.59 263;219; 143 (b); 101; 93

MS-25 CyH,s0g [M-H]™  419.1711  419.1688 5.5 7.35 219; 175; 137; 99 (b); 93

MS-26 CyH;004 [M-H]™  421.1868  421.1842 6.2 7.65 199; 177; 155; 137; 111; 101; 93 (b)

MS-27 CyHysOg [M-H]™  467.1711  467.1688 4.9 7.67 267;223; 147; 137, 99 (b); 93

MS-28 CosH30O0g [M-H]™  469.1868  469.1841 5.7 8.00 267;223; 147, 137; 101 (b); 99

MS-29 CsHygOy [M-H]™  483.1661  483.1631 6.2 6.58 195; 163; 145 (b); 99; 93

MS-30 CyH300 [M-H]™  485.1817  485.1791 53 6.83 195; 163; 145 (b); 119; 101; 99; 93

MS-31 C,sH,00 [M-H]™  471.1661  471.1631 6.4 6.48 195; 163; 145 (b); 119; 93; 87

Diesterified shikimic acid derivatives

MS-32 C,H;50, [M-H]™  437.2545 4372524 48 9.89 199; 137; 109; 99; 93 (b)

) C,4H;50, [M 483.2600  483.2573 5.6 9.86 199; 137 (b); 109; 99; 93
—H+HCOOH]"

MS-33 C,,H, 0O, [M-H]™ 4392701 4392679 5.0 10.56 199; 137; 109; 101; 93 (b)
C,,H,005 [M 487.2756 4852729 5.6 10.54 199; 137 (b); 109; 101; 93
—H+HCOOH]"

MS-34 C,H;,0,[M-H]" 3972232 397.2211 53 8.50 199; 137; 109; 93 (b)

MS-35 C,,H3,05 [M-H]™  409.2232  409.2210 5.4 8.27 171; 137; 109; 99; 93 (b)

MS-36 C,H;0,[M-H]"  411.2388  411.2366 5.3 8.72 247;171; 152; 137, 109; 101; 93 (b)

MS-37 C,H;,0, [M-H]™  383.2075 3832053 5.7 7.46 143; 137; 109; 101; 93 (b)

MS-38 CyH;00, [M-H]™  381.1919  383.1899 5.2 7,17 143; 137; 109; 99; 93 (b)

MS-39 C,H,,0, [M-H]" 3851293 385.1265 7.3 6.26 147; 137, 99; 93 (b)

MS-40 C;;H,,0; [M-H]™  337.1293  337.1272 6.2 5.99 137; 109; 99; 93 (b)

3) C;H,,0, [2M-H] 675.2658 6752609 7.2 6.03 237;155; 137 (b); 109; 99; 93

MS-41 C;;H,,0,[M-H]"  339.1449 339.1424 74 6.14 137;99; 101; 93 (b)

MS-42 CHO;[M-H]”  297.0980 297.0980 6.4 5.35 252;197;183;137; 99; 93 (b)

Monoesterified shikimic acid derivatives

MS-43 C,H,O¢[M-H]" 2550874 255.0856 7.0 4.98 179; 155; 137; 111; 99; 93 (b); 83
C,HOg[2M-H]” 511.1821 511.1780 8.0 491

MS-44 C,H;O¢ [M-H]"  257.1031 257.1010 8.1 491 155; 137; 111; 101; 99; 93 (b); 83

MS-45 CoH;,04 [M-H]™ 3552126 3552109 4.8 7.30 199; 171; 155; 137; 111; 93 (b)
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manual inspection of MS/MS data, comprising 18 flavo-
noids (MS-46 to MS-63), 6 quinic acid derivatives (MS-64
to MS-69), 4 fatty acids (MS-70 to MS-73), 6 saccharides
(MS-74 to MS-79), and 3 compounds belonging to other
classes of specialized metabolites (MS-80 to MS-82)
(Table 4).

Methoxylated flavonoids have been frequently identi-
fied in previous phytochemical studies of Asteraceae spe-
cies from the Campos Gerais region of southern Brazil (de
Oliveira et al., 2017; de Oliveira et al., 2021; Ramos et
al., 2019) and have also been reported in Senecio species
(Ruiz-Vasquez et al., 2015). In the present study, 6 of the
18 tentatively identified flavonoids (MS-58 to MS-63) were
methoxylated, corroborating these earlier findings.

One aurone (MS-57) was also putatively identified.
Aurones are a class of flavonoid-related compounds respon-
sible for the yellow pigmentation of many flowering plants.
Considering that S. oleosus produces yellow flowers and that
the analyzed extract was obtained from the aerial parts of the
plant, including flowers, the detection of this compound is
consistent with the species’ morphological characteristics.

The remaining metabolites are commonly reported in
plants, with the exception of the sesquiterpene pechue-
loic acid (MS-80), also known as rupestonic acid. This
compound has previously been reported only in Artemisia
rupestris, a species belonging to the Asteraceae family, sub-
family Asteroideae, which also includes the genus Senecio.

3.5 Antiproliferative assays

Cytotoxic properties have been reported for extracts from
several Senecio species native to Mediterranean regions,
including Italy (Conforti et al., 2006; Loizzo et al., 2006)
and Algeria (Tidjani et al., 2013), as well as South America,
particularly Argentina (Lizarraga et al., 2012). However, this
is the first study to investigate the antiproliferative potential
of S. oleosus collected from the open-field phytogeographic
region of southern Brazil.

The antiproliferative assay was conducted using the MTT
method to evaluate the cytotoxicity of the extract, frac-
tions, and isolated compounds against HCT-116 (colorec-
tal adenocarcinoma), 501mel (metastatic melanoma), and
MCF-7 (breast adenocarcinoma) cells (Table S2). In the ini-
tial screening, fractions SCE, SHE, and SDC demonstrated
high cytotoxic potential, with the SDC fraction exhibiting
inhibition rates of 98.6% + 1.8% and 61.3% + 18.4% at
concentrations of 50 pg mL ™! and 5 pg mL™!, respectively,
against HCT-116 cells. Compound 1 exhibited inhibition
rates of 99.6% = 0.7% and 80.8% = 12.7% at the same con-
centrations in the same cell line. Although the mixture of
compounds 2 and 3 showed high inhibition at 50 pg mL™!
(96.7% =+ 2.1%), its activity was substantially reduced at
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the lower concentration, with an inhibition rate of 18.8%
+82% at 5 pg mL™'. A similar trend was observed for the
SHE fraction, which exhibited significant inhibition at the
highest concentration but a reduced effect at the lowest con-
centration. Very similar activity profiles were observed in
the 501mel and MCF-7 cell lines. It is important to note
that the new esterified shikimic acid derivatives (1-3) were
isolated from the SHE fraction, whereas 38 esterified shi-
kimic acid derivatives were annotated in the SDC fraction,
although none were isolated and tested individually.

The integration of high-resolution mass spectrometry
with bioactivity assessment has become an important strat-
egy for exploring the pharmacological potential of plant-
derived specialized metabolites (Shi et al., 2022; Su et al.,
2022). Beyond dereplication and metabolite annotation,
molecular networking approaches can also contribute to
integrative pharmacological investigations. Recent studies
have combined network pharmacology and computational
prediction tools to investigate herb—disease associations
and therapeutic mechanisms in medicinal plants (Hu et
al., 2023). Therefore, the metabolomic profiling strategy
employed herein may provide a promising foundation for
future bioactivity-guided studies and systems pharmacol-
ogy approaches.

Compound 1 showed positive results in the screening
experiments and, for that reason, was further evaluated for
its cytotoxic potential through serial dilution assays against
the three cell lines to determine its ICs,, value (Table S3, Fig.
S34). This triesterified shikimic acid derivative exhibited
promising activity, with ICs, values of 10.5 pg mL™! (20.2
uM) in HCT-116, 13.3 ug mL™! (25.6 uM) in 501mel, and
11.5 pg mL ™! (22.1 uM) in MCF-7 cells. The IC, values
obtained for doxorubicin, used as the positive control, were
0.14 uM, 0.11 uM, and 0.34 uM for HCT-116, 501mel, and
MCF-7 cells, respectively. According to the United States
National Cancer Institute, compounds with ICy, values of
<20 pg mL™! are considered to possess high antiprolifera-
tive activity (Damasuri et al., 2020; Sajjadi et al., 2015).
Although shikimic acid has previously been associated
with antioxidant, anti-inflammatory, and anticancer effects
(Rabelo et al., 2016; Sun et al., 2016), this is the first report
of the antiproliferative activity of esterified shikimic acid
derivatives. The presence of these active compounds in the
SHE fraction could explain the observed biological activity
against cancer cells, although their exact concentrations in
the fraction remain unknown.

The MTT assay is widely employed as an initial approach
for evaluating the antiproliferative activity of extracts and
isolated natural compounds from diverse sources (Stockert
et al., 2018). Nevertheless, despite its broad applicability,
this phenotypic assay is limited to detecting changes in cel-
lular physiological behavior and does not provide insight



Characterization of three new antiproliferative shikimic acid derivatives and known pyrrolizidine alkaloids from...

Page 13 0f 16 109

Table 4 Data of the annotated compounds in the fractions of Senecio oleosus by UHPLC-HRMS/MS and molecular networking

Compounds Molecular formula ~ Theoreti- Precursor Mass t/  Main fragment ions Putative identification
cal mass ionm/z  error/ min
m/z ppm
Flavonoids
MS-46 CisH 0O [M-H]™  285.0405 285.0378 9.5 5.70 285 (b); 229; 187 Kaempferol®
MS-47 CisHgOs [M-H]"  269.0455 269.0433 8.3 5.66 269 (b); 181; 151; 117 Apigenin®
MS-48 C;sH,(O; [M-H]" 301.0354 301.0350 1.2 542 301;179; 151 (b); 121 Quercetin®
CisH,00;[2M-H]™ 603.0780 603.0730 8.3 5.42 301 (b); 271; 179; 151
MS-49 CsH,04 [M-H]" 287.0561 287.0540 7.3 5.23 285;177; 125 (b); 93 Dihydrokaempferol*
MS-50 C,,H05s[M-H] 549.0886 549.0853 6.0 4.90 300 (b); 271; 255; 191; 151  Quercetin 3-O-malonylglucoside®
MS-51 CyH;s0; [M-H]™  433.0776 433.0746 7.0  4.87 300 (b); 271; 255; 151 Guajavarin®
MS-52 C,H,00, [M-H]  463.0882 463.0850 6.9  4.77 300 (b); 271; 255 Hyperoside®
C,H,,01, [2M 927.1837 927.1776 6.6  4.77 463 (b); 301
-HJ”
MS-53 C,H,00p, [M-H]™  463.0882 463.0865 3.6  4.75 301;300 (b); 271; 255 Isoquercitin®
MS-54 CyHys015s [M-H]™  579.1355 579.1313 7.3 4.70 300 (b) Quercetin-3-0O-deoxyhexosyl
(1-2) pentoside*
MS-55 CyH;00,6 [M-H]”  609.1461 609.1409 8.5  4.66 301;300 (b); 271 Rutin®
MS-56 CyHy,0O3 [M-H]™  479.0831 479.0799 6.7  4.63 317;316 (b); 271 Myricetin 3-O-galactoside®
MS-57 C;H,0;[M-H]"  329.0667 329.0644 6.9  6.18 329;314;299 (b); 271 (22)—4,6-dihydroxy-2-[(4-
hydroxy-3,5-dimethoxyphenyl)
methylidene]—1-benzofuran-3-one®
Methoxylated flavonoids
MS-58 CisH,O; [M-H]"  343.0823 343.0796 7.9  6.28 313 (b); 285 Robinetin trimethyl ether’
MS-59 CgH,(Og [M-H]™  359.0772 359.0743 8.1 5.82 344;329 (b); 301; 273;258 Jaceidin®
MS-60 CiH,0, [M-H]" 315.0510 315.0489 6.7  5.52 300 (b); 271; 255; 243 3-O-methyl quercetin®
MS-61 CiH,0; [M-H]" 315.0510 315.0488 6.9  5.50 300 (b); 271; 255 Tamarixetin®
C,H,07[2M-H]" 631.1093 631.1049 7.0  5.50 315;300 (b)
MS-62 Cy,H,,0, [M-H]" 477.1038 477.1000 7.9  4.85 462;315;299 (b); 271 Rhamnetin 3-O-galactoside
MS-63 Cy,sH4,016 [M-H]™  623.1618 623.1591 44  4.77 315;299 (b); 271 Isorhamnetin 3-O-rutinoside®
Quinic acid derivatives
MS-64 C3H;005 [M-H]”  677.1512 677.148 4.7 5.24 515;353;191; 179 (b); 173 3,4,5-tricaffeoyl quinic acid®
MS-65 CysH,, 0 [M-H]”  515.1195 515.1172 4.4 493 353;191 (b); 179; 135 3,5-di-O-caffeoyl quinic acid® ¢
MS-66 C,7Hy09 [M-H]™  367.1035 367.1013 6.1 4.73 193; 191 (b); 134; 93 3-O-feruloylquinic acid® ¢
MS-67 Ci¢Hi6Og [M -H]™  351.0722 351.0688 9.8 4.51 191 (b); 173; 133; 93 Chlorogenoquinone®
MS-68 Ci¢H 309 [M-H]™  353.0874 353.0854 5.7  4.47 191 (b) 5-O-Caffeoylquinic acid
MS-69 C;H,,04 [M - H]” 191.0561 191.0550 5.8  0.89 191 (b); 173; 109; 173 Quinic acid®
Fatty acids
MS-70 CisHyO, [M-H]™  307.1915 307.1886 9.4  6.18 291;253;185;137; 121 FA 18:4+2°
(b); 97
MS-71 C,H,,0, [M-H]" 227.1289 227.1270 8.2 5.79 209; 183 (b); 157, 68; 56 Traumatic Acid®
MS-72 CsHyO5 [M-H]™ 3292333 329.2305 8.5 574 329;229;211 (b); 171; 139 FA 18:1+3°
MS-73 C;sHy,O5 [M-H]™ 3272177 327.2148 8.8 5.63 229;211;183; 171 9,12,13-trihydroxy-octadeca-
CisHyO5 [2M-H]™ 6554427 6554392 5.3 5.61 327;211 (b); 171 10,15-dienoic acid
Saccharides
MS-74 C,H;NO,; [M-H]™ 292.1402 292.1382 6.7 1.93 130 (b) N-Fructosyl isoleucine®
MS-75 C,H,0,, [M-H]" 341.1089 341.1071 5.3 0.91 191 (b); 179; 165; 113; 89  Gentiobiose®
MS-76 C,H,,0,, [M 387.1144 387.1126 4.6 091 341;119;113;89 (b); 71 Turanose®
-H+HCOOH]™
MS-77 C,H,0,, [M-H]" 341.1089 341.1071 5.3 0.87 297;191 (b); 163; 101; 89  Palatinose®
MS-78 C¢H,,O, [M -H]” 195.0510 195.0501 4.6  0.84 195;151;129;105;99;87  Gluconic acid®
(b); 75
MS-79 C¢H,,04 [M 225.0616 225.0608 3.6  0.79 179;161;119;101;89 (b);  o-D-glucose®
- H+HCOOH]™ 71; 59
Others
MS-80 CsH,0O3 [M-H]™  247.1340 247.1325 6.3 5.84 203 (b); 163; 109 Pechueloic Acid
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Table 4 (continued)

Compounds Molecular formula ~ Theoreti- Precursor Mass Main fragment ions Putative identification
calmass ionm/z  error/ min
m/z ppm
MS-81 C,6Hs5oN,Og [M 785.3556 785.3510 5.8 5.46 665; 545 (b); 145; 119 N1, N5, N10,
-HI” N14-tetra-p-coumaroyl-spermine®
MS-82 CioHy3O0o [M-H] 461.1664 461.1634 6.5 4.67 300;231; 191; 179; 149; Phenyl-ethyl primeveroside

101; 89 (b)

aMoNA; *MassBank Europe; ‘(HMDB; Dai and Sun (2022)

into the molecular mechanisms underlying the observed
effects (van Tonder et al., 2015). Consequently, comple-
mentary experimental approaches are required to elucidate
the intracellular pathways modulated by the bioactive com-
pound and to identify its potential pharmacological targets.

Herein, theoretical physicochemical analyses using
SwissADME (Daina et al., 2017) revealed that compound
1 exhibited the highest lipophilicity (LogP=5.78), the low-
est predicted aqueous solubility (LogS=—6.89), and fewer
hydrogen bond donor groups than compounds 2 (LogP=4.80;
LogS=-5.30) and 3 (LogP=2.47; LogS=—2.94). These
findings suggest that the greater hydrophobicity associated
with the triesterified structure of compound 1 may enhance
passive membrane diffusion and intracellular accumulation,
which could contribute to its superior antiproliferative activ-
ity. Although the topological polar surface area values were
similar among the compounds, the higher lipophilicity of
compound 1 likely favored membrane permeation and may
have played an important role in its antiproliferative effect.

Similar structure—activity relationships have been
reported for natural product-derived esters, including long-
chain alkyl esters of hydroxycinnamic and ferulic acids
(Bakholdina et al., 2019; Menezes et al., 2017), as well as
acylated quercetin derivatives (Sudan & Rupasinghe, 2015),
in which esterification was associated with enhanced anti-
tumor activity. Furthermore, a recent study on shikimic
acid nanoformulations demonstrated anticancer potential
through apoptotic induction and oxidative stress modulation
in A2058 melanoma cells (Meghdadi et al., 2024). There-
fore, the enhanced activity of compound 1 may result from
the combined effects of triesterification, long-chain alkyl
substitution, and increased lipophilicity, which together
may facilitate cellular uptake and improve the inhibition of
tumor cell proliferation.

4 Conclusions

This work presents the first comprehensive characterization
of the specialized metabolome of S. oleosus. The isolation
of three previously undescribed esterified shikimic acid
derivatives, combined with MS/MS-based fragmentation
studies, enabled the elucidation of consistent fragmentation

@ Springer

pathways and the proposal of diagnostic ions. These molec-
ular markers proved instrumental for the targeted derepli-
cation and annotation of structurally related compounds
within this metabolite class.

Furthermore, the present findings highlight the potential
of triesterified shikimic acid derivatives as promising scaf-
folds for the development of new anticancer agents and pro-
vide a basis for the rational design and synthesis of novel
analogs with improved biological activity.
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