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ARTICLE INFO ABSTRACT

Keywords: Chemical investigation of ethyl acetate bark extracts of Indigofera ammoxylum red and white phenotypes led to
Indigofera ammoxylum the bio-guided isolation of four previously undescribed flavonoids, named (2S,3R)-3',7-dihydroxy-4',6-dime-
Fibaceae thoxyflavanol (1), (28,3R)-6-methoxy-7-hydroxyflavanol (2), 2',3,7-trihydroxy-4',6-dimethoxyisoflavone (7) and
Phenotype . 2,5’ -dimethoxy-4',5,7-trihydroxyisoflavanone (8), along with 14 known compounds (3-6 and 9-18). The pre-
Feature-based molecular networking N . . ‘

Flavonoids viously undescribed structures were characterized based on NMR, HRESIMS, UV and IR data. Published spec-
Anti-inflammatory troscopic data were used to deduce the structure of the known compounds. Eleven of the 18 isolated metabolites
Cytotoxic were evaluated for anti-inflammatory activity and cytotoxic activity against human liver carcinoma cells and

human colon and colorectal adenocarcinoma cells. All tested compounds showed an anti-inflammatory activity
(ICs0 NO < 25 pg/mL), and compounds 2 and 3 were more selective than the positive control dexamethasone.
Afromorsin (6) showed promising cytotoxic properties against both cancer cell lines (ICsp 18.9 and 11.4 pg/mL).
Feature-based molecular networking approach applied to bark and leaves extracts of the two phenotypes allowed
to detect bioactive analogues, belonging to the families of flavones, isoflavones, flavanones, flavanols and fla-
vonols, and to explore the chemodiversity of the species. The red and white phenotypes have a similar
composition, whereas bark and leaves contain specific chemical entities. Finally, this approach highlighted a
cluster of potentially bioactive and undescribed metabolites.

alkaloids (Gerometta et al., 2020). Some compounds have shown a
potent therapeutic potential, like the anticancer bis-indole alkaloid

1. Introduction

The genus Indigofera (Fabaceae) includes approximately 750 species,
distributed across all tropical regions and possessing a wide range of
pharmacological activities such as antimicrobial, cytotoxic and anti-
inflammatory properties (Gerometta et al., 2020). More than 200 me-
tabolites are reported in this genus, including flavonoids, terpenoids and

* Corresponding author.

indirubin (Gerometta et al., 2020). The species Indigofera ammoxylum
(DC.) Polhill.,, commonly known as “Bois de sable”, is endemic to
Reunion Island. The leaves and the bark of this species are traditionally
used against diabetes, hypercholesterolemia and as a slimming remedy
(Dorla et al., 2019; Técher, 2013). Previous studies showed that organic

E-mail addresses: elise.gerometta@univ-reunion.fr (E. Gerometta), elnur.garayev@univ-amu.fr (E. Garayev), gaetan.herbette@univ-amu.fr (G. Herbette), arnaud.
marvilliers@univ-reunion.fr (A. Marvilliers), carole.di-giorgio@univ-amu.fr (C. Di Giorgio), patricia.clerc@univ-reunion.fr (P. Clerc), m.frederich@uliege.be
(M. Frederich), beatrice.baghdikian@univ-amu.fr (B. Baghdikian), isabelle.grondin@univ-reunion.fr (I. Grondin), anne.bialecki@univ-reunion.fr (A. Gauvin-

Bialecki).

1 Present address: Nantes Université, Institut des Substances et Organismes de la Mer, ISOMer, UR 2160, F-44000 Nantes, France.

https://doi.org/10.1016/j.phytochem.2024.114005

Received 13 September 2023; Received in revised form 25 January 2024; Accepted 26 January 2024

Available online 1 February 2024

0031-9422/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:elise.gerometta@univ-reunion.fr
mailto:elnur.garayev@univ-amu.fr
mailto:gaetan.herbette@univ-amu.fr
mailto:arnaud.marvilliers@univ-reunion.fr
mailto:arnaud.marvilliers@univ-reunion.fr
mailto:carole.di-giorgio@univ-amu.fr
mailto:patricia.clerc@univ-reunion.fr
mailto:m.frederich@uliege.be
mailto:beatrice.baghdikian@univ-amu.fr
mailto:isabelle.grondin@univ-reunion.fr
mailto:anne.bialecki@univ-reunion.fr
www.sciencedirect.com/science/journal/00319422
https://www.elsevier.com/locate/phytochem
https://doi.org/10.1016/j.phytochem.2024.114005
https://doi.org/10.1016/j.phytochem.2024.114005
https://doi.org/10.1016/j.phytochem.2024.114005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phytochem.2024.114005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Gerometta et al.

extracts of the bark possess a strong anti-inflammatory activity, as well
as antioxidant and antiviral properties (Ledoux et al., 2018; Técher,
2013). Despite these promising results, the chemical composition of the
bark has never been appraised. Thus, this species was investigated in
order to isolate and identify its bioactive metabolites through a
bioassay-guided fractionation. In addition, a feature-based molecular
networking (FBMN) approach was undertaken to detect bioactive ana-
logues and assess the chemodiversity of the species. Indeed, two
different phenotypes, named red and white phenotypes, can be found for
L ammoxylum and differ in juvenile leaf shape and color (Fontaine and
Lavergne, 2007). So, the FBMN approach was performed in order to
compare the chemical composition of these two phenotypes. Herein, the
isolation, structure determination and in vitro anti-inflammatory and
cytotoxic activities of four previously undescribed metabolites (1, 2, 7
and 8) and 14 known compounds from EtOAc (ethyl acetate) extracts of
I. ammoxylum bark (red and white phenotypes) is reported. Results ob-
tained from the FBMN approach are also described.

2. Results and discussion

2.1. Bio-assay guided isolation and structure determination of metabolites
from the red phenotype

EtOAc extract of the bark was subjected to a solid reverse-phase
extraction and yielded 3 fractions. The anti-inflammatory and cyto-
toxic activities of each fraction was evaluated. Fraction F1 showed a
potent cytotoxic activity with ICsy values of 12.65 and 12.97 pg/mL
against human liver carcinoma (HepG2) and human colon and

Phytochemistry 220 (2024) 114005

colorectal adenocarcinoma (HT29) cell lines, respectively. This fraction
was further purified by preparative reverse-phase HPLC and yielded two
previously undescribed flavanols (1 and 2), along with one isoflavanone
(3), one coumarin (4) and two isoflavones (5, reported for the first time
in the genus Indigofera, and 6) (Fig. 1). This is the first time compounds 3
and 4 are isolated from natural source. The metabolites 3, 5 and 6 were
identified by comparison with published spectroscopic data as 3-(2,3’
-dihydroxy-4'-methoxyphenyl)-5,7-dihydroxyisoflavanone (3) (Almab-
ruk et al., 2016), pratensein (5) (de Almeida et al., 2008) and afromorsin
(6) (Herath et al., 1998). Spectroscopic data of the metabolite 4, iden-
tified as 3-(2,3-dihydroxy-4-methoxyphenyl)-7-hydroxycoumarin (4)
(Jurd and Manners, 1977), have not been published so far and are
provided here. The determination of the absolute configuration of
compound 3 is also described.

2.1.1. Structure elucidation of 3,7-dihydroxy-4',6-dimethoxyflavanol (1)
Compound 1, [a]ff —52 (c 0.3, MeOH) was isolated as a black solid.
The HRESIMS showed a [M+H]™" peak at m/z 319.1165 (caled 319.1176
for C17H1906) (Fig. S1), suggesting the occurrence of nine degrees of
unsaturation. The UV spectrum exhibited absorption maxima bands at
230 and 288 nm. The IR spectrum exhibited characteristic bands of
hydroxyl groups and phenols (broad band at 3401 cm ™), sp° type CH
(2924 cm™Y), aromatic rings (1621 cm 1), alkane type CHy (1442 cm™1)
and methyl groups (1385 cm ™). The 'H and '3C NMR data (Table 1 and
Figs. S2 and S3) of compound 1, along with UV and IR data, were
consistent with a flavan-3-ol derivative. The 'H and '3C NMR spectra
showed signals at &y,c 6.86 (H-2, d J = 1.6 Hz)/115.0 (C-2"), 5y/c 6.90

HO
. CO L “C

<|3 OH O @: OH
1 R1= OCHs,R2= OH 3 R1= OH R2= OCHs 0oL
2Ri=R2=H 10 R1= R2=0CHjs 8

0] OH
4R=0H \
16 R= OCHs 18
5R1=Rs=R5=0H, R2=R4=R7=Rs = H, Rs = OCH3
6 R1=0OH,R2=Rs =0OCH3, R3=R4=Rs=R7=Rs=H
7TR1i=R7=Rs=0OH,R2=Rs =0OCH3, Rs3=R4=Rs=H
9R1=R3=Rs5=0H, R2=R7=Rs = H, R4 = Rs = OCH3
MRi=Rs=0CH3, R2=0OH,R3=R4=Rs=R7=Rs=H
12R1=0H,R2=R3=R4=Rs=R7=Rs =H, Rs = OCHs
1M Ri=R3=Re=R7=0H,R2=Rs4s=Rs=Rs=H
15R1=R4=0H, R2=Rs =0OCH3, R3=Rs=R7=Rs=H
17 R1=R3=Rs=0H, R2=Rs =OCH3, R4 = R7=Rs =H

Fig. 1. Structures of compounds 1-18 isolated from Indigofera ammoxylum.
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Table 1
1H (600 MHz) and'3C (150 MHz) NMR data of compounds 1, 2 and 4 (CDs0D at 300 K).

No. 1 2 4

Sy (mult., J in Hz) Sc, type Sy (mult., J in Hz) Sc, type Sy m (mult., J in Hz) Sc, type
2 4.62 (d, 7.2) 82.7, CH 4.73 (d, 7.4) 83.0, CH - 163.7, CO
3 4.01 (m) 68.8, CH 4.06 (ddd, 8.4, 7.4, 5.2) 68.9, CH - 122.9,C
4 2.88 (dd, 15.8, 5.3) 2.71 (dd, 15.8, 8.1) 33.5, CHy 2.88 (dd, 6.0, 5.2) 33.6, CHy 7.84 (s) 144.2, CH

2.74 (dd, 16.0, 8.4)

5 6.61 (s) 114.2, CH 6.62 (s) 114.1, CH 7.45 (d, 7.7) 130.5, CH
6 - 143.8, C - 143.8, C 6.80 (d, 7.7) 114.6, CH
7 - 147.1,C - 147.1,C - 162.6, C
8 6.34 (s) 104.5, CH 6.35 (s) 104.5, CH 6.74 (brs) 103.0, CH
9 - 149.6, C - 149.5, C - 156.6, C
10 - 111.6, C - 111.6, C - 113.9,C
1 - 133.7,C - 140.9, C - 117.8,C
2 6.86 (d, 1.6) 115.0, CH 7.38 (dd, 7.3, 1.6) 128.2, CH - 145.0, C
3 - 147.5, C 7.35 (brt?, 7.3) 129.3, CH - 135.5,C
4 - 148.9, C 7.30 (tt, 7.3, 1.6) 129.0, CH - 149.9, C
5 6.90 (d, 8.4) 112.5, CH 7.35 (brt, 7.3) 129.3, CH 6.55 (d, 8.3) 104.2, CH
6 6.82 (dd, 8.4, 1.6) 119.8, CH 7.38 (dd, 7.3, 1.6) 128.2, CH 6.78 (d, 8.3) 121.7, CH
6-OCH3 3.78 (s) 57.2, CHs - 57.2, CH3 - -
2’ - OCHs - - - - - -
4’ ~OCH3 3.85 (s) 56.5, CHs 3.79 (s) - 3.86 (s) 56.6, CH3
5’ ~OCH3 - - - - -
2 br: broad.

(H-5,dJ = 8.4 Hz)/112.5 (C-5") and 5y, 6.82 (H-6/, dd J = 8.4, 1.6 Hz)/
119.8 (C-6'), corresponding to a 1,2,4-trisubstitued aromatic ring, and
signals at /¢ 6.34 (H-8, 5)/104.5 (C-8) and 8y,¢ 6.61 (H-5, 5)/114.2 (C-
5), consistent with a 1,2,4,5-tetrasubstitued aromatic ring.

A shielded chemical shift was observed for carbon C-8 (6¢ 104.5),
suggesting a bond to two oxygen-bearing carbons. Two signals charac-
teristic of methoxy groups were observed at 6y, 3.78 (6-OCHs, 5)/57.2
and dy,¢ 3.85 (4" -OCHg, s)/56.5. Signals observed at y,¢ 2.88 (H-4a,
dd J = 15.8, 5.3 Hz)/33.5 (C-4) and 6y, 2.71 (H-4b, dd J = 15.8, 8.1
Hz)/33.5 (C-4) corresponded to diastereotopic protons in alpha position
of an aromatic ring. Finally, two deshielded signals were observed at &y,
¢ 4.01 (H-3, m)/68.8 (C-3) and &y, 4.62 (H-2,d J = 7.2 Hz)/82.7 (C-2)
and corresponded to methine protons in alpha position of a heteroatom.
The carbon signal corresponding to each proton was assigned based on
HSQC experiments (Table 1 and Fig. S5). The COSY spectrum (Fig. S3)
showed correlations between H-2’ (6y 6.86), H-5" (64 6.90) and H-6’ (6
6.82), and between H-2 (6y 4.62), H-3 (6y 4.01), H-4a (6y 2.88) and H-
4b (6y 2.71), indicating two distinct spin systems corresponding to B and
C ring of a flavan-3-ol, respectively. Proton H-5 (6y 6.61) and H-8 (6y
6.34) were positioned on the A ring. The linkage and the substitution
pattern of these rings was determined from HMBC (Fig. 2 and Fig. S6)
and NOE (Fig. 2 and Fig. S7) correlations. The HMBC correlations of H-5
(61 6.61) to C-7 (5¢ 147.1), C-9 (5¢ 149.6) and C-4 (5¢ 33.5) and those of
H-8 (6y 6.34) to C-6 (¢ 143.8) and C-10 (6¢ 111.6) indicated the para
position of H-5 (§y 6.61) and H-8 (dy 6.34) on an aromatic ring
substituted by two oxygen in C-7 (5¢ 147.1) and C-9 (5¢ 149.6) and
linked to an oxygen heterocycle, corresponding to A and C rings of the

flavanol, respectively. The HMBC correlation of the methoxy protons (5y
3.78) to C-6 (6¢ 143.8) indicated that the aromatic ring is substituted by
a methoxy group in C-6 (¢ 143.8). This substitution was supported by
the NOE correlation between methoxy protons (6y 3.78) and H-5 (6y
6.61). The HMBC correlations of H-2 (6y 4.62) to C-2’ (6¢ 115.0) and C-
6’ (6¢c 119.8) and of H-2’ (64 6.86) to C-2 (6¢c 82.7), as well as the NOE
correlations between H-2 (6y 4.62) and H-6’ (6y 6.82) and between H-2
(6 4.62) and H-2’ (6y 6.86) showed that C ring is substituted by a
phenyl group in C-2 (6¢ 82.7), corresponding to the B ring of the fla-
vanol. The HMBC correlations of H-5" (6y 6.90) to C-3’ (6¢c 147.5), of H-
6’ (6y 6.82) to C-4’ (5¢ 148.9) and of methoxy protons (5y 3.85) to C-4’
(6c 148.9) indicated that the B ring is substituted by a hydroxyl group in
C-3’ (6¢ 147.5) and a methoxy group in C-4’ (5¢ 148.9). This substitution
pattern was confirmed by NOE correlation between methoxy protons (6y
3.85) and H-5’ (6y 6.90). Therefore, compound 1 was assigned as 3',7-
dihydroxy-4',6-dimethoxyflavanol.

Based on NMR data, Jio ,3 (7.2 Hz) indicated an axial-axial
configuration for protons H-2 and H-3 (Liu et al., 2020), enabling the
(2R,3S) or (2S,3R) configurations for (1). Given the double bond be-
tween C-5 and C-10, atoms 1, 4, 5 and 10 are in the same plan, impli-
cating that the dihedral angle between protons H-2 and H-3 is not 180°
but 80°. Therefore, H-2 and H-3 are in a pseudotrans axial-axial config-
uration, and a NOE correlation is observed between these two protons
(Fig. S7).

2.1.2. Structure elucidation of 6-methoxy-7-hydroxyflavanol (2)
Compound 2, [a]2D5 —51 (¢ 0.1, MeOH) was isolated as a reddish-

Fig. 2. Key 'H-'H COSY (bold), 'H-'3C HMBC (blue arrows) and 'H-'H NOE (red arrows) correlations for compounds 1, 2 and 4. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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brown solid. The HRESIMS showed a [M+H]" peak at m/z 273.1109
(caled 273.1121 for Cy16H1704) (Fig. S8), indicating nine degrees of
unsaturation. The UV spectrum exhibited absorption maxima at 295 nm.
The IR spectrum exhibited characteristic bands of hydroxyl groups and
phenols (broad band at 3388 cm_l), sp3 type CH (2933 cm‘l), aromatic
rings (1605 cm™}), alkane type CHy (1441 cm™ 1) and methyl groups
(1362 cm ™). Comparison of H and '3C NMR data of (2) (Table 1 and
Figs. S9 and S10) with those of (1) indicated similarities between these
two compounds, suggesting that compound (2) was a 6-methoxy-7-
hydroxyflavan-3-ol with an unsubstituted phenyl group as B ring. As
shown in Table 1, the chemical shifts and multiplicity of H-2, H-3, H-4,
H-5 and H-8 protons are almost identical for (1) and (2). Thus, the
substitution pattern of rings A and C is the same for these two com-
pounds. Signal at &g,c 7.38 (H-2, H-6/, dd J = 7.3, 1.6 Hz)/128.2 (C-2/,
C-6)), Su/c 7.35 (H-3, H-5, brt J = 7.3 Hz)/129.3 (C-3, C-5) and dyc
7.30 (H-4, tt J = 7.3, 1.6 Hz)/129.0 (C-4) were consistent with an
unsubstituted phenyl group, and correlations between H-2’/H-6" (6yg
7.38), H-3’/H-5" (64 7.35) and H-4" (6y 7.30) were observed in the COSY
spectrum (Fig. S11). Therefore, compound 2 was an analogue of (1) and
was assigned as 6-methoxy-7-hydroxyflavanol.

As for (1), 3.IH_2/3 (7.4 Hz) and NOE correlation indicated a pseudo-
trans axial-axial configuration for protons H-2 and H-3 (Liu et al., 2020),
enabling the (2R,3S) or (2S,3R) configurations for compound 2.

2.1.3. Structure elucidation of 3-(2,3-dihydroxy-4-methoxyphenyl)-7-
hydroxycoumarin (4)

Compound 4, was isolated as a brown solid and showed a [M+H]"
peak at m/z 301.0696 (caled 301.0707 for Ci6H1306) in HRESIMS
(Fig. S15), indicating 11 degrees of unsaturation. The UV spectrum
exhibited absorption maxima at 250 and 341 nm. The 'H and '3C NMR
(Table 1 and Figs. S16 and S17) and UV data of compound 4 were
consistent with a coumarin. Indeed, the 'H and 13C NMR spectra showed
a deshielded signal at &y,¢ 7.84 (H-4, s)/144.2 (C-4), corresponding to
the proton in beta position of the ester function. Five aromatic signals
were observed at 6y,¢ 7.45 (H-5, d J = 7.7 Hz)/130.5 (C-5), 6y, 6.80 (H-
6, d J = 7.7 Hz)/114.6 (C-6) and &y,c 6.74 (H-8, brs)/103.0 (C-8),
corresponding to a 1,2,5-trisubstitued aromatic ring, and signals at 6y,c
6.55 (H-5, d J = 8.3 Hz)/104.2 (C-5") and 6y ¢ 6.78 (H-6', d J = 8.3 Hz)/
121.7 (C-6"), consistent with a 1,2,3,4-tetrasubstituted aromatic ring.
The shielded chemical shifts observed for C-8 and C-5' indicated a bond
to one or two oxygen-bearing carbons for C-8 (5¢ 103.0) and C-5’ (5¢
104.2). Finally, one signal characteristic of a methoxy group was
observed at y,c 3.86 (4° -OCHgs, s)/56.6. The carbon signal corre-
sponding to each proton was assigned based on HSQC experiments
(Table 1 and Fig. S19). The COSY spectrum (Fig. S18) showed correla-
tions between H-5 (6y 7.45), H-6 (6y 6.80) and H-8 (6y 6.74) and be-
tween H-5" (6y 6.55) and H-6" (6y 6.78), indicating two distinct spin
systems corresponding to A and B ring, respectively. The linkage and the
substitution pattern of these rings was determined from HMBC corre-
lations (Fig. 2 and Fig. S20). The HMBC correlations of H-5 (5y 7.45) to
C-7 (6¢ 162.6) and C-9 (6¢c 156.6), those of H-6 (5y 6.80) to C-8 (5¢
103.0) and C-10 (6¢ 113.9) and those of H-8 (6y 6.74) to C-6 (5¢c 114.6)
and C-10 (6¢ 113.9) indicated the ortho position of H-5 (6y 7.45) and H-6
(6y 6.80) and the meta position of H-6 (5y 6.80) and H-8 (6y 6.74) on an
aromatic ring substituted by a hydroxyl group in C-7 (5¢ 162.6) and
linked to an oxygen heterocycle, corresponding to A and C rings of the
structure, respectively. The HMBC correlations of H-4 (5y 7.84) to C-9
(8¢ 156.6), C-2 (6¢ 163.7) and C-5 (6¢ 130.5) indicated the position of H-
4 (6u 7.84) on the C ring, with an ester function in C-2 (6¢ 163.7). Based
on the HMBC correlations of H-4 (6 7.84) to C-1’ (6¢ 117.8) and those of
H-6’ (6y 6.78) to C-3 (6¢ 122.9), the C ring was substituted by a phenyl
group in C-3 (6¢ 122.9). The HMBC correlations of H-6" (6yg 6.78) to C-3
(6¢c 122.9), C-2’ (6¢ 145.0) and C-4’ (6¢ 149.9), and those of H-5" (6y
6.55) to C-1’ (6¢ 117.8) and C-3’ (6¢ 135.5) indicated that H-5’ (6y 6.55)
and H-6" (6y 6.78) are ortho positioned on the phenyl group, and the
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latter is substituted by two hydroxy groups in C-2’ (5¢ 145.0) and C-3’
(8¢ 135.5). The HMBC correlations observed between the methoxy
protons (5y 3.86) and C-4’ (5¢ 149.9) indicated that the phenyl group
was substituted by the methoxy group in C-4’ (6¢ 149.9). Therefore,
compound 4 was a coumarin and was identified as 3-(2,3-dihydroxy-4-
methoxyphenyl)-7-hydroxycoumarin. This metabolite was previously
described in the literature, as a synthetic derivative of sepiol (Jurd and
Manners, 1977), but it is the first report of its isolation as a natural
product.

2.1.4. Absolute configuration of compounds 1 and 2

For the two isomers (25,3S) and (2S,3R), the equilibrium population
of each conformer was calculated from its relative free energy using
Boltzmann statistics. Thus, 14 and 16 conformers were obtained for
(2S,3S) and (2S,3R), respectively (Tables S1 and S2). Experimental g
and 3C NMR chemical shifts of compound 1 were compared with
theoretical chemical shifts of the two isomers, calculated with the GIAO
method at the PCM/mPW1PW91/6-31 + G (d,p) level allowing to use
the DP4+ probability. The comparison was performed individually by
linear regreSSion of (Slcheoretical = f(alHexperimental) and 513Ctheoretica1 =f
(6"®Cexperimental) and all together with the DP4-+ probability (Table S3).
When including all the data, probabilities are in favor of isomer (2S,3R)
(99.68 %) (Fig. 3) which is in accordance with the trans axial-axial
configuration established with NMR data.

To determine the absolute configuration of (1), ECD experimental
spectrum was compared to those calculated for isomers (2S,3R) and
(2R,3S). The experimental ECD spectrum of (1) is shown in Fig. 4. In this
spectrum, wavelengths of extreme values of Cotton effect were positive
around 210 and 190 nm, and negative around 200 nm. ECD spectra of
the 16 populated conformers of (2S,3R) isomer were calculated at TD-
wB97xd/6-311 + G (2 d,p) level. Then, a Boltzmann-weighted calcu-
lated ECD spectrum of (2S,3R) enantiomer was computed and drawn to
allow comparison to the experimental spectrum. The comparison of
calculated and experimental ECD spectra showed that the absolute
configuration of compound 1 was found to be (2S,3R) (Fig. 4). For this
enantiomer, calculated wavelengths of the positive (211 and 193 nm)
and negative (201 nm) Cotton effects were in good agreement with
experimental data. Therefore, compound 1 was characterized as
(2S,3R)-3,7-dihydroxy-4',6-dimethoxyflavanol.

The absolute configuration of compound 2 was established by
comparison of spectroscopic data with those reported for its analogue

(1). Optical rotation value obtained for (2) ([a]2D5 —51 (¢ 0.1, MeOH))
was similar to those obtained for (1) ([a}f)s —52 (¢ 0.3, MeOH)).
Correct isomer (exp. NMR from): 1

DP4+ (all data)

DP4+ (13C data)

|

DP4+ (1H data)

0.00 20.00 40.00 60.00 80.00 100.00
DP4+ (1H data) DP4+ (13C data) DP4+ (all data)
m2S,3R 99.92 19.72 99.68

W 2S,35 0.08 80.28 0.32
Probability (%)
Fig. 3. Graph of 'H-DP4+, *C-DP4+, and DP4+ (PCM/mPW1PW91/6-31 +

Gdp) probabilities obtained by correlating the experimental NMR of (1) with
the theoretical data of the two isomers (25,3R) and (2S,3S).
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L.mot.cm)

Fig. 4. ECD spectra measured (blue) in acetonitrile for (1) and calculated (red)
using TD-wB97xd/6-311 + G (2 d,p) level for (2S,3R) isomer. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Consequently, this previously undescribed compound (2) was charac-
terized as (2S,3R)-6-methoxy-7-hydroxyflavanol.

2.1.5. Absolute configuration of compound 3

Compound 3 was identified as 3-(2,3’ -dihydroxy-4-methox-
yphenyl)-5,7-dihydroxyisoflavanone based on published spectroscopic
data (Almabruk et al., 2016). So far, this isoflavanone has only been
described by Almabruk et al. (2016) as a synthetic racemic mixture.
Consequently, the optical rotation of (3) was measured and compared to
the one of a close analogue, (3R)-dalparvine A (Umehara et al., 2008), in
order to establish its absolute configuration. Optical rotation value ob-

tained for (3) ([a]2D5 —12(c 0.1, MeOH) was opposite to that indicated for
(3R)-dalparvine A ([] %5 +15 (¢ 0.5, MeOH), indicating that compound 3
corresponds to (3S)-3-(2,3° -dihydroxy-4> -methoxyphenyl)-5,
7-dihydroxyisoflavanone.

2.2. Bio-assay guided isolation and structure determination of metabolites
from the white phenotype

EtOAc extract of the bark was subjected to a solid reverse-phase
extraction and yielded 3 fractions. The anti-inflammatory and cyto-
toxic activities of each fraction was evaluated. Fraction F1 showed a
potent anti-inflammatory activity, with an ICsy value of 0.046 pg/mL
and a selectivity index (SI) of 230.2 (higher than the standard drug
dexamethasone), and a promising cytotoxic activity, with ICsq values of
15.94 and 16.03 pg/mL against HepG2 and HT29 cell lines, respectively.
This fraction was further subjected to HPLC and TLC purification and
yielded two undescribed isoflavonoids (7 and 8) (Fig. 1) and 14 com-
pounds, including compounds 3-6, belonging to the family of iso-
flavones, isoflavanones, coumarins and benzofurans. The known
metabolites were identified by comparison with published spectroscopic
data as khrinone C (9) (Umehara et al., 2009), secundiflorol H (10)
(Tanaka et al., 1998), alfalone (11) (Li et al., 2008), formononetin (12)
(Batterham and Highet, 1963), bolusanthol D (13) (Bojase et al., 2001),
isoluteolin (14) (Ding et al., 2015), 6,4" -dimethoxy-7,2-dihydroxyiso-
flavone (15) (Belofsky et al., 2006), pterosonin F (16) (Su et al., 2013),
iristectorigenin B (17) (Shawl et al., 1984) and pterofuran (18) (Ingham
and Dewick, 1979). Compounds 9-11 and 13-18 are isolated for the
first time in the genus Indigofera.

2.2.1. Structure elucidation of 2,3, 7-trihydroxy-4',6-dimethoxyisoflavone
@)

Compound 7, was isolated as a beige solid and showed a [M+H]"
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peak at m/z 331.0797 (caled 331.0812 for Ci7H;507) in HRESIMS
(Fig. S21), indicating 11 degrees of unsaturation. The UV spectrum
exhibited absorption maxima at 220, 261 and 324 nm. The IR spectrum
exhibited characteristic bands of hydroxyl groups and phenols (broad
band at 3368 cm™), sp? type CH (2959 cm™1), sp® type CH (2918, 2850
cm’l), aromatic rings (1594 cm’l) and methyl groups (1413, 1383,
1352 cm ™). The NMR (Table 2 and Figs. $22-525), UV and IR data of
(7) were consistent with an isoflavone. The 'H NMR spectrum (Fig. S22)
showed a deshielded signal at 6y 8.12 (H-2, s), characteristic of the ar-
omatic proton H-2 of an isoflavone pyrone ring (C ring). Two aromatic
signals at 6y 7.47 (H-5, s) and &y 6.74 (H-8, s) were observed. The
deshielded chemical shift of H-5 (6 7.47) suggested its beta position of
the ketone function in C-4 (¢ 178.3). Consequently, H-5 (6y 7.47) and
H-8 (6y 6.74) were in a para configuration on the A ring of the isofla-
vone. Two signals were observed at 6y 6.735 (H-6', d J = 8.6 Hz) and 6y
6.60 (H-5, d J = 8.6 Hz), and the COSY spectrum (Fig. S23) showed a
correlation between these two protons. H-5" (g 6.60) and H-6’ (5yg
6.735) were then consistent with a 1,2,3,4-tetrasubstituted aromatic
ring, corresponding to the B ring of the isoflavone. Two signals char-
acteristic of methoxy groups were observed at 6y 3.88 (4-OCHs, s) and
Sy 3.93 (6-OCHg, s). The linkage and the substitution pattern of the
isoflavone rings was determined from HMBC correlations (Fig. 5 and
Fig. S25). The HMBC correlations of H-2 (6y 8.12) to C-3 (6¢ 123.6), C-4
(8¢ 178.3) and C-9 (6¢ 156.3) supported the position of this proton on the
pyrone ring. The HMBC correlations of H-8 (6y 6.74) to C-6 (6¢ 151.4),
C-9 (6¢ 156.3) and C-10 (5¢ 114.4) and of H-5 (6y 7.47) to C-4 (6¢ 178.3),
C-6 (6¢c 151.4), C-7 (6¢c 162.6) and C-9 (5¢ 156.3) confirmed the para
position of H-5 (6y 7.47) and H-8 (6y 6.74) on the A ring substituted by a
hydroxyl group in C-7 (6¢c 162.6) and linked to the pyrone ring. The
HMBC correlations of the methoxy protons (6g 3.93) to C-6 (5¢ 151.4)
indicated the substitution of the A ring by a methoxy group in C-6 (5¢
151.4). The HMBC correlations of H-6’ (6y 6.735) to C-3 (6¢c 123.6)
showed that the pyrone ring was substituted by the B ring of the iso-
flavone in C-3 (6¢ 123.6). The HMBC correlations of H-6" (6y 6.735) to C-
2’ (6¢ 145.6) and C-4’ (6¢ 150.1) and of H-5’ (6y 6.60) to C-1" (6¢ 115.8)
and C-3’ (6¢ 136.5) indicated the substitution of the B ring by a hydroxyl
group in C-2’ (5¢ 145.6) and C-3’ (5¢ 136.5). Finally, the HMBC corre-
lations of the methoxy protons (6y 3.88) to C-4’ (6¢ 150.1) indicated the
substitution of the B ring by a methoxy group in C-4’ (5¢ 150.1).
Therefore, compound 7 was assigned as 2,3,7-trihydroxy-4,6-
dimethoxyisoflavone.

Table 2
1H (600 MHz) and'®C (150 MHz) NMR data of compounds 7 and 8 (CD3OD at
300 K).

No. 7 8

Sy (mult., J in Hz) Sc, type Sy (mult., J in Hz) Sc, type
2 8.12 (s) 155.4, CH 4.50 (dd, 11.6, 10.8) 71.5, CH,

4.36 (dd, 10.8, 5.6)

3 123.6, C 4.23 (dd, 11.6, 5.6) 48.7, CH
4 178.3, C 198.8, CO
5 7.47 (s) 104.0, CH 166.0, C
6 151.4,C 5.89 (d, 2.2) 97.2, CH
7 162.6, C - 168.7, C
8 6.74 (s) 103.7, CH 5.87 (d, 2.2) 96.1, CH
9 156.3, C - 165.2, C
10 114.4,C - 103.6, C
1 115.8,C - 114.3,C
2 145.6, C - 153.3,C
3 136.5, C 6.55 (s) 101.8, CH
4 150.1, C - 148.6, C
5 6.60 (d, 8.6) 105.1,CH - 143.2,C
6 6.735 (d, 8.6) 121.3, CH 6.74 (s) 116.2, CH
6-OCH;  3.93(s) 56.3, CHs
2-0CH3 3.71 () 56.5, CH3
4-0OCH3 3.88 (s) 56.6, CHj
5-OCH3 3.76 (s) 57.4, CHs
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Fig. 5. Key 'H-'H COSY (bold) and 'H-'3C HMBC (blue arrows) correlations
legend, the reader is referred to the Web version of this article.)

2.2.2. Structure elucidation of 2,5"-dimethoxy-4,5,7-
trihydroxyisoflavanone (8)

Compound 8 was isolated as a beige solid. The HRESIMS showed a
[M+H]" peak at m/z 333.0958 (caled 333.0969 for C;7H;707)
(Fig. S26), indicating 10 degrees of unsaturation. The UV spectrum
exhibited absorption maxima at 230 and 292 nm. The IR spectrum
exhibited characteristic bands of hydroxyl groups and phenols (broad
band at 3356 cm™), sp2 type CH (2956 em™b), sp3 type CH (2921, 2851
cm’l), a ketone function (1724 cm’l), aromatic rings (1633, 1601
em™1), alkane type CHy (1511, 1485, 1465 cm™') and methyl groups
(1427, 1378 em™). The NMR (Table 2 and Figs. S$27-S30), UV and IR
data of (8) were consistent with an isoflavanone. The 'H NMR spectrum
(Fig. S27) showed two signals at 6y 5.89 (H-6, d J = 2.2 Hz) and 6y 5.87
(H-8, d J = 2.2 Hz), corresponding to a 1,2,3,5-tetrasubstituted aromatic
ring. The shielded chemical shifts observed for C-6 (5¢c 97.2) and C-8 (5¢
96.1) suggested an alpha position of two oxygen-bearing carbons for
these two carbons. Signals observed at 5y,c 6.74 (H-6, 5)/116.2 (C-6)
and at &,¢ 6.55 (H-3', 5)/101.8 (C-3') were consistent with a 1,2,4,5-tet-
rasubstitued aromatic ring. The shielded chemical shift observed for C-
3’ (6¢ 101.8) indicated its alpha position of two oxygen-bearing carbons.
Two signals characteristic of methoxy groups were observed at 6y, 3.76
(5'-OCH3, 5)/57.4 and y,c 3.71 (2-OCHs, s)/56.5. Signals observed at
Su/c 4.50 (H-2a, dd J = 11.6, 10.8 Hz)/71.5 (C-2) and 5y, 4.36 (H-4b,
dd J =10.8, 5.6 Hz)/71.5 (C-2) corresponded to diastereotopic protons
in alpha position of a heteroatom. A deshielded signal was observed at
én/c 4.23 (H-3, dd J = 11.6, 5.6 Hz)/48.7 (C-3) and corresponded to a
proton in alpha position of an aromatic ring. The COSY spectrum
(Fig. S28) showed correlations between H-6 (5y 5.89) and H-8 (6y 5.87),
and between H-2a (6y 4.50), H-2b (6y 4.36) and H-3 (6y 4.23), indi-
cating two distinct spin systems corresponding to A and C ring of the
isoflavanone, respectively. Proton H-3" (6y 6.55) and H-6" (6y 6.74)
were positioned on the B ring. The linkage and the substitution pattern
of these rings was determined from HMBC correlations (Fig. 5 and
Fig. S30). The HMBC correlations of H-6 (6y 5.89) to C-5 (6¢ 166.0), C-7
(6 168.7), C-8 (8¢ 96.1) and C-10 (5 103.6) and of H-8 (54 5.87) to C-6
(8¢ 97.2), C-7 (6¢ 168.7), C-9 (6¢ 165.2) and C-10 (5¢ 103.6) supported
the meta configuration of these two protons on the A ring, substituted by
two hydroxyl groups in C-5 and C-7. The HMBC correlations of H-2a/H-
2b (6y 4.50/4.36) to C-4 (6¢c 198.8) and C-9 (6¢ 165.2) confirmed the
position of these two protons in C-2 (§¢ 71.5) on the C ring. The HMBC
correlations of H-2a/H-2b (6y 4.50/4.36) to C-1" (6¢ 114.3), of H-3 (6y
4.23) to C-2’ (8¢ 153.3) and C-6’ (6¢ 116.2), and of H-6" (6y 6.74) to C-3
(8¢ 48.7) supported the position of the B ring in C-3. The HMBC corre-
lations of H-3” (6y 6.55) to C-1" (6¢ 114.3) and C-5’ (6¢ 143.2), and of H-
6’ (6yg 6.74) to C-1° (5¢c 114.3), C-2’ (6¢ 153.3) and C-4’ (5¢c 148.6)
indicated the para configuration of these two protons on the B ring,
substituted by a hydroxy group in C-4’ (6¢ 148.6). The HMBC correlation
of the methoxy protons at 6y 3.76 to C-5" (6¢ 143.2) and of the methoxy
protons at dy 3.71 to C-2’ (6¢ 153.3) indicated that the B ring is
substituted by two methoxy groups in C-5" (§¢ 143.2) and C-2’ (¢
153.3). Therefore, (8) was characterized as 2,5-dimethoxy-4,5,7-
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for compounds 7 and 8. (For interpretation of the references to color in this figure

trihydroxyisoflavanone. It was isolated as a mixture with several un-
identified minor compounds. Thus, its absolute configuration has not
been established.

2.3. Evaluation of the in vitro anti-inflammatory and cytotoxic activity of
the isolated compounds

Isolated compounds were tested for in vitro anti-inflammatory and
cytotoxic activities. Due to their paucity, the previously undescribed
compounds 7 and 8 and known compounds 14, 15, 16 and 18 were not
evaluated. The purity of the tested compounds was evaluated based on
CAD chromatograms and NMR data. Compounds 2, 4 and 10 are more
than 90 % pure, compounds 1, 3, 6, 11 and 13 are more than 80 % pure,
and compounds 5, 9 and 12 are between 60 and 70 % pure. Anti-
inflammatory activity was assessed through a mouse macrophage
RAW 264.7 model. The capacity of compounds to inhibit nitric oxide
(NO) production was measured (ICso NO). Their cytotoxicity (ICso) to-
wards mouse macrophages was evaluated in order to determine their
selectivity index (SI) (IC50/ICs9 NO ratio).

Ten of the eleven tested compounds displayed a significant anti-
inflammatory activity (ICso < 15 pg/mL). Compounds 2, 3 and 9
showed a high selectivity, higher than the standard drug for 2 and 3
(Table 3). The cytotoxic properties of the compounds were evaluated on
HepG2 and HT29 cancer cell lines, through the Red Dye assay. The four
compounds 1, 4, 11 and 12 showed a moderate cytotoxicity against one
or both cell lines (IC5¢ < 50 pg/mL) (Table 3). Compound 6 displayed a
relevant activity against both cell lines, with an ICsq value of 18.92 and
11.36 pg/mL against HepG2 and HT29 cell lines, respectively.

2.4. Feature-based molecular networking

A feature-based molecular networking (Nothias et al., 2020)
approach was performed in order to (1) provide additional information
about the phytochemistry of I. ammoxylum, (2) compare the chemical
composition of the different phenotypes and different plant parts of the
species and (3) detect clusters, with features present in extracts with
selective anti-inflammatory activity. For this purpose, leaves and bark
EtOAc crude extracts of the two phenotypes of I. ammoxylum were
subjected to an UHPLC-HRESIMS/MS analysis and a molecular network
(MN) was generated with the FBMN tool on the GNPS platform.

A MN comprising 1196 nodes and 50 clusters (three nodes at least)
was obtained (Fig. 6). In Fig. 6a, squared pink nodes correspond to the
isolated compounds 1-3, 5-7, 10-11 and 18, and green nodes corre-
spond to spectral matches on GNPS or ISDB databases. The edges
thickness correlates with the cosine score (CS) value (0.7-1) between
two nodes. Based on spectral matches, the largest cluster C1 corresponds
to fatty acids and fatty acids derivatives. Nodes included in cluster C2
correspond to glycosylated flavonols and isoflavonols, and more
particularly to glycosylated derivatives of quercetin, four of which
correspond to metabolites reported previously in Indigofera species:
kaempferin (Luiz-Ferreira et al., 2012), quercitrin (Rahman et al., 2015),
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Table 3
Anti-inflammatory and cytotoxic activity of the fractions and isolated
compounds.

Fraction Compound  Anti-inflammatory Cytotoxic activity”
activity®
ICso NO SI ICso ICso
(pg/mL) HepG2 HT29
(ng/mL) (pg/mL)
Red phenotype — - 0.65 + 12.90 12.65 + 12.94 +
F1 0.09 3.84 3.08
1 4.65 + 9.30 36.27 + 44,94 +
2.21 2.08 2.65
2 23.36 + 428.00 >100 >100
1.55
3 0.11 + 793.27 >50 >50
0.05
4 5.09 + 9.86 46.09 + >50
1.06 3.17
5 3.27 + 14.52 >50 >50
0.92
6 1.03 + 13.27 18.92 + 11.36 +
0.12 1.04 2.08
White phenotype  — 0.046 + 230.20 1594 + 16.03 +
-F1 0.008 3.84 3.28
9 1.78 + 38.69 >50 >50
0.23
10 3.89 + 12.06 51.56 + 56.36 +
0.64 3.26 2.67
11 9.81 + 2.94 4292 + 38.03 +
1.12 1.93 2.38
12 3.21 + 6.71 33.34 + 45.34 +
0.76 2.12 3.43
13 8.26 + 8.03 56.34 + 61.33 +
1.86 4.25 4.09
Dexamethasone - 4.05 + 45.51 - -
0.78

ab ICsp are the means + standard deviations calculated from three independent
assays.

nicotiflorin (Elmi et al., 2018) and quercetin-3-O-[-B-D-glucopyr-
anosyl-(1 - 2)-B-D-glucopyranoside] (Campos et al., 2018). Cluster C3
is a cluster of terpenes and terpenoids, including betulinic acid, a tri-
terpene reported in the species Indigofera carlesii (Zhang et al., 2006).

Cluster C5 contains the isolated compounds 3 (m/z 319.0807), 7 (m/
2 331.0806) and 10 (m/z 333.096), and corresponds to flavonoids and
isoflavonoids, more precisely to flavones/isoflavones and flavanones/
isoflavanones. In the present work, compound 3 showed a potent and
selective anti-inflammatory activity (Table 3). Based on structure-
activity relationship, the nodes connected to compound 3 could fit
with selective anti-inflammatory analogues. Two nodes correspond to
particularly close analogues of (3): nodes at m/z 333.096 (CS = 0.90)
and m/z 317.065 (CS = 0.93). Based on ISDB, these nodes matched
3,5,7-trihydroxy-4',8-dimethoxyflavanone and 3,5,6,7-tetrahydroxy-4'-
methoxyflavone, respectively.

Cluster C12 is a cluster of flavanols and flavonols, and contain the
isolated compounds 1 (m/z 319.1169) and 2 (m/z 273.1118). Based on
GNPS matches, two other nodes have been identified as epigallocatechin
and epicatechin. The latter has been previously reported in the species
Indigofera aspalathoides (Sundarrajan and Arumugam, 2017). Two
nodes, at m/z 319.1163 (CS = 0.85) and m/z 305.1009 (CS = 0.88),
correspond to close analogues of compound 2, for which a potent se-
lective anti-inflammatory activity has been shown in the present work.
The annotation of these two nodes based on ISDB matches is not
consistent with the observed CS values. These two analogues remain
unidentified.

Cluster C23 includes the isolated compound 18 (m/z 287.0906). Due
to its paucity, biological activity of this metabolite has not been
appraised in this work, but its cytotoxic properties have been previously
reported (Su et al., 2017). Consequently, cluster C23 could contain
cytotoxic analogues. A high CS value (CS = 0.90) is observed between
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the node of (18) and a node at m/z 271.0956, identified as stemofuran D
based on ISDB matches. This compound had never been reported in the
Fabaceae family so far, and possesses anti-inflammatory properties
(Shen et al., 2013).

Cluster C24 is a cluster of flavones and isoflavones. The node at m/z
301.0703 corresponds to the isolated compound 5, which showed good
anti-inflammatory properties in the present work (Table 3). Two nodes
at m/z 285.0754 and m/z 285.0752 are two close analogues of 5 (CS =
0.91). Based on GNPS matches, one of them could correspond to caly-
cosin, an isoflavone reported in numerous Fabaceae species with proved
anti-inflammatory activity (Su et al., 2016).

Cluster C31 comprises four nodes corresponding to flavones and
isoflavones. The two isomeric isolated isoflavones 6 and 11 are found in
this cluster. In the present work, compound 6 showed interesting anti-
inflammatory and cytotoxic properties (Table 3), thus cluster C31
could contain anti-inflammatory and cytotoxic analogues. Based on
GNPS matches, a node at m/z 285.0753 was annotated as biochanin A,
an isoflavone particularly common in the Fabaceae genera Trifolium and
Cicer. Cytotoxic (Cho et al., 2017) and anti-inflammatory (Felix et al.,
2021) activities are reported for this metabolite.

The FBMN approach provided some information about the chemo-
diversity of the species I. ammoxylum. Almost all nodes from the red
phenotype were shared with those from the white phenotype, indicating
a similar qualitative composition for both phenotypes. The compounds
isolated in this work are present in both phenotypes, except (16) which
is only found in the white phenotype. In Fig. 6b, the pie chart represents
the peak area corresponding to each node in the LC/MSMS spectra.
Green-filled nodes correspond to nodes from the leaves extracts and
brown-filled nodes to nodes from the bark extract. Some clusters or part
of clusters contain nodes that exclusively relate to the bark extracts,
whereas others contain nodes that relate exclusively to the leaves ex-
tracts, indicating a distinctive composition between these two parts of
plant. Based on annotations, the bark extracts specifically contain tri-
terpenoids, isoflavones, isoflavanones and flavanols, whereas leaves
extracts contain quercetin glycosylated derivatives and alkaloids. Most
of the isolated compounds are only present in the bark extracts, but
compounds 2, 11, 13 and 15 are also found in the leaves extracts.

The anti-inflammatory activity of the four crude extracts was eval-
uated, and two extracts showed a very potent activity and selectivity: the
bark extract of the white phenotype (IC5o NO = 0.046 pg/mL, SI =
3106.6) and the leaves extract of the red phenotype (ICs5o NO = 0.043
pg/mL, SI = 3206.9). The two other extracts showed a good activity
(ICs0 NO < 2 pg/mlL) but a poor selectivity (SI < 40). The FBMN
approach was performed in order to highlight exclusive clusters of the
selective extracts and therefore to explain this difference of activity and
to detect the active and selective metabolites (Olivon et al., 2017a). In
Fig. 6b, the border of the nodes displays the biological activity of the
extracts. Red-bordered nodes are from anti-inflammatory and selective
extracts, and blue-bordered nodes are from anti-inflammatory but
non-selective extracts. No exclusive cluster of the two selective extracts
was observed. Nevertheless, some clusters like the cluster C15 (Figs. 6b
and 7) contain nodes mainly related to selective extracts, and particu-
larly to the white phenotype bark extract. Based on ISDB matches, this
cluster could correspond to glycosylated phenolic compounds.
Anti-inflammatory properties of such compounds are reported in the
literature (Kiipeli et al., 2007), so this cluster could partially explain the
important and selective activity of the white phenotype bark extract. It
would be interesting to target the isolation of these metabolites, to
identify them and evaluate their pharmacological properties.

3. Conclusions

In conclusion, 18 metabolites were isolated from the EtOAc bark
extracts of I. ammoxylum red and white phenotypes. Compounds 1-4, 7
and 8 are previously undescribed natural products. This is the first
report of compounds 5, 9-11 and 13-18 in the genus Indigofera. All the
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Fig. 6. (A) Molecular network (MN) of the isolated compounds (pink squared nodes) and MN annotation based on GNPS and ISDB spectral matches (round green
nodes). (b) Repartition of the two plant parts (bark and leaves) extracts and selective and non-selective anti-inflammatory extracts in the MN. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Cluster C15 of the MN, containing nodes mostly related to anti-
inflammatory and selective extracts (red bordered nodes). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

tested compounds except (2) showed a high anti-inflammatory activity
(ICs0 < 10 pg/mL). Compounds (2), (3) and (9) demonstrated an
interesting selectivity (SI > 30), and the SI of (2) and (4) was higher than
the one of the positive control. Compound 6 showed promising cytotoxic
properties against HepG2 and HT29 cancer cell lines. The FBMN
approach allowed the detection of bioactive analogues, and some of
them have been putatively identified as stemofuran D, biochanin A and
calycosin. Regarding the chemodiversity of the species, the red and
white phenotypes have a similar composition but bark and leaves
contain specific chemical entities. Finally, no exclusive cluster of the
most active and selective extracts was detected, but a cluster of appar-
ently undescribed glycosylated phenolic compounds could explain the
selectivity of the white phenotype bark extract and should be isolated
and identified in a future work.

4. Experimental

General Experimental Procedures. Optical rotations were determined
using an Anton Paar MCP200 polarimeter (589 nm, 25 °C), and UV
spectra were acquired on a Thermo Scientific DAD spectrophotometer.
IR spectra were recorded on a Vertex 70 (Bruker) ATR-FTIR spectrom-
eter. For compound 1, experimental ECD spectrum was recorded on a
JASCO J-815 spectrometer equipped with a JASCO Peltier cell holder
PTC-423 to maintain the temperature at 20.0 °C. The handedness of the
circular polarized light was modulated at 50 kHz with a quartz pho-
toelastic modulator set at %4 retardation. A quartz cell of 1 mm of optical
path length was used. Sample was prepared in acetonitrile at a con-
centration of 0.0003 mol.L 1. NMR spectra were acquired in CDs0D on
either a Bruker Avance III 600 MHz (TXI probe) or a Bruker Avance II"
600 MHz (TCI cryoprobe) spectrometer and were analyzed with the
TopSpin (v 4.1.1) software. The chemical shifts § are given in ppm and
coupling constants J in Hz. UHPLC-HRESIMS and UHPLC-HRESIMS/MS
analysis were performed on an Impact II Bruker Daltonics Qq-TOF
spectrometer with an ESI source, using a 2.1 x 150 mm 1.6 pm RP-
C1g column (Luna Omega C18, Phenomenex) and an elution gradient of
H,0-CH3CN with 0.1 % HCO.H (98:2 to 0:100). Solid reverse-phase
extraction was performed over 10 g SPE Strata 55 pm C18 tubes (Phe-
nomenex), with three elution steps (Ho,O/CH3CN v/v). Preparative HPLC
were performed on a Waters 2545 system using MassLynx software and
a21.2 x 150 mm 5 pm RP-C;g column (Gemini C18, Phenomenex), with
an appropriate elution gradient of HoO-CH3CN with 0.1 % HCO,H at a
flow rate of 20 mL/min and on a PLC 2020 Gilson system using a 4.6 x
250 mm 5 pm PFP column (Luna PFP Phenomenex) and an elution
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system of H,O-CH3CN with 0.1 % HCO>H (70:30) for 40 min at a flow
rate of 0.8 mL/min. Preparative TLC were performed on glass plates (20
x 20 cm) precoated with silica gel 60 Fa54 (2 mm) (Merck). After two
successive developments with appropriate solvent systems, revealing of
the plates was performed under UV light (254 and 366 nm). All solvents
were analytical or HPLC grade.

Plant material. Leaves and bark of the red and white phenotypes of
Indigofera ammoxylum were collected in March and April 2019 in
Reunion Island (Saint Denis). The taxonomic identification of the plant
species was performed by Mr. H. Thomas (Parc National de La Réunion).
For each phenotype, a voucher specimen was deposited in the Herbar-
ium of the University of La Réunion for confirmation of identification,
and the accession numbers REU024077 (red phenotype) and
REU024078 (white phenotype) were attributed to the samples.

Extraction and isolation. Leaves and bark of I. ammoxylum were dried
at 40 °C for 48 h and powdered. Samples of 228.0 g (leaves) and 74.0 g
(bark) were obtained from the red phenotype, and samples of 240.0 g
(leaves) and 247.3 g (bark) from the white phenotype. The ground
materials were extracted exhaustively using an accelerated solvent
extractor (ASE 300 Dionex). Four successive extractions were performed
at 40 °C with EtOAc for each sample. The extracts were evaporated
under reduced pressure at 38 °C to obtain 8.4 g (leaves) and 3.1 g (bark)
of crude extracts for the red phenotype and 8.2 g (leaves) and 7.7 g
(bark) of crude extracts for the white phenotype. 1.26 g of the red
phenotype bark crude extract were fractionated by solid reverse-phase
extraction using combinations of HoO/CH3CN (v/v) of decreasing po-
larity. Three fractions (F1-F3) were obtained and evaluated for their
anti-inflammatory and cytotoxic activity. All fractions showed a potent
anti-inflammatory activity (ICso = 0.68, 0.48 and 0.13 pg/mL, respec-
tively) and fraction F2 showed a high selectivity (SI = 100.1) compared
to the standard drug dexamethasone. Fraction F1 showed a promising
cytotoxic activity against HepG2 and HT29 cell lines, with ICs values of
12.65 and 12.97 pg/mL, respectively. Fraction F1 (513.8 mg) was then
subjected to preparative HPLC, using an elution gradient of HoO-CH3CN
with 0.1 % HCO5H (80:20 over 2 min, 80:20 to 52:48 over 30 min) at a
flow rate of 20 mL/min (UV 230 nm). The purification of fraction F1
afforded the compounds (25,3R)-3',7-dihydroxy-4',6-dimethoxyflavanol
(1, 4.9 mg), (2S,3R)-6-methoxy-7-hydroxyflavanol (2, 6.9 mg), 3-(2,3"-
dihydroxy-4'-methoxyphenyl)-5,7-dihydroxyisoflavanone (3, 8.8 mg),
3-(2,3-dihydroxy-4-methoxyphenyl)-7-hydroxycoumarin (4, 15.1 mg),
pratensein (5, 12.4 mg) and afromorsin (6, 8.4 mg). 2.7 g of the white
phenotype bark crude extract were fractionated by solid reverse-phase
extraction using combinations of H,O/CH3CN (v/v) of decreasing po-
larity. Three fractions (F1-F3) were obtained and evaluated for their
anti-inflammatory and cytotoxic activity. A potent anti-inflammatory
activity was observed for the three fractions (ICsy values of 0.046,
0.22 and 0.35 pg/mlL, respectively), but only fraction F1 displayed a
high selectivity (SI = 230.2) compared to the standard drug. Fraction F1
showed a promising cytotoxic activity against HepG2 and HT29 cell
lines, with ICsq values of 15.94 and 16.03 pg/mL, respectively. Fraction
F1 (582.9 mg) was then subjected to preparative HPLC, using an elution
gradient of HO-CH3CN with 0.1 % HCO,H (80:20 over 2 min, 80:20 to
47:53 over 24 min) at a flow rate of 20 mL/min (UV 230 nm). The pu-
rification of fraction F1 led to the isolation of the compounds 3-(2,3-
dihydroxy-4-methoxyphenyl)-5,7-dihydroxyisoflavanone (3, 6.4 mg),
afromorsin (6, 11.4 mg), khrinone C (9, 16.3 mg), secundiflorol H (10,
19.7 mg) and bolusanthol D (13, 8.9 mg). Subfraction F1-2 (13.3 mg)
was subjected to preparative TLC purification. After two successive de-
velopments with a solvent system of CHCls/MeOH 97/3 (v/v), the plate
was revealed under UV light (254 and 366 nm). The compounds 3-(2,3-
dihydroxy-4-methoxyphenyl)-7-hydroxycoumarin (4, 0.54 mg), 2',3,7-
trihydroxy-4',6-dimethoxyisoflavone (7, 0.2 mg) and isoluteoline (14,
0.04 mg) were thus obtained and recovered with EtOAc. The purifica-
tion of subfraction F1-4 (7.2 mg) was performed by analytical HPLC
using an isocratic elution of HO-CH3CN with 0.1 % HCO2H (70:30) for
40 min at a flow rate of 0.8 mL/min (UV 280 nm), and yielded the
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compounds 3-(2,3-dihydroxy-4-methoxyphenyl)-5,7-dihydroxyiso-
flavanone (3, 0.2 mg) and pterosonin F (16, 0.08 mg). Subfractions F1-7
(11.7 mg) and F1-9 (18.4 mg) were subjected to preparative TLC puri-
fication. After two successive developments with a solvent system of
Toluene/MeOH 90/10 (v/v), the plates were revealed under UV light
(254 and 366 nm) and the compounds recovered with EtOAc. Sub-
fraction F1-7 afforded the four compounds pratensein (5, 0.18 mg), 2,5
dimethoxy-4',5,7-trihydroxyisoflavanone (8, 0.26 mg), 6,4-dimethoxy-
7,2-dihydroxyisoflavone (15, 0.32 mg) and iristectorigenin B (17, 0.10
mg), and subfraction F1-9 yielded compounds alfalone (11, 0.42 mg),
formononetin (12, 0.44 mg) and pterofuran (18, 0.38 mg).

(2S,3R)-3’,7-dihydroxy-4',6-dimethoxyflavanol (1): black solid;
[a]®® —52 (¢ 0.3, MeOH); UV (MeOH) Amax 230, 288 nm; IR vpay 3401,
2924, 1621, 1515, 1442, 1385, 1273, 1164, 1123, 1029 cm™}; for 'H
and '3C NMR data, see Table 1; HRESIMS m/z 319.1165 [M+H] " (caled
for C17H1906, 319.1176).

(2S,3R)-6-methoxy-7-hydroxyflavanol (2): reddish-brown solid;
[(x]ZDS —51 (c 0.3, MeOH); UV (MeOH) Apax 295 nm; IR vpax 3388, 2933,
2845, 1605, 1512, 1441, 1362, 1282, 1235, 1157, 1124, 1028 cmfl; for
'H and !3C NMR data, see Table 1; HRESIMS m/z 273.1109 [M+H]"
(calcd for C16H17O4, 273.1121).

3-(2,3-dihydroxy-4-methoxyphenyl)-7-hydroxycoumarin  (4):
brown solid; UV Amax 250, 341 nm; for 'H and '3C NMR data, see Table 1;
HRESIMS m/z 301.0696 [M+H]" (calcd for C16H;306, 301.0707).

2',3',7-trihydroxy-4’,6-dimethoxyisoflavone (7). Beige solid; UV
Amax 220, 261, 324 nm; IR vpax 3368, 2959, 2918, 2850, 1594, 1413,
1383, 1352, 1260, 1180, 1101, 1046 cm™'; for 'H and '3C NMR data, see
Table 2; HRESIMS m/z 331.0797 [M+H]" (caled for Cyi7H;507,
331.0812).

2',5'-dimethoxy-4',5,7-trihydroxyisoflavanone (8). Beige solid;
UV Amax 230, 292 nm; IR vmax 3356, 2956, 2921, 2851, 1724, 1633,
1601, 1511, 1485, 1465, 1427, 1378, 1266, 1193, 1164, 1098, 1037
em™!; for 'H and '3C NMR data, see Table 2; HRESIMS m/z 333.0958
[M+H]" (caled for Cy7H;707, 333.0969).

Molecular modelling. All DFT calculations were carried out using the
GAUSSIAN 09 program (Frisch et al., 2013) using the hybrid B3LYP
exchange-correlation functional (Becke, 1993; Stephens et al., 1994)
and the 6-31 + G (d,p) basis set. Tight convergence criteria were used for
geometry optimization. All stationary points were confirmed as true
minima via vibrational frequency calculations. Frequencies calculated in
the harmonic approximation were multiplied with a factor set to 0.98.
NMR shielding tensors were computed with the Gauge-Independent
Atomic Orbital (GIAO) method (Cheeseman et al., 1996). The calcu-
lated nuclear isotropic magnetic shieldings (IMS) were converted for
carbons C-i into chemical shifts by referencing to tetramethylsilane
(TMS) IMS calculated at the same level of theory (IMSTMS = 197.2863
ppm); and for hydrogens H-i into chemical shifts IMSTMS = 31.6175
ppm): d_corr = IMSTMS - IMSC-i. Electronic excitation energies and
rotational strengths for all conformations have been calculated using the
TD-DFT methodology of Gaussian 09 for the 100 lowest singlet vertical
excitation energies at ground-state equilibrium geometries. Thence ECD
spectra were obtained assuming the Condon approximation and the
computed velocity rotatory strengths are transformed into units of De
and superimposed with Gaussian functions centred at the respective
wavenumbers of the electronic transitions. An exponential half-width at
1/e peak height Ds = 0.4 eV was used for each gaussian curve (Stephens
and Harada, 2009). Molecular structures were done with Molden soft-
ware (Schaftenaar and Noordik, 2000).

In vitro anti-inflammatory assay. The in vitro anti-inflammatory assay
is based on the ability of macrophages to generate a strong inflammatory
response when stimulated with pro-inflammatory compounds. Mouse
macrophages were stimulated by LPS from E. coli and exposed to the test
material for 24 h. At the end of the incubation period, NO production
was evaluated indirectly by measuring the accumulation of nitrite/ni-
trate, the stable end-products of NO oxidation, in the culture medium
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using a spectrophotometric method based on the Griess reaction.
Immortalized mouse macrophages (RAW 264.7 cell line, Sigma-
Aldrich), low passage number (<50) maintained in DMEM with stable
L-glutamine supplemented with 10 % of inactivated calf serum, were
seeded into 96-well tissue culture plates at the concentration of 1.10°
cells/ml (200 pL/well) and incubated at 37 °C (5 % CO>) for 24 h. At the
end of the incubation period, the culture medium was decanted and
replaced by 100 pL of medium containing the appropriate concentra-
tions of the test material (8 different concentrations), and cells were
incubated at 37 °C (5 % CO») for 1 h. At the end of the incubation period,
pro-inflammatory LPS from E. coli was added to cell cultures (1 pg/mL).
Then cells were incubated at 37 °C (5 % CO3) for 24 h. Negative control
DMSO, 1 % (v/v) and positive control dexamethasone were into each set
of experiments, and results were obtained from triplicate in three in-
dependent experiments. NO release was measured in the culture su-
pernatant by the Griess reaction. 50 pL of the supernatants were
transferred into the wells of a 96-well tissue culture plate, and 50 pL of
the Griess modified reagent (SIGMA) were added in each well. After a
15 min period at room temperature, the Optical Density (OD) of each
well was read at 540 nm by a fluorescence-luminescence reader Infinite
M200 Pro (TECAN). The results obtained for wells treated with the test
material were compared to those of untreated control wells (DMSO) and
converted to percentage values. In parallel to the assessment of NO
release, cell viability was measured to validate the assay and to deter-
mine the selectivity index (SI) of the test material. The WST-1 vital dye
reagent was used to measure cell mitochondrial respiration. For this
purpose, the culture medium was decanted and 50 pL of WST-1 reagent
(1/10 dilution) were added in each well. After a 30-min incubation
period at 37 °C (5 % CO5), the OD of each well was read at 450 nm by a
fluorescence-luminescence reader Infinite M200 Pro (TECAN). The re-
sults obtained for wells treated with the test material were compared to
those of untreated control wells (DMSO, 100 % viability) and converted
to percentage values. The concentrations of the test material causing a
50 % release of cell viability (ICso) and a 50 % of NO release (ICsg NO)
were calculated using software Tablecurve Version 2.0. The anti-
inflammatory ratio (selectivity index) corresponded to the ratio be-
tween the anti-inflammatory activity and the toxicity. It was expressed
as follows: anti-inflammatory ratio = ICsg x 100/ICs¢ NO.

In vitro cytotoxic assay. HepG2 (human liver cancer) and HT29
(human colon and colorectal adenocarcinoma) cell lines were used to
assess the toxicity of samples. In the performed assay, cytotoxicity was
expressed as a concentration-dependent reduction of the uptake of the
vital dye Neutral Red (NR) when measured 24 h after treatment. NR is a
weak cationic dye that readily penetrates cell membranes by non-
diffusion, accumulating intracellularly in lysosomes. Alterations of the
cell surface of the sensitive lysosomal membrane lead to lysosomal
fragility and other changes that gradually become irreversible. Such
changes result in a decreased uptake and binding of NR in non-viable
cells. HT29 (ATCC® HTB-38™) and HepG2 (ATCC® HTB-38™), low
passage number (<50), were cultivated into DMEM (Dulbecco’s Mini-
mum Essential Medium, PAN BIOTECH. lot 1874561) supplemented
with Penicillin 100 IU/mL and streptomycin 100 pg/mL (PAN BIOTECH,
Lot 945514), and 10 % of inactivated calf serum (PAN BIOTECH, Lot
P56314), pH 7.2, freshly prepared, stored no longer than 1 week. Cells
were seeded into 96-well tissue culture plates (0.1 mL per well), at the
concentration of 1.10° cells/mL, and incubated at 37 °C (5 % CO,) until
semi-confluent. The test material was diluted into sterile DMSO (stock
solutions 0.1, 1 and 10 mg/mL) at final concentrations ranging from 0.1
to 250 pg/mL. The culture medium was decanted and replaced by 100
pL of fresh medium containing the various concentrations of the test
material, then cells were incubated for 24 h at 37 °C (5 % CO,). At the
end of the incubation period, cells were placed into Neutral Red medium
(50 pg/mL NR in complete medium) and incubated for 3 h at 37 °C, 5 %
CO2. Then the medium was removed and cells were washed three times
with 0.2 mL of HBSS to remove excessive dye. The Neutral Red medium
was removed and the distaining solution (50 % ethanol, 1 % acetic acid,
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49 % distilled water; 50 pL per well) was added into the wells. Then, the
plates were shaken for 15-20 min at room temperature in the dark. AIl
the test samples and controls were run in triplicates in three independent
experiments. The degree of membrane damage (i.e. the increase of
released NR) was measured by a fluorescence-luminescence reader
Infinite M200 Pro (TECAN). The Optical Density (OD) of each well was
read at 540 nm. The results obtained for wells treated with the test
material were compared to those of untreated control wells (HBSS, 100
% viability) and converted to percentage values. The concentrations of
the test material causing a 50 % release of the preloaded NR (ICsp) as
compared to the control culture were calculated using software Photo-
tox Version 2.0. The mean OD value of blank wells (containing only NR
desorbed solution) was subtracted from the mean OD value of three test/
untreated wells.

Feature-Based Molecular Networking. The four crude extracts obtained
from the red and the white phenotypes of I. ammoxylum (leaves and
bark), as well as the 18 isolated compounds, were profiled by UHPLC-
QqTOF-MS/MS in a mass range from m/z 50 to 1200, using positive
(+) mode for the ESI source. The following parameters were used: end
plate offset at 500 V; nebulizer gas pressure at 3.5 bar; dry gas flow at 12
L/min; drying temperature at 200 °C; acquisition rate at 4.0 Hz. The
capillary voltage was set at 4500 V, with a fragmentation energy of
20-40 eV. The UHPLC conditions were as follows: sample concentra-
tions: 5 mg/mL (crude extracts), 0.2 mg/mL (isolated compounds) in
100 % MeOH, injection volume: 2 pL, column temperature: 40 °C,
elution gradient of HO-CH3CN with 0.1 % HCO»H (98:02 over 2 min,
98:02 to 0:100 over 12 min, 0:100 over 3 min) at a flow rate of 0.5 mL/
min. Raw data obtained from the crude extracts analysis were converted
into open format.mzXML using software Bruker Compass DataAnalysis
Version 4.2 and processed using software Mzmine Version 2.53 (Olivon
et al., 2017b; Pluskal et al., 2010; Smirnov et al., 2018). Then, a
feature-based molecular network , combining data of the four crude
extracts, was created on the GNPS platform (Wang et al., 2016) and is
available following the link https://gnps.ucsd.edu/ProteoSAFe/status.js
p?task=1f11085b9ae740f2a45d5718024c¢7229. The Mzmine MS/MS
data processing comprises.mzXML files import, MS peak detection,
ADAP chromatogram builder, chromatogram deconvolution, isotopic
peaks grouper, alignment, filtering, gap filling, fragment search, adduct
search and spectra normalization. Setting parameters were as follows:
positive ionization mode, centroid detection, MS1 peak detection limit:
1E3, MS2 peak detection limit: 152, m/z tolerance 10 ppm, peak/top
edge ratio:2, peak duration range: 0.03-1 min, m/z range for MS2
pairing: 0.02 Da, RT range for MS2 pairing: 0.1 min, representative
isotope: most intense, alignment weight for m/z: 75, weight for RT: 25,
filtering RT tolerance: 0.1 min, filtering m/z tolerance: 0.001 m/z,
adduct search [M+Na]®, [M + NH4]", spectra normalization type:
average intensity. Processed files including a mgf and a csv file were
uploaded to the GNPS platform. A metadata table was elaborated as a txt
file and uploaded to the GNPS platform, in order to combine three
different variables to the MN: phenotype (red/white), plant part (bar-
k/leaves) and activity (selective/non-selective). A MN was then devel-
oped using the Advanced Analysis Tools — Feature Networking workflow
(Nothias et al., 2020). Advanced Network Options parameters were as
follows: Min pair cos: 0.7, minimum matched fragment ions: 6, network
topK: 10, maximum connected component size: 100. The output was
imported into Cytoscape Version 3.8.2, in order to visualize the network.
Node annotations were performed manually for isolated compounds,
and with GNPS spectral databases (score threshold: 0.7) and In-Silico
MS/MS DataBase ISDB (score threshold: 0.2) (Allard et al., 2016).
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