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ARTICLE INFO ABSTRACT

Keywords: Phytochemical investigation of Gardenia thunbergia L. f. aerial parts led to the isolation of a previously unde-

G‘m.le"ia thunbergia scribed neolignan 13, designated (thunbergiside A). This compound is classified as 2,3-dihydrobenzofuran that

EUbij“ceae features a unique, highly substituted skeleton with functional diversity. The absolute configuration was estab-
eolignan

lished by comparing its experimental ECD spectrum and optical rotation values with those of related neolignans.
In addition, seventeen diverse phytoconstituents were identified for the first time from this plant, expanding our
knowledge of its chemical composition. These included oleanane-type saponins, phenolic derivatives, lignans,
and neolignans, which serve as valuable chemotaxonomic markers. Considering the frequent emergence of in-
fectious diseases, it is worth exploring additional antimicrobial agents. Selected isolated compounds were
assessed for their antimycotic properties in an investigation for potential anti-infective agents. Various chro-
matographic procedures, spectroscopic, spectrometric analyses, and molecular modelling studies were employed
for phytochemical investigation and structural characterization. Furthermore, the alamarBlue-based viability
assay was employed for antifungal evaluation against three pathogenic fungi. Specifically, saponin 17, 3-O-(p-p-
glucuronopyranoside) oleanolic acid, displayed moderate antifungal activity (ICso = 11 pg/mL) against Candida
albicans. Overall, this study identified an unprecedented neolignan along with other diverse constituents from
Gardenia thunbergia. Moreover, the study presented a potential scaffold for antifungal drug development.

Oleanane-type saponin
Candida albicans
Antifungal

1. Introduction polar constituents of this plant. Fortunately, our efforts yielded prom-

ising results, including the identification of a unique previously unde-

Gardenia species are rich sources of bioactive phytochemicals
belonging to structurally diverse classes (Hu et al., 2019; Hua et al.,
2018; Thanasansurapong et al., 2020). Gardenia thunbergia L. f. is a
South African tree with numerous traditional uses (Clark and Appleton,
1997). Molluscicidal, anti-malarial, and cytotoxic activities of this plant
have been proven (Clark and Appleton, 1997; Mohamed et al., 2022;
Tajuddeen et al, 2021). A previous study has identified an
oleanane-type saponin, a triterpene, flavonol glucosides, sterols, and
some phenolic derivatives from the leaves (Tajuddeen et al., 2021).
Besides, our earlier cytotoxicity-guided fractionation of Gardenia thun-
bergia L. f. aerial parts has characterized its bioactive non-polar fractions
(Mohamed et al., 2022). Expanding on previous research, the primary
objective of this study was to conduct an in-depth investigation into the
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scribed neolignan (thunbergiside A), alongside seventeen other known
compounds, including oleanane-type triterpenoid saponins.
Candidiasis is a prevalent fungal infection that affects different areas
of the body, such as the mouth, throat, and genital areas. It occurs when
Candida albicans, a naturally occurring yeast in our bodies, grows
excessively. These infections can cause discomfort, irritation, and
various symptoms, often necessitating the use of effective antifungal
agents (Sharma and Chakrabarti, 2023). However, managing candidi-
asis can be particularly challenging when there is drug intolerance or
antifungal resistance (Ordaya et al., 2023). Therefore, there is a clear
need for the discovery of new and effective antifungal agents. Many
studies have found that certain oleanolic acid glycosides have antifungal
properties, especially against Candida albicans (Hu et al., 2018; Lunga
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et al., 2014; Tagousop et al., 2018). Twelve isolated compounds,
including the novel neolignan 13 and the oleanolic acid saponins (15,
17, and 18), were selected to be tested for their antifungal properties
based on the reported activities of structurally related counterparts.

2. Results and discussion
2.1. Phytochemical investigation

Chromatography of the ethyl acetate fraction led to the isolation of
seventeen diverse compounds, and a previously undescribed neolignan.
Compounds 1-12 and 14-18 (Fig. S1) were identified based on their
spectral data (Supplementary Fig. S2-561) and compared with previ-
ously reported structures in the literature. These compounds were
determined as methyl salicylate-2-O--p-glucopyranoside (1) (Ushiyama
and Furuya, 1989), koabuside (2) (Shimomura et al., 1988), (6R,7S,
85)-7a-[(B-p-glucopyranosyl)oxy]lyoniresinol (3) (Yang et al., 2005),
ecdysanrosin A (4) (Zhu et al., 2010), p-hydroxybenzoic acid (5) (Chang
et al., 2010), esculetin (6) (Zhou et al., 2009), caffeic acid (7) (Lin et al.,
2014), kaempferol-3-O-rutinoside-4-methoxy (8) (Wang et al., 2018), 3,
4,5-trimethoxyphenyl 6-O-[5-O-(syringoyl)-p-p-apiofuranosyl]-p-b-glu
copyranoside (9) (Da Silva et al., 2007), caffeic acid methyl ester (10)
(Martic et al., 2007), nicotiflorin (11) (Zahra Ahmadian Dehaghani
et al., 2017), (6R,7S,8S) lyoniresinol (12) (Hanawa et al., 1997), siar-
esinolic acid 3-O-B-p-glucuronopyranoside-6'-O-methyl ester (14)
(Wang et al., 2012), 3-O-(methyl-p-p-glucuronopyranosiduronoate)
-28-0-p-p-glucopyranosyl-oleanolate (15) (Sakai et al., 1994), oleanolic
acid 3-0-p-p-glucopyranosyl-(1"—2"-f-b-glucuronopyranoside 6-meth-
ylester (16) (Liang et al., 2010), 3-O-(p-p-glucuronopyranoside) ole-
anolic acid (17) (Wang et al, 2012), oleanolic acid
3-0-6"-methyl-g-p-glucuronopyranoside (18) (Wang et al, 2012).
Notably, these known compounds were isolated for the first time from
the plant under investigation.

Compound 13 (Fig. 1) was obtained as a buff amorphous powder,
with a specific rotation [« ZDZ of —20.2 (c 0.1, MeOH). HR-ESI-MS spectra
showed a molecular ion peak at m/z 855.2717 [M+Na]™ (caled
855.2687, mass error = 3.5 ppm) in the positive ion mode spectrum
(Supplementary Fig. S62) and a molecular ion peak at m/z 867.2477
[M+Cl]™ (calcd 867.2476, mass error = 0.11 ppm) in the negative ion
mode spectrum (Supplementary Fig. S63). These data established the
molecular formula C4H48019, depicting seventeen degrees of
unsaturation.

The 1H NMR, DEPTQ-135, 'H-'H COSY, and HSQC spectra (Sup-
plementary Fig. S64-567) revealed the presence of two sugar residues,
with chemical shifts identical to those of (6-apiofuranosyl glucopyr-
anoside), the same saccharide moiety as 4 and 9. The linkage between
sugar units was further confirmed by the downfield shift of C-6 of the
glucopyranosyl unit and the HMBC correlations (Fig. 2, Supplementary
Fig. S68). The glucopyranosyl unit was established to be connected to a
3,4,5-trimethoxy phenol, displaying a typical substructure as that of 9.
The proposed 1,2,3,5-tetrasubstituted ring of this substructure was
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Fig. 1. Chemical structure of 13.
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Fig. 2. Selected HMBC (—>) and COSY (—) correlations of 13.

represented by a sharp singlet at 5y 6.35, integrated into two protons. In
addition, the 'H NMR spectrum (Supplementary Fig. S64) displayed
other five aromatic protons enclosed in two aromatic systems: an AX
spin system corresponding to a 1,2,3,5-tetrasubstituted ring (benzofuran
skeleton) represented by 5y 7.28 and 7.29; and three signals at 5y 6.75,
6.76, and 6.92 corresponding to a 1,3,5-trisubstituted ring. The aromatic
region also showed one AB set of signals at 6y 6.52 and 7.63 (each 1H, d,
J = 15.8 Hz). The trans (E) configuration of these vinylic protons was
deduced from their large coupling constants. The HMBC correlations
(Supplementary Fig. S68) between these vinylic protons and a carbonyl
signal of an ester group at §c 166.5 suggested the presence of
o,p-unsaturated ester (trans propenal group). An ABC set of signals was
also represented by proton resonances of a benzylic methine group at 5y
5.55, a methine group at 6y 3.51, and an oxygenated methylene group at
8y (3.69-3.72) and confirmed through 'H-'H COSY correlations (Sup-
plementary Fig. S66). These data suggested the presence of a dihy-
drobenzofuran neolignan skeleton. The DEPTQ-135 NMR spectrum
(Supplementary Fig. S65) displayed four signals for five methoxy groups
(Table 1). The observed HMBC interactions from those methoxy protons
to C-3, 5, 4, 7", and 3" (Fig. 2, Supplementary Fig. S68) allowed the
locations of methoxy groups at their relevant positions. Trans relative
configuration between H-2" and H-3" in the dihydrobenzofuran moiety
was deduced throughout the magnitude of their coupling constant (Jo’ 3"
= 6.68 Hz) (Huang et al., 2013), and further confirmed by the lack of
any ROESY correlation between them (Supplementary Fig. S69). The
position of the acyl moiety was established throughout the HMBC cross
peak from the C-5 methylene protons of the apiose unit at 6 4.14 to the
carbonyl group (Supplementary Fig. S68 and S70). Displaying a negative
Cotton effect within the 1Lb band (270—300 nm), the electronic circular
dichroism (ECD) analysis established the absolute configurations in the
dihydrobenzofuran ring to be 2'S and 3'R (Wang and Jia, 1997). In
addition, by comparing the chemical shifts of H-2" and H-3" with those of
the two anticipated enantiomers of related structures, the proposed
stereochemistry of these protons was validated (Binns et al., 1987; Lynn
et al., 1987). Furthermore, a molecular modeling study was conducted
to measure the dihedral angle ¢ between H-2" and H-3" for the two ex-
pected isomeric structures of the dihydrobenzofuran moiety. Further,
3.]2'/,3” was estimated using the Karplus equation, and the results, as
shown in (Table 2), suggested a 2"S-3"R-configuration where the esti-
mated 3J constant was in accordance with the experimental one.

The obtained data elucidated the structure as, 3,4,5-trimethoxy-
phenyl  6-0-[5-0-[(2E)-3-[(2"S,3'R)-2",3"-dihydro-2"-(5"-hydroxy-3"-
methoxyphenyl)-3’-(hydroxymethyl)-7"-methoxy-benzofuran-5"-y1]-1'-
oxo-2'-propen-1"-yl]- p-p-apiofuranosyl]-p-b-glucopyranoside, and was
named thunbergiside A (Fig. 1).

Notably, these valuable chemotaxonomic findings align with previ-
ous reports of related neolignan aglycones from Gardenia ternifolia,
which share a 2,3-dihydrobenzofuran scaffold but exhibit different
substitution patterns (Tshitenge et al., 2017). It is interesting to note that
certain related neolignans have gained recognition for their remarkable
biological activities, particularly in terms of cytotoxicity (Tsai et al.,
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1998).
2.2. Antifungal activities

Among the three investigated oleanolic acid saponins, compound 17
showed moderate antifungal activity against C. albicans with an ICsg value
of 11.06 pg/mL, compared with amphotericin B (ICso: 0.27 pM). Previous
studies have reported the susceptibility of Candida species to these ole-
anolic acid derivatives (Khan et al., 1997). However, the other two tested
compounds showed no activity within the tested concentration range,
supporting the findings of (Tagousop et al., 2018). Interestingly, despite
sharing the same basic skeleton, the tested analogs 15 and 18 demon-
strated no activity at the tested level. Analog 15 differs from compound 17
by possessing a methyl esterified glucuronide at C-3 and an additional
glucoside moiety at C-28. On the other hand, compound 18 only has a
methyl esterified glucuronide at C-3 as a distinguishing feature. This
highlights the significance of the 3-glucuronide moiety in determining the
antifungal activity, without requiring any further modifications. In a pre-
vious study, two oleanolic acid derivatives, namely oleanolic acid
3-0-p-p-xylopyranosyl-(1—-3)-a-L-thamnopyranosyl-(1—-2)-a-L-arabinopy
ranoside and oleanolic acid 3-0-o-L-arabinopyranosyl-
(1-3)-a-L-rhamnopyranosyl-(1—2)-a-L-arabinopyranoside demonstrated
moderate antifungal activities against C. albicans with MICgg values of 16
and 8 mg/mlL, respectively (Hu et al.,, 2018). It is worth noting that
oleanane-based saponins, containing a free carboxylic group at C-28, have
consistently shown antifungal activity in previous reports (Escalante et al.,
2002; Khan et al., 1997).

3. Experimental
3.1. General experimental procedures

The 'H, '3C, and 2D NMR spectra were recorded on a Varian Mercury
400 MHz spectrometer using TMS as the internal standard. The HRE-
SIMS spectra were performed using a Bruker Bioapex-FTMS with elec-
trospray ionization. The chromatographic adsorbents used were Silica
gel 60 F254 (0.2 mm, Merck), MN-polyamide-SC-6, and Sephadex® LH-
20. The anti-mycotic solution, trypsin-EDTA, fetal bovine serum, and
DMEM medium were provided by Gibco BRL (Grand Island, NY, USA).

3.2. Plant material

Gardenia thunbergia L. f. is a eudicot species belonging to the madder
family, Rubiaceae (https://www.worldfloraonline.org/taxon/wfo-000
1132048). The aerial parts (5 kg) were collected from Aswan Botan-
ical Garden, Aswan, Egypt, and identified by Dr. Hafeez Rofaeel in May
2018. A voucher specimen (29186) is deposited at the herbarium of
Flora and Phytotaxonomy Research, Horticultural Research Institute,
Agricultural Research Center, Dokki (Cairo), Egypt.

3.3. Extraction and isolation

The ethyl acetate fraction (25 g) was fractionated using diaion HP-20
(500 g), starting elution with water, and running a gradient with
methanol till 100% MeOH to give nine subfractions E1-E9. E2 (5.2 g)
was chromatographed over MN-polyamide-SC-6 (300 g), eluted with
H,O then a gradient of MeOH in HO mixtures till 100% MeOH, to yield
four subfractions E2-I- E2-IV. E2-1 (900 mg) was chromatographed over
Sephadex LH-20 (100 g), eluted with MeOH, to give five subfractions
E2-I-1- E2-I-5. E2-I-4 (212 mg) was purified using silica gel (20 g) CC
eluted with DCM then DCM-MeOH systems (95:5 then 9:1) to afford 1
(2.8 mg) and 2 (7 mg). E2-II (1.6 g) was fractionated using Sephadex
LH-20, eluted with MeOH, to give two main sub-fractions E2-II-A and
E2-II-B. E2-1I-A (629 mg) was further purified over SPE silica gel CC
(10 g), eluted with DCM-EtOAc-MeOH (4:8:1), to give 3 (40 mg). E2-II-B
(112 mg) was purified over Sephadex LH-20 (50 g), eluted with MeOH,
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Table 1
NMR spectral data of compound 13 (DMSO-dg, 400, 100 MHz).
Position Sy (ppm), multiplicity, J (Hz) dc
3,4,5-trimethoxy-benzene
1 - 153.9
2,6 6.35, s 94.4
3,5 - 153.1
4 - 132.5
3,5-OMe 3.738 55.79
4- OMe 3.57 60.1
B-p-glucopyranosyl moiety
G-1 4.82,d, 7.52 100.8
G-2 3.27,m 73.1
G-3 3.28, m 76.5
G-4 3.09, m 70.0
G-5 3.53,m 75.4
G-6 3.43, dd, 3.64, 10.72 67.7
3.92,dd, 9.9, 18.2
p-p-apiofyranosyl moiety
A-1 4.88,d, 3.04 108.6
A-2 3.71, m 76.7
A-3 - 77.0
A-4 3.74, overlapped 73.3
3.89, overlapped
A-5 4.14, m 65.9
Propenyl moiety
1 - 166.5
2/ 6.52, d, 15.8 114.6
3 7.63,d, 15.8 145.5
Dihydro benzofuran moiety
2’ 5.55, d, 6.68 88.0
3 3.51,m 52.6
4 7.28,s 118.3
5 - 127.6
6" 7.29,s 112.3
7" - 144.0
8’ - 150.1
9 - 129.9
7"- OMe 3.83,s 55.83
3"-CH,0H 3.69, overlapped 62.7
3.72, overlapped
5-hydroxy-3-methoxyphenyl moiety
1" - 131.9
2" 6.76, br. s 118.7
3" - 147.6
4" 6.75, br. s 115.4
5" - 146.6
6" 6.92, br. s 110.4
3"- OMe 3.75, s 56.1
4"-OH 9.06, s -

followed by SPE silica gel CC (10 g) eluted with DCM-EtOAc-MeOH
(10:4:0.5 then 8:5:0.5) to yield 4 (30 mg). Fractionation of E2-IV
(945 mg) using Sephadex LH-20 (120 g), eluted with MeOH, gave four
sub-fractions (A-D). Purification of E2-IV-C (97.5 mg) using SPE silica
gel CC (20 g), eluted with DCM, yielded 5 (6 mg). E2-IV-D (67 mg) was
subjected to silica gel (15 g), eluted with DCM-MeOH (20:1), CC to give
three main sub-fractions (1-3). E2-IV-D-1 (12 mg) was purified over
Sephadex LH-20 (20 g), eluted with MeOH, to afford 6 (4 mg). Purifi-
cation of E2-IV-D-2 (28 mg) using Sephadex LH-20 (30 g), eluted with
MeOH, afforded 7 (7.2 mg). Purification of E2-IV-D-3 (34 mg) using
Sephadex LH-20 (30 g), eluted with MeOH, gave 8 (5.7 mg). E4 (8.7 g)
was chromatographed using MN-polyamide-SC-6 (500 g), eluted with
Hy0 then a gradient of MeOH in HyO mixtures till 100% MeOH, to
obtain four sub-fractions (I-IV). E4-II (417 mg) was repeatedly frac-
tionated over silica gel CC (40 g) eluted with DCM-MeOH (9:1) and
(95:5 then 9:1) to furnish 9 (36.5 mg). E4-III (431 mg) was chromato-
graphed using silica gel (35 g) eluted with DCM then DCM-MeOH (95:5,
9:1, 85:15, and 8:2) to give 10 (3.8 mg) and 11 (3.1 mg). E5 (2.8 g) was
fractionated using silica gel (350 g) eluted with DCM-MeOH (10:1) to
obtain two main sub-fractions A and B. E5-B (310 mg) was loaded onto
silica gel (20 g) eluted with DCM-MeOH (16:1) to afford 12 (12 mg). E6
(3.5 g) was fractionated by Sephadex LH-20 (220 g), eluted with MeOH,
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Table 2
Estimated 3D structures for isomers of 13 by computational modelling.

Phytochemistry Letters 61 (2024) 153-157

Expected Isomers

Estimated®Jy 3

A: 2'R-3"S

B: 2'-3'R

@\

37 =9.5cos? ¢ - 0.28
Since

90" < & < 180°
57=7.36

37 =9.5cos? ¢ - 0.28
Since

90° < & < 180°
3J=6.25

to give four subfractions (A-D). E6-C (276 mg) was subjected to silica
gel CC (20 g) eluted with DCM-MeOH (15:1) to yield 13 (32 mg). E8
(2.7 g) was fractionated using Sephadex LH-20 (200 g), eluted with
MeOH, to obtain three subfractions (A-C). E8-B (1.3 g) was chromato-
graphed over silica gel (65 g) eluted with DCM-MeOH (19:1) then DCM-
EtOAc-MeOH-H0 (8:15:4:0.5) to give three sub-fractions (I-III). E8-B-I
(92.8 mg) was subjected to silica gel CC (15 g), eluted with DCM-MeOH
(17:1), to give 14 (6 mg). E8-B-II (123 mg) was chromatographed over
silica gel (20 g), eluted with DCM-MeOH (12:1), to afford 15 (22 mg).
E8-B-III (220 mg) was chromatographed over silica gel (25 g), eluted
with DCM-MeOH (12:1 then 11:1), to give 16 (14 mg). E8-C (760 g) was
fractionated by silica gel CC (40 g), eluted with DCM-MeOH (19:1) then
DCM-EtOAc-MeOH-H50 (8:15:4:0.5), to give 17 (45 mg). E9 (924 mg)
was fractionated using Sephadex LH-20 (95 g), eluted with MeOH, then
repeatedly chromatographed over silica gel, eluted with DCM-MeOH
(20:1) and (19:1), to afford 18 (60.2 mg).

3.4. Antifungal assay

Twelve compounds (2-5, 7, 9-11, 13, 15, 17, and 18) were evalu-
ated for their antifungal properties at an initial concentration of 20 pg/
mL against three fungal species: Candida albicans, Aspergillus fumigatus,
and Cryptococcus neoformans. The previously mentioned modified ala-
marBlue technique was used (Bharate et al., 2007). Compounds with an
ICs50 value of <20 pg/mL were retested at different concentrations
(0.8-20 pg/mL), and their ICsy values were calculated. Amphotericin B
was used as a positive control. Due to the limited quantities of the
remaining constituents, we were unable to conduct tests on them.
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