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Abstract

Carbolytic enzyme-associated cascades have been considered as potential curative target in attenuating diabetic mellitus
pathogenesis. Two oleanene class of triterpenoids characterised as 24(4 — 23), 27(8 — 26), 30(20 — 29)-tris-abeo-olean-(12-
0x0)-1,15,22-triene-methyl hept-5-enoate (1) and 24(4 — 23)-abeo-olean-(12-0x0)-3,5-diene-deconoate (2) with potential
inhibitory activities against the starch digestive enzymes a-glucosidase and a-amylase, were purified from the organic extract
of intertidal red seaweed Gracilaria salicornia (family Gracilariaceae). Structural interpretation of compounds was carried
out by detailed spectroscopic analysis, and their antioxidant/anti-diabetic potentials were assessed. Inhibitory potential of
abeo-oleanene derivative (2) towards the starch digestive enzymes, a-glucosidase (IC5y 0.29 mM) and a-amylase (ICsy 0.32
mM) were greater than those displayed by its abeo-oleanene chemotype 1 (ICs5y 0.34—0.40 mM). The molecular modelling
studies were performed to designate the a-amylase and a-glucosidase inhibitory mechanism of oleanene analogues, and
the comparison of docking parameters suggested that compound 2 exhibited least binding energy of —10.04 and —9.84 kcal
mol ™! towards a-amylase and a-glucosidase respectively, and those results were corroborated with its greater inhibition
potential against carbolytic enzymes. These results demonstrated that abeo-oleanene derivative (2) might constitute
prospective anti-hyperglycaemic pharmaceutical candidate to moderate the likelihood of type-II diabetes.

Keywords Gracilaria salicornia - Gracilariaceae * Abeo-oleanenes * Anti-diabetic * Starch digestive enzymes * Biosynthetic
pathway

Introduction instrumental in the progression to elevated postprandial

blood glucose levels. The hydrolysis of starch by pancreatic

The onset and progress of diabetic pathogenesis is asso-
ciated with disrupted glucose homoeostasis and resulting in
cellular imbalance of carbohydrate and lipid metabolism
(Henriksen et al. 2011). This disrupted functioning is
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a-amylase and absorption of glucose by intestinal a-glu-
cosidases are responsible for this abrupt rise in blood glu-
cose levels in hyperglycaemic conditions. Hence, the
inhibition of pancreatic a-amylase and intestinal a-gluco-
sidases was considered as an effective strategy for diabetic
mellitus management (Kwon et al. 2007). However, the
mild a-amylase inhibitors attracted more attention due to
the improper bacterial fermentation of carbohydrates by
concentrated a-amylase inhibitors (Kumar et al. 2011).
Even though, numerous anti-diabetic strategies concentrate
on increasing production and sensitivity of insulin, and/or
reducing the blood glucose level. Newer a-amylase and
a-glucosidase inhibitors, which can effectively maintain the
cellular balance of carbohydrate and lipid metabolism
associated with prevalence of diabetic mellitus, are being
studied (Tahrani et al. 2011). Owing to the various adverse
effects of synthetic drugs towards hyperglycaemia, naturally
derived inhibitors have gained significant role in the modern
health management (Nazaruk and Borzym-Kluczyk 2015).
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A1

Fig. 1 Structural representations of (A1) 24(4 — 23), 27(8 — 26), 30
(20 — 29)-tris-abeo-olean-(12-0x0)-1,15,22-triene-methyl hept-5-
enoate (1) and (A2) 24(4 — 23)-abeo-olean-(12-0x0)-3,5-diene-

Seaweeds are marine natural sources, which were
endowed with pharmaceutical potentials due to the occur-
rence of bioactive compounds belonging to various classes
of chemistries (Antony and Chakraborty 2018; Maneesh
and Chakraborty 2017). They were reported to hinder the
function of carbolytic enzyme-associated cascades in glu-
cose metabolism and normalise the change in insulin and
plasma glucose levels. Among different bioactive com-
pounds, triterpenoids, which constitute a wide range of
biogenetically derived structurally divergent class of natural
compounds resulting from thirty-carbon squalene or ana-
logues precursors, were found to possess potential anti-
hyperglycaemic properties (Nazaruk and Borzym-Kluczyk
2015; Hill and Connolly 2012). Most of these compounds
are tetracycles (6-6-6-5), pentacycles {6-6-6-6-5(6)},
although mono-, bi-, tri-, hexacyclic and acyclic class of
triterpenoids were identified from naturally occurring
resources (Ruzicka 1963). Triterpenoids are ubiquitous in
marine organisms, such as in seaweeds (Cen-Pacheco et al.
2010), and more than 20,000 triterpenoid metabolites and
their variants belonging to oleanane, ursane, lanostane,
dammarane, lupane, hopane, along with their pharmacolo-
gical potential, were characterised (Hill and Connolly 2012;
Laszczyk 2009). Pentacyclic oleanene triterpenoids derived
from natural sources were found to be pharmacologically
active compounds that were found to lessen the likelihood
of postprandial hyperglycaemia by obstructing the func-
tionalities of starch digestive enzymes (Lee et al. 2017).
Oleanane triterpenoids with anti-diabetic properties were
characterised from Sambucus adnata (Sasaki et al. 2011)
and Astilbe koreana (Na et al. 2006). The inhibitory
potencies of frido-oleanene triterpenoids against a-amylase
and a-glucosidase were previously reported from the sea-
weed Sargassum wightii (Maneesh and Chakraborty 2017).

deconoate (2) isolated from G. salicornia. (A3) Representative pho-
tograph of thalli of the red seaweed G. salicornia

Although these class of secondary metabolites deserve
special consideration because of their targeted therapeutic
potentials, very few studies were reported with the anti-
diabetic activities of naturally derived triterpenoids
(Nazaruk and Borzym-Kluczyk 2015).

The seaweed belonging to Gracilaria sp (Rhodophy-
ceae) was found to attenuate potential antioxidant and anti-
hyperglycaemia related pathogenesis (De Almeida et al.
2011; Sekar et al. 2015). Gracilaria sp are abundantly
available in the coastal peninsular India with more than 300
reported species, and were recognised in industrial bio-
technology due to the commercial product phycocolloid
widely used in food, pharmaceutical and cosmetic industries
(Francavilla et al. 2013). Among different species of the
genus Gracilaria, Gracilaria salicornia (C. Agardh) E.Y.
Dawson (family Gracilariaceae) was found to be ubiquitous
in the coastal waters of Indian peninsular, and the species
was not extensively studied to characterise the bioactive
leads. This present study reported the purification and
characterisation of two previously unreported triterpenoids
of oleanane class of chemistries from the ethyl acetate-
methanol (EtOAc-MeOH) extract of G. salicornia collected
from the southeast coastal region of Indian peninsular. The
studied compounds were designated as 24(4 — 23), 27(8 —
26), 3020 — 29)-tris-abeo-olean-(12-0x0)-1,15,22-triene-
methyl hept-5-enoate (1) and 24(4 — 23)-abeo-olean-(12-
0x0)-3,5-diene-deconoate (2) (Fig. 1) by extensive spec-
troscopic experiments. The work also sought to examine the
inhibitory potentials of the studied oleanane triterpenoids on
key carbolytic enzyme related to diabetic mellitus (@-amy-
lase and a-glucosidase) along with their antioxidant activ-
ities. The physicochemical descriptor variables were utilised
to corroborate the structural attributes of the studied com-
pounds with their bioactive potentials. In silico molecular
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modelling studies were performed to designate the a-amy-
lase and a-glucosidase inhibitory mechanisms of the studied
oleanene analogues.

Materials and methods
General

Fourier transform infrared (FTIR) absorption spectra of the
abeo-oleanene analogues were documented between 400-
4000 cm™! using potassium bromide (KBr) pellets on
Perkin-Elmer FTIR Series 2000 spectrophotometer. An
ultraviolet-visible spectrophotometer (Cary 50, Varian
Cary, USA) was utilised for UV spectral analysis. The
spectroscopic analysis including one-dimensional (‘H, 500
MHz; C, 125MHz; '>DEPT) along with two-
dimensional NMR (HSQC, 'H-'H COSY, HMBC,
NOESY) were carried out with a NMR spectrometer
(Bruker Avance DPX, 500 MHz) using deuterated tri-
chloromethane (Maneesh and Chakraborty 2017). A gas
chromatograph-mass spectrometer (GC-MS) operating with
the electron-impact (EI) mode (Varian GC model, CP-3800
housed in a mass spectrometer model Varian 1200 L) was
used for the mass spectral analysis. The HPLC separations
were carried out on a bonded-phase column (C;g reverse
phase, 0.25 m x 0.46 cm, 5 um, Phenomenex, USA), and the
traces were detected with a diode-array detector (SPD
M20A, Japan). A rotary evaporator (Heidolf, Germany) was
used for removal of the solvents. The flash chromatographic
instrument (Biotage-SP1, Sweden) mounting a silica gel
(230—400 mesh, 12 g) column was used for purification. All
spectroscopic and analytical-grade reagents and solvents
were procured from Merck (Darmstadt, Germany).

Seaweed materials and extraction

The fresh samples of seaweed G. salicornia were obtained
from Mandapam region (Gulf-of-Mannar, situated between
8°48’ N, 78°9’ E and 9°14° N, 79°14’° E) of the peninsular
India by scuba diving. The thalli of seaweed (voucher
specimen number AC.3.1.1.4) were subjected to repeated
washing with running water before shade-drying (for 3-
4 days) at room temperature. The dried seaweed thalli were
ground (1x10°g), and were extracted with equi-
proportional volume (1:1v/v, 500 mL) of ethyl acetate
(EtOAc) and methanol (MeOH) at 55-60 °C for 4 h. The
extracts were subjected for filtration (over filter paper
Whatman No. 1) by sodium sulfate (125 g), and vacuum
concentrated with a rotary evaporator (50 °C) for obtaining
crude solvent mass (35g) of G. salicornia. The filtrates
were combined and vacuum concentrated at 55 °C using
rotary evaporator (Heidolph, Instruments GmbH & Co.,
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Schwabach, Germany) to one-fourth volume (Maneesh and
Chakraborty 2017). The crude was subjected to chromato-
graphic fractionation.

Chromatographic purification

The crude extract of G. salicornia (33 g) was fractionated
by chromatographic separation techniques. Initially, a slurry
of the crude was made with adsorbent silica gel (mesh size
60-120, 4 g), and was charged into the open glass column
(100 cm x 4 cm) for fractionation. The separation of com-
pounds was carried out with solvents of increasing polarity
(100% n-hexane; EtOAc; MeOH) to collect forty-five
fractions. The fractions (15 mL) were combined to eleven
sub-fractions, which were referred to as TA;-TA;; after
TLC (n-hexane:EtOAc, 9:1 v/v) along with RP-C;3-HPLC
(MeOH/acetonitrile (MeCN), 2:1v/v) experiments. The
pooled homogeneous fractions were assessed for their
bioactive potencies, and the fractions with greater bioactive
potential were subjected to further downstream purification.
The column sub-fractions TA, (eluted after EtOAc:n-hex-
ane, 1:4 v/v; 9.8 g, 29% yield) displayed free radical (DPPH
and ABTS™) scavenging potentials, and thus, subjected to
further chromatographic separations. The fraction TA, was
further fractionated over a silica gel column (45 cm x 3 cm,
230-400 mesh) using n-hexane/EtOAc (99:1 to 3:2v/v) to
yield twenty column fractions (32 mL each) that were
combined to six fractions (TA,_;-TA,) on the basis of TLC
(n-hexane:EtOAc, 9:1v/v), as well as RP-C;3 HPLC
(MeOH/MeCN, 3:2v/v). The column fraction, TA,;
(1.25 g), which was eluted with n-hexane:EtOAc (9:1 v/v)
disclosed prospective scavenging activity towards DPPH
radical. Therefore, TA,.; was further flash-fractionated
(Biotage-SP1, Sweden) on adsorbent silica (230-400
mesh) with gradient elution of n-hexane/EtOAc (99:1 to
1:19, v/v) to acquire twelve fractions (10 mL each) that
were combined to three fractions (TA, ;.1 to TA,;3) based
on TLC (n-hexane:EtOAc, 9:1v/v) and RP-C;3 HPLC
(MeOH/MeCN, 3:2 v/v). The column fraction TA, ., was
subjected to preparatory RP-C;g HPLC purification (MeOH/
MeCN, 2:1 v/v) to yield the compounds, 1 and 2 (98 and
102 mg, respectively), which were homogeneous after TLC
(EtOAc:n-hexane, 1:19 v/v) and RP-C;3 HPLC (MeCN/
MeOH, 1:2 v/v).

Spectroscopic analysis

24(4 — 23), 27(8 — 26), 30(20 — 29)-Tris-abeo-olean-(12-
oxo)-1,15,22-triene-methyl hept-5-enoate (1)

Pale yellow oily; UVyeon Amax (log €): 244 (2.91) nm
(Fig. S1); TLC {silica-GF(254); EtOAc/n-hexane, 1:19 v/v}
R¢: 0.38; R; (RP-C;3 HPLC, MeOH/MeCN 2:1, v/v): 3.41
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min (Fig. S2); FTIR thin film (KBr) v, (bending &,
stretching v, rocking p): 2930 (C-H,), 1730 {(-C(=0)-0-),},
1726 (C=0,), 1458 (C=C,), 1406 (C-Hy), 1238 (C-H,),
1069 (C-C,), 723 (C-Hg); cm™! (Fig. S3). '"H NMR, °C
NMR, *>DEPT, COSY, HSQC, HMBC and NOESY data
(Table 1, Fig. S4-S10, Table S1); EI-MS m/z: calcd. for
C37Hs,05 546.4073, found 546.4076 [M]™ (A 0.5 ppm)
(Fig. S11-S12).

24(4 — 23)-Abeo-olean-(12-0x0)-3,5-diene-deconoate (2)

Yellowish oily; UVyeon Amax (log €): 247.24 (2.92) nm
(Fig. S13); TLC {silica-GF(254); EtOAc /n-hexane, 1:19 v/
v} Ry 0.40; R (RP-C;3 HPLC, MeOH:MeCN 2:1, v/v):
2.91 min (Fig. S14); FTIR thin film (KBr) v, 2924 (C-
H)), 1734 {(-C(=0)-0-),}, 1634 (C-0,), 1546 (C=C,),
1463, 1356 (C-Hy), 1109 (C-C,), 722 (C-Hy) (Fig. S15); 'H
NMR, 3C NMR, '>DEPT, COSY, HSQC, HMBC and
NOESY data (Table 1, Fig. S16-S22, Table S2); EI-MS
m/z: caled. for CyuoHesO5 592.2485, found 592.2488 [M]"
(A 0.5 ppm) (Fig. S23-S24).

Anti-diabetic and antioxidant activities

Anti-diabetic properties of the studied triterpenoids were
evaluated by the inhibitory properties against a-amylase
(source, porcine pancreas) and a-glucosidase (source, yeast)
enzymes (Hamdan and Afifi 2004). Antioxidant potentials
were analysed by 2,2'-azino-bis-3-ethylbenzothiozoline-6-
sulfonic acid (ABTS™) and 1,1-diphenyl-2-picryl-hydrazil
(DPPH) (Wojdylo et al. 2007) radical assays. The results
were indicated as ICsy (median inhibition concentration)
values, which were obtained from the graph laid with
sample concentration vis-a-vis percentage inhibition by
enzymes/radicals in mM. The structure-activity correlation
studies were carried out by utilising various structural
descriptors (ACD Chemsketch ver-8.0; Chem Draw Ultra
ver-8.0), such as partition coefficient of octanol-water
(hydrophobic, log P.y); electronic descriptor variable
(polarisability, P1); and steric (molar volume, MV; parachor,
P; molar refractivity, MR).

In silico molecular modelling

Molecular modelling of the studied abeo-oleanenes were
carried out using AutoDock-4 (ver-1.5.6). These titled
compounds were constructed by ACD/ChemSketch (ver-
2016.2.2, Toronto, Canada) and converted as MDL-Mol
files that were saved as PDB format (Open Babel). X-ray
crystal structures of a-glucosidase (PDB 3A4A; 1.6 A) and
a-amylase (PDB 1HNY; 1.8 A) was retrieved from the
Protein Data Bank (Brayer et al. 1995; Yamamoto et al.
2010) and conformationally arranged (Swiss-Pdb Viewer,

ver-4.1.0). The molecular modelling analysis was carried
out using Lamarckian algorithm methods, whereas the
docking algorithm was run by Cygwin I-II. Following the
completion of auto docking, the atomic positions RMSD
(root-mean-square deviation) were examined, wherein the
docking scores and binding energies were used to rank the
preferred docked conformations. USCF Chimera (Uni-
versity of California, San Francisco, ver-1.11.2) software
was used to visualise the molecular docking analyses.

Statistical analysis

The results were tabulated in triplicates with mean + stan-
dard deviation. Significant differences (P <0.05) among the
means were reported by using one-way variance analysis
(Statistical Program for Social Sciences, USA, ver-13.0).

Results and discussion
General

Diabetes is one of the predominant diseases with high
prevalence throughout the world, and the continued life
with hyperglycaemic conditions leads to several glycated
responses in our body (Perera et al. 2013). Consequently,
pathophysiologies of hyperglycaemic conditions and iden-
tification of selective and targeted diabetic inhibitors to
minimise the complications of this disease are the major
subject area of research in medicinal chemistry (Wu et al.
2011). The abilities of various seaweed-derived metabolites
that could hinder the carbolytic enzymes involved in the
pathogenesis of diabetes were reported (Maneesh and
Chakraborty 2017). The oleanene triterpenoid metabolites
from seaweeds were found to be the prominent marine
natural products with potential anti-diabetic properties (Da
Rocha et al. 2015; Huang et al. 2013; Nazaruk and Borzym-
Kluczyk 2015). There were accounts of similar classes of
frido-oleanene compounds from seaweeds (Maneesh and
Chakraborty 2017), including 3-(stearyloxy) olean-12-ene
(Da Rocha et al. 2015), oleanane ester analogues, acer-
iphyllic acids from Aceriphyllum rossii and oleanane acet-
ates from Camellia japonica (Hill and Connolly 2012).
Consequently, the present study has been focused to isolate
and characterise the rearranged triterpenes of oleanene class
of chemistries from G. salicornia and to evaluate their
antioxidative and anti-diabetic properties.

Bioassay-directed chromatographic purification of
secondary metabolites of G. salicornia

Initial chromatography-assisted fractionation of EtOAc:
MeOH crude extract of red seaweed, G. salicornia over

@ Springer
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silica gel column resulted in eleven fractions (TA-TA;)).
The percentage yield obtained for TA; (29%) were com-
pared, and were found to be significantly greater than TA,,
TA3 through TA;; (<15%, P <0.05). The sub column
fraction, TA, demonstrated greater antioxidative activities
against free radicals, ABTS™ (ICs, 0.6-1.0mgmL™")
and DPPH (ICs, 0.6-0.8 mg mL~") than other fractions
(ICso pppryapts > 1.20mgmL~"). Potential inhibitory
activity towards starch digestive enzymes, a-glucosidase
and a-amylase were characterised by the column sub-frac-
tions, TA, (ICso<0.25mgmL "), whereas the inhibition
potentials of TA; and TA3-TA;; were significantly lesser
(IC50>0.5mg mL*I, P <0.05). Therefore, the fraction,
TA, was selected for further repeated chromatographic
fractionations to yield two oleanene derivatives (1-2).

Spectroscopic characterisation

Two oleanene derivatives characterised as 24(4 — 23),
27(8 — 26), 30(20 — 29)-tris-abeo-olean-(12-0x0)-1,15,22-
triene-methyl hept-5-enoate (1) and 24(4 — 23)-abeo-olean-
(12-0x0)-3,5-diene-deconoate (2) were resulted from the
repeated chromatographic fractionation of crude extract
(EtOAc:MeOH) of G. salicornia (Fig. 1). The compounds
were identified using comprehensive spectroscopic (mass
spectroscopy, one and two-dimensional NMR, IR) analyses.

24(4 — 23), 27(8 — 26), 30(20 — 29)-Tris-abeo-olean-(12-
ox0)-1,15,22-triene-methyl hept-5-enoate (1)

Repeated column chromatographic fractionation of G. sal-
icornia yielded compound 1 as an yellow oily substance,
which was characterised as 24(4 — 23), 27(8 - 26), 30
(20 — 29)-tris-abeo-olean-(12-0x0)-1,15,22-triene-methyl

hept-5-enoate (1). The EI-MS experiment displayed the
molecular ion peak at m/z 546, which along with NMR-IR
spectroscopic analyses deduced its molecular formula as
C3;7H54,05 (Table 1). The FTIR signals at 1730 and

1726 cm™! attributed the probable existence of ester and
carbonyl functionalities, respectively. The 'H NMR spec-
trum illustrated the occurrence of six deshielded olefinic
hydrogens at 6yx5.32, 6y5.28, 0x5.34, 655.30, 6u5.29,
0y5.33, 6y5.26, and 6yx5.27. In addition, the shielded
methyls (appeared as triplets) at 040.80, 640.78 and
040.82 suggested the presence of methyl substitutions on
triterpenoid system. The 'C NMR along with '*>DEPT
spectrum of 1 disclosed 37 carbon traces, encompassing five
methyls (6c12.2, d¢c11.8, 6¢19.7, d¢cl13.1, 6¢cl4.2), twelve
sp3 methylenes (6c31.8, 6¢29.0, 6c28.9, 6c39.3, 6c31.7,
6c24.7, 6c29.8, 6c65.7, 6c29.1, 6c25.6, 6c26.9, 6c33.2),
eight sp2 methines (6c130.2, 6c127.8, 6c130.5, 6c127.7,
5c132.0, 6c127.5, 6:c129.7, 128.0), seven sp® methines
(6c33.9, 6¢52.3, 6¢29.7, 6c47.9, 6c56.7, 6c31.9, 6c37.2),
and five quaternary carbons (6c46.8, 6c34.4, 6c43.9),
including two carbonyls (6¢193.7, 6c 179.4). The intense
'H-'H COSY spectrum of 1 demonstrated the occurrence of
spin networks between (CH-6y5.28) (arbitrarily assigned as
H-2)-(CH,-6y41.77) (H-3)-(CH-6yx1.62) (H-4)-(CH-641.30)
(H-5)-(CH;-641.51) (H-6)-(CH,-6141.26) (H-7)-(CH-611.33)
(H-8)-(CH-6y1.66) (H-9)-(CH;-642.22) (H-11) and (CH,-
oxl.65) (H-19)-(CH-6y41.93) (H-20)-(CH-615.29) (H-21),
which supported the partial skeleton of pentacyclic ring in
the triterpenoid (Fig. 2). The HMBC interactions from CH-1
(0u5.32) to CH-2 (6¢127.8) and C-10 (6c46.8) determined
the occurrence of olefinic bond at C-1 (6y5.32/6¢130.2) and
C-2 (6y45.28/6c127.8). The HMBC interactions between
CH-15 (6y5.34) to C-14 (6c34.4) and those from CH-16
(6u5.30) to C-15 (6¢130.5), C-17 (6c43.5) assigned an
olefinic bond at C-15 (6y45.34/6c130.5) and C-16 (6y45.30/
6c127.7). Likewise, HMBCs from CH-20 (6y1.93) and CH-
21 (645.29) to C-22 (6¢127.5) and from CH-22 (615.33) to
C-17 (6c43.5) ascribed the occurrence of an olefinic bond
between CH-21 (6y45.29/6¢132.0) and CH-22 (6y45.33/
0cl127.5). This attribution was in agreement with the pre-
sence of olefinic bond in the E-ring system (Maneesh and
Chakraborty 2017). Other HMBC correlations from CH-5

47X f protons

#7X g protons
NOESY

Fig. 2 (A1) "H-"H COSY (bold-face bonds), selected HMBC (double-barbed arrows) and (A2) NOE (coloured arrows) correlations of 24(4 — 23),
27(8 — 26), 30(20 — 29)-tris-abeo-olean-(12-0x0)-1,15,22-triene-methyl hept-5-enoate (1) isolated from G. salicornia
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(0g1.30) to C-10 (6c46.8), C-9 (6c47.9); from CH,-6
(0ygl.51) to C-5 (6¢52.3); from CH-8 (6yl1.33) to C-13
(6c56.7); CH-13 (6y42.75) to C-18 (6¢31.9), C-14 (6c34.4)
and from CH-18 (6y42.77) to C-19 (6c31.7), C-17 (6c43.5)
were persistent with the pentacyclic skeleton of triterpenoid,
1. The long range couplings from CH-9 (6y41.66), CH-13
(042.75) and CH,-11 (642.22) to C-12 (6¢c193.7) revealed
the C-12 keto functionality in 1. This was comparable with
the previously reported compound, dihydroxyolean-12-one,
in which the chemical shift of C-12 was found to be §-208
due to the presence of neighbouring hydroxyl group at C-11
(6c71.8) (Da Rocha et al. 2015). No electronegative func-
tionalities were apparent adjacent to keto group at C-12,
hence it recorded lower chemical shift value in the present
compound. These NMR assignments together with earlier
reported values (Da Rocha et al. 2015; Huang et al. 2013;
Maneesh and Chakraborty 2017) substantiated the presence
of pentacyclic triterpenoid bearing olean-(12-0x0)-1,15,22-
triene framework. The typical oleanene skeleton enclosed
seven tertiary methyls in the range of 6y40.7 to dy1.25 at C-
4, C-10, C-8, C-14, C-17 and C-20 positions (Da Rocha
et al. 2015; Maneesh and Chakraborty 2017), whereas the
titled compound comprised of only one tertiary methyl at C-
10. The position of tertiary methyl (CH;3-25) at C-10 was
ascertained through the HMBCs from CH-9 (641.66) to
CH3-25 (6¢19.7) and CH;3-25 (6¢19.7) to C-10 (6¢46.8),
which was comparable with the earlier reports (Da Rocha
et al. 2015). The angular methyl at C-4 (CH3-24) in the
basic oleanene framework was shifted to C-23, which was
affirmed by the HMBC connections from CH,-3 (6y1.77) to
CH,-23 (6c24.7); CH-4 (6y41.62) to CH3-24 (6¢12.2) and
CH-5 (6y1.30) to CH,-23 (6c24.7). The methyl at C-8
(CH;3-27) was shifted to C-26, which was corroborated by
the HMBCs from CH,-26 (6y1.25) to CH3-27 (6¢11.8), C-
14 (6c34.4) (Fig. 2). Similarly, one of the gem dimethyl
groups at C-20 (CH3-30) was shifted to C-29, and was
confirmed through the HMBC couplings from CH;3-30
(640.82) to CH-20 (6c37.2) and COSY couplings from
(CH,-6y1.52) (H-29)-(CH3-6i50.82) (H-30). Therefore, the
titled compound was classified as tris-abeo-oleanene tri-
terpenoid, 1 which was named as 24(4 — 23), 27(8 — 26),
30(20 — 29)-tris-abeo-olean-(12-oxo)-triene. The typical
angular methyl at C-17 (CH3-28) was found to be deshiel-
ded in the present compound when compared to the pre-
viously reported chemical shift values (CH3-28, 6:-28.43/6y
0.84) (Da Rocha et al. 2015), which was found to be 6-65.7/
Oy 3.60 (CH,-28). This higher chemical shift was typical for
the oxygenated protons, and its HMBC coupling to 6-179.4
(C-1") along with HMBC from CH-16 (6y15.30) to CH,-28
(6¢65.7) suggested the presence of an ester linkage in which
oxygen was directly bonded to the sp® methylene at &y 3.60.
The spin systems from (CH,-0y1.63) (arbitrarily assigned as
H-2)-(CH,-6y41.58)  (H-3")-(CH,-642.20)  (H-4')-(CH-
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0y5.26) (H-5") and (CH-655.27) (H-6")-(CH3-642.05) (H-7")
along with HMBCs from CH;-2" (6y41.63) to CH,-4’
(6c33.2); CH,-3" (041.58) to CH,-2" (6¢25.6) and CH-6'
(6u5.27) to CH-5" (6¢129.7) appropriately supported the
presence of methyl hept-5-enoate chain at C-17. The titled
compound was structurally related to previously reported
oleanenes (Da Rocha et al. 2015; Huang et al. 2013;
Maneesh and Chakraborty 2017; Oramas-Royo et al. 2010)
besides the dissimilarities recognised in the positions of
alkenes, tertiary methyls, ester linkages along with absence
of hydroxyl functionalities. The relative stereochemistry of
the chiral centres at 6c33.9 (C-4), 52.3 (C-5), 29.7 (C-8),
47.9 (C-9), 56.7 (C-13), 31.9 (C-18) and 37.2 (C-20) were
deduced from nuclear overhauser effect spectroscopy
(NOESY) (Fig. 2). The proton at chiral centre, 6yl.62
(assigned as CH-4) exhibited NOE with the proton (angular
methyl) at 6y1.30 (H-5) that were a-aligned (Wang et al.
2014). The a-disposition of protons at H-4, H-5, H-9 and H-
20 were inferred by the NOE correlations between H-5
(641.30)/H-9 (6y41.66) and H-9 (6y41.66)/H-20 (651.93). On
the contrary, the protons at dy1.32 (H-25), 6y42.75 (H-13),
oul.33 (H-8), and 642.77 (H-18) were positioned at the f-
surface of reference plane, which were inferred by NOE
correlations between H-25 (6xl1.32)/H-13 (6yx2.75), H-8
(6u1.33)/H-18 (642.77) and H-8 (6yxl1.33)/H-13 (642.75),
The trans- and cis-intersection of ABCD and DE parts were
reinforced by their stereochemical attributions (Koay et al.
2013). The structural elucidation of 1 was corroborated by
the mass spectral experiment wherein the molecular ion at
m/z 546.4 (1a) experienced the exclusion of methyl-hept-5-
enoate to result 24(4 — 23), 27(8 - 26), 30(20 — 29)-tris-
abeo-olean-(12-0x0)-1,15,22-triene (1b, m/z 419.3). The latter
along with la underwent retro-Diels-Alder (rDA) rearrange-
ment yielding the fragments m/z 126.1 (1c), 176.2 (1g), and
328.2 (1k). The spectroscopic experiments along with pre-
vious reports of literature unambiguously constructed of
complete framework of oleanene triterpenoid, 24(4 — 23),
27(8 - 26), 30(20 — 29)-tris-abeo-olean-(12-0x0)-1,15,22-
triene-methyl hept-5-enoate (1). The ion peak at m/z 176.2
(1g) was considered as the base peak (Fig. S12). These ana-
lyses suggested its molecular formula as C37Hs405 enclosing
eleven indices of hydrogen deficiencies associated with six
olefinic bonds (comprising four alkenes and two carbonyls)
and five ring systems. The spectroscopic experiments
along with previous reports of literature unambiguously
constructed of complete framework of oleanene triterpenoid,
24(4 - 23), 27(8 - 26), 3020 — 29)-tris-abeo-olean-(12-
0x0)-1,15,22-triene-methyl hept-5-enoate (1).

24(4 — 23)-Abeo-olean-(12-oxo)-3,5-diene-deconoate (2)

Repeated column chromatographic purification of the crude
of G. salicornia isolated compound 2 as yellowish oily,
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which was characterised as 24(4 — 23)-abeo-olean-(12-
0x0)-3,5-diene-deconoate (2). The EI-MS spectrum dis-
played the molecular ion peak at m/z 592 along with NMR/
IR analyses, which deduced its molecular formula as
C40He4O3 (Table 1). The FTIR vibrations at 1734 and 1634
cm ! recognised the existence of ester and carbonyl func-
tionalities, respectively. The '*C NMR along with *>DEPT
spectrum of 2 displayed the presence of forty carbon sig-
nals, including eight methyl groups (6¢19.9, 6¢20.8, 6¢19.7,
0cl9.4, 6c22.8, 6c30.2, 6c14.0), eighteen sp3 methylenes
(6c30.5, 6c24.7, 6c34.0, 6c36.9, 6c29.4, 6¢37.0, 6c37.7,
0c33.9, 6c34.3, 6¢c19.1, 8c26.7, 6c26.4, 6c29.2, 6:29.5,
6c29.6, 6c29.3, 6c31.8, 6c22.6), one sp2 methine (6c130.9),
three sp3 methines (6c43.4, 6c51.9, 6c41.4), and ten qua-
ternary carbons (6c128.8, 6c132.2, §¢139.2, 6c42.7, 6c31.4,
0c38.8, 6c33.4, 6c28.0) including two carbonyl carbons
(6c213.1, 6c176.1). The presence of one olefinic hydrogen
was apparent at 6y5.82, which exhibited HSQC correlation
with 6:130.9. The "H-"H COSY experiment put forward the
occurrence of three spin networks, which were found to be
(CH,-6y1.42) (arbitrarily assigned as H-1)-(CH,-642.03)
(H-2); (CH-6y41.70) (H-9)-(CH,-642.33) (H-11) and (CH-
0y2.30) (H-13)-(CH-6y41.62) (H-18)-(CH,-6y1.20) (H-19)
suggesting the partial fragments of pentacyclic ring in the
triterpenoid (Fig. 3). The HMBC interactions from CH,-2
(642.03) to C-4 (6c128.8), C-3 (6c132.2) determined the
occurrence of tetrasubstituted olefinic bond at C-3 (6-132.2)
and C-4 (6¢128.8) and HMBCs from CH-6 (6y45.82) to C-5
(6c139.2), C-7 (6c34.0) attributed a trisubstituted olefinic
bond at C-5 (6¢139.2) and C-6 (645.82/6¢130.9) (Fig. 3).
Other HMBC correlations from CH,-1 (6y41.42) to C-10
(6c31.4), C-5 (139.2); CH,-2 (642.03) to C-1 (6c30.5);
CH,-7 (642.00) to C-8 (6c42.7); CH-9 (6y41.70) to C-8
(6c42.7), C-10 (6c31.4), C-11 (6c36.9); CH-13 (6142.30) to
C-8 (6c42.7) and C-14 (6c38.8); CH,-15 (6y41.59) to C-14
(6c38.8) and C-16 (6¢37.0); CHy-16 (6yl1.60) to C-17
(6c33.4); CH-18 (6xl.62) to C-17 (6c33.4); CH,-19
(61.20) to C-17 (6c33.4); CHy-21 (6y 1.61) to C-20 (6¢
28.0) and CH,-22 (6yx1.56) to C-21 (6c33.9) appropriately

supported the complete structure of pentacyclic triterpenoid,
2. The long range couplings from both CH,-11 (642.33) and
CH-13 (642.30) to C-12 (6c213.1) deduced the C-12 keto
functionality in 2, whereas the attributions were comparable
with the previously reported compound, trihydroxyolean-
12-one in which the chemical shift of C-12 was found to be
0c212 (Da Rocha et al. 2015). These NMR assignments in
comparison with earlier reported chemical shift values (Da
Rocha et al. 2015; Maneesh and Chakraborty 2017), which
substantiated the presence of pentacyclic triterpenoid bear-
ing olean-(12-0x0)-3,5-diene skeleton. The distinctive
oleanene framework comprised of seven angular methyls in
the 610.7 to dxl.25 range at C-4 (CH3-23, CH3-24), C-10
(CH3-25), C-8 (CH;3-26), C-14 (CH;-27), C-17 (CH3-28)
and C-20 (CH;3-29, CH3-30) positions (Da Rocha et al.
2015; Maneesh and Chakraborty 2017), whereas the titled
compound comprised of six tertiary methyls at 5y1.33 (s),
0y1.04(s), 6y41.08 (s), 6y1.10 (s), 640.88 (s) and 650.96 (5).
The position of tertiary methyl, 631.33 (s) (CH3-25) at C-10
was ascertained through HMBCs from 6y1.33 to 6c31.4 (C-
10), 6c139.2(C-5) and the HMBC correlations between
Ooul.04 to 6c42.7 (C-8), which suggested the position of
tertiary methyl, oy1.04 (s) (CH;3-26) at C-8. Similary, the
HMBC couplings from 6y 1.08 to 6-38.8 (C-14) and that
from 6yx1.10 (CH3-28) to 6c33.4 (C-17) confirmed the
presence of angular methyl substitutions of CH3-27 at C-14
and CHj3-28 at C-17, respectively. The gem dimethyls (CH3-
29, CH3-30) at C-20 was confirmed by the long range
relations of 6y0.88 and 0.96 to 6-28.0 (C-20). These six
typical angular methyls were comparable with earlier
reported chemical shifts of basic oleanene skelton (Da
Rocha et al. 2015; Hassan et al. 2012). One of the gem
dimethyl groups at C-4 (CH3-24) was shifted to C-23, and
this assignment was corroborated through the HMBC cou-
plings from CH,-23 (6y2.13) to C-4 (6¢128.8) and CH3-24
(6c1.06) to C-23 (6c19.1). Due to the methyl shift at C-4,
the titled compound was classified as abeo-oleanene tri-
terpenoid, 2 that was named as 24(4 — 23)-abeo-olean-(12-
0x0)-3,5-diene. The COSY spin systems (CH,-642.34)

47X i protons

a protons
NOESY

Fig. 3 (A1) "H-"H COSY (bold-face bonds), selected HMBC (double-barbed arrows) and (A2) NOE (coloured arrows) correlations of 24(4 — 23)-

abeo-olean-(12-0x0)-3,5-diene-deconoate (2) isolated from G. salicornia
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(H-2")-(CH,-6141.63) (H-3")-(CH-041.29) (H-4")-(CH,-
oyl.23) (H-5')-(CH-6y41.28) (H-6")-(CH,-6y41.32) (H-7')-
(CH,-641.30) (H-8')-(CH,-6y41.31) (H-9')-(CH3-640.84)
(H-10") attributed the presence of a linear side chain with
nine carbon atoms. The HMBCs from CH,-2 (652.03) to C-
1" (6¢176.1) and CHj-2' (6y2.34) to C-1" (6¢176.1) sup-
ported the presence of an ester linkage attached to the nine
alkyl membered linear chain. The previuos reports of 3-
(stearyloxy)olean-12-ene enclosed 18-membered alkyl ester
group in which the chemical shift at CH-3 was found to be
0c80.51/6y4.52, and that of the ester carbonyl at C-1" was
found to be 6c-173.55 (Da Rocha et al. 2015). Herein, the
chemical shift of ester carbonyl at C-1’ was found to be
0c176.1 and this increase in the chemical shift was due to
the direct attachment of oxygen end of the ester carbonyl to
an alkenic quarternary carbon at C-3. The compound, 2 was
structurally correlated to previously reported oleanenes (Da
Rocha et al. 2015; Huang et al. 2013; Maneesh and Chak-
raborty 2017) beside the differences recorded in the dis-
positions of alkenes, ester linkages and presence of abeo
tertiary methyls along with absence of hydroxyl function-
alities. The relative stereochemistry of chiral centres at
06c43.4 (C-9), 51.9 (C-13) and 41.4 (C-18) were worked out
by nuclear overhauser effect spectroscopic (NOESY)
experiments. The proton at 6y2.30 (assigned to CH-13)
exhibited NOE correlation with the angular methyl proton at
oyl.04 (H-26) and 6y1.62 (H-18) (Fig. 3) that was posi-
tioned in the f-plane (Wang et al. 2014). In addition, the -
disposition of chiral protons H-18, H-25, H-26, H-28 and
H-30 were inferred by the NOE association between H-25
(6u1.33)/H-26 (6y41.04), H-26 (6y41.04)/H-13(6y42.30), H-13
(6y42.30)/H-18 (641.62), H-18 (6y41.62)/H-28 (6y41.10) and
H-28 (6y41.10)/H-30 (640.96). These assessments were in
agreement with the alignments of methyl functionalities at
C-10, C-8 and C-20, as described in the previous reports of
literature (Wang et al. 2014). Conversely, the proton at the
chiral centre, 6y1.70 (assigned as CH-9) exhibited NOE
correlation with the proton at 630.88 (H-29) that was dis-
posed in the a-face. The other proton at 6y1.08 (H-27) was
found to be a-aligned. The trans-, cis-coincidence of ABCD
and DE skeletons were substantiated by stereochemical
attributions (Koay et al. 2013). The structural elucidation of
2 was corroborated by the mass spectral data wherein the
molecular ion (m/z 592.5, 2a) experienced the exclusion of
2c to yield abeo-24(4 — 23)-olean-(12-0x0)-3,5-diene (2b)
with m/z 421.3. The fragment, la underwent retro-Diels-
Alder (rDA) rearrangement to afford the mass fragments 2 h
and 2i (m/z 186.1 and 191.2, respectively). The ion peak at
m/z 186.1 (2 h) was considered as the base peak (Fig. S24).
These analyses deduced its molecular formula as C4oHg4O3
enclosing nine indices of hydrogen deficiencies, which were
associated with five ring systems and four olefinic bonds
(comprising two carbonyls and two alkenes). The
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spectroscopic experiments along with previous reports of
literature unambiguously characterised the oleanene tri-
terpenoid as 24(4 — 23)-abeo-olean-(12-0x0)-3,5-diene-
deconoate (2).

Bioactivities of abeo-oleanene terpenoids from G.
salicornia

The in vitro anti-diabetic potential of the studied abeo-
oleanenes (1 and 2) were assessed by their inhibitory
properties towards the carbolytics, a-glucosidase and a-
amylase that were found to regulate the intestinal carbo-
hydrate absorption, thereby reducing postprandial insulin
level (Goldstein et al. 1998). Among the titled abeo-olea-
nenes, the one with 24(4 — 23)-abeo-oleanene framework
(2) displayed significantly higher a-amylase and a-gluco-
sidase inhibitory properties (ICsy 0.32 and 0.29 mM,
respectively) over that bearing 24(4 — 23), 27(8 — 26), 30
(20 — 29)-tris-abeo-oleanene moiety (1) (IC5y 0.40 and
0.34 mM, respectively) (Table 2). The higher a-amylase and
a-glucosidase inhibitory properties of 24(4 — 23)-abeo-
oleanene framework (2) (ICsy 0.32 and 0.29 mM, respec-
tively) exhibited close resemblance towards the reference
carbolytic enzyme inhibitor acarbose (ICsy 0.22 and 0.19
mM, respectively mM). In vitro radical scavenging assays
by ABTS™ and DPPH radicals were employed to deduce the
antioxidant properties of studied abeo-oleanenes. The stu-
died compound, 2 exhibited greater radical scavenging
activities (ICs, DPPH 1.33 mM; ICs, ABTS™ 1.09 mM),
when compared to those displayed by compound 1 (ICs,
DPPH 1.56 mM; ICsy ABTS™ 1.24 mM) and standard, a-
tocopherol (ICsy DPPH 1.46 mM; ICs, ABTS' 1.72 mM).

The target bioactivities of the studied compounds were
assessed by different physicochemical parameters, and these
were utilised to correlate their structural attributes. It is
consequential to record that the electronic parameter of 24
(4 - 23)-abeo-oleanene (2) (Pl ~70x 10 **cm’) was
greater than that recorded with 24(4 — 23), 27(8 — 26), 30
(20 — 29)-tris-abeo-oleanene (1)  (polarisability, Pl
~65x10"* cm?), which could substantiate the greater
inhibitory activities of former towards oxidants and carbo-
lytic enzymes. It was apparent that the compound 2 was
bulkier than 1, as determined by the greater steric factors of
the former. Comparatively lesser bulkiness of 1 and 2 (MR
163-178 cm’mol ™!, MV 541-575 cm’ mol ™' and Pr 1320
1445 cm®) might efficiently network with the enzyme active
site remnants, resulting in its higher inhibitory activity
towards starch digestive enzymes (Table 3). It was also
likely that that a greater hydrophobicity (logarithmic value
of octanol-water coefficient) of abeo-oleanenes, 1-2 (log
Pow 9.19-10.73) predominantly contributed towards its
greater radical quenching and carbolytic enzyme inhibitory
activities. The higher hydrophobic values might explain its
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Table 2 In vitro bioactive potentials (antioxidant and anti-diabetic)* of compounds 1-2 from G. salicornia and commercially available references

Bioactivities (ICs5y, mM)

Antioxidant activity 1 2 a-Tocopherol
DPPH scavenging activity °1.56 +0.01 ©1.33+0.01 41.46 £0.01
ABTS™" scavenging activity °1.24+0.02 €1.09+0.02 4.72+0.03
Anti-diabetic activity 1 2 Acarbose
a-amylase inhibition activity °0.40 +0.01 0.32£0.02 40.22 +0.02
a-glucosidase inhibition activity °0.34+0.01 €0.29+0.03 40.19£0.01

*The antioxidant and anti-diabetic activities were expressed as ICs, values (mM)

>dRow-wise values with different superscripts of this type indicate significant difference (P < 0.05), which implied for the statistical evaluation of
the results. Triplicate values were taken and the variance analyses (ANOVA) were carried out (using Statistical Program for Social Sciences 13.0)

for means of all parameters to examine the significance level (P < 0.05)

Results were expressed as mean +SD (n = 3)

Table 3 Molecular descriptors (electronic, steric and hydrophobic) of
compounds 1-2 from G. salicornia

Molecular descriptors

1 2
Electronic

tPSA 43.37 43.37
Pl (x10™**cm’) 64.99 70.61
Steric

MR (cm® mol ™) 163.95 178.13
MV (cm® mol™") 541.40 575.80
Pr (cm®) 1320.60 1445.10
Hydrophobic

Log Poy 9.19 10.73

The structure-activity relationship analyses were carried out by using
different molecular descriptors of the purified compounds as described
in the text

MV molar volume, Pr parachor, MR molar refractivity, Log P,
logarithmic scale of the octanol-water partition coefficient, Pl
polarisability, tPSA topological polar surface area

requisite hydrophobic-hydrophilic interactions (Lipinski
2004) and bonding of receptor enzymes (Huuskonen et al.
2000) leading to its higher anti-hyperglycaemic and anti-
oxidant properties.

Molecular docking analysis of the abeo-oleanenes
isolated from G. salicornia

The inhibition of starch degrading enzymes, such as a-
amylases and a-glucosidases is an effective methodology to
monitor the glucose level in blood. The commercially
developed carbolytic enzyme inhibitors, such as acarbose
and voglibose are widely used to control the blood glucose
levels. The computation tools like structure based molecular
docking simulations have been widely utilised to enrich a

chemical library of active compounds with biomolecular
structure and functions (Hyun et al. 2014). The studied
oleanene analogues were subjected to molecular docking
studies against starch digestive enzymes, a-glucosidase and
a-amylase. The results were evaluated by their RMSD data.
The molecular docking parameters, such as binding energy,
intermolecular and torsional free energy, and inhibition
constants of 1-2 were documented (Table 4). In silico
molecular docking analysis of the abeo-oleanenes with a-
glucosidase with grid box x=37.969, y=—19.190, z =
29.008 and a-amylase with grid box x=-7.248 y=
54.607, z=130.003 appropriately gave the impression that
the ligands exhibited efficient interactions with the enzyme
target sites (Fig. 4). Among the studied oleanenes (1-2),
compound 2 recorded least binding energy of —9.84 kcal
mol ! in interactions with a-glucosidase enzyme target sites
subsequent to those exhibited by compound 1 (—9.42 kcal
mol~!). Likewise, the constant of enzyme inhibition (Ki)
was lesser for 2 (61.61 nM) towards a-glucosidase enzyme
than that exhibited by 1 (124.49 nM). Also, intermolecular
energy was lesser for 2 (—11.44 kcal mol™"). The molecular
docking interaction of ligand (oleanene 2) and a-glucosi-
dase showed two hydrogen bonds (displayed as red-
coloured lines) to amino acyl residues of THR®® and
TRP?® with the bond distances of 3.148 and 3.044 A in the
active binding site, whereas 1 showed one hydrogen-
bonded interaction to amino acid residue of TRP*® with
molecular distance of 2.766 A.

Similarly, compound 2 exhibited least binding energy of
—10.04 kcalmol ™! in a-amylase enzyme target site inter-
actions than those exhibited by compound 1 (—5.52 kcal
mol~!). Additionally, two other parameters, such as inter-
molecular energy and inhibition constant (Ki) were also
calculated. The compound 2 had lesser inhibition constant
(38.15nM) when compared to 1 (89.58 uM). Inhibition
constant and binding energy were proportional to each
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Table 4 The binding energy,
inhibition constant,
intermolecular energy and
torsional free energy between
the ligands (compounds 1-2)
and the active sites of carbolytic
enzymes a-glucosidase and a-
amylase

Fig. 4 Closer view of molecular
binding interactions of (A1) 24
(4 - 23), 27(8 = 26), 30(20 —
29)-tris-abeo-oleanene 1 and
(A2) 24(4 — 23)-abeo-oleanene
2 derivatives in the catalytic site
of protein a-glucosidase along
with molecular-binding
interactions of (B1) 24(4 — 23),
27(8 — 26), 3020 — 29)-tris-
abeo-oleanene 1 and (B2) 24

(4 — 23)-abeo-oleanene 2
derivatives in the catalytic site of
a-amylase as deduced from its
molecular modelling simulations

@ Springer

“Ligands l’Binding energy ’Inhibition Intermolecular "Torsional free Amino acid Molecular
(keal mol™h) constant, Ki  energy energy (kcal mol™!)  residue distances
(M) (uM)  (kcal mol™!)

a-glucosidase

1 —9.42 124.49 —11.14 1.79 TRP3® 2.766

2 —9.84 61.61 —11.44 2.39 THR®}, TRP*  3.148, 3.044
a-amylase

1 —5.52 89.58 —7.06 1.79 ASP3! 2.467

2 —10.04 38.15 —12.18 2.39 ARG** 2.954,2.878

“Molecular docking simulations were carried out using Autodock 4 software tool

Values were evaluated from the calculations based on the energy minimisation

Molecular docking simulation of
compounds 1-2 with a-glucosidase

s 1-2 with a-amylase

Molecular docking simulation of

compound
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other, and therefore, the inhibitory activity of a-amylase of
2 was substantiated by using intermolecular energy and
inhibition constant. As mentioned in Table 4, the metabolite
2 exhibited intermolecular energy of —12.18 kcal mol !,
which was lesser when compared to 1 (—7.06 kcal molfl).
These results further demonstrated greater a-amylase inhi-
bition activity of oleanene 2 compared to that exhibited by
1. The molecular docking analysis of oleanene 2 and a-
amylase showed two hydrogen bonds with amino acyl
residue of ARG*® with the bond distances of 2.954 and
2.878 A in the active binding site, whereas compound 1
showed one hydrogen-bonded interaction with amino acyl
residue of ASP*®! with molecular distance of 2.467 A. The
comparison of molecular docking parameters on the basis of
in vitro experiment appropriately suggested that the abeo-
oleanene derivative (2) exhibited closer molecular interac-
tions with the starch digestive enzymes, which might
explain its greater inhibitory potential against a-glucosidase
and a-amylase (0.29-0.34 mM) when compared to those
exhibited by 1 (0.32-0.40 mM). It was thus apparent that
active inhibition of the pancreatic a-amylase enzyme could
be an efficient approach to decrease the postprandial
hyperglycaemic levels via regulation of carbohydrate
breakdown.

The antioxidant potencies of oleanene-type triterpenoids
through the DPPH radical scavenging mechanism were
previously recorded (Ahmad et al. 2008) that could be
correlated with the studied antioxidative oleanene triterpe-
noids. The hypoglycaemia activity of terpenoids and their
potential to safeguard the pf-cells were documented pre-
viously (Roth et al. 2002). The tris-abeo-oleanene (1)
enclosed four olefinic groups, whereas two olefinic moieties
were apparent in abeo-oleanene (2). Both the metabolites
were found to constitute one each of ketone and ester
functionalities, whereas these groups could participate in the
effective electron delocalizations in DPPH scavenging
mechanism, that might be one of the reasons for potent
antioxidative effects of 1 and 2. In the case of anti-diabetic
potential, the titled oleanenes exhibited greater a-glucosi-
dase inhibition than a-amylase inhibition, demonstrating the
favoured a-glucosidase inhibition of seaweed-derived
oleanene triterpenoids (Maneesh and Chakraborty 2017).
Even though, the tris-abeo-oleanene, 1 enclosed greater
number of unsaturations when compared to abeo-oleanene
(2), the polarisability and hydrophobicity parameters were
greater for 2. However, the greater polarisability and
hydrophobicity were found to be responsible for the bolo-
gical potencies of 2 (Wang et al. 2007), and thus, it was
suggested that electronegative groups alone were not
responsible for its greater bioactivities. Similarly, greater
hydrophobicity of 2 compared to 1 suggested a balanced
hydrophobicity and hydrophilic characteristics of 2 desir-
able for the target biological properties. Thus, abeo-

oleanene 2 with higher hydrophobicity (log P, 10.73)
could play prominent role in greater carbolytic enzyme
inhibitory acivities over that displayed by tris-abeo-olea-
nene, 1 with lower hydrophobicity (log Py, 9.19). The in
silico molecular docking studies of 1-2 with a-amylase and
a-glucosidase enzyme exhibited binding interactions, and
these results appropriately indicated that compound 2 dis-
played strong binding interactions with a-glucosidase and
a-amylase compared to those exhibited by compound 1
(Fig. S25-S27). Thus, the 24(4 — 23)-abeo-oleanene tri-
terpenoid bearing (12-ox0)-3,5-diene-deconoate moiety
(compound 2) derived from G. salicornia, might function as
potential bioactive candidate in the development of anti-
hyperglycaemic lead.

Conclusions

The organic extract of G. salicornia was fractionated by
repeated chromatographic techniques to obtain two unpre-
cedented abeo-oleanene analogues. Among the isolated
compounds, the one with 24(4 — 23) abeo-oleanene fra-
mework (2) exhibited higher carbolytic enzyme inhibitory
activities (ICsq <0.32 mM) over that bearing 24(4 — 23), 27
(8 —26), 3020 — 29)-tris-abeo-oleanene moiety (1)
(IC5020.34 mM). The oleanene analogues isolated from G.
salicornia registered greater radical scavenging potentials
against ABTS™ (ICsp< 1.10 mM) than that exhibited by a-
tocopherol (ICso > 1.50 mM). Structure-activity relationship
analyses showed that higher polarisability and lesser steric
bulk of abeo-oleanene (2) predominantly contributed
towards the comparatively greater radical quenching and
carbolytic enzyme inhibitory activities than those displayed
by its tris-abeo-oleanene analogue (1). In silico molecular
modelling studies were performed to designate the a-glu-
cosidase and a-amylase inhibitory mechanism of the abeo-
oleanene derivative (2) exhibiting binding energies of
greater than 9.50 kcal mol™!, which substantiated its
potential inhibitory activity against the carbolytic enzymes
responsible to cause hyperglycaemic disorders. An enzyme-
assisted putative biosynthetic cascade leading to the for-
mation of oleanene triterpenoid derivatives were proposed.
In particular, the 24(4 — 23)-abeo-oleanene possessing (12-
0x0)-3,5-diene-deconoate moiety (compound 2) was found
to be effective dual inhibitors of starch digestive enzymes
along with potential antioxidative properties, and therefore,
might be utilised as valuable medicinal lead against oxidant
species and elevated postprandial glucose levels.
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