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Abstract

Two previously unreported xenicane class of novaxenicin-type xenicin diterpenoids (1-2) bearing cyclonona[d]furo [2,3-b]
pyrandiol and three xeniolide-type diterpenoids with unprecedented octahydrocyclonona[c]pyran-3(1H)-one backbones (3—
5) were separated from the organic extract of the intertidal seaweed Padina tetrastomatica (family Dictyotaceae), collected
from southern India. The compounds were deduced to bear a xenicane moiety with a 2-oxabicyclo[7.4.0]tridecane cyclic
system. The structures of these specialized metabolites were attributed based on the extensive nuclear magnetic resonance
spectral analyses, and comparison of related compounds. Xeniolide-type diterpenes (3-5) registered significantly greater
attenuation potential against pro-inflammatory 5-lipoxygenase (ICsy~2.04 mM) than that exhibited by non-steroidal anti-
inflammatory drug ibuprofen (ICsy 4.50 mM, P < 0.05). The xeniolide derivative octahydro-1,7-dihydroxy-4-(4'-hydroxy-
4*-methylpropyl)-6-(6'-hydroxy-6>-propenyl)-10-methyl-cyclonona[c]pyran-3(1H)-one (5) exhibited comparable antioxi-
dant activity (DPPH ICs, 1.73 mM) along with standard antioxidative agent a-tocopherol (IC5y <2 mM). In silico molecular
modelling studies were performed to designate the 5-lipoxygenase inhibitory mechanism of the xenicanes, and the
comparison of docking parameters suggested that the xeniolide derivative 5 exhibited least binding energy of —11.56 kcal
mol !, and that was corroborated with its greater inhibition potential against the pro-inflammatory enzyme. These results
demonstrated that the xeniolide-type diterpenoids with previously unreported S-lactone cyclononane framework might
constitute promising anti-inflammatory leads with pro-inflammatory 5-lipoxygenase enzyme inhibitory activities.

Keywords Padina tetrastromatica * Xenicane-type diterpenoids * Xenicins * Xeniolides * Anti-inflammatory *
5-Lipoxygenase enzyme inhibitory

Introduction

Seaweeds were viewed as promising sources of bioactive
metabolites with functional food properties and pharmaco-
logical potentials (Plaza et al. 2008; Lann et al. 2016).
Natural antioxidants in seaweeds were recognized to deter
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isolated as one of the largest class of diterpenoids in marine
organisms, with potential bioactive properties (Faulkner
1998; Viano et al. 2009).

Earlier reports of literature revealed the isolation of
xenicane natural products from brown seaweeds Dilophus
fasciola, Dilophus spiralis (Ioannou et al. 2009), Dictyota
sp. (Viano et al. 2009), and Padina pavonia (Awad et al.
2008). Xenicane from the soft coral Xenia elongata was the
first member of xenicane diterpenoids, and there were
reports on further discovery of various bioactive xenia
metabolites from the brown seaweeds. The bicyclic frame-
work of xenicanes containing trans-fused system of ring A
and cyclononane carbocyclic ring B possessing a nine-
membered ring were reported from the soft coral, Xenia
elongata (Vanderah et al. 1977). This unique family of
xenia diterpenoids was classified into three main subclasses;
xenicanes or xenicins, xeniolides and xeniaphyllanes with
bicycle [7.2.0] undecane ring (Groweiss et al. 1983) along
with recently reported azamilide with nine-membered
monocarbocyclic framework acylated with Cig,o fatty
acids and an opened A ring. There were 53 main reports on
xenia isoprenoids with several modifications in the ring and
prenyl side chain (Blunt et al. 2009).

Seaweeds were recognized as invaluable marine resour-
ces in the Asian continent for use in food and pharmaceu-
ticals (Barrento et al. 2016; Makkar and Chakraborty
2018ab). The brown seaweed Padina sp. was found to
constitute a foremost share in the family Dictyotaceae and
about 50 taxa of this genus were reported in various parts of
the globe. Among them, Padina tetrastromatica (Hauck)
(family Dictyotaceae) has been predominant in the Indo-
Pacific region (Guiry and Nic-dhonncha 2003), and there
were preliminary reports of their bioactive potentials (Chia
et al. 2015; Mohsin et al. 2014). In the search for bioactive
diterpenoids from this brown seaweed species, this work
described the purification and characterizations of pre-
viously undescribed five xenicane classes of novaxenicin-
type diterpenoids (1-2) bearing cyclonona[d]furo[2,3-b]
pyrandiol and three xeniolide-type diterpenes with octahy-
drocyclonona[c]pyran-3(1H)-one backbones (3-5) from the
organic EtOAc/MeOH (ethyl acetate-methanol) extract of
the studied seaweed (Fig. 1) collected from the Gulf-of-
Mannar of Peninsular India. The anti-inflammatory and
antioxidant potential of the studied compounds were ana-
lysed by different in vitro assays, and various physico-
chemical descriptors were utilized to substantiate the
structure—activity correlations of the studied diterpenoids. In
silico molecular modelling studies were performed to des-
ignate the S5-lipoxygenase inhibitory mechanism of the
studied xenicane analogues.
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Materials and methods
General experimental procedures

A nuclear magnetic resonance (NMR) spectrometer { Bruker
Avance DPX 500 (500 MHz), Rheinstetten, Germany} was
used to obtain 'H (500 MHz), '*C (125 MHz) and other
two-dimensional (2D)-NMR spectroscopic data, such as
proton homonuclear correlation spectroscopy ('H-'H-
COSY), C-H heteronuclear single-quantum correlation
(HSQC), long-distance heteronuclear multiple bond corre-
lation (HMBC), and nuclear overhauser effect spectroscopy
(NOESY) by standard pulse sequences. Solvent deuterated
chloroform CDCl; was taken as an aprotic solvent and
tetramethylsilane (TMS) as a reference standard (60). NMR
spectra were obtained by the software Bruker Top Spin™ 2.
The documentation of Fourier-transform infrared (FTIR)
spectra was carried out using potassium bromide (KBr)
pellets on Perkin-Elmer Series 2000, FTIR spectro-
photometer (scanning range of 4000 and 400 cm™"). The
UV data were acquired spectrometrically by using Varian
Cary 50-UV-VIS spectrometer (Varian Cary, Walnut Creek,
USA). The organic extracts and column fractions were
concentrated to dryness using a rotary evaporator (Heidolph
Instruments GmbH and Co., Schwabach, Germany) under
reduced pressure. A flash chromatography instrument
(Biotage AB SP1-B1A, Uppsala, Sweden) was used to
fractionate the semi-purified fractions. Optical rotations
were measured on an ATAGO AP-300 polarimeter.
Reverse-phase high-pressure liquid chromatography (RP-
HPLC) data were obtained by using Shimadzu LC-20AD
pump device (Shimadzu Corporation, Nakagyo-ku, Japan),
fitted with a C,g reverse-phase column (Luna 25 x 4.6 mm,
5Smm) (Phenomenex, Torrance, USA). Analytical high-
pressure liquid chromatograph (HPLC) instrument (Shi-
madzu Corporation, Nakagyo-ku, Japan) connected to
reverse-phase (RP)-Cg and/or RP-C;g column(s) (bonded
reverse-phase; Phenomenex, Torrance, USA; Luna 250
mm x 4.6 mm, 5um) fitted with a binary gradient pump
(Shimadzu LC-20AD) column and photodiode array
detector (SPD-M20A, Kyoto, Japan) was used to analyse
the homogeneity of the studied compounds. Finer pur-
ification of the compounds were carried out with a semi-
preparative RP-C ;g HPLC column (Phenomenex, Torrance,
USA; Luna 250 mm x 10 mm, 5 um C;g 100A), fitted with a
preparatory high-pressure liquid chromatograph (HPLC)
instrument (Shimadzu Corporation, Nakagyo-ku, Japan).
Gas-chromatographic mass-spectroscopic (GC-MS) ana-
lyses were acquired through electronic impact ionisation
(EIMS) technique (Perkin-Elmer Clarus-680) and the
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Fig. 1 Xenicane class of
xenicins (1-2) bearing
cyclononald]furo[2,3-b]
pyrandiol and three xeniolide-
type diterpenoids with
octahydrocyclonona[c]pyran-3
(1H)-one backbones (3-5)
isolated from the seaweed
Padina tetrastomatica
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fragment separation was carried out through non-polar
capillary column (50mx0.22mm id. x0.25pm film
thicknesses). Silica gel (60—120 mesh, E-Merck, Germany;
230400 mesh, Biotage, Sweden) was used for a range of
column chromatography techniques and pre-coated plates of
GF,s4 were utilized for thin layer chromatographic separa-
tion (TLC) (Chakraborty and Raola 2018).

Seaweed material and preparation of organic
extracts

The seaweed used in this study was Padina tetrastromatica
(Hauck) (family Dictyotaceae). The seaweeds were freshly
collected (CMFRI voucher specimen number AB.1.1.2.1)
from the south east coast of India (Gulf of Mannar between
8°48’' N, 78°9" E and 9°14’ N, 79°14’E) by scuba diving.
Seaweeds were washed with seawater to exclude the
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Xeniolide diterpenoids

externalities followed by washing with running tap water
before being shade-dried (35 +3 °C) for 72 h. Shade-dried
samples were ground (lkg dried), and were initially
extracted with n-hexane {600 mL x 2, at room temperature
(RT) for 24h}, to remove pigmentous substances. The
residues were extracted by reflux with solvents ethyl acet-
ate/methanol (EtOAc/MeOH 1:1 v/v, 500 mL x 3, 60-70 °
C). The crude solvent extract was collected after filtration
(using Whatman No. 1 filter paper) before being evaporated
(50 °C) by a rotary vacuum evaporator to one-third of the
initial volume, under reduced pressure, to yield a viscous
mass of crude EtOAc/MeOH extract (38 g).

Chromatographic fractionation

The EtOAc/MeOH extract (38 g) of P. tetrastromatica was
made into a slurry with silica gel (60-120 mesh, 5 g) and
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filled into a glass column (60cmx4cm) loaded with
adsorbent silica gel (60-120 mesh, 50 g) before being
subjected to vacuum liquid chromatography. Initially, the
waxy material was removed by elution with n-hexane. The
polarity of the eluent was increased gradually by the addi-
tion of ethyl acetate (n-hexane:ethyl acetate 95:5-3:9, v/v)
to obtain 20 column fractions (12 mL each), which were
further pooled to 10 fractions (TA|,—TA,,) after TLC ana-
lysis (n-hexane/EtOAc, 9:1, v/v). The column fraction TA,,
was further fractionated by flash chromatography on a silica
gel column (230400 mesh, 12 g), and elution was carried
out with EtOAc/n-hexane (0-100%, by a step gradient
mode) to yield a total of 30 column subfractions (15 mL
each), which were combined to eight-column subfractions
{TAj1.5)} after RP-Cg HPLC {acetonitrile (CH;CN)/H,0,
85:15, v/v} and TLC (ethyl acetate/n-hexane, 3:1, v/v).
Based on analytical TLC and HPLC, the homogeneous
fractions were pooled and were purified by using pre-
parative RP-C;g HPLC with acetonitrile and methanol as
mobile phases (MeOH/CH;CN, 4:1, v/v) to yield the pure
compounds 1 and 2 (105 and 99 mg, respectively). The
concentration of solvents followed by TLC (particle size 15
mm) using 30 % EtOAc/n-hexane supported the purity. The
fractions TAj; (.3y were further purified by preparative
HPLC with acetonitrile and methanol (MeOH/CH;CN, 2:3,
v/v) to afford the pure compounds 3 through 5 (112, 122
and 103 mg, respectively).

Spectral analyses

12-Ethenyl-3a,6,9,10,11,12,12a,12b-octahydro-1-(1%-
hydroxy-12-methyl-propyl)-cyclononald]furo[2,3-b]pyran-
6,10-diol (1)

Colourless oil; [a]D* 34 (c 0.96, CHCl3); UV (MeOH)
Amax (log €): 249 nm (2.61); TLC (Si gel GF,54 15 mm; 30%
EtOAc/n-hexane, v/v); R 0.55; R, (RP-Cg HPLC, MeOH:
CH;CN, 4:1, v/v): 3.20 min; FTIR (Upay, cm ™ '; bending 8,
stretching v, rocking p): 3472 (O-H,, br), 1112, 1076 (C—
0,), 2923 (C-H,), 1621 (C =C,), 1510 (C =C,), 1459 (C—
Hy), 1182 (C-C,), 987 (=C-Hy); 'H-NMR (Fig. Sl,
Table 1), 3C-NMR (Fig. S2, Table 1), 'H-'H-COSY (Fig.
S4) and HMBC data (Fig. S5, Table 1); EIMS m/z calcd. for
C,oH,505 348.1937, found 348.1941 [M]* (A1.1 ppm).

1,2,5,5a,6,9,10,11,12,12a-Decahydro-11(11%-
hydroxypropyl)-2-[(E)-2"-propenyl] cyclononald]-furo[2,3-b]
pyran-9,12-diol (2)

Yellow oil; [a]D** -37 (¢ 1.80, CHCL3); UV (MeOH) Ay
(log €): 235 (3.1), 254 (3.7) nm; TLC (Si gel GF,s4 15 mm;
30 % EtOAc/n-hexane) Ry: 0.54; R, (RP-Cg HPLC, MeOH:
CH;CN, 4:1, v/v): 3.24 min; FTIR (v cm_l): 3452 (O-
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H,, br), 1220 (C-0,), 2931 (C-H,), 1644 (C=C,), 1510
(C=C,), 1470 (C-Hy), 1380 (C-H,), 1169 (C-C,), 970
(=C-Hj;), 885, 746 (C-Hj;); '"H-NMR (Fig. S8, Table 1),
BC-NMR (Fig. S9, Table 1), 'H-'H-COSY (Fig. S11) and
HMBC data (Fig. S13, Table 1); EIMS m/z calcd. for
C,0H3005 350.2093, found 350.2098 [M]* (A1.4 ppm).

4-(4‘,42-Dihydroxypropyl)-4,4a,5,6,7,8,1 1,11a-octahydro-
8,11-dihydroxy-7-methyl-6-(6"-methyl-6>-propenyl)-
cyclononalc]pyran-3-(1H)-one (3)

Pale yellow oil; [a]D* + 40 (c 0.16, CHCl3); UV (MeOH)
Amax (log €): 246.0 (2.90) nm; TLC (Si gel GF»s4 15 mm; 30
% EtOAc/n-hexane) Ry 0.40; R, (RP-Cg HPLC, MeOH:
CH;CN, 4:1, v/v): 4.20 min; FTIR (vnax, cm’l): 3473 (O-
H,, br), 3020 (C-H,), 1715 (C=0,), 1625 (C=C,), 1470
(C=C,), 1450 (C-Hy), 1380 (C-H,), 1283 (C=0,), 1166 (C-
C,), 910 (=C-Hy), 885 (C-H,); 'H-NMR (Fig. S15, Table 2),
BC-.NMR (Fig. S16, Table 2), 'H-'H-COSY (Fig. S18) and
HMBC data (Fig. S20, Table 2); EIMS m/z calcd. for
CyoH3,06 368.2199, found 368.2203 [M]" (A1.08 ppm).

4,4a,5,6,7,8,11,11a-Octahydro-7-hydroxy-6-(6-hydroxy-6°-
butenyl)-4-(4'-hydroxypropyl)-11-methoxy-8-methyl-
cyclononalc]pyran-3-(1H)-one (4)

Pale yellow oil; [a]D**+ 43 (¢ 0.17, CHCl3); UV (MeOH)
Amax (Iog €): 209 (3.6), 249 (3.3) nm; TLC (Si gel GFs, 15
mm; 20 % EtOAc/n-hexane) Ry 0.48; R, (RP-Cg HPLC,
MeOH:CH;CN, 2:3, v/v): 4.05min; FTIR (U, cm™)):
3451 (O-H,, br), 2963 (C-H,), 1737 (C=0,), 1702
(C=C,), 1511 (C=C,), 1447 (C-Hy), 1370 (C-H,), 1280
(C=0,), 1180 (C-C,), 966 (=C—Hj), 906 (C-H,); '"H-NMR
(Fig. S22, Table 2), 3*C-NMR (Fig. S23, Table 2), 'H-'H-
COSY (Fig. S25) and HMBC data (Fig. S27, Table 2);
EIMS m/z caled. for C, H3,04 382.2355, found 382.2359
M]" (A1.0 ppm).

4,4a,5,6,7,8,11,11a-Octahydro-1,7-dihydroxy-4-(4'-hydroxy-
4?-methylpropyl)-6-(6'-hydroxy-62-propenyl)-10-methyl-
cyclononalc]pyran-3(1H)-one (5)

Yellow oil; [a]D*+39 (c 0.13, CHCl3); UV (MeOH)
Amax (log €): 246.0 (2.90) nm; TLC (Si gel GF,54 15 mm;
30 % EtOAc/n-hexane) Ry 0.40; R, (RP-Cg HPLC,
MeOH:CH;CN, 2:3, v/v): 3.23 min; FTIR (vpax. Cm_l):
3450 (O-H,, br), 3020 (C-H,), 1715 (C=0,), 1614
(C=C,)), 1625 (C=C,), 1470 (C-Hy), 1380 (C-H,), 1220
(C=0,), 1140 (C-C,), 955 (=C-Hj;), 885 (C-H,); 'H-
NMR (Fig. $29, Table 2), *C-NMR (Fig. $30, Table 2),
"H-'H-COSY (Fig. $32) and HMBC data (Fig. S33, Table
2); EIMS m/z calcd. for CyyH3,04¢ 368.2199, found
368.2204 [M]" (A1.3 ppm).
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Table 1 NMR spectroscopic data® of xenicane-type diterpenes (1-2) isolated from brown seaweed P. tetrastromatica
1 2
C. No. 3C NMR 'H NMR (int., mult., J in Hz) CoSY HMBC C. No. 3C NMR 'H NMR (int., mult., J in Hz) COoSY HMBC
1 115.25 - - - 1 37.74 2.68 (1H, dd, J = 8.8, 7.69 Hz), H-2 C-12b, 3a
2.30 (1H, dd, J = 13.01, 8.20 Hz)
1! 39.96 2.16 (1H, d, J=9.09 Hz) - C-1, 12 2 83.18 4.88 (1H, dd, J = 16.99, 8.06 Hz) H-2! C-1,2!
1.91 (1H, d, J = 8.47 Hz)

12 73.30 - - 2! 129.17 5.69 (1H, dd, J = 14.47, 6.95 Hz) H-2? —

1% 29.53 1.29 (3H, s) - c-13, 12 22 130.77 5.87 (1H, m) H-2} c2!, 2}

3 29.54 129 3H, s) - c-134 1! 2 17.65 1.82 (3H, d, J=6.75 Hz) -

2 141.92 6.37 (1H, s) - c1h1 3 - - - -

3 - - - - 3a 163.12 - - -

3a 104.24 6.06 (1H, d, J = 10.74 Hz) H-12b C-12a,5,1,2 4 - - - -

4 - - - - 5 68.37 3.67 (1H, dd, J =12.77, 7.67 Hz) - C-3a, 5a

5 144.10 6.41 (1H, s) - C-5a 3.70 (1H, dd, J = 12.25, 7.66 Hz)

5a 115.36 - - - 5a 36.15 1.85 (1H, m) c-12

6 70.26 3.69 (1H, d, J = 14.70 Hz) - C-8, 5b 6 33.72 2.01 (1H, m), 1.75 (Hy, m) H-5a c-7

7 133.29 5.69 (1H, m) H-6 C-6 7 132.05 5.62 (1H, m) H-6

8 125.48 5.51 (1H, m) H-7 - 8 132.63 5.67 (H, dd, J = 14.47, 6.95 Hz) - c-7

9 41.42 2.22 (1H, m), 1.97 (1H, m) H-8 c-8 9 72.13 4.20 (1H, dd, J = 15.60, 7.35 Hz) H-8 C-8

10 70.27 3.67 (1H, m) H-9 98 10 39.54 1.29 (1H, m), 1.52 (Hy, m) H-9 C-12,9

11 38.67 1.33 (1H, m), 1.53 (1H, m) - C-10 11 38.69 1.22 (1H, m) H-11 c-11'

12 48.95 2.03 (1H, dd, J=12.35, 5.92) H-11, 12! c-12', 122 1! 43.94 1.35 (1H, 1, J=5.70, 3.47 Hz) H-11° -

12! 141.08 5.72 (1H, m) H-12? C-12% 11 112 67.75 4.07 (1H, m) H-11° c-11', 113

122 116.46 5.00 (1H, d, J = 13.79 Hz) - - 13 23.97 1.25 (3H, d, J =5.52 Hz) - -

4.99 (1H, d, J = 12.91 Hz)

12a 39.94 1.87 (1H, d, J = 12.62) H-6 C-12, 5a 12 71.82 3.33 (IH, dd, J=8.76, 1.86 Hz) H-11

12b 49.82 2.17 (1H, dd, J = 10.99, 8.86 Hz) - C-12, 3a, 1 12a 41.36 172 (1H, dd, J = 11.46, 4.88 Hz) H-12 C-5a, 3a, 12b
12b 9431 - - -

The assignments were made with the aid of the COSY, HSQC, HMBC and NOESY experiments

INMR spectra were recorded using a Bruker AVANCE III 500 MHz (AV 500) spectrometer (Bruker, Karlsruhe, Germany) in CDCl; as aprotic
solvent at ambient temperature with TMS as the internal standard (60 ppm)

Values in ppm, multiplicity and coupling constants (/= Hz) were indicated in parentheses. Multiplicities were allocated by BSDEPT NMR

spectrum

Determination of antioxidant and anti-
inflammatory activities

The antioxidative activities were assessed by using DPPH
(1,1-diphenyl-2-picryl hydrazyl) and ABTS™ (2,2'-azino-
bis-3-ethylbenzothiozoline-6-sulphonic acid diammonium
salt) free radical scavenging bioassays (Wojdylo et al.
2007). In vitro anti-inflammatory activities were assessed by
inhibition of pro-inflammatory cyclooxygenases-1, 2

(COX-1,2) (Larsen et al. 1996) and 5-lipoxygenase (5-
LOX) (Baylac and Racine 2003) enzymes. The inhibitory
activities on radicals or enzymes were plotted and recorded.
The ICsy (concentration of samples at which it inhibits/
scavenge 50 % of enzyme/radical activities) values of stu-
died compounds and column subfractions were documented
from the graph, whereas the plot of linear regression curve
of percentage inhibitions against different concentrations of
the compounds (or standards) were recorded as ICs, values

@ Springer
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(mM and/or mg mL™"). The calculations of physicochem-
ical parameters, such as molar refractivity (MR), hydro-
phobic descriptor (logarithm of octanol-water coefficient,
log P,,,) and polarizability (topological polar surface area,
tPSA) factors of the purified compounds by using Chem-
Draw Ultra 8.0 database were directed to document struc-
ture—activity relationship analyses.

In silico molecular modelling

In silico molecular modelling analysis of compounds 1-5
against pro-inflammatory 5-lipoxygenase was carried out
using AutoDock 4 (AutoDock Tools ver. 1.5.6). These
titled compounds were constructed by ACD/Chem Sketch
(version 2016.2.2, Toronto, Canada) and converted as
MDL-Mol files that were saved as PDB format (Open
Babel). The X-ray crystal structures of pro-inflammatory 5-
lipoxygenase enzyme (LOX-5) (PDB 3V99; resolution
2.25 A) were retrieved from the Protein Data Bank (dedi-
cated website www.pdb.org) and conformationally arranged
(Swiss-Pdb Viewer, SPDBV v4.1.0). The molecular mod-
elling analysis was carried out using Lamarckian algorithm
methods, whereas the docking algorithm was run by
Cygwin I-1I. 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 (University of California, San Francisco,
version 1.11.2) software was used to visualize the molecular
docking analyses.

Statistical analysis

The assessment of significant differences between means
was carried out by Statistical Program for Social Sciences
13.0 (SPSS Inc., Chicago, IL, ver. 13.0) by using one-way
analysis-of-variance (ANOVA). The documentation of
these values was made as mean of triplicates + standard
deviation. The ANOVA analysis was also examined means
of triplicate parameters for their significance, and were
represented as P < 0.05.

Results and discussion

Chromatographic fractionation and spectrometric
analyses of secondary metabolites

Chromatographic fractionation of the organic EtOAc/
MeOH extract of seaweed, P. tetrastromatica on silica gel
resulted in eleven major column fractions (PT,—PTy;),
whereas percentage recovery of subfractions, PT, (23 %)
and PT5 (28 %) were greater compared to those displayed
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by PT; and PT¢ through PT;; (<15 %, P <0.05). These
fractions exhibited greater radical scavenging activities
against DPPH (ICsp< 1 mg mL~') and ABTS™ (IC5, 0.60—
1.25mgmL"") than those displayed by other fractions
(ICs50>1.30 mg mL~!). Potential anti-inflammation bioac-
tivities towards COX-2 and 5-LOX displayed the sig-
nificance of the column subfractions, PT4 and PT5 (IC5<
0.70 mg mL~") for further chromatographic sub-fractiona-
tion, whereas the inhibiting activities of the column frac-
tions PT; and PT¢—PT;; were significantly lesser (IC5o> 1.5
mgmL~!, P<0.05). Consequently, repetitive chromato-
graphic fractionation of PT4 and PTj yielded two previously
unreported xenicin class of diterpenoids with 2-oxabicyclo
[7.4.0]tridecane ring system (1-2) along with three
xeniolide-type diterpenoids (3-5) with unprecedented o-
lactone cyclononane skeleton bearing an oxabicyclo[7.4.0]
tridecane framework. The structural characterizations of the
studied compounds were carried out by extensive spectro-
scopic experiments.

Spectroscopic characterization of xenicane
diterpenoids isolated from P. tetrastromatica

The crude extract of the dried thalli of P. fetrastromatica was
subjected to repeated chromatographic fractionation over
silica gel adsorbent to acquire five xenicane classes of diter-
penoid compounds (1-5), which were characterized by their
spectroscopic data along with previous reports of literature.

12-Ethenyl-3a,6,9,10,11,12,12a,12b-octahydro-1-(1%-
hydroxy-12-methyl-propyl)-cyclononald]furo[2,3-b]pyran-
6,10-diol (1)

Repeated chromatographic fractionation of P. fetrastromatica
yielded compound 1 as a colourless oily substance. The
molecular ion peak of 1 appeared at m/z 348, while the
molecular formula CyyHpgOs, implying seven unsaturation
degrees, was associated with four olefinic bonds and three ring
systems. The BC.NMR and DEPT}3s experiments attributed
the presence of 20 carbon signals, which included the presence
of two methyls (8c29.53, 29.54), three sp° methylenes
(6c38.67, 41.42, 39.96), one sp2 methylene (6c116.46), six sp3
methines (6c104.24, 49.82, 39.94, 48.95, 70.27, 70.26) and
four sp2 methines (5c144.10, 133.29, 125.48, 141.92), along
with one sp® (6¢73.30) and two sp® (6¢115.36, 115.25) qua-
ternary carbons. The FTIR spectrum of 1 displayed absorption
bands at 3472 cm ™! (<OH), 890 cm™' (=CH,) and 1112/1076
cm”! (-C-0-C), which were corroborated by BC.NMR
resonances at 6c70.26, 70.27, 73.30, 29.53, 29.54 and 104.24.
The lack of carbonyl absorption bands in the FTIR and the
absence of signals above 6c150 in the '*C spectrum of 1
appropriately attributed that all the oxygen functionalities
within the system might be in the form of ether or hydroxyl
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Fig. 2 Prominent al 'H-'H COSY, sclected HMBC and a2 NOE
correlations of 1; bl 'H-'"H COSY, selected HMBC and b2 NOE
correlations of 2. The key 'H-"H COSY couplings were represented in
bold face bonds. The key HMBC couplings have been represented by
double barbed arrows. The NOESY relations were represented by
double-tailed arrows, wherein the green and blue coloured arrows
indicated the a- and f-protons, respectively

groups, which were also corroborated by an earlier report of
the literature (Bishara et al. 2006). The "*C/'"H-NMR experi-
ments indicated the presence of the vinylic group due to the
signals associated with 0c141.08/645.72 (m) along with
6c116.46/635.00, 4.99, which found resemblance with the
values of the exocyclic double bond of the novaxenicin fra-
mework (Bishara et al. 2006). The presence of each of the two
tri-substituted double bonds (6c115.36 and 115.25) and oxy-
methine (-O-CH<) groups (6c141.92, 144.10 and 6y6.37,
6.41), along with one each of dioxymethine (—O-CH-O-)
(0c104.24/6116.06) and tert-alcohol functionality (6¢73.30)
attributed the presence of the novaxenicin framework (Bishara
et al. 2006). Carbon signals at 6c144.10, 141.92, 104.24,
70.27, 70.26 and 73.30 supported the presence of oxygen
functionalities, and these might be due to the presence of
oxymethine (-O-CH =, -O—-CHK<) or hydroxyl groups in 1.
The interchangeable hydroxyl protons at 70.27 (643.67), 70.26
(043.69) and 73.30 were ceased to exist upon interchange of
D0, asserting the existence of hydroxyl groups in its vicinity.
The COSYs between the protons 6y6.06/2.17 in 1 along with
HMBC s at 0/6¢6.41/115.36; 1.87/115.36; 2.17/104.24; 6.06/
39.94 and 6.06/144.10 proposed a six-membered ring system
in 1 (Fig. 2), which was identified as a dihydro-2H-pyran ring
system. Similarly, COSYs between the protons at 6y1.87/2.03/
1.33 and 3.67/2.22/5.51 along with HMBCs 6y/6-1.87/48.95,
1.33/70.27, 3.67/41.42/125.48, 2.22/125.48, 5.69/70.26, 3.69/
125.48, 3.69/115.36 and 1.87/115.36 proposed a closed loop
of a nine-membered ring in 1 (Fig. 2). Thus, the positions of

carbons in dihydro-2H-pyran with cyclononane systems were
assigned from C-5 to C-5a continuously, on the basis of earlier
literature (Ioannou et al. 2009; Bishara et al. 2006). The signals
at C-12a (6c39.94) and C-5a (6c70.26) were identified as ring
junctions based on earlier reports (Bishara et al. 2006). The
COSYs of protons 6y46.06/2.17, including HMBCs at oy/
0c6.06/141.92, 6.06/115.25, 6.37/141.92 and 2.16/115.25
proposed a five-membered ring in 1 (Fig. 2), designated as
dihydrofuran. Deshielded signals at 6c104.24, 141.92 and
115.25 assigned the presence of oxymethine (—O-CH<, —-O-
CH=) and alkenic functionalities in 1 as the part of the
dihydrofuran skeleton. Thus, the positions of carbons in
dihydrofuran were disposed as C-3a, 12b, 1 and 2 based on
spectroscopic assignments and previous reports of literature
(Bishara et al. 2006). The carbons C-3a and C-12b were
common to both dihydro-2H-pyran and dihydrofuran systems.
Three cyclic systems, dihydrofuran, dihydro-2H-pyran and
cyclononane in the tricyclic system were designated as A, B
and C, respectively. Hence A-B—C tricyclic ring system was
found to possess three spin systems, designated as I-III (H-3a/
H-12b; H-12a/12/11, H-12/12'/12% H-10/9/8) (depicted as
bold in Fig. 2). The moiety I included a carbinolic proton
(644.96, 6c70.26) connected with two double-bond methines,
which was coupled with a relatively deshielded methylene at
0y2.22 and 1.97, which in turn were coupled with a sequence
of protons due to carbinolic (6y5.51, 6c125.48), methylene
(0xl.33, 1.53), allylic methine (6y2.03), one double-bond
methine (6y5.72) and double-bond methylene (635.00) groups.
A series of PJyc correlations by HMBC were found to
assemble the fragments, and to draw the planer structure of 1.

The COSYs between 6y6.06/2.17 (H-3a/H-12b) along
with HMBCs from 6y6.06 (H-3a) to 6c144.10 (C-5),
6c39.94 (C-12a), 6c115.25 (C-1) and §c141.92 (C-2) and
methine proton H-12b linked (642.17) to 6¢104.24 (C-3a)
and 5c48.95 (C-12) portrayed the spin systems of I and II.
The HMBCs from oxymethine protons of dihydrofuran H-2
(846.37) to C-5 (8c115.25) and C-1" (5:39.96) allocated the
occurrence of side chain 2-methylpropan-2-ol. The methy-
lene protons H-1' (842.16/1.91), methyl protons H-17
(641.29) and H-1° (6y41.29) were associated with
2-methylpropan-2-ol displaying correlations to C-1
(6c115.25), C-1* (6¢73.30), C-1° (8029.54) and C-1!
(6c39.96). With the aid of these HMBCs, the occurrence of
the A ring was assigned, and among them, carbons C-3a
and 12b were involved in cyclic system B. Two terminal
methyls at C-1? resonating at 6y1.29 (C-1%) and &41.29
(C-1%) were geminal and were assigned by HMBCs of
551.29/6¢29.53 (H-1%/C-1%) and 841.29/6:73.30 (H-1%/H-
1%) and between 8y1.29/5¢ 73.30 (H-13/C-12). This spectral
information was in good agreement with that of an earlier
report (Bishara et al. 2006). The presence of COSYs
between H-12a/H-12 (6y41.87/642.03), H-12/H-11 (642.03/
6u1.33), H-12/H-9 (542.03/642.22) and H-12'/H-12?
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(6u5.72/6145.00) depicted the presence of second spin II,
which displayed HMBCs between the spins II and III. The
connection of spin unit II and ring B was made by HMBCs
between H-12b (612.17)/C-6 (6c48.95) and H-12a (6y1.87)/
C-12 (6c48.95), which constituted the part of cyclononane
ring C. The correlation of exocyclic alkene to ring C was
attributed by HMBCs between 6y2.01/6c141.10 (H-12/C-
12Y), 845.72/6¢116.46 (H-12'/C-12%), 8,45.72/5:38.67 (H-
12'/C-11) and 642.03/6¢116.46 (H-12/C-12%). The COSYs
of 6y3.67/2.22 (H-10/H-9) and 0y42.22/5.51 (H-9/H-8)
suggested the third spin system III. The presence of olefinic
bond in the ring C was in accordance with the terminal
alkene in the previously reported xenia diterpenoids (Ioan-
nou et al. 2009). The connection of COSY spin system C
and ring B at C-12a and C-5a was allocated by strong
HMBCs between the dioxymethine proton at oy6.41/
0c115.36 (H-5/C-5a) and 6yx1.87/6¢115.36 (H-12a/C-5a).
These HMBCs designated the occurrence of ring B, among
which C-12a and C-5a were also involved in ring C.

The COSY spectrum exhibited the occurrence of three
spin systems and HMBCs linked to the three spin systems
together, allowing the assignment of the planar structure.
The investigations on relative stereochemistry of the xenicin
derivative were explained by NOESY experiments and
coupling constants. A trans arrangement for the H-12a, H-
S5a was assigned by comparison of coupling constants
recorded in previous reports (Bishara et al. 2006). The
proton at 6y6.06 (H-3a) displayed NOE with protons at H-
12b (642.17). Similarly, protons at H-12b (6y41.87), H-12a
(6y41.87) and H-12 (642.03) (Fig. 2) exhibited NOEs with
protons at H-12a (6y1.87), H-12 (642.03) and H-9 (642.22),
which were aligned in the #-plane of compound (1) (Tanaka
et al. 1994). The assigned stereochemistry of hydroxyl
group at C-10 and C-8 was in agreement with S-oriented
protons. The chiral centres, mainly those of H-3a, 12b, 12a,
10 and H-6 were attributed by NOEs between H-3a/12b
(0y6.06/642.17), H-12b/12a  (6y42.17/6y41.87), H-8/10
(6y5.51/6y 3.67) and H-8/6 (6y45.51/613.69). Contrary to
this p-orientation, the protons at H-8/10 (6yx5.51/6y43.67)
and H-8/6 (6y45.51/643.69) were located at the a-side of the
compound 1.

1,2,5,53,6,9,10,11,12,12a-Decahydro-11(11 2,
hydroxypropyl)-2-[(E)-2"-propenyl] cyclononald]-furo[2,3-b]
pyran-9,12-diol (2)

The chromatographic separation of the solvent extract of P.
tetrastromatica yielded 2 as a yellow oil. The molecular ion
peak of 2 was appeared at m/z 350, while the molecular
formula C,oH3005, implying six unsaturation degrees, was
associated with three olefinic bonds and three ring systems.
The *C-NMR of 2 along with DEPTss attributed the
occurrence of 20 signals of carbons, which included two
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methyls (6¢17.65, 23.97), five sp3 methylenes (5¢68.37,
39.54, 33.72, 37.74, 43.94), seven sp3 methines (6c41.36,
71.82, 38.69, 72.13, 36.15, 83.18, 67.75), four sp2 methines
(6c132.60, 132.05, 129.17, 130.77), along with two sp>
(6c163.12, 94.31) quaternary carbons. The interchangeable
hydroxyl protons at 6c71.82 (6y3.33), 6c72.13 (6g4.20) and
0c67.75 (6y4.07) disappeared upon D,O interchange, which
ascribed the presence of hydroxyl groups in its vicinity. The
HMBCs at 6y/6c3.67/163.12, 1.72/163.12, 1.72/36.15 and
3.67/36.15 proposed the six-membered ring in 2 (Fig. 3),
which was designated as dihydro-2H-pyran. The occurrence
of deshielded signals at 6-94.31, 163.12 and 68.37 sug-
gested the existence of alkenic functionalities and oxyge-
nated carbons in 2 as the part dihydro-2H-pyran in 2.
Similarly, COSYs between protons at oy1.72/3.33/1.22 and
5.62/2.01/1.85 along with HMBCs at 6u/6c1.72/33.72,
2.01/71.82, 1.29/71.82/72.13, 4.20/132.63, 5.67/132.05 and
2.01/132.05 assigned the nine-membered ring in 2 (Fig. 3).
The COSYs of protons 642.68/4.88, including HMBCs at
On/6c2.68/94.31/163.12 and 4.88/37.74, reckoned the five-
membered ring in 2 (Fig. 3). Deshielded signals at 6c163.12
and 94.31 attributed the alkenic and oxygenated carbons in
2 as the part of dihydrofuran (positions were assigned as C-
3, 4, 12 and 13). The COSYs between H-2/H-2" (5,;4.88/
5.69), H-2/H-1 (544.88/2.30) and HMBCs at H-2/C-2!
(0u4.88/ 06c129.17), H-2/C-1 (6y4.88/6c37.74) (Fig. 3)
depicted the presence of dioxymethine group in 2 (Bishara
et al. 2006). Particularly, compounds 1 and 2 exhibited
similarities in their structures excluding the substitutions at
C-2 and C-11. In 2, a carbon side chain with modifications
was attached to C-2. The location of double bond was also
shifted to C-3a/C-12b in 2, wherein the extra substitution of
propan-2-ol, and the arrangement of hydroxyls were dif-
ferent in 2 as compared to those found in 1, and that these
attributions were confirmed by three COSY spins (I-III)
and HMBCs. The COSY spectrum revealed the existence of
three spin units (I-III) that were connected together by
HMBGC s in the tricyclic system, affirming the planer struc-
ture of 2. The side chains prop-2-ene and propan-2-ol linked
to the tricyclic ring system were supported by the spin
systems I and IL The 'H and '*C-NMR experiments dis-
closed higher resemblance of 2 with 1, in that former owned
the similar tricyclic system, but varied in composition of the
side chain.

Relative stereochemistries of 2 were demonstrated with
NOESY interactions, wherein the correlations between
oy4.88/1.72 (H-2/12a), 6y1.72/3.33 (H-12a/5), 6y43.33/1.22
(H-1/11), 6y41.22/1.35 (H-11/11") and 6y41.22/4.07 (H-11/
11%) revealed the presence of these protons on the similar
face of the tricyclic system (arbitrarily assigned to ). NOEs
between 6y1.85/4.20 (H-5a/H-9), 642.01/4.20 (H-6/H-9)
and 6y3.67/4.20 (H-5/H-9) assigned the protons to be
oriented towards the a-plane of the tricyclic system.
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Fig. 3 Prominent al 'H-'H
COSY, selected HMBC and a2
NOE correlations of 3; b1 'H-'H
COSY, selected HMBC and b2
NOE correlations of 4; ¢1 'H-'H
¥ - COSY
COSY, selected HMBC and c2 -
NOE correlations of 5. The HMBC
notations were as indicated in
Fig. 2
NOESY
N\ B protons
¥\ o protons

NOESYs between H-2/H-12a, H-12a/H-12 and H-5a/H-9
established the frans orientation of the chiral carbons at C-
12a and C-5a (Fig. 3).

4-(4‘,42-Dihydroxypropyl)-4,4a,5,6,7,8,1 1,11a-octahydro-
8,11-dihydroxy-7-methyl-6-(6"-methyl-6-propenyl)-
cyclononalc]pyran-3-(1H)-one (3)

The chromatographic fraction of the crude extract of P.
tetrastromatica yielded 3 as pale yellowish oil. The mole-
cular ion peak of 3 was appeared at m/z 368, whereas the
molecular formula C,gH3,0¢, implying five unsaturation
degrees, was associated with three olefinic bonds and two
ring systems. The spectroscopic data of 3 displayed, in
conjunction with the similar substituted nine-membered
cyclic system of diterpenoids 1-2 along with the §-lactone
signals at 6¢65.75 (attributed to C-1), 6y3.95, 4.22;
6¢c172.35 (C-3), 6c48.80 (C-4); 6y 2.21, 5c37.55 (C-4a),
oyl1.62, and 6-42.93 (C-11a); 61.82 substituted with a 1,2-
dihydroxypropyl functionality at ¢ 48.80 (C-4). The COSY
spectrum revealed the existence of three spins (I-III) that
were connected together by HMBCs, affirming its planer
structure. An additional group of but-3-en-2-yl was
observed at 6c43.98 (C-6) associated with nine-membered
cyclic ring, and the attribution was substantiated by the *C
NMR bands at 5:43.98 (C-6), 6:39.55 (C-6"), 6:145.39 (C-
6%), 5c114.82 (C-6%) and 5018.34 (C-6'). These connec-
tions were supported by COSYs between oy1.01/1.15 (H-5/
H-6), 641.15/1.45 (H-6/H-7), 641.15/2.09 (H-6/H-6"),
552.09/5.72 (H-6'/H-6%) and 655.72/5.01 (H-6°/H-6%). The
HMBCs between 6y/6c1.15/31.47 (H-6/C-5), 6u/6c2.09/
43.98 (H-6'/C-6), 6/5¢2.09/145.39 (H-6'/C-6%), 5y5/51.22/
39.55 (H-6'/C-6") and 61/6:5.01/39.55 (H-6*/C-6") further
substantiated the attributions.

The carbon signals of 3 showed a carbonyl carbon at
5c172.35 (C-3) and four olefinic '*C signals (one methy-
lene, three methines), which reckoned for five degrees of
unsaturation. Three COSY spin systems (I-IIT) in 3 were
supported by HMBCs between the corresponding carbons
and protons. The spin unit I was demonstrated by COSYs
between 6y1.62/2.21 (H-4a/H-4), 6,2.21/4.03 (H-4/H-4"),
5u4.03/843.42 (H-4'/H-4%), which were connected to sec-
ond and third spin system (II and III) by carbons C-4a and
C-11a, respectively. The HMBCs at 6y/6c1.01/37.55 (H-5/
C-4a), 8/6c2.21/73.49 (H-4/C-41), 54/504.03/48.80 (H-4'/
C-4), 5u/6c4.03/69.36 (H-4'/C-4%) and 5y/6c1.21/69.36 (H-
43/C-4) connected the different moieties in the spin system
I. The HMBCs between 6y/6c2.21/37.55 (H-4/C-4a) and
8ul6c4.03/172.35 (H-4'/C-3) connected the spin system to
d-lactone and nine-membered cyclic ring. Similarly COSY
spin systems II, III and IV were established between the
protons 8y1.01/1.15 (H-5/H-6), 6y41.15/2.09 (H-6/H-6");
oyl.45/4.11 (H-7/H-8), 6y4.11/5.91 (H-8/H-9), 645.01/1.22
(H-6’/H-6"); 645.92/4.10 (H-10/H-11), 844.10/1.82 (H-11/
H-11a), which were connected each other by HMBCs
between Oy/d0c4.11/43.98 (H-8/C-6), Ou/oc4.10/37.55 (H-
11/C-4a), 6uldc1.62/42.93 (H-4a/C-11a), Ox/6c5.91/75.16
(H-9/C-8), 6u/6c5.92/137.49 (H-10/C-9) and 6y/6c4.10/
137.38 (H-11/C-10). Relative stereochemistries of 3 were
determined by NOESY experimental data, whereas the
protons at 8y 3.42 (H-4%), 634.03 (H-12), 64,2.21 (H-4) and
oyl.62 (H-4a) showed strong NOE:s, such as H—42/H—41, H-
41/H—4, H-4/H-4a and H-4a/H-6", respectively. These were
aligned towards the f-face of the reference plane of 3. On
the other hand, NOEs demonstrated the spatial proximity of
the H-11a (6y1.82) with the H-11 (6g4.10); H-11 (644.10)
with H-7 (6y41.45), and H-8 (6x4.11) with H-7 (6yx1.45).
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These were aligned in the opposite plane of f-face of the
reference plane of 3 (as a-protons).

4,4a,5,6,7,8,11,11a-Octahydro-7-hydroxy-6-(6>-hydroxy-6°-
butenyl)-4-(4'-hydroxypropyl)-11-methoxy-8-methyl-
cyclononalc]pyran-3-(1H)-one (4)

Compound 4 was obtained as yellowish oil, whereas the
molecular ion peak of 4 was appeared at m/z 382, and
the molecular formula was determined as C,;H34,04. The
spectroscopic characteristics of 4 were comparable to those
of 3 with resonances exhibited by nine-membered cyclic
ring bearing methoxy group at 6-82.04 (C-11) and sub-
stituted 2-hydroxybut-3-en-1-yl side chain at 5-40.16 (C-6).
The '*C-NMR and DEPT3s spectra displayed the occur-
rence of 21 signals of carbons incorporating twelve methine
carbons (consisting of three olefinic methine carbons), five
methylene carbons (including one olefinic methylene car-
bon signals and oxymethylene), three methyl carbons
(including one methoxy carbon signal), suggesting five
degrees of unsaturation, which proposed that 4 was a
hydroxyl-substituted xeniolide diterpene. The proton NMR
spectrum designated the existence of oxymethylene protons
at oy4.22, 3.96 and methoxy protons at 3.30 (H-lll, 3H, ),
which were attributed to the §065.02 (C-1) and 6c57.17 (C-
11") (Table 2) of the xenicane diterpenoid skeleton (Bishara
et al. 2006).

The hydroxyl groups at C-7, C-4! and C-6 were fixed by
BC.NMR signals at 6c77.02, 69.92, and 70.73, respec-
tively. The location of hydroxyl group at the bicyclic sys-
tem was designated by HMBCs between 653.35/6¢16.18
(H-7/C-8"), 6143.35/ 6c40.16 (H-7/C-6), 652.20/677.02 (H-
8/C-7), and also by COSYs between oy1.21/3.35 (H-6/H-7).
The methyl group at C-8, methoxy moiety at C-11 and
alkenic bond at C-9 were associated with the fourth spin
system between the protons 6y5.69/3.80 (H-10/H-11) and
0y3.80/2.04 (H-11/H-11a), which were coupled with
HMBCs between 6y15.69/6¢ 136.25 (H-10/C-9), 643.80/
6c134.67 (H-11/C-10), 613.80/6c40.45 (H-11/C-11a),
612.04/6c36.10 (H-11a/C-4a), 643.96/6c40.45 (H-1/C-11a)
and 6yx3.80/6¢134.67 (H-11/C-10). In the spin system I
(side chain 1-hydroxypropyl), the protons and carbons were
connected by HMBCs, 642.21/6:73.49 (H—4/C—41), ou4.05/
5c172.69 (H-4'/C-3), 544.05/6c9.10 (H-4'/C-4%), 8,41.47/
5069.92 (H-4%/C-4"), 641.47/6:9.10 (H-4*/C-4°) along with
COSYs 6,52.21/4.05 (H-4/H-4"), §44.05/1.47 (H-4'/H-4%),
5141.47/0.99 (H-4*/H-4° that attributed that the spin unit I
was linked to §-lactone as well as fourth (IV) and second
(II) spin system via HMBCs between 6y2.21/6¢36.10 (H-4/
C-4a) and 06y2.04/6c 36.10 (H-11a/C-4a), respectively.
Similarly, the second spin system (II) was explained by
COSYs between 6y1.62/1.26 (H-4a/H-5). Relative stereo-
chemistries of 4 were resolved by NOEs, wherein proton
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signal showed NOEs, such as 6y4.05/2.21 (H-4'/H-4),
0ul.62/2.21 (H-4/H-4a), 6yxl1.62/1.21 (H-4a/H-6), and
5y1.21/4.20 (H-6/H-6%). These protons were arbitrarily
assigned to align in the p-face of the diterpene tricyclic
system. On the other hand, NOEs showed spatial proximity
between protons 6y2.04/3.80 (H-11a/H-11) and 653.80/5.69
(H-11/H-10), which were attributed to be a-oriented.

4,4a,5,6,7,8,11,11a-Octahydro-1,7-dihyd roxy-4-(4‘-hydroxy-
4?-methylpropyl)-6-(6'-hydroxy-62-propenyl)-10-methyl-
cyclononalc]pyran-3(1H)-one (5)

The xeniolide § was isolated as yellow oil, and the mole-
cular ion peak was appeared at m/z 368, whereas the
molecular formula CyyHj3,0¢, implying five unsaturation
degrees, was associated with three olefinic bonds and two
ring systems. The compound 5 possessed substitutions on
identical carbons (C-4 and C-6) of nine-membered ring, but
differed in the substituted side chain patterns and occur-
rence of methyl moieties. The spectroscopic data of § were
comparable with those obtained for 4 and 5. The notable
differences in the '*C-NMR data of 5 from those of 4 and 5
were the substitutions at the C-1, C-4, C-6, C-7 and C-10,
and corresponding variations were recorded in the "H NMR
spectrum.

The compound 5 possessed an ester at 5c171.63 (C-3),
methyl groups at 8c18.60 (C-4%), 6:18.61 (C-4%) and
5c17.73 (C-10"), four methylene groups at ¢ 36.76 (C-11),
5c66.82 (C-8), and 6c115.03 (C-6°) (including olefinic
methylene), ten methines at §:96.10 (C-1), 6c52.52 (C-4),
0c40.28 (C-4a), 6c40.73 (C-6), 6¢39.10 (C-7), 6c130.64 (C-
9), 5c41.57 (C-1la), 6c71.09 (C-4Y), 5c18.60 (C-4%),
5c73.68 (C-6') and 6:140.97 (C-6%) (including one oxy-
methine and three olefinic methines). The three COSY spin
systems (I, IT and III) included 1-hydroxy-2-methylpropyl,
1-hydroxyallyl, and bicyclic ring systems, respectively. The
COSY spin system I represented correlations between the
protons 8,;2.07/1.05 (H-4*/H-4), 642.07/1.05 (H-4*/H-4%),
which were connected to d-lactone, nine-membered ring
and two other COSY spin systems (II and III) via two
methine carbons {5c52.52 (C-4), 6c40.28 (C-4a)}, and one
quaternary carbon at 6¢71.09 (C-4"). The HMBCs between
5yl1.05/6¢ 18.61 (H-4%/C-4%) and 611.05/5-18.60 (H-4%/C-
4% supported COSY spin I, which was linked to 5-lactone
by HMBC between 6y41.05/6:71.09 (H-4% /C-4"), 541.05/
5c71.09 (H-4%/C-4"), 642.22/6c171.63 (H-4/C-3) and
0y2.22/6¢71.09 (H-4/C-12). The HMBC at H-6/C-7 con-
nected COSY spin system I to nine-membered cyclic sys-
tem, and the spin system included the cross-peaks at 6y1.01/
1.35 (H-5/H-6), 641.35/1.53 (H-6/H-7), 6yx1.35/4.10 (H-6/
H-6') and 644.10/5.63 (H-6'/H-6%). Similarly, COSY spin
system III was accompanied by protons oy1.76/1.84 (H-11/
H-11a), 641.84/1.62 (H-11a/H-4a), 6y1.84/6.26 (H-11a/H-
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1), wherein the methyl group substituted at C-10 (6¢132.37)
was correlated to the bicyclic ring system of xeniolide 5 by
HMBCs at 6y41.73/6c130.64 (H-10'/C-9) and 641.73/
5c132.37 (H-10'/C-10). The NOE data established that the
protons at H-42, H-4', H-4, H-4a and H-6 exhibited spatial
correlations, such as H-4*/H-4', H-4'/H-4, H-4/H-4a, H-4a/
H-6 and H-6/H—61, and thus, oriented in the similar refer-
ence plane of the molecule. These were arbitrarily attributed
as f-aligned. Consequently, the protons at H-11a, H-11, H-8
and H-7 were aligned towards the a-face of the molecule.
The protons at chiral centres C-4!, C-4, C-4a, C-6 and C-6'
were arranged in the f-face of the molecule, whereas those
at chiral centres C-11a and C-7 were arranged towards the
a-face.

Bioactive potentials of diterpenes 1-5 isolated from
P. tetrastromatica

The organic extract of P. fetrastromatica derived five
diterpene derivatives, which displayed potential anti-
inflammatory and antioxidative activities in various
in vitro systems (Table 3). Significant differences (P < 0.05)
in radical scavenging properties were recorded amongst the
xenicin (1-2) and a-tocopherol against ABTS™ (ICs,~
1.91 mM; P <0.05) and DPPH (ICs5y ~ 1.64 mM) radicals.
Significantly higher DPPH scavenging activity was
observed for xeniolide 5 (ICs, 1.73 mM) followed by 4 and
xenicins (2, 3) (IC5p~1.92mM, P <0.05), in declining
order. In addition, the ABTS™ scavenging efficacy was
significantly higher for 5§ and 4 (ICs5y ~2.03 mM) as related
to those revealed by the diterpene metabolites 1 through 3
(~2.30 mM, P < 0.05). Anti-inflammatory activities against
5-LOX and COX-2 were significantly higher for § (ICs
1.88 and 1.41 mM, respectively) as compared to other
homologues in this series (IC5y<2.26 mM; P < 0.05). The
compound 5 registered greater anti-5-LOX potential (ICs
1.88 mM) than that exhibited by ibuprofen (IC5y 4.50 mM;
P < 0.05). The greater selectivity indices of studied diter-
penes (ICspanti-COX-1/IC5panti-COX-2>1) as compared to
that displayed by ibuprofen (0.43) inferred higher anti-
inflammatory selectivity against COX-2. Previous reports of
literature inferred that oxidative stress directed the genera-
tion of free radicals, which in turn, caused inflammation and
related pathophysiological conditions (D’Orazio et al. 2012;
Joy and Chakraborty 2017a). Thus, it is fitting to state that
the higher antioxidative potentials of the studied com-
pounds could be correlated to their anti-inflammation
properties. Inflammation reactions were found to be con-
comitant with the formation of inflammatory prostaglandins
or leukotrienes by enzymes, such as cyclooxygenases and
lipoxygenase. The studied compounds from P. tetra-
stromatica were found to reduce the formation of

inflammatory prostaglandins because of their potential
inhibition of pro-inflammatory agents.

The physicochemical parameters of the studied xenicins
(1-2) and xeniolides (3-5) corroborated the structural
attributions that were accountable for targeted bioactive
potentials (Joy and Chakraborty 2017b). The bioactivities
were essentially associated with electronic {polarizability
(P) and topological polar surface area (tPSA)} and lipo-
philic parameters (log P,y logarithmic value of octanol-
water coefficient), and not by the steric factors. It is of note
that the steric factor of 4 and 5 (P> 820 cm®) were greater
than xenicane class of diterpenoids (1-2, P <780 cm3)
evidently due to the occurrence of the bulk bicyclic skeleton
of the xeniolides (3-5). However, the electronic parameters
were found to play illustrious role to govern the bioactive
potentials (Wang et al. 2007; Chakraborty and Raola 2018).
The total numbers of electron-localized centres were lesser
in 1 and 2 as designated by the assessment of electronic
descriptors, thus resulting in their lower polarizability, than
those documented with the xeniolides (3—5) (Table 3). The
log P, of 5§ was found to be within the desirable range
(~1.95), which might cause a suitable lipophilic—hydro-
phobic relation (Lipinski 2004) and receptor binding
(Huuskonen et al. 2000; McNally et al. 2007) leading to
higher target bioactivities than other studied compounds.

In silico molecular docking studies of the xenicane
derivatives

The studied compounds were subjected to in silico mole-
cular docking analysis against pro-inflammatory 5-lipox-
ygenase (LOX-5), and the results were evaluated by their
RMSD data. The molecular docking parameters, such as
binding energy, docking score, inhibition constant, hydro-
gen bonding interactions, intermolecular energy and tor-
sional free energy between the ligands and the active sites
of 5-lipoxygenase were documented in Table 4. The grid
box of potential binding site was assigned as x =40.120, y
=39.326, 7=41.254. Among the studied compounds,
xenicanes 1 and 2, on molecular docking analysis with 5-
lipoxygenase, exhibited one hydrogen bond interaction with
amino residues Arg411 and Arg438 in the enzyme active
site with molecular distances of 3.011 and 2.740 A,
respectively (Fig. 4). Among the xeniolide analogues,
compound 5 showed three hydrogen bonded interactions
with amino acid residues, one hydrogen bonded with
Lys441 (2.799 A), and two with GIn434 (2.860 and 2.886
A). The compound 5 exhibited greater number of hydrogen
bond interactions with amino acyl residues than those
recorded by 3 (2.742 A with GIn437) and 4 (2.935 A with
Asp290) (Fig. 5). The lesser distance of 2.740 A in ligand-
protien complex of compound 2 established its closer
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Table 4 The in silico molecular

- *Ligands  °Binding ®Docking ®Inhibition “Hydrogen ®Intermolecular "Torsional free
docking parameters between the energy (kcal  score (kcal constant Ki bonding energy (kcal mol™") energy (keal
ligands (compounds 1-5) and mol ™) mol ™) (M) interactions mol )
the active sites of 5-
lipoxygenase 1 —6.85 7.15 9.53 Arg4ll —7.45 0.60

2 —7.39 8.44 3.83 Arg438 —8.58 1.19
3 —11.48 11.72 0.003 GlIn437 —11.78 0.30
4 —8.66 9.43 0.449 Asp290 —-9.71 1.19
5 —11.56 11.40 0.033 Lys441, Gln437 —11.56 0.00

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

"Values were evaluated from the calculations based on the energy minimization

“Hydrogen bonding interactions of ligands 1-5 with protein 5-lipoxygenase

Fig. 4 Closer view of molecular
binding interactions of the
xenicane derivatives 1 (a) and 2
(b) in the catalytic site of protein
LOX-5 as deduced from its
molecular modelling
simulations. The xenicanes 1
and 2 exhibited one hydrogen
bond interaction with amino
residues Arg411 and Arg438 in
the enzyme active site with
molecular distances of 3.011 and
2740 A, respectively

binding interaction towards protein than those displayed by
xenicane 1 (3.011 A). These results were supported by the
higher in vitro anti-inflammatory activity of 2 over 1 against
5-LOX. The comparison of molecular docking parameters
appropriately suggested that compound 5 exhibited close
molecular interactions towards enzyme LOX-5 with least
binding energy (—11.56kcalmol™") and docking score
(11.40 kcal mol’l), which were corroborated with their
greater potential of enzyme inhibition against LOX-5 (ICs
1.88 mM) (Table 4) than those exhibited by 1-4.

Conclusions

Five previously unreported xenicanes were isolated from
the ethyl acetate/methanol extract of P. tetrastromatica by
extensive chromatographic fractionation, and were char-
acterized by detailed spectroscopic experiments. The
xeniolide derivative octahydro-1,7-dihydroxy-4-(4'-
hydroxy-4>-methylpropyl)-6-(6'-hydroxy-6>-propenyl)-10-

i 4
HWLOH ||
NH; / PHE 151.A

Arg411

methyl-cyclonona[c]pyran-3(1H)-one (5) showed potential
antioxidant and anti-inflammatory activities, with greater
selectivity index pro-inflammatory cyclooxygenase-2 than
other studied xenicane derivatives and ibuprofen. Molecular
docking analysis inferred that the xeniolide derivative 5
exhibited efficient interactions with 5-lipoxygenase, which
validated its greater inhibitory potential against the pro-
inflammatory enzyme. In particular, the xeniolide-type
diterpenoids with octahydrocyclonona[c]pyran-3(1H)-one
backbone could be potential functional food components for
use against inflammatory diseases. The biologically active
xeniolides isolated from brown seaweed P. fetrastromatica
might constitute a promising potential natural alternative to
the commercially available synthetic antioxidants and anti-
inflammatory agents.
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