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ARTICLE INFO ABSTRACT

Keywords: In our ongoing effort to investigate active specialised metabolites from genus Glandularia, phytochemical studies
Glandularia x hybrida on the ethanolic extract of Glandularia x hybrida (Groenl. & Riimpler) G.L. Nesom & Pruski leaves resulted in the
Verbenaceae isolation of three undescribed compounds, a dibenzylbutyrolactolic lignan and two echinocystic acid based
Triterpenoidal saponins . . L L. . . . .

Lignans triterpenoid saponins, in addition to two known compounds. Interestingly, this study reports isolation of chemo-

systematically valuable specialised metabolites for the first time from the genus under investigation. Addition-
ally, the isolated metabolites were evaluated for their iNOS inhibition and cytotoxic activities using a combi-
nation of in silico and in vitro studies. The pharmacokinetics properties (ADMET) of some of the isolated
compounds were determined using pkCSM-pharmacokinetics server. Molecular docking analysis showed that
saponin compound possesses higher negative score (—9.59 kcal/mol) than the lignan compound (—6.56 kcal/
mol). The isolated compounds also showed iNOS inhibition activity with ICsg values ranging between 6.6 and
49.7 pM and significant cytotoxic activity against a series of cell lines including SK-MEL, KB, BT-549, SK-OV-3,
LLC-PK1 and VERO cells. Hence, this study reveals that specialised metabolites from G. hybrida plant are of
significant anti-inflammatory and cytotoxicity potentials.

X-ray crystallography
iNOS inhibition
Molecular docking

1. Introduction

Glandularia J. F. Gmel. (Verbenaceae) is a genus of about 84 species,
mainly distributed in the temperate areas of North and South America
(O’Leary and Thode, 2016). It is one of the genera which is phyloge-
netically linked to the genus Verbena. It is considered as a sister genus in
the Verbena complex that comprises three genera i.e. Verbena, Glandu-
laria and Junellia (Yuan and Olmstead, 2008). Recent phytochemical
studies on the genus Glandularia have reported the identification of sa-
ponins, iridoids and flavonoids (Vestena et al., 2019; Mohamed et al.,
2020; Ahmed et al., 2021). Unlike Verbena, no extensive investigation
has been conducted on the phytoconstituents of Glandularia. Glandularia
x hybrida (Groenl. & Riimpler) G. L. Nesom & Pruski was known as
Verbena x hybrida (Pruski and Nesom, 1992). It is an annual,

floricultural, very charming ornamental plant, and commonly named as
Garden Verbena (Mabberley, 2017). Our previous phytochemical and
biological studies on G. hybrida roots revealed the presence of ursane
and  oleanane-type  triterpenoid  saponins  with  notable
anti-inflammatory activity (Mohamed et al., 2020). Thus, we become
more interested in these scaffolds and this provoked us to profile the
characteristic specialised metabolites of the leaves of G. hybrida. Inter-
estingly, this study reports chemo-systematically significant isolation
and identification of three undescribed compounds (1-3) i.e. a diben-
zylbutyrolactolic lignan and two echinocystic acid based triterpenoid
saponins, from the ethanolic extract of G. hybrida leaves for the first time
from this genus. The compounds were evaluated for their in vitro cyto-
toxic activity against human cancer cell lines including SK-MEL, KB,
BT-549, SK-OV-3 and LLC-PK1 cells. The anti-inflammatory activity of
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the isolated compounds was also determined through cellular assay Table 2
targeting the inhibition potential of the compounds against iNOS in- 'H and '3C-NMR data of compounds 2 and 3 (5 in ppm, J values in Hz)
flammatory mediator. Inhibitory activity of isolated compounds against Position Compounds
iNOS was evaluated using both in silico and in vitro studies. o -
2. Results and discussion il b¢ O d¢
1 1.50 (m) 39.4 1.49 (m) 38.3
The defatted fraction obtained from the ethanolic extract of 0.95 (m) 0.88 (m)
G. hybrida leaves was subjected to a series of chromatographic tech- 2 f'zg Ezg 272 1'?3 EB 57
niques to afford five compounds (1-5), from which three compounds 3 3.41 (;id, 9.6,3.2) 89.4 '3.012 88.7
(1-3) are previously undescribed. They were identified as dibenzylbu- 4 - 40.0 - 38.7
tyrolactolic lignan (1) and echinocystic acid based triterpenoidal sapo- 5 0.82 (m) 56.4 0.65 (m) 55.6
nins (2 and 3), with their structures elucidated on the basis of 1D, 2D- 6 122 Em; 19.1 1"2“2‘ Em; 17.7
1 13 . .37 (m -22 (m
NMR and HRESIMS. The "H and. C—NMR data are sh.own in Table:s 1 - 1.65 (m) 34.0 1.36 (m) 39.6
and 2, and the spectra are given in the Supporting Information 1.46 (m) 1.26 (m)
(Figures S1-—-S24). 8 - 40.5 - 39.8
9 1.78 (m) 47.6 1.50 (t, 9.6) 46.5
S . 10 - 37.5 - 36.4
2.1. Structural elucidation of isolated compounds 1 1.96 (m) 244 1.79 (m) 228
12 5.65 (br s) 123.5 5.22 (brs) 122.0
Compound 1 was obtained as a colourless residue, its molecular 13 - 144.9 - 143.8
formula was deduced as CooH2007 on the basis of molecular ion peaks 14 - 42.6 - 41.2
[M-H]" at m/z 371.1176 (caled. for CaoHy007, 371.1131), and [M + 15 22 g 36.6 hped 347
HCOO] at m/z 417.1219 (calcdl. for C31H3109 417.1191) in negative 16 5.31 (brs) 745 4.38 (brs) 795
mode HRESIMS (Fig. S8). The "H-NMR spectrum (Fig. S1) (Table 1) 17 _ 50.1 _ 48.3
showed two singlets at 55 5.94 and 5.95 (s, C-10 & 10') characteristic for 18 3.61 (brd, 13.8) 41.8 2.90" 40.1
two aromatic methylenedioxy groups. A group of signals, six protons 19 1.39 (m) 47.7 0.95 (m) 46.3
. . . 2.81 (m) 2.20 (t, 12.4)
appeared between &y 6.55 and 6.80, attributable to six aromatic protons 20 B 31s ” 30.2
characteristic for two moieties of 1,3,4-tri-substituted aromatic rings. In 21 2.44 (m) 36.5 1.88 (m) 35.0
addition, 'H-NMR spectrum (Table 1) displayed signals for a methine 1.32 (m) 1.04 (m)
group at 5y 2.39 (m, H-8'), an oxygenated methine at 5y 4.72 (d, J = 4.0 22 2.35 (m) 327 1.77 (m) 311
Hz, H-9), an oxygenated methylene at &y 3.53 (t, J = 6.4 Hz, H-9a') and 2.22 (m) 1.59 (m)
, : 23 1.31 (s) 28.8 0.93 (s) 27.8
Sy 3.70 (t, J = 6.4 Hz, H-9b'), two benzylic protons at 5y 2.69 (d, J = 24 1.01 (s) 17.6 071 () 16.6
10.8 Hz, H-7a) and 6y 2.79 (d, J = 10.8 Hz, H-7b), as well as another two 25 0.88 (5) 16.3 0.83 (s) 15.7
benzylic protons appear at 5y 2.37 (m, H-7"). The 3C-NMR spectrum 26 1.12 () 18.1 0.61 (s) 17.1
(Fig. S2 and S3) (Table 1), in combination with the HMQC spectrum z; 1.83(s) 1277685 1.27(s) 12765~82
(Fig. S4)', shovs'/ed s‘1gnals for twenty carbon at‘oms, Fwelve aromatic 29 1.04 ) 138 0.81 ) 339
carbons including six quaternary carbons and six tertiary carbons (¢ 30 1.18 (s) 25.3 0.88 (s) 24.6
107.5-147.2), an oxygenated methylene carbon (5¢ 71.1), two di- 3-0--p-Glu
oxygenated methylene carbons (¢ 100.4 & 100.6), a di-oxygenated 1 4.95 (d, 8.0) 107.4 4.23 (d, 7.6) 104.4
methine carbon (¢ 102.8), an oxygenated quaternary carbon (5¢ 2 4.07 (m) 76.3 3.14 (m) 78.2
3 4.27 (m) 79.2 3.25 (m) 77.4
4 4.15 (m) 71.7 3.03 (m) 70.9
Table 1 5 4.02 (m) 78.7 3.78" 77.1
1H and '*C-NMR data of compound 1 (400,100 MHz, § in ppm, J values in Hz) in 6 4.43 (m) 62.8 3.70° 61.1
DMSO-d5 4.58 (m) 3.39%
p-p-Apiose (at C-2 Glu)
Position 3¢ Ou 1 5.28 (d, 2.4) 109.4
1 132.0 ~ 2 3.80 (d, 2.4) 76.8
2 110.9 6.91 (brs) 3 - 79.3
3 147.2 - 4 3.86 (d, 7.6) 73.9
4 145.2° - 3.52
5 107.5 6.78° 5 3.33 (m) 64.1
6 123.5 6.80° 28-0-a-L-Ara (ester)
- 29.9 2,69 (d, 10.8) 1 6.56 (br s) 93.7 5.52 (brs) 91.9
’ 279 C a4 10'8) 2 4.55 (m) 76.3 3.56 (m) 76.3
s 811 R 3 4.61 (m) 69.9 3.64" 70.2
9 102.8 472(d, 4.0) 4 4.47 (m) 66.1 3.63" 64.3
1 134.9 - 5 3.97 (m) 63.5 3.61 (m) 61.4
Py 108.8 6.73 (d, 1.6) 4.58 (m) 3.39 (m)
3 146.5 _ a-L-Rham-I (at C-2 Ara)
& 145.5 B 1 5.66 (br s) 101.9 4.76 (brs) 99.3
5 108.1 6.79° 2 4.72 (m) 72.3 3.67° 70.5
6 1211 6.60 (dd, 8.0, 1.6) 3 4.56 (m) 81.6 3.65" 79.1
o 31.9 .37 (m)’ 4 4.54 (m) 77.9 3.52 (m) 76.8
g 459 2.39 (m) 5 4.39 (m) 69.5 3.48° 67.7
o 711 3.53 @, 6.4) 6 1.73 (d, 6.4) 19.2 1.09 (d, 6.0) 18.1
' 3'70 (t’ 6. 4 o-L-Rham-II (at C-3 Rha-I)
10 100.4° ‘5.0 4’(5)' 1 5.85 (br s) 105.0 4.81 (brs) 102.7
10 100.6° 5.95 © 2 5.07 (brs) 72.8 3.77° 70.5
. - 3 4.59 (m) 73.3 3.50 (m) 70.2
@ Unclear signal pattern due to overlapping. (continued on next page)

b Values are interchangeable.
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Table 2 (continued)

Position Compounds
9b 3¢
on oc on o¢
4 4.28 (m) 74.6 3.17 (m) 72.8
5 4.60 (m) 70.7 3.63 (m) 68.8
6 1.55 (d, 6.4) 19.1 1.08 (d, 6.0) 18.2
p-b-Xyl (at C-4 Rha-I)
1 5.18 (d, 7.6) 105.9 4.32(d, 7.8) 103.8
2 3.95 (m) 75.7 2.88 (m) 74.1
3 4.11 (m) 78.6 3.13 (m) 76.8
4 4.14 (m) 71.6 3.23 (m) 70.2
5 3.37° 67.6 3.68" 66.0
4.15 (m) 2.94 (m)

# Unclear signal pattern due to overlapping.
> Compound 2 data reported in pyridine-ds (400/100 MHz).
¢ Compound 3 data reported in DMSO-dg (600/150 MHz).

81.8), three upfield carbons including two methylene carbons (¢ 31.9 &
39.9) and one methine carbon (5¢ 45.9). The provided data was found to
be closely related to the reported data of the bioactive naturally
occurring lignan cubebin (1a) (Vidigal et al., 1995; Macedo et al., 2020),
except for the presence of an additional hydroxyl group. The placement

OH OH
Rha-I1

Phytochemistry 195 (2022) 113054

of this additional hydroxyl group was determined on the basis of 'H-'H
COSY and HMBC experiments. In HMBC spectrum (Fig. S5) (Fig. 2),
obvious correlations was found between CH,-7 at 6y 2.69 and &y 2.79
with C-1 (6¢ 132.0), C-2 (6¢ 110.9), C-6 (5¢ 123.5), C-8 (5¢ 81.8), C-9 (6¢
102.8), between H-8' at 5y 2.39 with C-1’ (5¢ 134.9), C-7' (6¢ 31.9) and
C-9' (6¢ 71.1), and between methylenic protons CHp-9’ at 5y 3.53 and 6
3.70 with C-7’ (6¢ 31.9), C-8 (¢ 81.8), and C-8' (¢ 45.9). Furthermore,
the '"H-'H Ccosy spectrum (Fig. S6) (Fig. 2) showed correlations be-
tween H-7' (6y 2.37), H-8' (6 2.39) and H-9' (6 3.53 & 3.70). All the
provided correlations recommend the placement of the hydroxyl group
at position C-8.

X-ray crystallographic analysis was used to determine unequivocally
the configuration of the hydroxyl group on C-8 and confirm the
configuration of the asymmetric centres of 1. A single crystal suitable for
X-ray analysis was obtained by recrystallization of 1 from methanol
solution. The crystallographic data confirmed the structure and revealed
that the additional hydroxyl group attached to C-8, together with all
asymmetric centres are of the S configuration (Fig. 3). The absolute
configuration was determined from the Flack parameter (Parsons et al.,
2013) x = 0.14(18) based on 1017 quotients and from the Hooft
parameter (Hooft et al., 2008) y = 0.07(15) based on 1406 Bijvoet pairs
(99% coverage), corresponding to a probability of 1.000 that the

Fig. 1. List of isolated compounds (1-5).
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H-'H Ccosy
— » HMBC

Fig. 2. Key 'H-'H COSY and HMBC correlations in compound 1.

configuration is correct. Furthermore, the absence of cross peak corre-
lation between H-9 and H-8' in NOESY spectrum (Fig. S7) confirms the
difference in their spatial orientation. Accordingly, 1 was determined as
8a-hydroxy cubebin and trivially named as Glandularin.

Compound 2, a buff amorphous solid with the molecular formula
CsgHo4025, gave a quasi-molecular ion peak at m/z 1189.5988 [M-H]
(caled. for CsgHg3O2s, 1189.6006) in its negative mode HRESIMS
spectrum, and a sodiated molecular ion peak at m/z 1213.6094
[M+Na]t (caled. for CsgHosO25Na, 1213.5982) in its positive mode
HRESIMS (Fig. S15 and S16). The IR spectrum of compound 2 showed
characteristic bands of hydroxyl, ester, and glycosidic C-O at 3409,
2953, 1705, and 1055 cm ™%, respectively. The 'H and '*C-NMR spectra
displayed signals characteristic for oleanane saponins derivative. The
TH-NMR spectrum (Fig. S9) (Table 2) displayed seven singlet methyl
peaks at 55 0.88,1.01, 1.04, 1.12, 1.18, 1.31, 1.83 (each 3H, s), an axial
proton attached to a hydroxylated carbon C-3 at 5y 3.41 (dd, J = 9.6, 3.2
Hz), a methine proton attached to C-16 at 5y 5.31 (br s) and an olefinic
proton (H-12) at 6y 5.65 (br s) indicated that it could be a Al216-
hydroxyoleanene derivative. The combined spectral data of the agly-
cone part of 2 were in agreement with reported data of echinocystic acid
(Figs. 1 and 4A) (Nagao et al., 1989; Jager et al., 2017). The 13C.NMR
(Fig. S10) (Table 2) chemical shifts revealed the downfield shifting of
C-3 and upfield shifting of C-28 suggesting the presence of two points of
glycosidation, one at C-3 (6¢ 89.4) through an ether bridge, and the
other esterifying the acid at carbonyl carbon C-28 (5¢ 176.5) of the
aglycone. The length of the glycosidic ether-linked chain at position 3 of
the aglycone was reduced to a single unit. It was identified as a
p-p-glucose with its doublet anomeric proton at 6y 4.95 (d, J = 8.0 Hz),
which is correlated to its anomeric carbon (§¢ 107.4) in the HSQC
experiment (Fig. S11). Proposition of the usual f-anomeric configura-
tion for this sugar was based on the observation of the anomeric proton’s
large coupling constant value (J = 8.0 Hz). The attachment of the
p-p-glucose moiety to C-3 was confirmed by the presence of correlations
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between the anomeric proton (5y 4.95) with C-3 of the aglycone (5¢
89.4), and vice versa between H-3 (6g 3.41) and the anomeric carbon (5¢
107.4) in HMBC spectrum (Fig. S12) (Fig. 4B). Further investigation of
NMR experiments allowed the detection of proton and carbon reso-
nances of a tetrasaccharide chain composed of the most inner sugar
arabinose, xylose, and two rhamnose moieties attached to C-28 (5¢
176.5). The four anomeric protons for this chain were displayed at 6y
5.18 (d, J = 7.6 Hz), 5.66 (br s), 5.86 (br s), and 6.56 (br s), bounded to
carbons at §¢ 105.9, 101.9, 105.0, and 93.7, respectively, in the HSQC
spectrum (Fig. S11). Among the four sugars (arabinose, rhamnose, and
xylose), the 'H-NMR data revealed that only xylose showed g-anomeric
configuration, which was characterized by large trans-diaxial coupling
constant value of its anomeric proton (J = 7.6 Hz), and the other two
(arabinose and rhamnose) possess an a-configuration based on the scale
of coupling constant values (all broad singlets) (Ishii et al., 1981; Lee
et al., 2002; Jeger et al., 2017). The construction of the tetrasaccharide
chain was completed using the cross peak correlations shown in 'H-'H
COSY, TOCSY and HMBC spectra (Fig. S12, S13 and S14) (Fig. 4B). In
the HMBC spectrum (Fig. S12) (Fig. 4B), H-1 of Xyl (6g 5.18) was
long-range coupled with C-4 (5¢ 77.9) of Rha-I, H-1 (6g 5.85) of Rha-II
showed cross peak correlation with C-3 (5¢ 81.6) of Rha-I, also H-1
(6y 5.66) of Rha-I displayed correlation with C-2’ (5¢ 76.3) of Ara, and
H-1 (6y 6.56) of Ara was coupled with the carbonyl carbon of the
aglycone C-28 (6¢ 176.5), which confirmed the sugar chain at C-28 to be
p-p-xylopyranosyl-(1—4)-[a-L-thamnopyr-
anosyl-(1—3)]-a-L.-thamnopyranosyl-(1—2)-a-L-arabinopyranosyl ester.
According to the literature and NMR values of the reported analogues
(Su et al., 2001; Lee et al., 2002; Eskander et al., 2005; Murata et al.,
2013), 2 was determined as 3-O-$-D-glycopyranosyl-34,16a-dihydrox-
yolean-28-oic acid 28-O-p-p-xylopyranosyl-(1—4)-[a-L.-thamnopyrano
syl-(1—3)]-a-L.-thamnopyranosyl-(1—2)-a-L-arabinopyranosyl ester. To
the best of our knowledge, this is the first report of this compound in
nature.

Compound 3, was obtained as a buff amorphous solid, its molecular
formula Cg3Hj02029, was deduced from molecular ion peaks m/z
1345.6496 [M + Na] ™ (caled for GgzH;02020Na, 1345.6404) in positive
mode HRESIMS, and m/z 1357.6131 [M+Cl]" (caled for Cg3H192029Cl,
1357.6127) in negative mode HRESIMS (Fig. 523 and S24), which was
132 mass unit more than 2. The IR spectrum of compound 3 showed
bands at 3398 (OH), 2910 (C-H), 1699 (C=0), 1051 (glycosidic C-0O)
em™l. The inspection of NMR data (Fig. S17-S22) of compound 3
revealed that 'H and '3C- NMR spectra displayed the same pattern of
protons and carbons of the aglycone part and sugar chain attached to C-
28 as in compound 2 (Table 2), recommending that an additional
pentose sugar moiety attached to C-3 sugar chain. The 'H-NMR data
(Fig. S17) (Table 2) showed the anomeric proton of this additional sugar
resonating at 5y 5.28 and coupled with 5¢ 109.4 in the HSQC spectrum
(Fig. S19). In the 'H-'H cosy experiment (Fig. S21) (Fig. 4C), the
anomeric proton of the additional sugar moiety at 65 5.28 (d, J = 2.4 Hz)
was observed to be coupled with a vicinal proton at §y 3.80, which
appears also as a doublet (d, J = 2.4 Hz). This sugar was further char-
acterized in the NMR spectra (Fig. S17 and S18) by two oxygenated
methylene groups at 5¢ 73.9 and 64.1, and an oxygenated quaternary
carbon at 5¢ 79.3. Analysis of 1D and 2D-NMR data showed that these
findings were best arranged as a f-p-apiofuranosyl (Ishii and Yanagi-
sawa, 1998; Farag et al., 2001; Eskander et al., 2005; Zhang et al., 2018).
The sequence of the disaccharide sugar chain at C-3 of the aglycone was
determined using HMBC spectrum (Fig. S20) (Fig. 4B); the cross peak
correlations between H-1 of g-p-apiose (5y 5.28) with C-2 of Glu (5¢
78.2) and H-1 of Glu (6g 4.23) with C-3 of aglycone (5¢ 88.7) (Lu and
Yeap Foo, 2000). After reviewing literature (Eskander et al., 2005;
Ragab et al., 2010; Meng et al., 2021), the complete structure of 3 was
assigned as 3-O-(f-p-apiofuranosyl-(1—2)-4-b-glucopyranosyl)-34,16
a-dihydroxyolean-28-oic acid 28-0-p-p-xylopyranosyl-(1—4)-[a-L.-tTham
nopyranosyl-(1—3)]-a-L-thamnopyranosyl-(1—2)-a-L-arabinopyranosyl
ester.
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-
Fig. 3. Stereochemical structure of compound 1.

The UPLC-UV/MS method was used to characterise the mono-
saccharides in glycosidic compounds 2 and 3 to confirm their identities
and absolute configurations. The hydrolysates of the isolated com-
pounds, together with the monosaccharide’s standards, were derivat-
ized to diastereomeric arylthiocarbamates according to the reported
procedures (Tanaka et al., 2007). The differentiation between the p- and
L-configurations of each sugar was done by comparing its retention time
to that of the standards. Derivatives of b-glucose (tg 14.7 min), b-xylose
(tg 16.2 min), L-rhamnose (tgp 22.4 min), and L-arabinose (tg 17.4 min)
were identified as the sugar moieties of 2 and 3 based on comparisons
with derivatives of authentic samples; b-glucose (tg 14.7 min), L-glucose
(tg 13.3 min), p-xylose (tg 16.2 min), L-xylose (tg 14.8 min), L-thamnose
(tg 22.4 min), p-arabinose (tg 17.4 min), and L-arabinose (tg 16.9 min)
(Wang et al., 2012). The obtained mass spectra, on the other hand, were
typical for pentoses (p-xylose and L-arabinose), hexoses (D-glucose) and
deoxy hexoses (L-thamose), showing characteristic ions at m/z 403, 433,
and 417, respectively (Wang et al., 2012). Therefore, from the obtained
chromatograms and mass spectra, in addition to the published NMR
data, the sugar moieties of compounds 2 and 3 were identified as

(B) — 'H-'H COSY

——  HMBC

Phytochemistry 195 (2022) 113054

D-(+)-glucose, L-(—)-rhamnose, b-(+)-xylose, and L-(—)-arabinose.

Known compounds, 4 and 5 (Fig. 1), were characterized by
comparing their spectral data with the NMR data of published ana-
logues. These compounds were identified as adenosine (4) (Ciuffreda
et al., 2007) and lamiide (5) (Giivenalp et al., 2006).

According to our earlier research, the chemotaxonomy of the genus
Glandularia has been a subject of interest in order to aid in the estab-
lishment of the genus’ phytochemical profile (Mohamed et al., 2020).
We have previously reported the isolation of oleanane based triterpe-
noidal saponins as chemotaxonomic marker for genus Glandularia
(Mohamed et al., 2020). In this study, we have also isolated one
dibenzylbutyrolactolic lignan together with two echinocystic acid based
triterpenoidal saponins, which have been detected for the first time in
this genus. Hence, compounds 1-3 could be considered as valuable
chemotaxonomic markers for genus Glandularia and confirm the unique
identity of our plant under investigation.

2.2. Molecular docking

Modelling and docking simulations of the isolated compounds 1 and
2 were performed using Molecular Operating Environment (MOE)
software (“Molecular Operating Environment (MOE) 2014.0901,” n.d.)
and the crystal structure of the murine inducible nitric oxide synthase
iNOS; (PDB: 4UX6) (Cheshire et al., 2011).

The accuracy of MOE docking protocol was validated and confirmed
by re-docking the co-crystallized ligand inside the active site of iNOS,
where the docked ligand showed S score of —8.41 kcal/mol with RMSD
1.69 A (Fig. S25). Also, in order to rationalize the biological results of
isolated compounds, the docking study was performed and compared
with the positive control; parthenolide (Fig. 526).

On the basis of docking score analysis against the protein target, the
saponin structure (2) showed higher negative score (—9.59 kcal/mol)

(C)

Fig. 4. A) Key '"H-"H COSY and HMBC correlations of aglycone part of 2 and 3. B) Key 'H-'H COSY and HMBC correlations of C-3 and C-28 sugar chains of 2. C) Key

'H-'H COSY and HMBC correlations of C-3 and C-28 sugar chains of 3.
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than the lignan one (1) (—6.56 kcal/mol) which is compatible with the
biological results. Binding mode analysis also revealed that both com-
pounds bind snugly within the larger active-site cavity complexed with
heme that coordinates to Cys194. The cavity gate is large enough to
allow the diffusion of both compounds where the heme nearly closes the
opposite surface. The sugar moiety at C-3 of the triterpenoid saponin
structure resides in the main channel of the cavity over the heme
structure forming three H-bond interactions with Glu371 (2.75 and 3.35
A) and Gln 257 (3.03 A). The sugar chain at the cavity opening stabilizes
the complex by forming multiple H-bond interactions with GIn486
(3.01 A), Glu488 (3.32 A), Glu279 (3.35 and 3.24 A), and Asn348 (3.00
A) (Fig. 5B). Moreover, the hydrophobic aglycone reinforces the binding
by forming hydrophobic interaction with Val346, Trp475, Metl14,
Ala276, and Pro344. Other ligand interactions within the active site
include hydrophobic ones with Glu371, GIn257, Tyr485, Asn348,
Ser256, Asn115, GIn381, Glu488, Glu279. Interestingly, docking of an
assumed product of saponin structure, obtained via expected hydrolysis
at the glycosidic ester bond, improved the overall binding profile of the
compound. The retained sugar moiety at position C-3 of the hydrolyzed
saponin structure accepts an additional H-bond from Tyr341 (3.25 A), as
well as the hydroxyl group at C-16 of the triterpenoid moiety donates a
new H-bond to Ala276 (3.29 [o\) at the cavity gate (Fig. 5C). On the other
hand, the flexibility profile of compound 1 weakens its binding mode
within the active site. The tertahydrofuran moiety donates two H-bond
interactions to Glu371 (2.78) and Asp376 (3.28) while accepting one H-
bond from GIn257 (3.12). However, one of the benzodioxol moieties of
compound 1 is located inside the main channel of the cavity and slightly
stacks with the heme structure, while the other one fluctuates to the gate
(Fig. 5A). Docking results revealed that the dioxol group in the structure
of compound 1, rather than dihydroxy, on both sides of the tetrahy-
drofuran moiety increases the chance for the compound flexibility and in
turn decreasing its probability of forming H-bond interactions deep in-
side the active site (Fig. S27 and 528).

To conclude, molecular docking study supported the biological data
of the isolated compounds and proposed a mechanism for the anti-
inflammatory activity of the saponin (compound 2) via acting as
competitive inhibitor for the substrate; L-arginine at its binding site
within iNOS.

2.3. Prediction of pharmacokinetic properties (ADMET)

The ADMET properties of compounds 1 and 2 as well as the assumed
hydrolysate of compound 2 under docking study were calculated using
the pkCSM-pharmacokinetics server (http://biosig.unimelb.edu.au/
pkesm/) by providing SMILES (Simplified Molecule Input Line Entry
Specification) of the compounds generated by ChemDraw software.
Physicochemical properties of compounds 1 and 2, together with hy-
drolysate of compound 2 are listed in Table 3.

The efficacy of any compound as an orally active drug was deter-
mined using Caco2 permeability and intestinal absorption models. Only
compound 1 which obeys lipiniski’s rules of five shows the Caco2
permeability value in positive integer and demonstrates its intestinal
absorption ability with 96%, while compound 2 is considered to be very
poorly absorbed from the human intestine. However, hydrolysate of
compound 2 demonstrates better intestinal absorption by 38%, which
considered as reasonable absorption, upon lack of the sugar chain at C-
28 of the hydrolyzed saponin structure. Upon reaching the colonic tract,
saponins were reported to be hydrolysed mainly via the action of the
microbiota (Navarro del Hierro et al., 2018). The next important vari-
able in absorption is skin permeability, and all compounds have
permeability values of less than —2.5 log Kp, suggesting poor perme-
ability. P-glycoprotein is a component of the ATP-binding cassette (ABC)
transporter, which is required for active molecular transport across cell
membranes. Only compound 2 and its predicted hydrolysate were
discovered to be P-glycoprotein substrates, suggesting that they can
move through the cell membrane via the ABC transporter. Besides this,
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Fig. 5. A) 3D-docked model of compound 1 within the active site of iNOS;
heme was shown in dark pink co-ordinating with amino acid residue; Cys194,
(shown in dark cyan). B) 3D-docked model of compound 2 within the active site
of iNOS; heme was shown in dark pink co-ordinating with amino acid residue;
Cys194, (shown in dark cyan). C) 3D-docked model of hydrolysate of compound
2 within the active site of iNOS; heme was shown in dark pink co-ordinating
with amino acid residue; Cys194, (shown in dark cyan).

compounds 1 and 2 were found to be effective as inhibitors for
P-glycoprotein I transporters and ineffective as inhibitors for P-glyco-
protein II transporters. On the other hand, hydrolysate of compound 2
was discovered to be ineffective in both cases, implying that it is unable
to inhibit both of these drug efflux pumps. The VDss assay is used to
measure the total amount of drug required for uniform drug distribution
in the blood. However, both compounds showed low VDss values
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Table 3
Physicochemical properties of compounds 1, 2 and the suggested hydrolysate of
compound 2

Compounds
Descriptor 1 2 Hydrolysate of compound 2
Molecular Weight 372.373 1191.365 634.851
LogP 1.6251 —1.9069 4.0286
#Rotatable Bonds 4 11 4
#Acceptors 7 25 8
#Donors 2 14 6
Surface Area 155.547 483.209 267.942

indicating slow diffusion in blood. The permeability of the Blood-Brain
Barrier (BBB) determines a compound’s ability to move to the brain.
They will be poorly distributed to the brain if the logBB values are less
than —1. Only compound 1 would be able to cross BBB. However, the
blood brain permeability surface area product (logPS) is a more direct
and accurate measurement. All compounds with logPS < —3 are
considered unable to penetrate the CNS. Predicted metabolism of the
compounds in the body was assessed using seven different cytochrome
models. Compound 1 is likely to be metabolized by CYP3A4 and also
going to be a CYP1A2 and CYP3A4 inhibitor. On the other hand, com-
pound 2 is neither a substrate nor an inhibitor for cytochrome P450.

All compounds had different total clearance rates, and only com-
pound 2 appeared as a substrate for organic cation transporter 2 (OCT2).
Furthermore, none of them predicted AMES toxicity, suggesting that
these compounds are neither carcinogenic nor mutagenic. Skin sensiti-
sation and hepatotoxicity were not seen in any of the compounds. The
toxic effects of compounds are shown in Table 4 along with other
ADMET properties.

2.4. Inhibition of iNOS activity

Nitric oxide (NO) is one of the main inflammatory mediators
involved in both inflammation and angiogenesis processes. The
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production of NO depends on cytokine-induced expression of inducible
nitric oxide synthase (iNOS) (Cassini-Vieira et al., 2015). It is produced
in vivo from the natural substrate; L-argenine and oxygen by either
endothelial (eNOS), neuronal (nNOS) and inducible nitric oxide syn-
thase (iNOS) (Fischmann et al., 1999; Subedi et al., 2021). During
rheumatoid arthritis and asthma, cytokines induce prolonged and
over-production of NO merely by iNOS which may result in increased
cytotoxicity (Cheshire et al., 2011). Hence, iNOS is a primary mediator
of inflammation and many drugs nowadays are targeting inhibition of
iNOS to reduce inflammation process and adverse effects associated
with it (Green et al., 1994). Some naturally occurring saponins and
lignans were found to down-regulate NO production induced by in-
flammatory mediators (Navarro et al., 2018; He et al., 2019). Com-
pounds 1-3 were tested for their anti-inflammatory activity through the
inhibition of iNOS mediator. Compound 1 exhibited moderate inhibition
activity on iNOS with ICsg value of 49.7 pM, while compound 2 showed
relatively significant activity with ICso value of 6.6 pM.The obtained
results were compared to parthenolide, the postive control, which
showed ICs( value of 1.2 pM. All results are listed in Table 5.

Table 5
Inhibition of iNOS activity of the isolated compounds 1-3.

Compound no. Inhibition of iNOS % cell death at 25 pg/mL

ICs0 pM (pg/mL)

1 49.7 (18.5) 62
2 6.6 (7.9) 86
3 ‘NA “NA
PParthenolide 1.2 (0.29) 94

2 NA, not active.
b positive control.

Table 4
ADMET properties of compounds 1, 2 and the suggested hydrolysate of compound 2
Property Model Name Predicted Values of compounds Unit
1 2 Hydrolyste of compound 2
Absorption Water solubility —3.347 —2.886 —3.363 Numeric (log mol/L)
Caco2 permeability 1.199 —0.754 —0.331 Numeric (log Papp in 10 cm/s)
Intestinal absorption (human) 96.372 1.871 38.181 Numeric (% Absorbed)
Skin Permeability —2.752 —2.735 -2.735 Numeric (log Kp)
P-glycoprotein substrate No Yes Yes Categorical (Yes/No)
P-glycoprotein I inhibitor Yes Yes No Categorical (Yes/No)
P-glycoprotein II inhibitor No No No Categorical (Yes/No)
Distribution VDss (human) —-0.164 —-0.194 —0.968 Numeric (log L/kg)
Fraction unbound (human) 0.048 0.378 0.182 Numeric (Fu)
BBB permeability —0.658 —3.453 —1.64 Numeric (log BB)
CNS permeability -3.36 —5.464 —2.876 Numeric (log PS)
Metabolism CYP2D6 substrate No No No Categorical (Yes/No)
CYP3A4 substrate Yes No Yes Categorical (Yes/No)
CYP1A2 inhibitor Yes No No Categorical (Yes/No)
CYP2C19 inhibitor Yes No No Categorical (Yes/No)
CYP2C9 inhibitor No No No Categorical (Yes/No)
CYP2D6 inhibitor No No No Categorical (Yes/No)
CYP3A4 inhibitor Yes No No Categorical (Yes/No)
Excretion Total Clearance 0.046 —0.111 —0.003 Numeric (log ml/min/kg)
Renal OCT2 substrate No Yes No Categorical (Yes/No)
Toxicity AMES toxicity No No No Categorical (Yes/No)
Max. tolerated dose (human) -0.217 0.14 —0.466 Numeric (log mg/kg/day)
hERG I inhibitor No No No Categorical (Yes/No)
hERG II inhibitor No Yes No Categorical (Yes/No)
Oral Rat Acute Toxicity (LD50) 2.494 2.482 2.75 Numeric (mol/kg)
Oral Rat Chronic Toxicity (LOAEL) 1.611 8.228 4.482 Numeric (log mg/kg bw/day)
Hepatotoxicity No No No Categorical (Yes/No)
Skin Sensitisation No No No Categorical (Yes/No)
T.Pyriformis toxicity 0.305 0.285 0.285 Numeric (log ug/L)
Minnow toxicity —0.054 17.28 3.583 Numeric (log mM)
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2.5. Cytotoxic activity of isolated compounds

The cytotoxic activity of compounds 1-3 was investigated using an in
vitro assay against a series of human solid tumor cells including SK-MEL
(malignant melanoma), KB (oral epidermal carcinoma), BT-549 (breast
ductal carcinoma), SK-OV-3 (ovary carcinoma), and LLC-PK1 (renal
epithelial cells). Their cytotoxicity was also determined against
noncancerous mammalian VERO cells (renal fibroblast) for comparison.
The cytotoxic potencies of these compounds are expressed in terms of
ICsp values, as shown in Table 6. Compound 1 showed moderate cyto-
toxic activity against SK-MEL with ICs( value of 45.6 pM, in addition to
cytotoxic activity against VERO cells with ICsg value of 37.6 pM, indi-
cating the un-selectivity to tumor cells. To the best of our knowledge,
cubebin (1a), and its synthetic derivatives with varying functional
moieties, showed significant anticancer activity upon testing against six
human cancer cell lines (A549, K562, SiHa, KB, HCT116 and HT29)
using MTT assay (Rajalekshmi et al., 2016). Compound 2 showed rela-
tively potent cytotoxic activity against all the tested cell lines with ICsg
values ranging between <5.3 and 10.1 pM. Compound 3 showed mod-
erate cytotoxic activity against KB, BT-549, SK-OV-3, and renal epithe-
lial cells with ICs¢ values ranging between 8.3 and 18.9 pM. All the
results were compared to doxorubicin which was used as positive con-
trol with ICsq values ranging between 2.6 and 9.2 pM.

3. Conclusions

Three previously undescribed compounds (1-3) and two known
compounds (4-5) were isolated from the leaves of G. hybrida. Their
structures were determined by NMR and HRESIMS data analysis.
Additionally, in silico and in vitro assessments of some biological activ-
ities for compounds 1-3 revealed that these compounds could be
considered as promising cytotoxic agents and inhibitors of iNOS medi-
ator .

4. Experimental section
4.1. General experimental procedures

Optical rotations were recorded at room temperature using a
Rudolph AutoPol IV automatic polarimeter (Rudolph Research Analyt-
ical, Hackettstown, NJ, USA); UV spectra were recorded by a Hewlett-
Packard 8452 A UV-Vis spectrometer (American Laboratory Trading,
CT, USA); IR spectra were acquired using Bruker Tensor 27 and MIRacle
ATR FT—IR spectrometers (Bruker Scientific Instruments, Bruker Optics,
MA, USA); 1D and 2D NMR spectra were recorded in DMSO-dg or pyr-
idine-ds and acquired on Bruker Avance DRX spectrometer at 400 MHz
(*H) and 100 MHz (*3C), 600 MHz (*H) and 150 MHz (*3C). The
chemical shifts are given in § (ppm) and were calibrated using the re-
sidual solvent signals; coupling constants (J) are reported in Hertz (Hz).
The signals in the spectra are described as s (singlet), d (doublet), t

Table 6
Cytotoxicity of the isolated compounds 1-3.

Compounds ICso pM (“pg/mL)
SK-MEL KB BT- SK- LLC- VERO
549 ov-3 PK1
1 45.6 (17) "NA "NA "NA "NA 37.6 (14)
2 <5.3 9.2 10.1 10.1 8.4 <5.3
(<6.25) 1) 12) 12) (10) (<6.25)
3 "NA 135 15.0 8.3 18.9 "NA
(18) (20) an (25)
‘Doxorubicin 2.8 (1.5) 2.9 3.1 2.6 2.6 9.2 (5)

1.6) .7) 1.4) 1.4)

# The highest concentration tested was 25 pg/mL.
b NA, not active.
¢ Positive control
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(triplet), m (multiplet) and br (broad resonances). High-resolution mass
spectra were recorded using a HRESI-TOFMS spectrometer (Agilent
Series 1100 SL, ESI source model #G1969A, Agilent Technologies, Palo
Alto, CA, USA). Solvents used for extraction and isolation purposes were
analytical grade (Fisher Scientific, Fair Lawn, NJ, USA). Column chro-
matography was carried out using silica gel 60 Fas4 (40-65 um, Merck,
Darmstadt, Germany), Sephadex LH-20 (0.25-0.1 mm, Mitsubishi
Kagaku, Tokyo, Japan), and reversed-phase Cyg silica gel (Polarbond, JT
Baker). TLC was performed on silica 60 Fys54 (0.2 mm, Merck, Darmstadt,
Germany) pre-coated aluminum sheets. Visualization of spots was done
by spraying with 5% vanillin (Sigma-Aldrich) solution in conc.
H,S04-EtOH (5:95) followed by heating.

4.2. Plant material

During the flowering stage, the fresh leaves of G. x hybrida (Groenl.
& Riimpler) G.L. Nesom & Pruski (unresolved name: see The Plant List
http://www.theplantlist. org) (Verbenaceae) were collected on
April-May 2013 from Hebat El Nile nurseries, El-Manial, Cairo, Egypt, at
geographical coordinates 30° 01’ 08” N 31° 13’ 02" E and an altitude of
20 m. The identity of the selected species was authenticated by (the late)
Prof. N. E. Keltawy, Professor of Ornamental Horticulture and Flori-
culture, Faculty of Agriculture, Assiut University, Assiut, Egypt. A
voucher specimen number GHV-2013 was recorded and lodged at the
Herbarium of Pharmacognosy Department, Faculty of Pharmacy, Assiut
University, Assiut, Egypt.

4.3. Extraction and isolation

The air dried leaves (4 kg) were ground and extracted at room
temperature in 70% (v/v) aqueous ethanol (4 x 6 L). The obtained
extract was decanted, filtered, and combined extracts were concentrated
using rotary evaporator with a water bath of 40 °C, to get a concentrated
extract (284 g). The obtained extract was suspended in distilled water
(250 mL) and defatted by liquid-liquid partition using n-hexane solvent.
The remaining aqueous extract was collected and concentrated under
reduced pressure to get defatted residue (170 g). About 70 g of the
defatted extract was fractionated on vacuum liquid chromatography
(VLC) using C-18-reversed phase silica gel (80 x 7.0 cm, 500 g) as sta-
tionary phase, and by increasing MeOH in MeOH-H50 system (1 L 0%,
1.5L 20%, 2 L 40%, 2 L. 60%, 2 L. 80% and 2 L 100%) with the collection
of 300 mL fractions. The fractions were collected based on their TLC
profile resulting in six main fractions (GH-I:GH-VI). TLC analysis of
obtained fractions recommended the presence of promising compounds
in fractions GH-II (5.3 g), GH-III (7.1 g) and GH-V (6.3 g). About 1 g of
fraction GH-II was subjected to column chromatography (CC) using
sephadex LH-20 as stationary phase (150 x 2.3 cm, 150 g) and MeOH as
eluent (500 mL) to yield compounds 5 (5.3 mg) and 4 (7.6 mg),
respectively. A part of fraction GH-III (1 g) was further separated on
sephadex LH-20 CC (150 x 2.3 cm, 150 g), using MeOH (500 mL) as
eluent to get three subfractions GH-III-1 to GH-III-3. Subfraction
GH-III-1 (253 mg) was further purified on silica gel CC, using system
EtOAc-CH,Cl,-MeOH-H,0 with gradient elution program [10:6:5:1.25
& 6:4:5:1.25, (250 mL)] to afford compounds 2 (15.4 mg) and 3 (10.8
mg), respectively. About 1.7 g of fraction GH-V was subjected to silica
gel CC (100 x 1.5 cm, 80 g) using CH5Cl,-MeOH [95:5, (500 mL)], to
get subfraction GH-V-1 (273 mg), which was further purified on silica
gel CC (80 x 1 cm, 25 g) using EtOAc-CH,Clo-MeOH-H,0 as eluent in
isocratic elution manner [17:10:4:1, (250 mL)] to isolate compound 1
(7.3 mg).

4.4. Determination of absolute configuration of sugar
The determination of the composition of sugar moieties and their

configuration was performed according to UPLC-UV/MS method (Wang
et al., 2012). Compounds 2 and 3 were acid hydrolyzed by dissolving
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about 1 mg of each compound in 1 mL of 2N HCI. The dissolved samples
were heated in a water bath to 95 °C for 1 h. After hydrolysis, the re-
action mixture was chilled, treated with liquid ammonia, and
completely dried with Ng gas. Monosaccharide standards together with
the hydrolysates of 2 and 3 were derivatized (Tanaka et al., 2007; Wang
et al., 2012). The final derivatives were analysed by UPLCTM BEH C-18
column (100 mm x 2.1 mm), with particle size 1.7 pM; mobile phase,
0.05% formic acid in water (A) and acetonitrile/methanol/isopropanol
(50:25:25, v/v/v) with 0.05% formic acid (B), flow rate of the mobile
phase was set at 0.3 mL/min; PDA detector, UV at 254 nm. The column
temperature were maintained at 35 °C . The experiment was carried out
in gradient elution manner: starting with system 14% B to 16.5% B in 22
min, and then increasing B to 100% in the subsequent 0.5 min. The ESI
source of single quadrpole mass spectrometer (SQD) was adjusted to
positive mode. The configurations of the sugar units were determined
through comparing retention times and mass spectra with that of the
used reference standards (Wang et al., 2012). The standard mono-
saccharides included: bp-(+)-glucose, L-(—)-glucose, L-(—)-rhamnose,
D-(+)-xylose, L-(—)-xylose, L- (—)-arabinose and p-(+)-arabinose.

4.5. X-ray experimental

Intensity data were collected at 90 K to 0p,,x = 69.2° on a Bruker
Kappa Apex-II diffractometer with CuKa radiation. Absorption correc-
tions were done by the multi-scan method. Refinement was done by
SHELXL-2018. Hydrogen atoms were visible in difference maps, and
were placed in idealized positions, except for those on O, for which
positions were refined. The Flack parameter 0.14 (18) is in agreement
with the absolute configuration of (—)cubebin. Crystal Data: monoclinic
space group P2;,a =11.5470 (4), b =5.5768 (2), c = 13.4963 (5) f\, p=
100.029 (3)°, 13,377 reflections collected, 3180 unique, 2677 with I >
20(D), R = 0.049 for 250 parameters, CCDC 2057610.

4.6. Spectroscopic data of compounds (1-3)

4.6.1. Glandularin (1)

Colourless residue; [0]?°p—19 (¢ 0.1, MeOH); UV (MeOH) Amax 281
and 228 nm; 'H and '*C-NMR data (DMSO-dg, 400/100 MHz), see
Table 1; HRESIMS m/z 371.1176 [M-H]  (caled. for Cg9H1907,
371.1131), m/z 417.1219 [M + HCOO] (calcd. for C31H2109 417.1191)
negative mode.

4.6.2. 3-O-p-p-glycopyranosyl-3p,16a-dihydroxyolean-28-oic acid 28-O-
p-p-xylopyranosyl-(1—4)-[a-L-rhamnopyranosyl-(1 —3)]-a-L-
rhamnopyranosyl-(1—2)-a-L-arabinopyranosyl ester (2)

Buff amorphous solid; [(x]ZOD7120 (¢ 0.1, MeOH); IR (KBr) vmax
3409, 2953, 1705, 1683, 1370, 1055 cm'1; UV (MeOH) Amax 202 nm; 'H
and *C-NMR data (Pyridine-ds, 400,100 MHz), see Table 2; HRESIMS
m/z 1189.5988 [M-H] (calcd. for CsgHg3O2s5, 1189.6006) negative
mode, m/z 1213.6094 [M+Na]™ (calcd. for CsgHgqO25Na, 1213.5982)
positive mode.

4.6.3. 3-O-(p-p-apiofuranosyl-(1—2)-p-b-glucopyranosyD-3p,16a-
dihydroxyolean-28-oic acid 28-O-p-p-xylopyranosyl-(1—4)-[a-L-
rhamnopyranosyl-(1—3)]-a-L-rhamnopyranosyl-(1—2)-a-L-
arabinopyranosyl ester (3)

Buff amorphous solid; [«1?°D-100 (c 0.1, MeOH); IR (KBr) vmax
3398, 2910, 1699, 1630, 1373, 1051 cmfl; UV (MeOH) Aax 203 nm; H
and '3C-NMR data (DMSO-dg, 600/150 MHz), see Table 2; HRESIMS m/
2 1345.6496 [M+Na]™ (caled for Cg3Hi02029Na, 1345.6404) positive
mode, m/z 1357.6131 [M~+CI]™ (caled for Cg3H192029Cl, 1357.6127)
negative mode.

4.7. Molecular docking

The molecular modelling calculations and docking simulation
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studies were performed on a Processor Intel(R) Pentium(R) CPU
N3510@ 1.99 GHz and 4 GB Memory with Microsoft Windows 8.1 pro
(64 Bit) operating system using Molecular Operating Environment (MOE
2019.0102, 2020; Chemical Computing Group, Canada) as the compu-
tational software. All MOE minimizations were performed until a RMSD
gradient of 0.01 keal/mol/A with the force field (MMFF94x) to calculate
the partial charges automatically using Gas phase solvation. Before
simulations, the protein was protonated using LigX function and the
monomer was isolated. Triangle matching with London dG scoring was
chosen for initial placement, and then the top 30 poses were refined
using force field (MMFF94x) and GBVI/WSA dG scoring. The output
database dock file was created with different poses for each ligand and
arranged according to the final score function (S), which is the score of
the last stage that was not set to zero.

4.8. Biological activity evaluations

4.8.1. Assay for the inhibition of iNOS activity

Mouse macrophages (RAW264.7) were used in this assay, which
were grown in RPMI media supplemented with 10% bovine calf serum,
100 g/mL streptomycin, and 100 U/mL penicillin G sodium. Cells were
implanted in 96-well plates (100,000 cells/well) and incubated for 24 h
until they reach 75% or higher confluence.

The cells were exposed to the test compounds (1-3), then after 30
min, LPS (Sigma-Aldrich) (5 pg/mL) was added and cells were further
incubated for 24 h. The concentration of NO was done by estimation of
the level of nitrite in the supernatant of the cell culture using Griess
reagent (Sigma-Aldrich). This was considered as an indication for the
iNOS activity. Inhibition of iNOS activity achieved by the test compound
was calculated in comparison to the negative control. Dose-response
curves were used to determine the ICsg values. Parthenolide was
included as drug control. (Zhao et al., 2014; Zulfiqar et al., 2017).

4.8.2. Assay for cytotoxic activity

The cytotoxic activity of the isolated compounds (1-3) was deter-
mined by a cell proliferation assay against a panel of human cancer cell
lines (SK-MEL, KB, BT-549, SK-OV-3, LLC-PK1), as well as VERO cell line
(renal fibroblast). Cell lines have been obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). The cells were seeded in
96-well plates at a density of 10,000 cells/well and incubated for 24 h.
Test samples at various dilutions were added and the cells were further
incubated for 48 h. The cell viability was determined by using a tetra-
zolium dye (WST-8) which is converted to a water soluble formazan
product in the presence of 1-methoxy PMS by the activity of cellular
dehydrogenases. The amount of resulting formazan was measured by
reading the absorbance at A = 450 nm which is directly proportional to
the number of viable cells. The viability of sample treated cells was
calculated in comparison to the vehicle treated cells and the concen-
tration responsible for decreasing 50% cell viability (ICso value) was
calculated from the concentration response curves. Doxorubicin was
included as the positive control for cytotoxicity assay (Zulfiqar et al.,
2017).
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