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New cyclic glycolipids from Silene succulenta
promote in vitro MCF-7 breast carcinoma cell
apoptosis by cell cycle arrest and in silico mitotic
Mps1/TTK inhibitiont

Sarah A. Badawy, @2 Ahmed R. Hassan, © * Rawah H. Elkousy, ©° Salwa A. Abu El
wafa® and Abd-El salam |. Mohammad®

In vitro anticancer screening of Silene succulenta Forssk. aerial parts (Caryophyllaceae) showed that the n-
hexane fraction was a highly effective fraction against breast carcinoma cell lines (MCF-7) with IC59 = 15.5
ng mL™%. The bioactive-guided approach led to the isolation of two new cyclic glucolipids from the n-
hexane fraction, identified as a 1,2'-cyclic ester of 11-oxy-(6'-O-acetyl-B-p-glucopyranosyl) behenic acid
(1) as a C-11 epimeric mixture and 11(R)-oxy-(B-p-glucopyranosyl)-1,2-cyclic ester of behenic acid (2).
An in vitro cytotoxicity study showed the potential suppression of MCF-7 cells with ICsq values of 11.7 +
0.04 and 6.6 + 0.01 pg mL™* for compounds 1 and 2, respectively, compared to doxorubicin (ICsy =
3.83 + 0.01 ug mL™Y). Accordingly, only cell cycle tracking for the most active compound (2) was
assessed. The cell cycle investigation showed that compound 2 altered the cell cycle at GO/G1, S, and
G2/M phases in MCF-7 treated cells. In addition, its powerful apoptotic ability resulted in a significant
increase in the early and late stages of apoptosis. Moreover, molecular docking analysis, which was
performed against the anticancer mitotic (or spindle assembly) checkpoint target Mpsl kinase, showed
that the two new cyclic glycolipids (1 and 2) possess high binding affinity of —7.7 and — 7.6 kcal mol™?,
respectively, compared to its ATP ligand. Overall, this report emphasizes that natural cyclic glycolipids
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1. Introduction

Breast cancer (BC) spreads worldwide and is the main reason
for cancer-related deaths in women aged from 20 to 59.
Numerous studies have shown how the development of BC
depends on hormones and how effective hormone antagonists
are.>® Although estrogen receptor (ER)-positive cancers are still
best managed by hormone therapy, this form of treatment
efficacy is severely constrained by developed endocrine
resistance.*® Additionally, in triple-negative breast cancer
(TNBC), where the ER and human epidermal growth factor
receptor-2 (HER2) targets are inactive, it loses its efficacy.” In
addition, the long-term use of chemotherapy medications
primarily reduces the effectiveness of the medication because of
the development of chemoresistance and undesirable side
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can be used as potential antitumour breast cancer agents.

effects.® Therefore, new methods of treatment must be discov-
ered. Mitotic kinases, such as CDKs, PLKs, and Auroras, which
are overexpressed in propagated malignant cells, are important
for cell division and are believed to be appealing targets for
stopping cancer cell growth.® In the clinic, some inhibitors of
mitotic kinase are being studied. Herein, we were interested in
evaluating our new compounds as Mps1/TTK inhibitors. Mps1
kinase, a serine/threonine and tyrosine protein kinase with dual
selectivity, is required for the correct chromosomal attachment
to the mitotic spindle as it is a pivotal part of SAC (spindle
assembly checkpoint). For the promotion of faithful chromo-
some segregation, it regulates the interaction of microtubules
and kinetochores in prometaphase until all chromosomes are
aligned properly.’*** Chromosome missegregation caused by
Mps1 inhibition has been linked to cell death. Along with its
function in mitosis, Mps1 also plays a role in centrosome
duplication, checkpoint response of DNA damage, meiosis, cell
differentiation, and chromosomal mutability.” Mps1l is
expressed considerably more strongly in solid tumors than in
normal cells. It is considered to be one of the leading 25 genes
overexpressed in malignancies.”*™ Excluding the testis and
placenta, it is expressed at modest levels in normal organs but is
extremely elevated in breast cancer cells."®
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Natural compounds may be utilized in combined treatment
therapies because of their potential as anti-cancer and struc-
tural resemblance to synthetic drugs.” The Caryophyllaceae
family, which comprises more than 2600 species in 80 genera, is
widely distributed in temperate climate zones. Most species of
this family, more than 750 species, belong to the genus
Silene.'®° Silene (Caryophyllaceae) is a blooming plant that is
mainly spread out in Africa, North America and Eurasia."® For
both pharmacological and ethnomedicinal studies, Silene is one
of the most extensively investigated genera in the Car-
yophellaceae family. Species of Silene exhibit various pharma-
cological activities, such as anti-inflammatory,**
antimicrobial,®* antiviral,”® hepatoprotection,” and antioxi-
dant.”® Ethnopharmacological study on the Silene genus shows
that its plants have anticancer properties, including Silene firma
Siebold & Zucc. Rohrb. root extract, Silene viridiflora L. meth-
anol extract, and Silene fortunei Vis. root extract.”® In addition,
the plant under investigation, Silene succulenta Forssk., which
grows on the seashores of various Mediterranean islands and in
North Africa, was indexed as a medicinal plant, and its strong
cytotoxic effect on RAW cells was indicated.”” Our previous
study on the total hydro-methanolic extract and its fractions of
S. succulenta aerial parts against different cancer cell lines
revealed that the highest activity was against breast carcinoma
cell lines.”®

Moreover, the previously reported phytochemical studies on
Silene genus plants led to the isolation of many phytocon-
stituents from different chemical classes comprising benze-
noids,® cyclic fatty acyl glycosides,®* flavonoids,*
phytoecdysteroids,**** terpenoids,** terpenoidal saponins,* and
sterols.** For glycolipid structures isolated from Car-
yophyllaceae plants, a series of gallicasides A-H from Silene
gallica was reported,® and a series of glomerasides A-N from
Cerastium glomeratum was discovered.’” These uncommon
cyclic glycolipid structures inspired us to investigate phyto-
chemically the Caryophyllaceous plant (S. succulenta) in more
detail in addition to continuing our phytochemical and bio-
logical studies on the interesting Egyptian desert plants
growing on the Northwestern coast of Egypt®® as well as the
search for anticancer candidates from the promising wild
plants.**™*

According to these previous studies, the real intention was to
explore the cytotoxic activity of S. succulenta aerial parts against
MCF-7. Moreover, the isolation and identification of some
constituents responsible for this activity were done via bioassay
guided fractionation using various chromatographic and spec-
troscopic techniques. Furthermore, an assessment of the
potential cytotoxicity mechanism for these isolated compounds
was considered.

2. Results and discussion

2.1. Chemistry

2.1.1. Identification of isolated compounds. Five
compounds were isolated and identified from the n-hexane,
EtOAc, and n-BuOH fractions of S. succulenta because two new
compounds were identified as cyclic glycolipids (1-2). Tables 1

18628 | RSC Adv, 2023, 13, 18627-18638

View Article Online

Paper

Table 1 H-NMR spectroscopic data (400 MHz, in CDCls) for
compounds 1a and 2

No. la 2
2 2.39 (m, 2H) 2.40 (t, ] = 7.3 Hz, 2H)
3 1.66 (m, 1H) 1.60 (m, 1H)
1.80 (m, 1H) 1.80 (m, 1H)
4-21 1.60-1.22 (m, 34H) 1.59-1.21 (m, 34H)
11 3.57 (m, 1H) 3.56 (m, 1H)
22 0.87 (t,J = 6.8 Hz, 3H) 0.87 (t,J = 6.7 Hz, 3H)
1 4.47 (d,J = 7.9 Hz, 1H) 4.48 (d,J = 7.9 Hz, 1H)
2 4.72 (dd,J = 9.4, 7.8 Hz, 1H)  4.72 (t,] = 8.5 Hz, 1H)
3 3.57 (m, 1H) 3.58 (brt, J = 9.2 Hz, 1H)
4 3.46 (m, 1H) 3.64 (brt, J = 9.2 Hz, 1H)
5’ 3.44 (m, 1H) 3.32 (m, 1H)
6 4.39 (dd,J = 12.0, 4.3 Hz, 1H)  3.85 (m, 2H, overlapped)
4.32 (dd, J = 12.0, 2.2 Hz, 1H)
Ac (CH3)  2.10 (s, 3H) —

and 2 display their "H and *C NMR data. Additionally, three
known compounds were isolated and identified by comparing
with the published data, such as kaempferol 3,7-di methyl ether
(3),” schaftoside (4), and isoschaftoside (5),"** depending on
ESI-MS, 1D and 2D NMR for structure elucidation.

2.1.2. Structural elucidation of the new cyclic glycolipids
(1, 2). Compound 1 was isolated as a colorless oil from the n-

Table 2 3C-NMR spectroscopic data (100 MHz, in CDCls) for
compounds 1a and 2

No. 1la 2
1 174.73 174.36
2 32.32 32.16
3 22.70 22.51
4-19 35.04 34.88
34.45 34.21
32.41 29.97
29.89 29.90
29.85 29.85
29.81 29.82
29.77 29.80
29.50 29.78
27.25 29.50
27.16 27.13
26.61 26.22
26.22 26.15
25.60 25.68
25.03 25.11
24.24 24.15
20 32.06 32.06
21 22.83 22.83
11 81.43 81.15
22 14.26 14.25
1 100.87 100.85
2/ 74.90 74.44
3’ 76.28 75.89
4’ 71.15 70.75
5’ 73.34 75.11
6 63.47 62.15
Ac(CH3) 20.98 —
CH,;CO 171.74 —

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hexane fraction using extensive chromatographic methods. It
exhibited a molecular ion peak in HRESI'-MS at m/z 543.3905
[M + H]" corresponding to Cs;,Hs,O3 molecular formula. Its
NMR spectra in CDCl; (ESI Fig. S2-S57) suggested that it was
a mixture of C-11 two epimers of 11-oxy-(6"-O-acetyl-B-p-gluco-
pyranosyl) 1,2"-cyclic behenic acid ester in a ratio of approxi-
mately 2 to 1 (based on the proton signal integration of the 'H
NMR spectrum (ESI Fig. $2-2+)). "H NMR spectrum (400 MHz,
CDCl;) of the major compound (1a) recorded signals of seven
protons (Table 1 and ESI Fig. S21), which represented an acyl-
ated B-o-glucopyranosyl moiety at the 6"-position; 6y 4.47 (H-1'),
4.72 (H-2)), 3.57 (H-3'), 3.46 (H-4'), 3.44 (H-5"), and 4.39 and
4.32 ppm (H-6'a and H-6'b, respectively). A distinctive signal of
the terminal -CH; of the acylated fatty moiety appeared triplet
at 0y 0.87. In addition, a chain of methylene protons appeared
multiplet from dy 1.22 to 1.80 ppm. Moreover, the attached
CH,- protons to the carboxyl group appeared multiplet at 6y =
2.39. An oxymethine proton, the site of hydroxylation and
cyclization, shifted downfield at dy 3.57. In addition, CH;CO-
protons appeared as singlets at dy 2.10 (s, 3H). *C NMR data
(Table 2 and ESI Fig. S3t) shows the di-O-acylated glucopyr-
anosyl part; there were two characteristic ester carbonyl reso-
nances at 6 171.74 and 174.73. Furthermore, the terminal CH;-
carbon of the acylated fatty acid appeared at 6c 14.26 that
assured the linearity of the chain and mono-oxygenated owing
to the presence of an oxymethine at 6c 81.43 and 0y 3.57.

(CH2)10CH3
H
O\H/\/(CHz)s
(e}
1

Fig.1 Compounds 1, 1a and 2.

MeOOC

Fig. 2 Structure of hydroxy fatty acid methyl ester 6.
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Although three of the four unsaturations of compound 1
accounted for glucopyranosyl and two ester carbonyl moieties,
the existence of an additional ring structure was indicated.
HSQC spectrum (ESI Fig. S4f1) clarified and confirmed the
resonance assignment for each proton and its carbon. HMBC
spectrum (ESI Fig. S57) affirmed the acetyl attachment site (C-6')
on glucopyranosyl moiety and the sites of cyclization. First,
CH,;CO- protons, which appeared singlet at 6y; 2.10, and H,-6 at
0y 4.39, 4.32, showed a correlation with the CO- of the acetyl
moiety at 6c 171.74, and 6¢ 63.47 signal of C-6' of glucopyranosyl
part was noticed to be shifted downfield. Second, anomeric H-1'
at 0y 4.47 made a correlation with the C-11 of the 11-docosa-
noyloxy part at 0c 81.43. Furthermore, H-2" at 6y 4.72 of the
glucopyranosyl moiety was correlated with C-1 of 11-docosa-
noyloxy (11-behenyloxy) at 6c 174.73. Because it was determined
that the carbon number is C,, based on the chemical formula,
the hydroxyl fatty acid was hydroxyl-docosanoic acid (hydroxyl-
behenic acid). The site of hydroxylation on the behenic moiety
was determined by the complete hydrolysis of compound 1,
followed by methylation to produce a hydroxy-behenic acid
methyl ester (6). GC-MS analysis showed that ESI-MS of TMS
derivative of 6 (Fig. 2): m/z 395 [M-MeO,]", 257, 243, 185, 129, 83.
The fragment at m/z 257 was intensely observed, corresponding
to [TMSOCH (CH,);0CH3]". According to the MS results, the
cleavage was between C-10 and C-11, which means that
compound 6 is methyl 11-hydroxybehenate.’” Therefore, the

(CH2)10CH3
1R
H
O\H/\/(CHz)e
(@)
1a
2
22
R
7,
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major epimer 1a was recognized to be 1,2"-cyclic ester of 11(R)-
oxy-(6"-O-acetyl-B-p-glucopyranosyl) behenic acid. Consequently,
minor epimer 1b was considered the opposite configuration for
C-11 as (11S). Finally, all the findings pointed to compound 1
(Fig. 1) as 11-oxy-(6-O-acetyl-B-n-glucopyranosyl) 1,2-cyclic
behenate (as a C-11 epimeric mixture).

Compound 2 (colorless oil) has a molecular ion peak m/z
501.3855 [M + H]" that corresponds to C,5H5,0,. "H NMR data
(Table 1 and ESI Fig. S71) have shown seven protons signals that
represented a B-glucopyranosyl moiety; oy 4.48 (H-1), 4.72 (H-
2'), 3.58 (H-3'), 3.64 (H-4), 3.32 (H-5'), 3.85 (H,-6', overlapped). In
addition, particular signals of the fatty acyl group were detected:
terminal -CHj; protons that appeared triplet at dy 0.87, a chain
of methylene protons from dy 1.21 to 1.59 and the attached
CH,- protons to the CO- group at ¢y 2.40. Moreover, an Oxy-
methine proton shifted downfield at 6y 3.56 (m, H-11). The
signals of "*C NMR (Table 2 and ESI Fig. S8) confirmed the
linearity of the mono-oxygenated fatty acyl moiety: d¢c 14.25 for
terminal -CHj3, and ¢ 81.15 and 0y 3.56 for oxymethine. The
degree of unsaturation in compound 2 indicates an additional
site of cyclization. HMBC spectrum (ESI Fig. S10%) assured the
two positions of cyclization; anomeric H-1" at 6y 4.48 correlated
with the oxymethine carbon at dc 81.15 and H-2" at 0y 4.72
correlated with C-1 of the fatty acyl moiety at dc 174.36 through
glycosidic bonds. According to the chemical formula, the
oxygenated fatty acyl molecule has a carbon number of C,,. The
exact oxymethine position was C-11 of the docosanoyl (behenyl)
moiety, which was determined using the same methods as
compound 1. Therefore, methyl 11(R)-hydroxydocosanoate
[methyl 11(R)-hydroxybehenate] was established. Based on
previous findings, compound 2 was approved as 11(R)-oxy-(B-p-
glucopyranosyl)-1,2"-cyclic ester of behenic acid.

2.2. Biological evaluation

2.2.1. Cytotoxic activity against breast cancer cells. The
total hydro-methanolic extract, fractions (n-hexane, EtOAc and
n-BuOH), and the new cyclic glucolipids were examined owing
to their in vitro MCF-7 cytotoxic activity. The estimation was
performed using a sulforhodamine B (SRB) assay. Doxorubicin,
a reference medication, served as a positive control. The find-
ings were reported as the compound concentration needed to
achieve a 50% reduction in cell growth (ICs, values) (Table 3).

As evidenced by the results, the n-hexane fraction and
compounds 1 and 2 exhibited potential cytotoxic activity against
the MCF-7 cell line with IC5, = 15.5 + 0.01, 11.7 4+ 0.04 and 6.6
+ 0.01 pg mL~' comparable to doxorubicin (ICs, = 3.83 + 0.01
pg mLY).

Consequently, compound 2 was chosen for an additional
study to clarify the mechanism behind its potent cytotoxic effect
against MCF-7.

2.2.2. Cell cycle investigation. Breast carcinoma cell
distribution (control and treated cells) at different cell cycle
phases was measured. In addition, the DNA content of MCF-7
cells was examined for compound 2 treated cells at an inhibi-
tory concentration (ICso) of 6.6 ug mL™" (Fig. 3). The results
(Table 4) showed a significant increase in G0/G1 percentage of
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Table 3 Cytotoxic activity of the total hydro-methanolic extract, n-
hexane fraction, ethyl acetate fraction, n-butanol fraction and new
compounds 1, 2 and doxorubicin against MCF-7 cancer cell lines. Data
represent mean =+ standard error

| (OFF)

Sample (ng mL™h) (M)
Total hydro-methanolic extract 18 £ 0.02 —
n-Hexane fraction 15.5 & 0.01 —
Ethyl acetate (EtOAc) fraction 33 £ 0.007 —
n-Butanol (n-BuOH) fraction 33 £ 0.005 —

1 11.7 £ 0.04 21.53
2 6.6 £ 0.01 13.16
Doxorubicin 3.83 £0.01 7.04

cell content (78.09%), followed by decreased cell content
percentage at the S (20.07%) and G2/M (1.54%) phases
compared to the control cells. This finding reveals that
compound 2 leads to cell cycle arrest at the GO-G1 phase, where
it can then prevent or delay the passage of cells into the S phase
and trigger apoptosis.

2.2.3. Apoptosis assay. Annexin V-FITC/7-AAD assay of
compound 2 was done based on the affinity of binding of
annexin V to phosphatidylserine (PS), which indicates that
apoptosis occurs. In addition, 7-amino-actinomycin D (7-AAD)
specificity for the DNA-guanine-cytosine base pair is consid-
ered. The obtained observations demonstrated an increase in
the number of apoptotic cells in both the late stage by 171-fold
(13.66%) and the early stage by 195-fold (5.84%). Additionally,
the percentage of necrotic cells increased by a factor of six (from
1.98% in control untreated cells to 11.93%) (Fig. 4).

2.3. Molecular docking study

To clarify the interactions and binding affinities of compounds
1 and 2 inside the Mps1/TTK protein kinase active site,
a molecular modeling analysis was conducted by applying
AutoDock Vina. ATP re-docking revealed an identical co-
crystallized ligand with RMSD equals 1.3 A. As illustrated
previously,”® the region of Mps1, which acts as the hinge,
Glu603-Gly605, is the critical binding domain for the ATP
adenine base. In addition, few preserved hydrogen bonds are
formed between Gly605 (N1 and NH) and Glu603 (N6 and
carbonyl oxygen). Additionally, in the C-terminal domain, van
der Waals forces between the Ile586, Leu654, Val539, and
Met602 residues with the adenine base of ATP are formed. The
docked compounds 1 and 2 showed high binding affinity, which
achieved docking energy scores of —7.7 and —7.6 kcal mol %,
respectively (Table 5). Docking of compound 1 in Mps1 at the
ATP-binding site reveals a three-point hinge binding interaction
between Gly605 (NH and OH as H-donors and C=O0 as H-bond
acceptor) and the acetylated glucopyranosyl moiety (6™-acetyl
C=O0 and 4"-OH group as H-acceptor, and 4-OH as H-donor)
(Fig. 5). For compound 2, Gly605 (C=0 as H-acceptor) inter-
acts with the glucopyranosyl part (3'-OH as H-donor) by one H-
bond. In addition, various interactions are displayed in Fig. 5.
These vital interactions direct the remaining cyclic fatty acid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Bar chart of DNA content distribution for both MCF-7 treated cells with 2 and controlled cells in GO/G1, S and G2/M phases.

Distribution of DNA content in a cell cycle experiment using flow cytometry for Pl-stained untreated (B) and treated MCF-7 cells (C).

chain toward the ribose-binding pocket while fixing the
compound in the receptor active site. Another intriguing aspect
of these structures is the organized conformation of the acti-
vation loop, which is made up of the residues Met671 and
Pro673, and which, along with the P-loop, forms an antiparallel
B-sheet to obtain a distinct and Mps1-specific hydrophobic
pocket in the ribose region.*” To conclude, the docking study

© 2023 The Author(s). Published by the Royal Society of Chemistry

indicated the contribution of Gly605 amino acid residue, which
has a crucial role in Mps1/TTK kinase activity inhibition.
Therefore, the cytotoxicity of these compounds is related to
Mps1 kinase inhibition.

The inhibition of Mps1 has been proven to result in chro-
mosomal missegregation, which leads to apoptosis. Mps1 has
recently been investigated as a new target for small molecule

RSC Adv, 2023, 13, 18627-18638 | 18631
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Table 4 DNA content of cell cycle phases of MCF-7 cells treated with
compound 2 and the control untreated cells

DNA content
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cancer medications. Numerous new-structured Mps1 inhibitors
have been created. To date, five Mps1 inhibitors have been used
in clinical studies.***® Therefore, there is a lot of interest in
creating Mps1 inhibitors with significant cytotoxic activity.

Compound no. % G0-G1 % S % G2/M Additionally, interest in plant-based cancer treatments has
grown because of the enormous prospect of medicinal herbs as
Control (MCF-7) 4.89+0.001  61.38+0.81 32874074 e oo dis
MCF-7 treated with 2 78.09 + 0.47  20.07 £ 0.47  1.54 = 0.02 st & ciscovery. ) ) L
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compounds, cyclic glycolipids, which are responsible for the
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Fig. 4

Annexin FITC-A

(A) Bar chart of percentages of apoptotic control cells and treated MCF-7 cells with compound 2 by annexin V-FITC/7-AAD flow

cytometry analysis. Percentage of cell distribution between early apoptosis, late apoptosis, and necrotic stage of control MCF-7 cells (B) and

treated MCF-7 cells with compound 2 (C).
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Table 5 Results of the performed docking study for compounds 1 and
2 in the Mpsl active binding site

Compound  E-Score Amino acid Distance  Functional
no. (kcal mol™) residue [A] group
1 -7.7 Gly605 2.29 CO (H-
acceptor)
2.32 OH (H-
acceptor)
2.59 OH (H-donor)
Cys604 2.49 CO (H-
acceptor)
Ile607 1.79 CO (B-
acceptor)
2 -7.6 Gly605 2.20 OH (H-donor)
1le607 1.74 CO (H-
acceptor)

cytotoxic activity of S. succulenta and also characteristic
compounds of the Caryophyllaceae family.’” We choose this
plant that belongs to the genus Silene of the Caryophyllaceae
family to be under study. S. succulenta has attracted great
interest owing to its lack of phytochemical and biological
studies. Therefore, S. succulenta aerial part total extract and its
fractions were screened for their cytotoxic activity against the
breast carcinoma cell line (MCF-7). The n-hexane fraction
showed the highest MCF-7 cytotoxic activity (ICso value of 15.5
ug mL ). Therefore, the n-hexane fraction was subjected to the
isolation and purification of its major compounds.

The succulent hairy plant, S. succulenta, n-hexane fraction
provides two new cyclic glycolipids (compounds 1 and 2). This is
the first evidence provided by this study for the existence of 1,2’
cyclic glycosyloxy-docosanoate in plants, especially for the Car-
yophyllaceae family. The structures of these glycolipids differed
significantly from those of S. gallica's gallicasides, which were
1,2-cyclic esters of (B-p-glucopyranosyloxy) octadecanoic acid,*
and Stellaria dichotoma was found to contain 1,2"-cyclic esters of
5-(B-p-xylopyranosyloxy)fatty acids.” 1,6' Cyclic glycosyloxy-
docosanoic acid esters were also reported.”” Based on these
previous findings, it was hypothesized that cyclic glycolipids are
particular to some plants of the Caryophyllaceae family, which
have a special ability to attach a hydroxyl moiety at different
places in fatty acids for the creation of a glycosidic linkage.*”
The chemical nature of the cyclic glucolipids 1 and 2 and the
lack of their biological studies led us to the evaluation of their
cytotoxic activity against the MCF-7 cell line compared to
doxorubicin as a reference drug. A comparison between ICs, of
doxorubicin (3.83 mg mL ") and the newly isolated compound 2
(6.6 mg mL™") showed that compound 2 has a higher anti-
breast cancer activity and could be used as a complementary
medicine for breast cancer patients.

To investigate the anti-proliferative mechanism, the most
potent cytotoxic compound 2 was chosen to be the best repre-
sentative for evaluating cell cycle and apoptosis. An analysis of
cell cycle phases revealed a decrease in cells at S and G2/M
phases whereas an increase at G0/G1 phase. In addition, the
most active compound's powerful apoptotic ability resulted in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a 195- and 171-fold increase in the early and late stages of
apoptosis, respectively. The GO/G1 phase is a resting stage in the
cell cycle, where cells are not dividing. If the GO/G1 phase
increases after treatment, this could mean that the cells have
been arrested in the cell cycle and are not progressing. This can
be desirable in cancer therapy, as it can prevent cancer cells
from dividing and multiplying. An increase in the GO/G1 phase
can also indicate that cancer cells are undergoing apoptosis, or
programmed cell death, which is a desirable effect of some
chemotherapy drugs.”?

The expected mechanism at the G2/M phase was evaluated
using molecular docking, which uses the active side of the key
enzyme Mps1/TTK protein kinase. Owing to the critical role of
Mpsl in the spindle assembly checkpoint (SAC), the metaphase
checkpoint, once there is any perturbation at the M phase of the
cell cycle, it is responsible for arresting cell division.***
Although the presence of free hydroxyl groups and/or attached
acetyl groups on the glucopyranoside moiety of the two studied
components was shown to play a significant role in the Mps1
active binding site, docking studies suggested a competitive
type of enzyme inhibition for compounds 1 and 2. However, the
structure-activity relationship (SAR) between the two glyco-
lipids can be inspected from the in vitro assay. This suggests
that the acetylation of the hydroxyl group present at position-6’
of glucose moiety reduces glycolipid cytotoxicity against MCF-7.
To corroborate our findings, additional in silico and in vitro
research on this chemical class is advised.

3. Experimental

3.1. Chemistry

3.1.1. Chemicals and apparatus. High-purity grade chem-
ical solvents, such as methanol, ethanol, n-butanol, ethyl
acetate, n-hexane and dichloromethane, were purchased from
Sigma-Aldrich and Fisher Scientific, US. TLC analysis was ach-
ieved using Merck precoated plates of silica gel 60 GF,s4. The
visualization of TLC spots was detected by treating the plates
with 5% sulfuric acid in MeOH and then heating them to 100 °©
C. Preparative TLC was performed using the same plates of
silica gel. For column chromatography (CC), silica gel Gg, (60—
120 mesh size, Merck, US), reversed phase C; silica gel (particle
size of 15-25 pm, 100 A pore size, Fluka, Switzerland) and
Sephadex LH-20 (Merck, US) were utilized. The presence of tri-
methylsilylated hydroxy fatty acid methyl ester was confirmed
by Thermo Scientific GC-MS analysis. It has AS 3000 auto
samplers, trace ultra-GC, and an ISQ detector (US). The ioni-
zation energy of the electron ionization system is 70 eV. The
separation was accomplished by capillary TR-5MS column (30
m, 0.25 mm ID and 0.25 pm). Other specifications, such as
using helium carrier gas (1.0 mL min~" flow rate), column
temperature 175 °C, injection temperature 250 °C and interface
temperature 280 °C, were considered. The spectra of 1D and 2D-
NMR were achieved by applying a Bruker 400 spectrometer (400
MHz for 'H and 100 MHz for **C) in deuterated solvents, such
as CDCl; and CD;OD. Waters XEVO TQ-S mass spectrometer
(Waters, Manchester, UK) with electrospray ionization in posi-
tive (ESI') mode and high-performance Compact Mass
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Fig.5 2D interactions of 1 (A) and 2 (B) with Mps1 amino acid residues showing the H-bond interactions with Gly605 residue inside the active site
of the Mps1/TTK protein kinase receptor. 3D-conformational change in Mps1 upon binding with compounds 1 (C) and 2 (D) and interacted bond
distances with amino acid residues.
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Spectrometer (CMS) (ADVION®, US) were operated for mass
spectra by direct infusion.

3.1.2. Plant material. Aerial parts of Silene succulenta
Forssk. were collected from Mersa Matruh (Northwestern
Mediterranean coast, Egypt) (GPS coordinates; 30°37'52.77" N,
27°18'61.11" E) at the flowering stage during March (2019).
Plant specimen (CAIH-2-4-2019-R) was authenticated and
deposited at the herbarium of the Desert Research Center,
Egypt.

3.1.3. Extraction and isolation. S. succulenta aerial parts
(1.3 kg) were macerated with 70% methanol until complete
extraction was assured. Filtration, followed by concentration of
the hydro-methanolic extract, was done at 40 °C under reduced
pressure (using rotavapor). The total concentrated extract (156
g) was dissolved in 600 mL of distilled H,O and fractionated
with n-hexane and then ethyl acetate (EtOAc) and n-butanol (n-
BuOH). Each fraction was filtered and concentrated under
reduced pressure until dryness. The residue of n-hexane (22.68
g) was applied to silica gel CC and eluted by n-hexane : EtOAc
(100:0 — 30:70). The obtained sub-fractions were mixed
according to their TLC patterns to yield the five main sub-
fractions (H-I to H-V). Collective sub-fraction H-II (0.2 g,
eluted with n-hexane : EtOAc, 7 : 3) and sub-fraction H-III (0.3 g,
eluted with n-hexane-EtOAc, 1:1) were further purified using
preparative NP TLC with toluene-EtOAc-formic acid, 10:4:1
and repurified by sephadex LH-20 CC, eluted with CH,Cl,-
MeOH, 1:1 to afford 1 (13 mg) and 2 (16 mg), respectively. In
the same way, the sub-fractions of EtOAc residue (7.58 g) were
exposed to the CC of silica gel using n-hexane : EtOAc (100: 0 —
30:70) and gathered to give the four main sub-fractions (E-I to
E-IV). Collective sub-fraction E-III (0.4 g, eluted with n-hexane-
EtOAc, 3 : 7) was purified using preparative NP TLC with DCM-
MeOH, 9.8:0.2 and repurified by sephadex LH-20 CC using
100% MeOH to afford 3 (12 mg). Moreover, n-BuOH residue
(27.77 g) was chromatographed on polyamide CC eluted by
saturated n-BuOH with water to afford five collective sub-
fractions (Bu-I to Bu-V). By crystallization followed by repur-
ification using sephadex LH-20 CC (100% MeOH) of collective
sub-fraction Bu-II, compound 4 (20 mg) was obtained.
Furthermore, collective sub-fraction Bu-IV
chromatographed in a sequence of chromatographic tech-
niques, including silica gel CC eluted with (EtOAc-MeOH-H,0,
70:5:4), followed by reversed-phase C,g-silica gel CC using
MeOH-H,0 (1:1) and then purified on sephadex gel filtration
(100% MeOH) to obtain compound 5 (6 mg).

1,2'-Cyclic  ester of 11-0xy-(6-O-acetyl-3-p-glucopyranosyl)
behenic acid (1). Colorless oil (13 mg); ESI-MS m/z 543.3905 [M +
H]" (caled for C50H5505", 543.3897), spectroscopic identification
of the major compound [11(R)-oxy-(6-O-acetyl-B-p-glucopyr-
anosyl) 1,2"-cyclic behanic acid ester] (1a); 'H NMR (400 MHz,
CDCIl;) and C NMR (100 MHz, CDCl;) are shown in Tables 1
and 2. For further analysis, a small portion of compound 1 was
hydrolyzed completely to produce the corresponding hydroxy
fatty acid and glucose.?*® As glucose (water-soluble fraction) was
identified by comparing it with an authentic glucose sample
using TLC, the hydrolyzed hydroxy fatty acid portion was sub-
jected to methylation, followed by silylation to obtain its

was re-
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corresponding TMS ether for GC-MS detection. NMR data of the
minor epimer [see the ESI of compound 1 (ESI Fig. S2-S5)f].

1,2"-Cyclic ester of 11(R)-oxy-(B-p-glucopyranosyl) behenic acid
(2). Colorless oil (16 mg); ESI-MS m/z: 501.3855 [M + HJ'
(equivalent to C,3Hs530,", 501.3791); "H NMR (400 MHz, CDCl;)
and *C NMR (100 MHz, CDCl,) are depicted in Tables 1 and 2.
Further investigation was carried out in the same manner as
described for 1.

3.2. Evaluation of cytotoxic activity

3.2.1. Cell culture. The MCF-7 cell lines (American Type
Culture Collection, ATCC, Minnesota, US) obtained by the
National Cancer Institute, Cairo, Egypt, were maintained by
serial sub-culturing. Culturing of cells was achieved using
supplemented DMEM (Gibco, US) with 1% penicillin-
streptomycin, 10% FBS (HyClone, US), and 10% of bovine
insulin (Sigma-Aldrich, US).

3.2.2. SRB viability test. Ten mg of each tested sample was
dissolved in 1 mL of DMSO. Cytotoxic activity was determined
by sulphorhodamine-B (SRB) assay as previously reported.*
Then, by an ELISA reader (Sunrise Tecan reader, Germany) at
510 nm, the optical density (O.D.) was recorded. The ICs, values
were also estimated.

3.2.3. Cell cycle analysis. Using a flow cytometry kit, pro-
pidium iodide (PI) (ab139418, Abcam), cell cycle arrest and
distribution were carried out. This kit was intended to measure
the quantity of DNA in cultured cells because 5 x 10° cells were
grown both with and without the test substance (2). After being
rinsed with 100 mL of PBS and stained at room temperature
with a staining solution of RNase (200 L) and PI, the adhering
cells were fixed in ethanol (70%) for two hours at 4 °C and kept
in the dark for 15 min. Finally, using a 488 nm laser excitation
and FL2 of a flow cytometer, the intensity of PI fluorescence was
measured.*

3.2.4. Annexin V-FITC apoptosis. An apoptosis kit (IM3614,
Beckman Coulter) of Annexin V-FITC/7-AAD was purchased and
used for the apoptosis detection of MCF-7/compound 2 cells.
Cells (5 x 10° were collected and resuspended in Binding
Buffer (1x, 500 pL). Annexin V-FITC (10 puL) and 7-AAD dye (20
uL) were mixed with cell suspensions (100 pL); then, cells were
incubated in the dark for 15 min. The readdition of ice-cold
binding buffer (1x, 400 pL) was performed by gentle mixing.
The prepared samples were analyzed by employing a flow
cytometer within 30 min.*

3.3. Molecular docking

The docking was established using AutoDock vina modeling
software to interpret binding affinities and bond interactions
between compounds 1, 2 and the active site of Mps1/TTK
protein kinase. Protein Data Bank (https://www.rcsb.org/
structure/PDB ID 7CJA)** provided us with the crystal
structure of Mps1/TTK protein kinase. The 3D structures of
the new compounds 1 and 2 were drawn by Chem3D Ultra 8.0,
and the ligand 3D structure (ATP) was obtained from PubChem.
Chimera 1.16 allows the application of energy minimization
and protonation before docking to achieve the best results.
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Docking of the ligand was followed by compounds 1 and 2
inside the Mps1/TTK protein kinase active site relative to RMSD.
Discovery Studio 2021 was used for the result processing.
Selection of the conformer, which achieved good binding with
the amino acid residues of the enzyme active pocket, and
illustration of its hydrogen bonding interactions and their
length were provided.

3.4. Statistical analysis

The results of the cytotoxic activity and cell cycle experiments
are shown as mean =+ standard deviation of the mean for n = 3.
By graphing the % inhibition versus concentration, a dose-
response curve was created to obtain ICsy.

4. Conclusions

The results provided evidence that S. succulenta may be effective
in the treatment of breast cancer (MCF-7). Additionally, our
findings suggest that new glycolipids 1 and 2 are thought to be
interesting cytotoxic alternatives for the development of newer,
more efficient anti-breast cancer drugs. In vivo studies are rec-
ommended to confirm our conclusion. Furthermore, to the best
of our knowledge, the three known flavonoids (3, 4, and 5) were
reported for the first time in this plant.
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