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ABSTRACT

Background: The leaves of Zizyphus spina-christi (L.) Willd contain several compounds exhibiting different
pharmacologic activities. However, studies on the cytotoxic activity of these compounds are limited.
Objectives: We aimed to investigate and isolate cytotoxic compounds with selective antitumor effects
from the leaves of Z. spina-christi using bioassay-guided fractionation of methanol extract.
Methods: Powdered, dried leaves were subjected to methanol extraction and fractionated using n-
hexane, chloroform, ethyl acetate, and n-butanol. Fractions with positive cytotoxicity against HeLa and
THP-1 cell lines were further fractionated and eluted using various concentrations of organic solvents.
Active compounds were isolated using different chromatographic methods and their chemical structures
were determined using extensive spectroscopic methods, such as 1D NMR (1H NMR, '3C NMR, and DEPT),
2D NMR (COSY, HMBC, and HMQC), HRFAB-MS, and IR. Furthermore, the cytotoxic effects of the isolated
compounds were evaluated against 62 tumor cell lines (including HeLa and THP-1) in addition to normal
bone marrow cells.
Results: The chloroform and aqueous methanol fractions of the leaves showed cytotoxic activity. Two
compounds were successfully isolated and named “sidrin” (13-p-hydroxy-lup-20(30)-ene-2,3-B-epoxy-
28-carboxylate) and “sidroside” (3-0-B-D-glucopyranosyl-(1-3)-a-L-arabinopyranosyl-jujubogenin-20-
0-a-L-rhamnopyranoside). Sidrin exhibited cytotoxic activity against the human leukemia (HI-60,
RPMI-8226), lung cancer (A549, EKVX), breast cancer (BT-549, MDA-MB-231/ATCC), colon cancer
(KM12), melanoma (M14, SK-MEL-5), and central nervous system (CNS) cancer (SF-295) cell lines, and
selectivity was observed against the HI-60, EKVX, BT-549, KM12, and SF-295 cell lines. In addition, sidrin
was more active than sidroside and doxorubicin against the HI-60 and EKVX cell lines. In contrast, sidrin
had a similar effect to doxorubicin against the BT-549 and renal cancer (UO-31) cell lines. Sidroside was
more selective against the leukemia (CCRF-CEM, MOLT-4), lung cancer (HOP-92, NCI-H322M), breast can-
cer (MDA-MB-468), melanoma (LOX IMVI), CNS cancer (SNB-19), ovarian cancer (OVCAR-8), renal cancer
(UO-31, RXF 393), and prostate cancer (PC-3) cell lines. Both compounds exhibited similar activity against
the breast cancer (MDA-MB-231, T-47D), colon cancer (HCC-2998, HCT-116), ovarian cancer (OVCAR-3),
renal cancer (UO-31, 786-0, and SN 12C) cell lines. Normal bone marrow cells were unaffected at the
same concentrations of sidrin and sidroside applied to tumor cells.
Conclusions: These results suggest tumor-selective cytotoxicity of sidrin and sidroside.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Species of the Zizyphus genus (Rhamnaceae) are widespread in
tropical American countries, Australia, Africa, and the Mediter-
ranean region. These species are traditionally used in folk medicine
because of their antidiabetic, anti-infectious, and sedative proper-
ties; moreover, they have been reported to treat various ailments,
including fever, dandruff, loss of appetite, bronchitis, pharyngitis,
diarrhea, anemia, and insomnia (Abdullah et al., 2022; Marmouzi
et al., 2019; Shen et al.,, 2020; Shergis et al., 2017; Xu et al,,
2022). Several compounds, including triterpenoid saponins, tan-
nins, sterols, flavonoids, and cyclopeptide alkaloids, have been iso-
lated and characterized from various Zizyphus species (Le Crouéour
et al., 2002; Seri et al., 2020).

The subtropical tree Zizyphus spina-christi (L.) Willd. is known as
“Sidr” or “Nabq” (Ibn Sina [Avicenna], 1025) in Arab countries. This
species has been used in folk medicine for different purposes. Its
leaves are used for treating abscesses and furuncles, and cata-
plasms of fresh green leaves are applied to swollen eyes at night.
Its leaves are also used as an emollient, a remedy for stomach pains
and toothaches, an astringent, and a mouthwash (Duke and
Ayensu, 1985). In Saudi Arabian folk medicine, its leaves are used
as a sedative and for treating some skin diseases, wounds, various
inflammatory conditions, sores, fever, ulcers, diabetes, loss of appe-
tite, infections, insomnia, anemia, and bronchitis (Adzu et al.,
2003).

Moreover, the Arabs and Bedouins prepared a paste from the
crushed roots, leaves, or branches of Z. spina-christi and used it
for treating arthritis (Al-Fatimi, 2019; Ghazanfar, 1994). In Arab
folk medicine, the leaves of Z. spina-christi are also used for cos-
metic purposes, such as washing the body and hair (Abu-Rabia,
2015). Furthermore, its leaves are used for treating skin diseases,
such as acne and atopic dermatitis, and as an anti-inflammatory,
antifungal, and antiseptic agent in Iranian folk medicine (Shakiba
et al.,, 2019).

Previous studies on the leaves, fruits, and barks of Z. spina-
christi have reported that these plant parts exhibit hypoglycemic,
antihyperglycemic (Abdel-Zaher et al., 2005; Glombitza et al.,
1994; Nesseem et al., 2009), antidiabetic (Takim, 2021), antidiar-
rheal (Adly et al., 2022; Adzu et al., 2003; Neamah et al., 2022),
antibacterial (El Kutry and Sopeah, 2020), antinociceptive (Adzu
et al., 2001; Dhanalekshmi et al., 2022), analgesic, antihyperlipi-
demic, and antioxidant effects (Adzu and Haruna, 2010; Alsayari
and Wahab, 2021; Dkhil et al., 2018; Hussein et al., 2006). In addi-
tion, the ethanolic extract of the leaves of this species has been
reported to inhibit the growth of Bacillus subtilis and exert moder-
ate antipyretic and considerable anti-inflammatory activities
(Tanira et al., 1988).

The leaves of Z. spina-christi contain several constituent chemi-
cals, such as cyclopeptide alkaloids (Abdel-galil and El-Jissry, 1991;
Adam et al., 2022; Tuenter et al., 2017), saponin glycosides, flavo-
noids (El Maaiden et al., 2019; Hussein, 2019; Pawlowska et al.,
2009), and triterpenes (e.g., betulinic and ceanothic acids)
(Elghaffar et al., 2022; El-Shahir et al., 2022). Of these constituents,
betulinic acid has shown selective cytotoxicity against malignant
brain tumors and neuroectodermal and melanoma cells
(Wréblewska-tuczka et al., 2022; Zuco et al., 2002). However, no
information is available regarding the tumor-selective cytotoxicity
of the other constituents of Z. spina-christi.

In a previous study, we discovered and isolated two new bifla-
vonoid ethers, zizyflavosides A and B, from the Egyptian Z. spina-
christi (Mostafa et al., 2010). Although these compounds failed to
show cytotoxicity, we herein conducted further screening for
promising antitumor compounds from the same plant leaves using
bioassay-guided fractionation of methanol extract. Fractions show-
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ing cytotoxicity against HeLa and THP-1 cell lines were subjected
to isolation analysis to identify the active compounds, which were
further tested against various cancer cell lines compared with nor-
mal bone marrow cells.

2. Material and methods
2.1. Instrumentation

The optical rotation of the isolated compounds was detected
using a Horiba SEPA-3000 high-sensitivity polarimeter (Horiba,
Japan). Ultraviolet (UV) spectra were measured using a Shimadzu
UV-1600 UV-Vis spectrometer (Shimadzu, Japan). Infrared (IR)
spectra were recorded using KBr disks on a Shimadzu IR-460 IR
spectrophotometer (Shimadzu, Japan). Nuclear magnetic reso-
nance (NMR) spectra were obtained using a JEOL GSX-500 spec-
trometer (JEOL, USA). Chemical shifts were referenced to the
residual solvent peaks of the deuterated solvent DMSO dg (dy
2.49 and §¢ 39.5).

Mass spectra were obtained using a JEOL JMS-SX 102A high-
resolution, double-focusing, four-sector tandem mass spectrome-
ter (JEOL, USA). This mass spectrometer was operated at a full
accelerating voltage of 10 keV with a standard JEOL FAB source.
Sample solutions were poured into the stainless-steel target, and
following evaporation of the solvent glycerol (matrix), approxi-
mately 3 pL of the matrix was placed on the target and mixed with
the sample. The FAB gun, operated with xenon, was used in the ion
gun to provide a high primary flux of fast atoms, which was main-
tained with a 20-mA discharge current at an energy of 5 keV.

Open column chromatography was performed using the follow-
ing agents: octadecylsilane (ODS) (63-212 pum, Wako Pure Chem-
ical Industries, Ltd., Japan) for reverse-phase chromatography and
silica gel (63-210 pum, Kanto Chemical CO., INC, Japan). Reversed-
phase-column HPLC was used for further purification of the iso-
lated compounds (Sun-FireTM Prep C18 5 pum; 10 x 250 mm;
Waters, USA). Finally, thin-layer chromatography (TLC) was per-
formed using RP-18 F254S and silica gel 60 F254 (Merck, USA)
for primary identification of the isolated compounds.

2.2. Plant material

The leaves of Z. spina-christi were obtained from a plant culti-
vated in Ezbet Abuhomoudi, a small village in Qena, Egypt. Plant
identification was confirmed by the Department of Botany, Faculty
of Science, Assuit University, Egypt. The voucher specimen was
coded as T205 and was deposited in the Department of Pharma-
cognosy, Faculty of Pharmacy, Al-Azhar University, Assuit Branch,
Egypt.

2.3. Extraction and isolation of cytotoxic compounds

Approximately 1.7 kg of the leaves were air-dried and ground to
fine powder. This powder was subjected to methanol (CH30H)
extraction with five sequential macerations, each with two liters
of methanol. Each maceration process was performed over 3 days.
Then, methanol was evaporated and the residue was redissolved in
1.5 L of 50% aqueous methanol. The redissolved residue was
sequentially, repeatedly, and exhaustedly fractionated with n-
hexane, chloroform (CHCl3), ethyl acetate, and n-butanol (0.5 L
for each repeated process). After solvent evaporation, dried resi-
dues were obtained from each fraction in addition to the remaining
aqueous methanol fraction (supplementary Fig. 1s).

The dry residue of the aqueous CH;OH fraction (20 g) was
eluted with a mixture of CHCl3/CH3;0H of increasing polarity (9:1,
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8:2,7:3,6:4,5:5,4:6,3:7, and 2:8) and subjected to column chro-
matography (CC) on silica gel. The 6:4 fraction that showed the
most potent cytotoxic effect was subjected to CC using ODS with
water/acetonitrile (H,O/CH5CN) as the eluent of increasing polarity
(9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, and 2:8). The 6:4 fraction again
showed the most potent cytotoxic effect. This fraction was purified
using HPLC (ODS, 6:4 H,0/CH5CN) to yield approximately 20 mg of
a novel compound named “sidroside”; this name was derived from
the Arabic name of the plant. The CHCl; fraction (3 g) was sub-
jected to reversed-phase chromatography on ODS with H,O/CHs-
OH as the eluent (polarities: 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, and
2:8). The fraction that showed cytotoxic effect (5:5) was eluted
with 50% H,0/CH30H and purified using HPLC (using ODS, H,0/
CH50H 6:4) to yield approximately 7 mg of another novel com-
pound named “sidrin.”.

2.4. Identification of the sugar moieties of sidroside

Sidroside (4 mg) was dissolved in 3 mL of 5% sulfuric acid
(H2S04) in 50% ethanol (CH3CH,OH). The mixture was subjected
to 100 °C for 3 h to yield sidroside hydrolysate. The latter was
extracted with n-butanol, purified via silica gel chromatography,
and assessed via TLC (silica gel using the solvent system of CHCls:
CH50H:H,0 [65:40:10]) against the authentic reference standards
of L-arabinose (retention factor [Rf] = 0.50), L-rhamnose (Rf = 0.60),
and D-glucose (Rf = 0.41). The TLC procedure was repeated with
another solvent system (CH3CN:H,O [17:3]) for confirmation (Sup-
plementary Fig. 2s). Finally, the sugars were converted to benzoyl
derivatives and identified using chiral HPLC, as described in the
next section.

2.5. Determination of the stereochemistry of the sugar moieties of
sidroside via chiral HPLC

Each sugar moiety of sidroside was dissolved in dry pyridine
(CsHsN) as 1 mg/0.5 mL, and the solution was ice-cooled. Later,
0.1 mL of benzoyl chloride (C;HsCIO) was added, followed by stir-
ring for 35 h at room temperature. Finally, dropwise addition of
0.1 mL of methanol to the reaction mixture was followed by
stirring for 30 min. The mixture was diluted with ethyl acetate
(CH3COO0C,Hs) and aqueous sodium carbonate (Na,COs). This led
to the formation of two layers (organic and aqueous). The organic
layer was washed with brine to remove any aqueous contami-
nants. In contrast, the organic portion in the aqueous layer was
extracted with ethyl acetate and added to the washed organic
layer. The combined organic extract was dehydrated with
magnesium sulfate (MgS0,4) and concentrated. The resulting dark
brown oil residue was purified using silica gel CC (eluted with
n-hexane/ethyl acetate [5:1]) to yield the corresponding benzoyl
derivative of the sugar. The benzoyl derivative of the sugar moi-
eties of sidroside was subjected to chiral HPLC on a CHIRALPAK
IB column (4.6 x 250 mm, methanol, 0.70 mL/min, and UV detec-
tion at 254 nm) (Daicel Corporation, Japan). The retention times of
the benzoyl sugar derivatives of sidroside were 11.8, 11.4, and
8.2 min. These retention times matched those of the synthetic
benzoyl derivatives of D-glucopyranose, L-rhamnopyranose, and
L-arabinopyranose, respectively.

2.6. Sidrin and sidroside stock solutions

Sidrin and sidroside were prepared as stock solutions of 100 uM
in DMSO. Parts of the stock solutions were diluted to different con-
centrations ranging from 1 to 100 pM, according to the required
test.
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2.7. Cytotoxicity of sidrin and sidroside

2.7.1. Cytotoxicity against myeloma THP-1 monocyte cell line

3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT) assay was performed according to the method followed by
Niksic et al. (Niksic et al., 2021). Cell suspensions (180 puL) were
seeded in 96-well plates at a density of 1.0 x 10° cells per well.
Approximately 20 pL of each concentration of sidrin and sidroside
was added. The cells were cultured for 3 d, and approximately
10 puL of MTT was added to the cultured cells. They were incubated
for 4 h and solubilized in 100 pL of 10% SDS-N,N-dimethylformal
dehyde (DMF) solution for 10 h. A microplate reader was used to
measure the absorbance at 570 nm.

2.7.2. Cytotoxicity against HeLa cells

Dulbecco’s modified Eagle’s medium was used for growing cells.
This medium was supplemented with streptomycin (50 mg/mL),
penicillin (50 units/mL), and 10% fetal calf serum at 37 °C under
a humidified atmosphere of 5% CO,. The cells were seeded into a
96-well microplate (3 x 10* cells/well) and cultured for 24 h.
The medium was replaced with a fresh medium containing sidrin
and sidroside. The cells were cultured for 3 d at 37 °C. The medium
was again replaced with 50 pL of MTT solution (0.2 mg/mL in the
medium). The cells were incubated under the same conditions for
4 h after adding 200 pL of DMSO. A microplate reader was used to
measure the optical density at 570 nm.

2.7.3. Cytotoxicity against 60 cell lines from the National cancer
Institute

This test was performed at the National Cancer Institute (NCI,
USA). The test used standard 60 human cancer cell lines including
subpanels of melanoma; leukemia; and prostate, breast, kidney,
ovary, brain, colon, and lung cancer cell lines (Shoemaker, 2006).
These cell lines had reproducible growth and drug sensitivity pro-
files and were adapted to a single-growth medium (Rubinstein
et al.,, 1990). Doxorubicin was used as the positive control.

2.7.4. Bone marrow cell preparation and colony-forming unit assay

Murine femurs and tibiae were used as the sources of bone mar-
row, as described by an earlier study (Skehan et al., 1990). The
bone marrow was aspirated with a syringe filled with phosphate-
buffered saline to obtain the cells. The remaining cells were
obtained by washing the syringe twice with the buffer. A hemocy-
tometer was used to count bone marrow cells that were later kept
ice-cold in plastic tubes before conducting colony-forming-unit
(CFU) assay (Ildstad and Sachs, 1984; Wang et al., 2022b).

2.8. Statistical analysis

The results are expressed as means + standard errors of the
means of at least three independent experiments. Comparisons
between the means were performed using one-way analysis of
variance allied with Dunnett’s post hoc analysis for significance.
Differences with P < 0.05 were considered statistically significant.

3. Results
3.1. Positive cytotoxic activity of the tested fractions
Only the chloroform and aqueous methanol fractions showed

cytotoxicity against the HeLa and THP-1 cell lines (Supplementary
Fig. 1s).
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3.2. Structure elucidation of sidrin

Sidrin, white amorphous powder, showed a quasimolecular ion
peak [M—H]~ at m/z 483.34784 in HRFAB-MS, which was compat-
ible with a molecular formula of C3;H470, (Supplementary
Fig. 3s). Absorption for a carbonyl group (1740 cm™!), a hydroxyl
group (3450 cm™!'), and a terminal double bond (3070, 1690, and
885 cm™!) were revealed via IR spectroscopy (Supplementary
Fig. 4s). Signals for five tertiary methyl groups (at 3H 0.63, 0.75,
0.85, 0.86, and 0.92), one vinylic methyl group (at 8H 1.63), and
two olefinic hydrogens (at 8H 4.68 and 4.54) of the 29th carbon
in addition to signals for one carboxylate (3H, 8.30) were revealed
via 'H NMR (Table 1, Supplementary Fig. 5s). These signals are
characteristic features of a triterpenoid lup-20(30)-ene parent
structure (Qiao et al., 2019).

The 31 carbon signals of sidrin were assigned to 23 groups (six
methyl, eleven methylene, and six methine groups) in addition to
eight quaternary carbons (including one hydroxylated carbon and
one carbonyl carbon), as revealed via '>C NMR and DEPT
(Supplementary Fig. 6s-7s). The presence of one extra ring
between C-2 and C-3 was indicated by the HMBC of the correla-
tions between the following: H-2 and C-3; H-1, C-2, and C3;
methyl-24 and C-3; and the unsaturation degree. The presence of
an epoxide ring was supported by resonances at jc 49.8 (C-2)
and éc 76.7 (C-3), associated with 6y 2.96 (H-3) and &y 1.48
(H-2), with a minor coupling constant (Supplementary Fig. 5s).
In addition, B orientation of the epoxide ring was indicated by
NOE correlations of H-3 with H-2 and H-5 with H-9 (Supplemen-
tary Figures 8s-9s).

The HMBC correlation between both H-12 (at 5y 1.40) and H-18
(at 6y 1.46) and C-13 (at éc 79.1) confirmed that the latter is the
hydroxylated quaternary carbon. On the other hand, the HMBC
correlation between H-28 (at dy 1.30) and C-31 (at éc 177.1) con-
firmed that the latter is the carbonyl carbon, which was assigned
as a carboxylate by IR. The proposed stereochemical configuration
of the structure was confirmed using the NOE experiment. This
NOE experiment corresponds with lupeol biosynthesis (Czarnotta
et al,, 2017; Valencia-Chan et al., 2022). Based on the above obser-
vations, the structure of sidrin was suggested to be 13-p-hydroxy-
lup-20(30)-ene-2,3-B-epoxy-28- carboxylate (Figs. 1 and 2 and
Supplementary 10s).
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3.3. Specifications of sidrin

The characteristics of sidrin are as follows: white, amorphous
powder; [a]3* + 8.5° (¢ 0.20, CH30H); HRFAB-MS m/z 483.34744
[M—H] (calculated for [C31H4704]" 483.34784); UV Anmax (CHs-
OH) (log €) 204.5 (4.0) nm; IR vpax (KBr disk) 3450, 1690,
3070, 1740, 1050, and 885 cm™'; 'H NMR, and '*C NMR data
(Table 1).

3.4. Structural elucidation of sidroside

Sidroside was obtained as white amorphous powder and tested
positive for sugars (Molisch test), triterpenes (Liebermann-Bur-
chard test), and saponins (froth test). Its molecular formula was
determined to be C47H77017 based on the quasimolecular ion peak
[M + H]* m/z 913.51574 in the positive HRFAB-MS (Supplemen-
tary Figure 11s). The aglycone was assigned as jujubogenin based
on the 'H and >C NMR, 'H-"H COSY, HMQC, and HMBC experi-
ments (Supplementary Figures 12s-17s). Most '3C NMR signals,
except those for the sugars of sidroside, were assigned through
2Jy—c and *J,;_c couplings of the seven methyl groups. These groups
were similar to those in the literature (Sakna et al., 2022). Signals
for seven tertiary methyl groups at 6y 0.77, 0.89, 1.01, 1.01, 1.23,
1.58, and 1.64 and an isobutenyl group at éy 5.09 (1H), 1.58
(3H), and 1.64 (3H) were observed in the 'H NMR spectrum of
sidroside (Table 2).

The carbon chemical shifts of the triterpenoid units assigned to
C-17, C-20, C-21, C-24, and C-25 corresponded to the values for
those of the jujubogenin aglycone (Wang et al., 2022a). The assign-
ments were further confirmed by HMBC, including correlations
from one of the methylene protons on C-22 (appearing at dy
1.37) with C-17, C-20, C-21, and C-23 and from a methine proton
on C-23 (resonating at oy 4.49) with C-24 and C-25 (Fig. 3). The
presence of three sugars was indicated by three anomeric signals
at 6y 4.29 (d, J = 6.8 Hz), 4.31 (d, J = 7.8 Hz), and 5.30 (brs). These
anomeric signals were correlated with carbon signals at 5c 104.0,
103.2, and 100.1, respectively. Complete assignment of each sugar
proton signal was achieved using 'H-'H COSY correlations.
B-glucopyranosyl, o-arbinopyranosyl, and o-rhamnopyranosyl
moieties were identified by evaluating coupling constants and
chemical shifts (Table 2).

Table 1
NMR data (500 MHz for 'H NMR and 125 MHz for '*C NMR in DMSO d) for sidrin.
No ¢ dy (J in Hz) No. d¢ 8y (J in Hz)
1 384 1.54 (1H, d, 5.1), 1.58 (1H, m) 17 41.9 -
2 49.8 1.48 (1H, brt, 3.9) 18 48.5 1.46 (1H, dt)
3 76.7 2.96 (1H, d, 2.9) 19 46.5 2.93 (1H, m)
4 40.2 - 20 150.2 -
5 54.8 0.96 (1H, dd, 13.2, 4.4) 21 27.1 1.78 (1H, m), 1.40 (1H, m)
6 17.9 1.44 (1H, m), 1.29 (1H, m) 22 36.4 1.80 (1H, m), 1.45 (1H, m)
7 30.1 1.43 (2H, m) 23 28.1 0.86 (3H, s)
8 36.4 - 24 14.4 0.86 (3H, s)
9 37.8 2.21 (1H, td, 12.2,12.2,3.1) 25 15.8 0.75 (3H, s)
10 315 - 26 14.1 0.92 (3H, s)
11 20.4 1.43 (1H, m), 1.37 (1H, m) 27 15.8 0.63 (3H, s)
12 31.8 1.40 (1H, m), 1.08 (1H, m) 28 29.1 130 (2H, s)
13 79.1 - 29 109.5 4.68 (1H, brs), 4.56 (1H, brs)
14 55.3 - 30 18.9 1.63 (3H, s)
15 25.0 1.43 (1H, m),1.37 (1H, m), 31 177.1 8.30 (1H, s)
16 33.8 1.40 (1H, m), 2.10 (1H, m)

brs, broad singlet; brt, broad triplet; d, duplet; dd, duplet of duplet; dt, duplet of triplet; m, multiplet; s, singlet; td, triplet of duplet.
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Sidroside

Fig. 1. Chemical structures of sidrin and sidroside.

H

S

Fig. 2. Key HMBC and NOE correlations of sidrin.

HMBC correlations between signals at &y 4.29 (arabinose
anomeric proton-1’) and J¢ 87.2 (C-3 of the jujubogenin aglycone)
and between signals at dy 4.31 (glucose anomeric proton-1”) and
Jc 67.3 (arabinose C-3’) indicated that the diglycosidic chain was
B-glucopyranosyl-(1-3)-a-arabinosyl, which was linked to jujubo-
genin at C-3 (Fig. 3). The linkage of the third sugar unit (o-
rhamnose) on the C-20 of jujubogenin was deduced from the
HMBC correlation between §y 5.30 (rhamnose anomeric proton-
1) and ¢ 66.3 (C-20 of the jujubogenin aglycone). These linkages
were confirmed via NOE correlations between signals of arabinose
anomeric proton-1’ and the proton on C-3 of the jujubogenin agly-
cone, between glucose anomeric proton-1” and arabinose proton
on C-3/, and between rhamnose anomeric proton-1” and protons
on C-21 of the jujubogenin aglycone. The sugar constituents of
sidroside were identified as p-D-glucose, a-L-arabinose, and o-L-
rhamnose using co-TLC (against the authentic reference standards

Table 2
NMR data (500 MHz for 'H NMR and 125 MHz for '*C NMR in DMSO d) for sidroside.
No. d¢ 8y (J in Hz) No. 8¢ dy (J in Hz)
1 387 1.53 (1H, m), 0.85 (1H, m) 25 133.4 -
2 25.9 1.51(1H, m), 0.87 (1H, m) 26 252 1.64 (3H, 5)
3 87.2 3.00 (1H, dd, 11.7, 4.3) 27 18.4 158 (3H, 5)
4 400 - 28 27.1 0.75 (3H, s)
5 553 0.75 (1H, m) 29 16.4 0.86 (3H, s)
6 18.0 1.44 (1H, m), 1.58 (1H, m) 30 64.9 3.69 (1H, m), 3.74 (1H, m)
7 35.1 1.45 (1H, m), 1.33 (1H, m) Arabinose 1 104.0 429 (1H, d, 6.8)
8 38.2 - 2! 76.8 3.10 (1H, d, 6.8)
9 525 0.80 (1H, m) 3 823 4.85 (1H, dd, 5.7, 8.2)
10 382 - & 67.3 3.85 (1H, m)
11 21.0 1.30 (1H, m), 1.52 (1H, m) 5 64.6 3.64 (1H, dd, 3.0, 12), 3.66 (1H, dd, 2.0, 12)
12 27.6 1.54 (1H, m), 1.73 (1H, m) Glucose 1 1032 431 (1H, d, 7.8)
13 35.6 2.38 (1H, m) 2 733 3.03 (1H, dd, 7.5, 9.0)
14 519 - 3" 76.7 3.12 (1H, t, 9.0)
15 35.8 1.88 (1H, d, 8.8), 2.38 (1H, m) & 69.7 3.40 (1H, t, 9.0)
16 109.3 - 5” 76.8 3.14 (1H, ddd, 2.5, 4.5, 9.0)
17 55.3 1.52 (1H, m) 6" 60.9 3.41 (1H, m), 3.63 (1H, m)
18 184 1.01 (3H, 5) Rhamnose 1 100.1 5.30 (1H, brs)
19 164 0.65 (3H, s) 2m 70.1 3.60 (1H, m)
20 66.3 - 3" 67.1 3.86 (1H, m)
21 292 123 (3H, s) 4 7256 3.70 (1H, m)
22 441 1.23 (1H, m), 1.37 (1H, m) 5 67.4 410 (1H, d, 6.8)
23 57.4 4.49 (1H, t, 9.5) 6" 165 1.04, (3H, d, 6.8)
24 125.8 5.09 (1H, d, 7.8)

brs, broad singlet; d, duplet; dd, duplet of duplet; ddd, duplet of duplet of duplet; m, multiplet; s, singlet; ¢, triplet.
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of the sugars) and chiral HPLC (after acid hydrolysis of sidroside).
Based on these findings, the structure of sidroside was suggested
to be 3-0-B-D-glucopyranosyl-(1-3)-a-L-arabinopyranosyl-jujubo
genin-20-0-a-L-rhamnopyranoside, as shown in Fig. 1.

Fig. 3. Key HMBC and NOE correlations of sidroside.
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3.5. Specifications of sidroside

The characteristics of sidroside are as follows: white, amor-
phous powder; [a]3 — 6° (c 0.30, CH;0H); HRFAB-MS m/z
913.51603 [M + H]* (calculated for [C47H77017]" 913.51574); UV
Amax (CH30H) (log €) 313 (sh) (3.1), 288 (sh) (3.1) and 205 (4.2)
nm; '"H NMR and '>C NMR data (Table 2).

3.6. Cytotoxicity of the isolated compounds

3.6.1. Myeloma THP-1 monocyte cell line

Both sidrin and sidroside showed inhibitory effect on the mye-
loma THP-1 monocyte cell line. The observed half-maximal inhibi-
tory concentration (ICso) values were 7.2 and 3.6 UM for sidrin and
sidroside, respectively (Fig. 4).

3.6.2. Hela cell line

Both sidrin and sidroside showed inhibitory effect on the HeLa
cell line. The observed ICsq values were 5.1 and 2.7 uM for sidrin
and sidroside, respectively (Fig. 5).
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Fig. 4. Cell viability of the myeloma THP-1 cell line after treatment with different concentrations of sidrin and sidroside compared with dimethyl sulfoxide (DMSO) as a

control (n = 3, P < 0.001 for both compounds).
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Fig. 5. Cell viability of the HeLa cell line after treatment with different concentrations of sidrin and sidroside compared with dimethyl sulfoxide (DMSO) as a control (n = 3,

P < 0.001 for both compounds).
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Table 3
Cytotoxicity of sidrin and sidroside against 60 human cancer cell lines performed at
the National Cancer Institute, USA.

Cell line Growth inhibition (%)
Sidrin Sidroside Doxorubicin
(10 pM) (10 pM) (2.5 pM)

Leukemia

HL-60 27.9 0.0 19.1

K-562 28.1 222 71.8

CCRF-CEM Not evaluated 47.40 46.7

MOLT-4 0.0 39.33 100

RPMI-8226 19.8 24.25 37.3
Non-small cell lung cancer

A549/ATCC 25.8 11.8 64.5

EKVX 23.6 0.0 11.2

HOP-92 0.0 323 49.0

NCI-H322M 0.0 20.9 0.0

NCI-H522 219 9.4 4.5
Breast cancer

BT-549 334 0.0 34.4

MDA-MB-231/ATCC 149 215 179

MDA-MB-468 0.0 238 37.6

T-47D 23.7 443 60.5
Colon cancer

HCC-2998 15.8 31.1 100

KM12 199 0.0 46.3

HCT-116 16.7 23.6 71.9
Melanoma

M14 135 0.0 50.0

LOX IMVI 0.0 17.1 79.4

SK-MEL-5 15.2 0.0 58.1
CNS cancer

SF-295 14.8 0.0 100

SNB-19 0.0 235 64.4
Ovarian cancer

OVCAR-8 0.0 18.0 55.0

OVCAR-3 111 13.6 27.2
Renal cancer

786-0 12.7 26.6 743

RXF 393 0.0 34.9 n.t

SN 12C 16.8 16.4 97.5

U0-31 222 29.5 23.7
Prostate cancer

PC-3 19.5 27.6 25.5

3.6.3. The 60 cell lines from the NCI

Both sidrin and sidroside showed selective cytotoxic activity
against different melanoma; leukemia; and prostate, ovarian,
renal, breast, lung, CNS, and colon cancer cell lines (Table 3 and
supplementary Tables 1s-2s).

3.6.4. Bone marrow cells

In the CFU assay, no cytotoxic activity was observed on the cul-
tured murine bone marrow cells for sidrin at 10 and 100 M con-
centrations and sidroside at 5 and 50 puM concentrations (Fig. 6).

4. Discussion

Cytostatic activity testing of stem barks of different plants using
various in vivo cancer model systems has led to the discovery of the
antitumor activity of lupane-derived triterpenoids (Hordyjewska
et al, 2019). The best-known representative of the lupane-
derived compounds with antiproliferative properties is betulinic
acid (Hamedi et al., 2022; Siddiqui et al., 2022). Previous studies
also showed that cancer apoptosis was induced by topoisomerase
I poisons (Abdel Bar et al., 2009; Santana Gomes et al., 2022;
Talukdar et al., 2022).
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In the present study, the in vitro cell proliferation experiment of
sidrin and sidroside against the THP-1 cell line showed moderate
cytotoxicity of both compounds with an ICsg value of 7.2 pM for
sidrin and 3.6 pM for sidroside. In addition, both compounds
showed cytotoxicity on the Hela cell line, with IC5 at 5.1 uM
and 2.7 uM for sidrin and sidroside, respectively. Moreover, sidrin
and sidroside showed moderate cytotoxicity against melanoma;
leukemia; and prostate, breast, kidney, ovary, brain, colon, and
lung cancer cell lines (among the 60 cell lines tested at the NCI)
at 10 pM.

Sidrin exhibited antitumor activity against human leukemia
(HI-60 and RPMI-8226), breast cancer (BT-549 and MDA-MB-
231/ATCC), lung cancer (A549 and EKVX), colon cancer (KM12),
melanoma (M14, SK-MEL-5), and CNS cancer (SF-295) cell lines.
However, sidrin showed selectivity against the HI-60, EKVX, BT-
549, KM12, and SF-295 cell lines. In addition, sidrin was more
active than sidroside and doxorubicin against the HI-60 and EKVX
cell lines, while it had a similar effect to doxorubicin against the
BT-549 and renal cancer (UO-31) cell lines. On the other hand,
sidroside was more selective against lung cancer (HOP-92 and
NCI-H322M), leukemia cancer (MOLT-4 and CCRF-CEM), breast
cancer (MDA-MB-468), melanoma (LOX IMVI), CNS cancer (SNB-
19), prostate cancer (PC-3), renal cancer (UO-31 and RXF 393),
and ovarian cancer (OVCAR-8) cell lines. Both compounds showed
similar activity against breast cancer (T-47D and MDA-MB-231),
colon cancer (HCC-2998 and HCT-116), renal cancer (UO-31,
786-0, and SN 12C), and ovarian cancer (OVCAR-3) cell lines.

Although structural similarity was observed between sidrin and
betulinic acid derivatives, the presence of a free hydroxyl group on
the C-3 of the latter was considered essential for their cytotoxic
effect (Gauthier et al., 2006; Kommera et al., 2010; Mukherjee
et al., 2006; Podolak et al., 2022; Shu et al., 2022). However, our
findings indicated that this assumption was incorrect because the
hydroxyl group in the same position on sidrin was found to form
an epoxy ring with C-2, and the compound proved effective. In
addition, recent studies have reported that the cytotoxic activity
depends on the type of substitution on C-3 and C-28, not on the
presence of free hydroxyl on C-3 or the free carboxylic group on
C-28 (Kommera et al., 2010; Kozubek et al., 2021; Ling et al.,
2022; Nistor et al., 2022). Moreover, the cytotoxic activity, but with
decreased selectivity, was increased by the oxidation of this hydro-
xyl group. This activity might have been increased by introducing
chemical groups, such as hydroxyl, at the C-28 position (Seca and
Pinto, 2018).

Triterpenoid saponins exhibit different biological activities.
Dammarane-type triterpenoid saponins (bacopaside II, bacopas-
aponin C, and bacoside A3, isolated from Bacopa monniera Wettst.,
Scrophulariaceae) exert mild-to-moderate cytotoxicity on non-
cancerous kidney cell lines (Vero/LLC-PK1); however, they did
not show any anticancer activity against five tumor cell lines
(HT-29: colorectal epithelial carcinoma; SK-OV-3: ovary carci-
noma; BT-549: breast ductal carcinoma; KB: oral epidermal carci-
noma; and SK-MEL: malignant melanoma) (Pawar et al., 2007). On
the other hand, the jujubogenin-type saponins are known to exhi-
bit antidiabetic, hypnotic, antihyperglycemic, and immunological
adjuvant effects (Matsuda et al., 1999). However, sidroside is the
first jujubogenin glycoside to exhibit selective cytotoxicity against
different cancer cells.

Interestingly, while sidrin and sidroside showed cytotoxicity in
a dose-dependent manner for cell lines (HeLa, THP-1 monocyte,
and bone marrow), neither of the compounds showed cytotoxic
effects on normal bone marrow cells at the same or even higher
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Fig. 6. The activity of sidroside and sidrin on the proliferation of cultured murine bone marrow cells against dimethyl sulfoxide (DMSO) as a control, expressed as the
mean * standard error of the mean (n = 3). A. Nothing was added to the sample; B. interleukin-3 (IL-3) and erythropoietin (EPO) were added; C. tris-ammonium chloride (tris-
NH4Cl) was added; and D. IL-3, EPO, and tris-NH,4Cl were added. A significant difference is expressed as the following: (*) for p < 0.05, (**) for p < 0.01, and (***) for p < 0.001.

concentrations used for tumor cells. This finding suggests tumor-
selective cytotoxicity of sidrin and sidroside, with a high selectivity
index.

5. Conclusions

Here, the isolation, structure determination, and selective anti-
tumor activity of two novel triterpenoids, sidrin and sidroside,
from the leaves of Z spina-christi have been described. Selective
cytotoxicity of both compounds was observed against the Hela,
THP-1, and 60 other cancer cell lines from the NCI, whereas no sig-
nificant effects were observed on the proliferation of normal bone
marrow cells. Both compounds had comparatively moderate to
high ICso values against the cancer cells evaluated in this study
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and were found to have antiproliferative activity. The findings of
this study suggest that sidrin and sidroside are promising com-
pounds that may contribute to the development of anticancer
drugs. Alternatively, they may be combined with existing antineo-
plastic medications to enhance their therapeutic benefits. How-
ever, further in vitro and in vivo mechanistic research is
necessary to fully comprehend the potential value of sidrin and
sidroside.
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