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ABSTRACT: Six flavonoids present in Pulicaria jaubertii, i.e., 7,3′-di-O-methyltaxifolin (1), 3′-O-methyltaxifolin (2), 7-O-
methyltaxifolin (3), taxifolin (4), 3-O-methylquercetin (5), and quercetin (6), were tested for their anticancer activities. The
methylated flavonoids, compounds 1−3 and 5, were evaluated for their anticancer activities in comparison to the non-methylated
parent flavonoids taxifolin (4) and quercetin (6). The structures of the known compounds were reconfirmed by spectral analyses
using 1H and 13C NMR data comparisons and HRMS spectrometry. The anticancer activity of these compounds was evaluated in
colon cancer, HCT-116, and noncancerous, HEK-293, cell lines using the MTT antiproliferative assays. The caspase-3 and caspase-9
expressions and DAPI (4′, 6-diamidino-2-phenylindole) staining assays were used to evaluate the apoptotic activity. All the
compounds exhibited antiproliferative activity against the HCT-116 cell line with IC50 values at 33 ± 1.25, 36 ± 2.25, 34 ± 2.15, 32
± 2.35, 34 ± 2.65, and 36 ± 1.95 μg/mL for compounds 1 to 6, respectively. All the compounds produced a significant reduction in
HCT-116 cell line proliferation, except compounds 2 and 6. The viability of the HEK-293 normal cells was found to be significantly
higher than the viability of the cancerous cells at all of the tested concentrations, thus suggesting that all the compounds have better
inhibitory activity on the cancer cell line. Apoptotic features such as chromatin condensation and nuclear shrinkage were also
induced by the compounds. The expression of caspase-3 and caspase-9 genes increased in HCT-116 cell lines after 48 h of treatment,
suggesting cell death by the apoptotic pathways. The molecular docking studies showed favorable binding affinity against different
pro- and antiapoptotic proteins by these compounds. The docking scores were minimum as compared to the caspase-9, caspase-3,
Bcl-xl, and JAK2.

1. INTRODUCTION
Flavonoids, a vastly distributed natural product class of
compounds found mostly in higher plants, have multiple
benefits as food and medicines.1−3 They are also abundantly
present in vegetables, fruits, and green algae. Flavonoids play a
defensive role in plants against oxidative stress, which is
produced in response to unfavorable environmental conditions
of salinity and dryness.4,5 The polyhydroxy flavonoids exhibit
protective effects against oxidative stress damage to soft tissues,
i.e., the brain, heart, and liver,6 and have been used medicinally.

Silymarin, a multihydroxylated flaovnolignan, is used for
hepatoprotection and treatment of liver cirrhosis.7 Quercetin
and taxifolin are two such polyhydroxylated flavonoids that are
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well-known for their potent antioxidant activity.8−10 A variety
of flavonoids have also been studied for their anticancer/
cytotoxic activity against various cancers and malignant cell
lines.11,12 Structurally, quercetin and taxifolin have the same
pattern of hydroxyl groups distribution among the three
nucleus rings, i.e., A, B, and C of the flavonoid. Taxifolin, a
dihydroquercetin, contains a 2,3-saturated C−C bond in the
C-ring of the structure.8,9,13 Supposedly, this saturation in the
taxifolin structure, as compared to the quercetin, is responsible
for the lower antioxidant activity of the taxifolin in comparison
to the quercetin.9 Furthermore, quercetin and taxifolin have
also been shown to exhibit potential anticancer activity with
definite mechanisms.13−16 One of the involved anticancer
mechanisms is the inhibition of thioredoxin reductase TrxR.16

In addition, taxifolin also has significant quinone reductase
activity and anticancer potential by up and down regulating
several genes through an ARE-dependent mechanism.17 Some
other mechanisms are also reported for taxifolin.14,18 As for the
methylated flavonoids, their structures have been suggested to
exhibit higher anticancer activity as compared to the
corresponding hydroxylated compounds.11,19 In the current
study, four methylated flavonoid aglycones, i.e., 7,3′-di-O-
methyltaxifolin (1), 3′-O-methyltaxifolin (2), 7-O-methyltax-
ifolin (3), and 3-O-methylquercetin (5), in addition to taxifolin
(4) and quercetin (6) (Figure 1), were isolated from P.
jaubertii and were tested for anticancer potential against the
HCT-116 cancer cell line and HEK-293 noncancer cell lines.
The expression levels of caspase-3 and caspase-9 genes were
measured after anticancer treatments, and DAPI staining
experiments were also conducted to explore the apoptotic
activity of these tested methylated compounds. The apoptotic
activity of the compounds was validated through in silico
receptor−ligand docking studies to provide an insight into the
levels of the binding feasibility.

2. MATERIALS AND METHODS
2.1. Reagents and Instrumentation. 1H and 13C NMR

measurements were carried out on a Bruker AMX-600
spectrometer operating at 600 MHz (for 1H) and 150 MHz
(for 13C) in DMSO-d6 solution, and chemical shifts were
expressed in δ (ppm) with reference to TMS and coupling
constants (J) in hertz. The liquid chromatography quadrupole
time-of-flight mass spectrometry (LC-QTOF-MS/MS) was
performed in electron spray ionization (ESI) mode. The
temperature of the ESI source was set at 220 °C, with a flow of
dry gas at 9.0 l/min and a nebulizer pressure of 1.8 bar. The
capillary voltage was set at 4500 V, and end plate offset was at
500 V. Samples were separated using a 1.7 μm 2.1 × 100 mm
Acquity UPLCCSH C18 column (Waters, USA) with a 5 μL
volume injection in a UPLC system (UltiMate 3000, Thermo
Scientific, Germany). The separation was performed at a
constant mobile phase flow rate of 0.4 mL/min, and the
gradient program was 0% of solvent B at 0.01 min, ramped to
100% B in 10 min, then reduced to 0% B at 12 min, and the
column equilibrated with 0% B to 14 min. The column
temperature was set at 40 °C, and the temperature of the
autosampler was kept at 4 °C. The MetaboScape 4.0 software
(Bruker, Bremen, Germany) was used to automatically analyze
the raw MS and MS/MS data. The scan EIMS-TIC, VG-ZAB-
HF, X-mass (158.64, 800.00) mass spectrometer (VG
Analytical, Inc.) was used for EI-MS determinations. Open
column chromatography was performed using Si gel (Si gel 60,
Merck), Sephadix LH-20 (Pharmacia), and SPE-C18 cartridges
(Strata columns). Precoated silica gel 60 F254 plates (Merck)
were used for TLC. Detection of the developed chromato-
grams was carried out by exposure to ammonia vapor and
spraying with 1% vanillin−H2SO4, followed by heating at 100
°C for 5 min.

2.2. Plant Material. The plant material (Pulicaria jaubertii
aerial parts) was collected from the Aljar region of Hajja-
Yemen in August 2012 and was kindly identified by Dr. Abd
El-Rahman Saeed Aldabee, Professor of Plant Taxonomy,

Figure 1. Structures of the isolated flavonoids 1−6.
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Faculty of Science, Sana’a University, Yemen. A voucher
specimen {P-01} is available in the Pharmacognosy and
Medicinal Plants Department, Faculty of Pharmacy, Al-Azhar
University, Cairo, Egypt.

2.3. Extraction, Isolation, Purification, and Spectral
Analyses of the Flavonoids. The air-dried powdered aerial
parts of P. jaubertii (1.5 kg) were exhaustively extracted with
methanol (7 L × 3) to yield 85 g of a gellish extract. The dried
extract was suspended in 500 mL of distilled water and
partitioned successively with n-hexane, ethyl acetate, and n-
butanol to give 30 g of n-hexane, 12 g of ethyl acetate, and 8 g
of n-butanol fractions, respectively. The ethyl acetate fraction
was chromatographed on a column packed with silica gel and
eluted with methylene chloride−methanol (100%: 0 to 85−
15%) to obtain six fractions of A (450 mg), B (420 mg), C
(950 mg), D (1.4 g), E (1.6 g), and F (2.1 g). The fraction B
(420 mg) was subjected to Sephadex LH-20 column elution
with 100% methanol to give two subfractions as B-1 (195 mg)
and B-2 (90 mg). The subfraction B-1 was purified using
Sephadex LH-20 (100% MeOH) to give compound 1 (60
mg). Fraction D (1.4 g) was applied to a Sephadex LH-20
column and eluted with 100% methanol to give three
subfractions, D-1 (420 mg), D-2 (300 mg), and D-3 (330
mg). The subfractions D-1 and D-3 were separately subjected
to RP-C18 columns, eluted with 90% to 20% water in methanol
to give two subfractions of each, D-1a (90 mg) and D-1b (170
mg) from the subfraction D-1, and D-3a (110 mg) and D-3b
(130 mg), respectively, from the subfraction D-3. The
subfractions D-1a and D-3a were further subjected to
Sephadex LH-20 column chromatography, eluting with 100%
methanol to give compounds 2 (47 mg) and 3 (55 mg),
respectively. Fraction E (1.6 g) was chromatographed on a
Sephadex LH-20 column and eluted with 100% methanol to
give three subfractions, E-1 (390 mg), E-2 (280 mg), and E-3
(520 mg). The subfractions E-1 and E-2 were further
subjected, separately, to columns of Sephadex LH-20 and
eluted with 100% methanol to afford the compounds 5 (51
mg), and 6 (43 mg), respectively. The subfraction E-3 was
chromatographed on a silica gel column by eluting it with
petroleum ether−ethyl acetate (80:20−70:30) to afford
compound 4 (35 mg).

2.3.1. Compound 1. 7,3′-Di-O-methyltaxifolin, an off-white
amorphous powder; 1H NMR (DMSO-d6, 600 MHz) δ 11.89
(s, 5-OH), 9.12 (s, 4′-OH), 7.12 (d, J = 1.8 Hz, H-2′), 6.92
(dd, J = 8.0, 1.8 Hz, H-6′), 6.79 (d, J = 8.0 Hz, H-5′), 6.12 (d,
J = 2.2 Hz, H-6), 6.10 (d, J = 2.2 Hz, H-8), 5.80 (d, J = 6.3 Hz,
3eq−OH), 5.10 (d, J = 11.5 Hz, H-2), 4.72 (dd, J = 11.5, 6.1
Hz, H-3), 3.79 (s, 7-OCH3), 3.78 (s, 3′-OCH3); 13C NMR
(DMSO-d6, 150 MHz) δ 199.00 (C-4), 168.02 (C-7), 163.44
(C-5), 162.98 (C-9), 147.81 (C-3′), 147.53 (C-4′), 128.36 (C-
1′), 121.71 (C-6′), 115.43 (C-5′), 112.67 (C-2′), 101.84 (C-
10), 95.40 (C-6), 94.27 (C-8), 83.80 (C-2), 71.93 (C-3), 56.43
(7-OCH3), 56.17 (3′-OCH3); +HRESIMS m/z 333.0975 [M
+ H]+; −HRESIMS m/z 331.0851 [M − H]−.

2.3.2. Compound 2. 3′-O-Methyltaxifolin, colorless crystals
from MeOH; 1H NMR (DMSO-d6, 600 MHz) δ 11.92 (s, 5-
OH), 10.84 (s, 4′-OH), 7.10 (d, J = 1.8 Hz, H-2′), 6.90 (dd, J
= 8.1, 1.8 Hz, H-6′), 6.80 (d, J = 8.0 Hz, H-5′), 5.92 (d, J = 2.0
Hz, H-8), 5.87 (d, J = 2.0 Hz, H-6), 5.82 (s, 3eq−OH), 5.04 (d,
J = 11.4 Hz, H-2), 4.65 (d, J = 11.4 Hz, H-3), 3.78 (s, 3′-
OCH3); 13C NMR (DMSO-d6, 150 MHz) δ 198.41 (C-4),
167.24 (C-7), 163.76 (C-5), 163.02 (C-9), 147.80 (C-3′),
147.48 (C-4′), 128.52 (C-1′), 121.65 (C-6′), 115.43 (C-5′),

112.66 (C-2′), 100.93 (C-10), 96.48 (C-6), 95.48 (C-8), 83.65
(C-2), 71.84 (C-3), 56.16 (3′-OCH3); +HRESIMS m/z
319.0814 [M + H]+; −HRESIMS m/z 317.0698 [M-H]−.

2.3.3. Compound 3. 7-O-Methyltaxifolin, colorless crystals
from MeOH; 1H NMR (DMSO-d6, 600 MHz) δ 11.85 (s, 5-
OH), 9.09, 9.03 (s, 3′, 4′-OHs), 6.88 (d, J = 1.5 Hz, H-2′),
6.75 (d, J = 1.8 Hz, H-6′), 6.74 (s, H-5′), 6.10 (d, J = 2.2 Hz,
H-6), 6.07 (d, J = 2.2 Hz, H-8), 5.84 (brs, 3eq−OH), 5.02 (d, J
= 11.2 Hz, H-2), 4.55 (d, J = 11.2 Hz, H-3), 3.78 (s, 7-OCH3);
13C NMR (DMSO-d6, 150 MHz) δ 198.80 (C-4), 168.02 (C-
7), 163.44 (C-9), 162.94 (C-5), 146.25 (C-3′), 145.39 (C-4′),
128.30 (C-1′), 119.93 (C-6′), 115.79 (C-2′), 115.57 (C-5′),
101.81 (C-10), 95.32 (C-6), 94.22 (C-8), 83.65 (C-2), 72.08
(C-3), 56.41 (7-OCH3); +HRESIMS m/z 319.0822 [M +
H]+; −HRESIMS m/z 317.0695 [M-H]−.

2.3.4. Compound 4. Dihydroquercetin (taxifolin), colorless
crystals from MeOH; 1H NMR (DMSO-d6, 800 MHz) δ 11.88
(s, 5-OH), 10.80, 9.01, 8.96 (s, 7-, 3′-, 4′-OHs), 6.86 (d, J =
1.8 Hz, H-2′), 6.73 (s, H-5′, H-6′), 5.90 (d, J = 1.8 Hz, H-6),
5.89 (d, J = 2.4 Hz, H-8), 5.74 (d, J = 5.4 Hz, 3eq−OH), 4.96
(d, J = 11.4 Hz, H-2), 4.48 (dd, J = 11.4, 4.2 Hz, H-3); 13C
NMR (DMSO-d6, 200 MHz) δ 197.87 (C-4), 167.27 (C-7),
163.38 (C-5), 163.06 (C-9), 146.26 (C-3′), 145.430 (C-4′),
128.08 (C-1′), 119.88 (C-6′), 115.84 (C-2′), 115.59 (C-5′),
100.97 (C-10), 96.50 (C-6), 95.03 (C-8), 83.54 (C-2), 71.94
(C-3); EIMS m/z 304 [M]+.

2.3.5. Compound 5. 3-O-Methylquercetin, yellow crystals
[MeOH]; 1H NMR (DMSO-d6, 600 MHz) δ 12.71 (s, 5-OH),
10.85, 9.77, 9.40 (s, 7, 3′, 4′-OHs), 7.55 (d, J = 2.2 Hz, H-2′),
7.45 (dd, J = 8.4, 2.2 Hz, H-6′), 6.91 (d, J = 8.4 Hz, H-5′), 6.41
(d, J = 1.9 Hz, H-8), 6.19 (d, J = 2.0 Hz, H-6), 3.78 (s, 3-
OCH3); 13C NMR (DMSO-d6, 150 MHz) δ 178.36 (C-4),
164.68 (C-7), 161.73 (C-5), 156.79 (C-9), 156.07 (C-2),
149.17 (C-4′), 145.70 (C-3′), 138.12 (C-3), 121.25 (C-6′),
121.05 (C-1′), 116.22 (C-2′), 115.86 (C-5′), 104.64 (C-10),
99.00 (C-6), 94.05 (C-8), 60.13 (3-OCH3); +HRESIMS m/z
317.0665 [M + H]+; −HRESIMS m/z 315.0538 [M − H]−.

2.3.6. Compound 6. Quercetin, yellow crystals [MeOH];
1H NMR (DMSO-d6, 800 MHz) δ 12.47 (s, 5-OH), 10.82,
9.57, 9.34 (s, 7, 3′, 4′-OHs), 7.66 (d, J = 1.8 Hz, H-2′), 7.53
(dd, J = 8.4, 2.4 Hz, H-6′), 6.87 (d, J = 8.4 Hz, H-5′), 6.39 (d,
J = 1.8 Hz, H-8), 6.17, (d, J = 2.4 Hz, H-6); 13C NMR
(DMSO-d6, 200 MHz) δ 176.33 (C-4), 164.37 (C-7), 161.22
(C-5), 156.08 (C-9), 148.19 (C-4′), 147.28 (C-2), 145.55 (C-
3′), 136.23 (C-3), 122.45 (C-1′), 120.46 (C-6′), 116.10 (C-
2′), 115.55 (C-5′), 103.51 (C-10), 98.67 (C-6), 93.84 (C-8);
EIMS m/z 302 [M]+.

2.4. In Vitro Anticancer Activity. Human colorectal
carcinoma (HCT-116) and human embryonic kidney cells
(HEK-293) were used to study the impact of compounds 7, 3′-
di-O-methyltaxifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin,
3-O-methylquercetin, taxifolin, and quercetin on cell viability,
according to a previously described method.20 20,000 cells/
well were seeded in 96-well plates containing DMEM, fetal
bovine serum, L-glutamine, penicillin, streptomycin, and
selenium chloride. They were kept at 37 °C in a CO2
incubator (Thermo-Fisher Scientific). The cells were treated
with 7, 3′-di-O-methyltaxifolin, 3′-O-methyltaxifolin, 7-O-
methyltaxifolin, 3-O-methylquercetin, taxifolin, and quercetin
with 5.0 μg to 40 μg/mL dosages for 48 h and were processed
for MTT assays.21 In the control group, 7,3′-di-O-methyltax-
ifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin, 3-O-methyl-
quercetin, taxifolin, and quercetin were not added. Cells were
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treated with MTT for 4 h (5.0 mg/mL) and then with DMSO
(1%). The optical densities (OD) were measured with a plate
reader (Biotek Instruments) at 570 nm wavelength. The
statistical data presented was taken from triplicates and
analyzed with GraphPad Prism 6.0 Software, USA.

2.4.1. Apoptosis Confirmation by DAPI Staining. Cancer
cells were treated with the compounds for 48 h before being
treated with 4% paraformaldehyde and stained with DAPI
(4′,6-diamidino-2-phenylindole, 1.0 μg/mL) in the dark. DAPI
stained cells were examined by using a fluorescence confocal
scanning microscope (Zeiss, Germany).21

2.4.2. Detection of Caspase-3 and Caspase-9 by ELISA
(Enzyme-Linked Immuno-Sorbent Assays). To examine the
impact of compounds, 7,3′-di-O-methyltaxifolin, 3′-O-methyl-
taxifolin, 7-O-methyltaxifolin, 3-O-methylquercetin, taxifolin,
and quercetin on caspase-3 and caspase-9 genes expression
post-treatments, cancer cells (HCT-116) were cultured at a
density of 50,000 cells/well in 96-well plates in the CO2
incubator. After 24 h, if cells were 70−80% confluent, they
were treated with doses of compounds, 7,3′-di-O-methyltax-
ifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin, 3-O-methyl-
quercetin, taxifolin, and quercetin ranging from 40 μg/mL.
After 48 h, the cells were washed with phosphate-buffered
saline (PBS), and 0.35% trypsin was added to remove the cells.
The cells were transferred to 1.5 mL tubes and were
centrifuged at 1000 rpm for 2−3 min. The supernatant was
removed, pellets were resuspended in lysis buffer for 60 min,
and cell lysate was transferred to another 1.5 mL tube and
again centrifuged at 1000 rpm for 15 min. Then the cell lysates
were transferred into fresh 1.5 mL tubes and used for the
detection of caspase-3 and caspase-9, assays. Both the control
and treated cells were processed with caspase-3 (catalogue no.
181418, Human Active Caspase-3 ELISA Kit) and caspase-9
(catalogue no. ab119508; caspase-9 Human ELISA kit)
detection as per the protocol described by the supplier
(www.ABCAM.com), and expressions of caspase-3 and
caspase-9 were measured at 620 nm absorbance with a
microplate reader (Bio-Tech, USA).

2.5. In Silico Studies. The crystal structures of the pro-
and antiapoptotic proteins with PDB ID: 1NW9,22 3H0E,23

4HY5,24 4QVX,25,26 and 7Q7I,27 representing caspase-9,
caspase-3, cIAP1 BIR3, Bcl-xl, STAT3, and JAK2, were
downloaded from the Research Collaboratory for Structural
Bioinformatics (RCSB) protein data bank. The structures of
the methylated flavonoids of P. jaubertii were obtained from
the PubChem database.28 The protein and ligands were
prepared and optimized by using the AutoDock Tool (ADT),
bundled with the MGLTools package (version 1.5.6)29 to add
charges, polar hydrogen atoms, and set up the rotatable bonds.
The water atoms were deleted, and the nonpolar hydrogen
atoms were merged during the preparation of the protein. At
that moment, PDBQT files were generated for the protein and
ligands. The molecular docking was performed using
AutoDock Vina v1.1.2.30 The active binding site of the
proteins was chosen as the grid center and was obtained by
removing the ligand. The grids were generated with the
autogrid4 program distributed with AutoDock, v1.5.6.31 The
center of the grid box dimensions was selected to include all
atoms of the ligand set.31 The site and the coordinates of the
grid box for the mentioned proteins are listed in the
Supporting Information. The output docking scores were
defined as affinity binding (kcal/mol). The ligand−protein

interactions were analyzed using the Discovery Studio 2020
client (Dassault Systems BIOVIA, San Diego, 2020, USA).

3. RESULTS AND DISCUSSION
3.1. Structure Confirmations of the Isolated Flavo-

noids. The compounds 1−4, obtained as colorless crystals,
were identified as dihydroflavonols in their structures having
the C-2 and C-3 single bonds, resulting in loss of the extended
conjugation between the rings A/C and the ring B, as present
in the quercetin molecule, the basic C2/C3 unsaturated
structure (6). The compounds 1−3 were methylated
derivatives of taxifolin (compound 4) and had molecular ion
peaks at m/z 333.0975 [M + H]+, 319.0814 [M + H]+, and
319.0822 [M + H]+, respectively, in their HRESIMS positive
ion mode. These compounds also exhibited molecular ion
peaks at m/z 331.0851 [M − H]−, 317.0698 [M − H]−, and
317.0695 [M − H]−, respectively, in the HR-ESI-MS negative
ion mode. Compound 4 exhibited an EIMS molecular ion peak
at m/z 304 [M]+. Therefore, the molecular formulas of
compounds 1−4 were determined as C17H16O7, C16H14O7,
C16H14O7, and C15H12O7, respectively. As observed from the
molecular ion peaks of 1−4, compound 1 has 28 mass units
more than compound 4, indicating it has an additionally two
methyl groups. Compounds 2 and 3 had nearly identical
molecular ions with an additional 14 mass units than
compound 4, indicating that these compounds have an
additional methyl group. Analyses of the 1H NMR spectra of
compounds 1−4 clearly showed two meta-coupled protons of
H-6 and H-8, of the A-ring of the flavonoid structure, at δ 5.87
to δ 6.12 ppm. The 1H NMR spectra of compounds 1−4 also
showed the typical AX system of H-2 and H-3 C-ring protons
at δ 4.48 to δ 5.104 ppm with large coupling constants (11.0 to
11.5 Hz), reflecting the 2,3-trans dihydroflavonol struc-
tures.32−34 Furthermore, the B-ring protons of compounds
1−3 appeared as typical ABX systems at proton signals at δ
6.74 to δ 7.12 ppm, while those of compound 4 protons
appeared as two signals at δ 6.86 ppm and δ 6.73 ppm in the
ratio of 1:2, which were characteristic of H-2′ and the two
accidentally equivalent H-5′ and H-6′ protons, respectively.34

The methoxyl proton signals appeared at δ 3.78 to δ 3.79 ppm
in the 1H NMR spectra of the compounds 1−4. The 13C NMR
spectra of compounds 1−4 displayed 15 carbon resonances
consistent with flavonoid skeletons from which the two high
field-signals of C-2 (δ 83.54−83.80 ppm) and C-3 (δ 71.84−
72.08 ppm) of the C-ring carbon atoms characteristic of
dihydroflavonols were easily identified based on reported data.
The remaining carbon signals were consistent with the
chemical shift values for the phloroglucinol type A-ring and
catechol B-ring of dihydroflavonols.35 Furthermore, the 13C
NMR spectra of compounds 1−3 revealed the presence of two
additional methoxyl signals in compound 1 and one additional
methoxyl signal in each of the compounds 2 and 3. The
downfield shifts of the C-7 and C-10 carbons, and the upfield
chemical shifts of the C-6 and C-8 carbons in compounds 1
and 3, together with the observed 1H NMR downfield shift of
H-6 and H-8 protons as compared to that of compound 4
(taxifolin), indicated the presence of C-7 methoxyl groups.
Furthermore, in comparison to the compound 4, the downfield
shifts of C-3′, C-4′, and C-6′ carbons and the upfield shifts of
C-2′ carbon in 1 and 2, in addition to the 1H NMR downfield
shifts of the ortho- and para protons, H-2′ and H-6′,
respectively, indicated the presence of C-3′ methoxyl
groups.35,36 Additionally, the 2,3-trans dihydroflavonols of
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compounds 1−4 were reflected by pronounced downfield
shifts of C-2 and C-4 and the upfield shift of C-3 in
comparison to the corresponding chemical shifts of the 2,3-cis
isomers, as reported earlier.32−34 Consequently, the com-
pounds 1−4 were identified as 7, 3′-di-O-methyltaxifolin, 3′-O-
methyltaxifolin, 7-O-methyltaxifolin, and dihydroquercetin
(taxifolin), respectively, which were in agreement with the
known data and the NMR chemical shifts values.35,37−45

Four possible stereoisomers are assumed to be present for
dihydroquercetin derivatives due to the presence of two
asymmetric carbon centers at C2 and C3. However, the
predominant isomer in nature is the 2,3-trans isomer with the
C-2 phenyl and C-3 hydroxyl groups in equatorial positions
and an absolute configuration of 2R,3R.46 Compounds 1−4
exhibited distinct polarities and were isolated from different
subfractions of the ethyl acetate fraction by using gradient of
solvent systems (Materials and Methods). The TLC (thin layer
chromatography) behavior and Rf values of all these isolates
differed. The NMR chemical shifts and the coupling constants
(J values) for the C2/C3 protons for each of the compounds
1−4 showed the trans configuration with coupling constant
values ranging between 11.2 and 11.5 Hz, which is theoretically
proposed between 10 and 15 Hz for the trans-oriented C2/C3
protons for the (isomeric) flavonoids, and that is also reported
for a number of similar types of compounds.32−34 The
reported coupling constant values for the cis orientation of
the C2/C3 hydrogens have been reported to be approximately
3.2 Hz.32,33 In our previous work,34 the UV absorption studies

with different UV shift reagents substantiated the substitution
patterns of the methoxyl groups in the compounds 1−3, which
were also confirmed by the NMR chemical shifts (1H and 13C)
and coupling constant values of the C2/C3 protons together
with 2D-NMR analyses.

In an in silico analysis of the stereochemistry of the structures
1−4, the minimum energy confirmations (MEC) showed the
energy requirements at 14.9810, 7.9747, 7.7360, and 0.6669
kcal/mol, respectively, for compounds 1−4. The energy
requirement for the nonmethylated compound, taxifolin (4),
was the minimum at 0.6669 kcal/mol, while the energy
requirements for the compounds 2 and 3 were at 7.9747 and
7.7360 kcal/mol, nearly at the same level for the mono-
methylated compounds. The dimethylated compound 1, with
both rings A and B methylated, was the highest energy
requirement at 14.9810 kcal/mol. The stereochemistry at the
C2/C3 carbons was predicted to be 2R,3R for all compounds
1−4, which were in conformity with the reported configuration
of the dihydroquercetin derivatives.46 The structural disposi-
tion depicted in Figure 1 shows the trans dispositions of the
C2/C3 hydrogen atoms of the ring C with the stereo-
orientations of the other substituents, including the ring B, and
the hydroxy group at the C3 position.

Compounds 5 and 6 were obtained as yellow crystals. The
molecular formula of 5 was determined as C16H12O7 from the
molecular ion peaks at m/z 317.0665 [M + H]+ and m/z
315.0538 [M − H]− in the HRESIMS positive and negative
modes, respectively. The molecular formula of compound 6

Figure 2. Anticancer effects of 7,3′-di-O-methyltaxifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin, 3-O-methylquercetin, taxifolin, and quercetin on
HCT-16 cells and HEK-293 cells by the cell viability MTT assays after 48 h, *p < 0.05.
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was determined to be C15H12O7 from the molecular ion peak
at m/z 302 [M]+. This reveals that compound 5 has one
methyl group more than compound 6, as indicated by the
additional 14 mass units in compound 5. The 1H NMR spectra
of compounds 5 and 6, showed a pair of doublets at δ 6.17−
6.41 ppm corresponding to the two meta-coupled protons of
the A-ring and three proton resonances at δ 6.87−7.66 ppm
corresponding to the three aromatic protons of the B-ring. The
1H NMR spectrum of 5 showed an additional methoxyl singlet
at δ 3.78 ppm corresponding to the presence of C-3 methoxyl
group. In comparison, the 13C NMR chemical shifts of
compounds 5 and 6 carbon signals revealed similarities with 3-
O-methylquercetin and quercetin, respectively. The placement
of the methoxyl group at C-3 in compound 5 was established
from the downfield shift of C-2 and C-3 carbon signals as
compared to that of compound 6 (quercetin). Therefore,
compounds 5 and 6 were identified as 3-O-methylquercetin
and quercetin, respectively, and the obtained data were in good
agreement with the reported values in the literature.35,36 These
compounds, 1−6, have also been previously isolated from this
plant.34,47

3.2. In Vitro Anticancer Activity. The antiproliferative
potentials of 7,3′-di-O-methyltaxifolin, 3′-O-methyltaxifolin, 7-
O-methyltaxifolin, 3-O-methylquercetin, taxifolin, and querce-
tin were investigated on colon cancer (HCT-116) and human
embryonic kidney (HEK-293) cells. A reduction was observed
in cancer cell viability after treatments with 7,3′-di-O-
methyltaxifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin, 3-
O-methylquercetin, taxifolin, and quercetin (Figure 2). The
IC50 values of these compounds, respectively, were at 33 ±
1.25, 36 ± 2.25, 34 ± 2.15, 34 ± 2.65, 32 ± 2.35, and 36 ±
1.95 μg/mL.
The treatment with 7,3′-di-O-methyltaxifolin, 7-O-methyl-

taxifolin, 3-O-methylquercetin, and taxifolin produced signifi-
cant reductions in the numbers of cancer cells as compared to
the 3′-O-methyltaxifolin and quercetin compounds. It was also
to examine whether the treatment with 7, 3′-di-O-methyltax-

ifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin, 3-O-methyl-
quercetin, taxifolin, and quercetin produced any cytotoxic
effects on the noncancerous cells. The results showed that
treatments with these compounds also reduced the HEK-293
cell numbers, but the percentage reduction was less than that
observed for the cancer cell lines. This suggests that the
compounds have better inhibitory action on the HCT-116
cancer cell line than on the HEK-193 noncancer cell line. This
is the first study on the anticancer activity of 7,3′-di-O-
methyltaxifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin, 3-O-
methylquercetin, taxifolin, and quercetin against HCT-116 cell
lines. Previous research has also demonstrated anticancer
activity of various synthetic flavonoids and other structurally
related compounds on a variety of cell lines.48,49

3.3. Apoptotic Cell Death Detection by DAPI
Stainings. Nuclear DAPI (4′,6-diamidino-2-phenylindole)
staining was used to examine whether the reduction in cancer
cell numbers in response to the compounds 1−6 treatment
was due to apoptosis or another form of programmed cell
death.50−52 The current findings revealed that cell treatments
with 7,3′-di-O-methyltaxifolin, 3′-O-methyltaxifolin, 7-O-meth-
yltaxifolin, 3-O-methylquercetin, taxifolin, and quercetin
induced apoptosis, and key apoptotic features, such as
chromatin condensation and nuclear shrinkage, were observed
(Figure 3B−G). The treatments with the compounds also
caused an increase in nuclear condensation, shrinkage of the
cells, and loss of shape of the cells (Figure 3 B−G) as
compared to the control (Figure 3A), which suggested an
increase in programmed cell death (i.e., apoptosis). In the
current study, DAPI was used as an apoptotic marker, and
morphological changes were observed in the cancer cells post-
treatments that clearly showed that the cells were under
programmed cell death.53,54

3.4. Caspase-3 and Caspase-9 Expression. To confirm
the apoptosis, expressions of caspase-3 and caspase-9 were
observed in the cell lysates by ELISA. The pro-apoptotic
expressions of these genes are considered the hallmark of

Figure 3. DAPI stainings shows the impact of (A) control, (B) 7,3′-di-O-methyltaxifolin, (C) 3′-O-methyltaxifolin, (D) 7-O-methyltaxifolin, (E) 3-
O-methylquercetin, (F) taxifolin, and (G) quercetin on colon (HCT-116) cancer cells, 48 h post-treatment.
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apoptosis. After 48 h of treatment with the compounds, an
increased expression of both caspase-3 and caspase-9 was
observed in response to treatments by all the compounds
(Figure 4). The untreated cells (control) did not show any
elevation of caspase-3 and caspase-9 expressions, thus
suggesting that the compounds induced cell death in the
colon cancer cells were due to involvement of apoptotic
pathways.
According to the latest information available, this is the first

report where treatments of compounds 7, 3′-di-O-methyltax-
ifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin, 3-O-methyl-
quercetin, taxifolin, and quercetin has been shown to induce
apoptotic cell death in colon cancer cells. The induction of
apoptosis in the cells may cause a decrease in cytochrome C
levels in the mitochondria, whereas its level increases in the
cytoplasm. The cytoplasmic cytochrome C activates Apaf1,

which together with pro-caspase-9 induces the formation of
apoptosomes, followed by the activation of pro-caspase-3 by
caspase-9.55−57

3.5. Docking Scores. To further understand the apoptosis
effects of the methylated flavonoids from P. jaubertii, molecular
docking studies were performed against different pro- and
antiapoptotic proteins, such as the third BIR domain (BIR3) of
X-linked inhibitor of apoptosis (cIAP1 BIR3), Bcl-extra-large
(Bcl-xl), signal transducer and activator of transcription 3
(STAT3), and Janus kinase 2 (JAK2), including caspase-9, and
caspase-3. More negative docking scores indicated more
favorable binding affinity.58 Consistently, the docking studies
showed that the methylated flavonoids from P. jaubertii have
favorable binding affinity values against caspase-9, caspase-3,
Bcl-xl and JAK2 (Table 1). The potential binding affinity
varied from 7.0 to 9.5 kcal/mol, significantly, against Bcl-xl and

Figure 4. Pro-apoptotic caspase-3 and caspase-9 expression in HCT-116 cells. The plot shows expression of caspase-3 and caspase-9 after 48 h
treatment with 7, 3′-di-O-methyltaxifolin, 3′-O-methyltaxifolin, 7-O-methyltaxifolin, 3-O-methylquercetin, taxifolin, and quercetin. An increase in
the caspase-3 and caspase-9 was observed post treatment. Data are presented as optical density (OD) proportional to both caspase concentrations.
A high OD represents high caspase production.

Table 1. Docking Scores of the Methylated Flavonoids against Various Ligands

Ligand Proteins 1NW9 3H0E 4HY5 4QVX 6NUQ 7Q7I

Compounds Docking Scores (kcal/mol)

7,3′-Di-O-methyltaxifolin (1) −6.30 −7.00 −5.50 −5.90 −5.80 −7.20
3′-O-Methyltaxifolin (2) −6.20 −6.90 −5.40 −7.80 −5.70 −7.20
7-O-Methyltaxifolin (3) −6.40 −6.90 −5.60 −6.00 −6.00 −7.20
Taxifolin (4) −6.50 −6.80 −5.70 −6.20 −5.70 −7.10
3-O-Methylquercetin (5) −6.70 −6.90 −6.10 −9.00 −6.10 −8.30
Quercetin (6) −7.10 −7.00 −6.30 −9.20 −6.00 −9.00

Table 2. Amino Acid Residues of Caspase-9 (PDB ID: 1NW9), Caspase-3 (PDB ID: 3H0E), Bcl-extra-large (Bcl-xl) (PDB ID:
4QVX), and Janus Kinase 2 (JAK2) (PDB ID: 7Q7I) Interacting with Methylated Flavonoids

Ligand
Proteins 1NW9 3H0E 4QVX 7Q7I

Compounds Amino acid residues

1 Q245, V264, Q320, T337, P338, I341 T62, H121, W206, R207 F105, R139, A142 E930, R980, N981, D994
2 H243, Q245, V264, N265, T337, P338 T62, H121, S205, W206, R207 F97, F105, S106, R132, R139,

A142
M929, R980, D994

3 Q245, V264, P338, I341 T62, H121, C163, Y204, R207 F105, R139, A142 M929, R980, D994
4 E261, N265, Q320, P338 T62, H121, C163, Y204, W206, R207 F105, R132, R139, A142 M929, R980, D994
5 Q245, T337, P338 T62, E123, C163, R207 F105, R132, R139, A142 K857, R980, D994
6 V264, T337, D340 T62, H121, C163, Y204, W206, R207 F105, S106, N136, R139, A142 D939, R980, D994
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JAK2. The highest binding affinity was detected for quercetin;
the docking scores were −9.0 and −9.2 kcal/mol against Bcl-xl,
and JAK2 proteins, respectively. Quercetin has been shown to
directly bind and inhibit Jak2,59 and an apoptotic pathway of
quercetin has been proposed to be involved in JAK2/STAT3
signaling pathway inhibition.60 Furthermore, the down-
regulation of JAK2 induces the inactivation of Bcl-xl, resulting
in the induction of apoptotic signals through caspase
activation.61 In addition, quercetin is able to prompt caspase-
dependent apoptosis by binding and inhibiting the activity of
Bcl-xl.62

For a more detailed outlook, the binding interactions of the
methylated flavonoids of P. jaubertii against pro- and
antiapoptotic proteins were analyzed for their ligand−protein
interactions at the binding site. The flavonoids were able to
generate several hydrogen bonds (H-bonds) and π−π
stackings with the caspase-9, caspase-3, Bcl-xl, and JAK2
proteins (Table 2). The quercetin participated in H-bonds
with amino acids, D939, R980, and D994 in 7Q7I, while
quercetin was involved in H-bonds interactions with the amino
acids S106, and R139, and the π-alkyl interaction with A142,
and π−π stacking with F105 in 4QVX were observed. Besides,
quercetin formed H-bonds with amino acids of the protein
sequence, E261, N265, Q320, and P338 in 1NW9, as well as
H-bond interactions with T62, and R207, π-sulfur interaction
with C163, and π−π stackings with Y204, W206, and H121

amino acids in 3H0E ligand. Figure 5 represents the binding
modes of quercetin at the substrate binding sites of caspase-9,
caspase-3, Bcl-xl, and JAK2. These results showed that the
flavonoids of P. jaubertii possessed minimum binding affinity
and favored binding interactions with Bcl-xl, JAK2, caspase-3,
and caspase-9 ligands in the docking studies. Summarily, the
docking scores of the methylated flavonoids against caspase-9
(PDB ID: 1NW9), caspase-3 (PDB ID: 3H0E), the third BIR
domain (BIR3) of X-linked inhibitor of apoptosis (cIAP1
BIR3) (PDB ID: 4HY5), Bcl-extra-large (Bcl-xl) (PDB ID:
4QVX), signal transducer and activator of transcription 3
(STAT3) (PDB ID: 6NUQ), and Janus kinase 2 (JAK2) (PDB
ID: 7Q7I) were found to confirm the apoptosis notion.
Therefore, these flavonoids are suggested to be involved in the
apoptotic pathway to affect the cells’ death to cause the
anticancer effects.

4. CONCLUSIONS
Colon cancer cells (HCT-116) and noncancer cells (HEK-
293) showed reductions in cell viability after treatments with
the compounds 7,3′-di-O-methyltaxifolin, 7-O-methyltaxifolin,
3-O-methylquercetin, and taxifolin, which produced more
significant reductions in cancer cell numbers as compared to
the 3′-O-methyltaxifolin and quercetin. Compound treatment
induced apoptotic features, such as chromatin condensation

Figure 5. Ligand-protein interactions in 1NW9 (A), 3H0E (B), 4QVX (C), and 7Q7I (D). The H-bond interactions are shown as green dotted
lines, and the π−π stacking interactions are shown as lavender dotted lines. π−sulfur interactions are shown as orange dotted lines, and π−alkyl
interactions are shown as red dotted lines.
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and nuclear shrinkage. An increase in both the caspase-3, and
caspase-9 expressions occurred post-treatments in the HCT-
116 cell lines, suggesting the apoptotic cells’ death. The
molecular docking studies of the parent flavonoids and the
methylated flavonoids against different pro- and antiapoptotic
proteins demonstrated the favorable bindings of caspase-9,
caspase-3, Bcl-xl, and JAK2, thereby supporting the notion of
induced cells death by an apoptotic pathway to produce the
anticancer effects.
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