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Abstract: Numerous studies highlighted the impact of
natural products, particularly phytosterols, in wound
healing while providing less expensive alternatives to che-
mically synthesized drugs, with less side effects. Centaurea
pumilio L. (family Asteraceae) is a rare and endangered
species of genus Centaurea with few reports concerning
its chemistry. Our phytochemical investigation for the
non-polar fraction of its aerial parts led to the isolation
and identification of the new compound (6) identified as
stigmast-1,5-dien-3-O-β-D-glucopyranoside along with five
known sterols and triterpenes (1–5) identified as taraxas-
terol, β-sitosterol, stigmasterol, β-sitosterol glucoside,
and stigmasterol-3-O-β-D-glucopyranoside. Structures of
the isolated compounds have been characterized using

1D, 2D NMR, and mass spectral analyses. The cell viability
and proliferative activity of the isolated compounds were
evaluated using an MTT assay on cultured human primary
umbilical vein endothelial cells (HUVEC). None of the com-
pounds exhibited any sign of cytotoxicity. Nonetheless, com-
pounds 5 and 6 moderately enhanced the HUVEC cell
growth by 14 and 16%, respectively, at the maximal tested
dose (50 µg/mL). As inhibition of glycogen synthase kinase
3-β (GSK3-β) enzyme is important to enhance the wound
healing process; therefore, molecular docking was per-
formed to understand the possible interactions between
bioactive compounds 5 and 6 and GSK-3β binding pocket
active amino acid residues. Both compounds were able to
bind to the substrate‑binding site of GSK-3β and poten-
tially interact with the key active site residues, forming
strong π and hydrogen interactions with the catalytic site
residues, revealing lower binding energy (−7.185 and
−6.303 kcal/mol, respectively) than that of indirubin-3-
monooxime (−5.303 kcal/mol); thereby representing strong
natural replacements candidates for GSK-3β inhibitors.

Keywords: Centaurea pumilio, sterols, triterpenes, HUVEC,
growth stimulatory activity

1 Introduction

Phytosterols have been attracting the attention of researchers
for years because of their important hypercholesteremic,
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anticancer, anti-inflammatory, and antioxidant effects, along
with their potential efficacy for treating cardiovascular dis-
eases [1]. They are plant-derived fatty compounds repre-
senting the most prominent part of unsaponifiable matter
found in all plant foods [1]. They are referred to as “plant
cholesterol” because of their structural similarity to choles-
terol, as they mainly differ in the side chain. An additional
double bond at the C-22 position (brassicasterol or stigmas-
terol), or an ethyl (sitosterol) or amethyl group (campesterol)
at the C-24 position differentiates them from cholesterol [2].
Within phytosterols, β-sitosterol, campesterol, and stigmas-
terol are themajor phytosterols that account for about 65, 30,
and 3% of human herbal nutrition, respectively [3].

Wound healing involves many processes, including
cellular infiltration, inflammation, and proliferation [4].
The most significant protein involved in these processes
is glycogen synthase kinase 3 (GSK-3), which is involved
in the well-knownWnt/β-catenin and is crucial for activities
such as cell division and wound healing [5]. According to
several studies, inhibiting this protein speeds up wound
healing [6,7]. As chemically derived treatments are com-
monly expensive and come with major side effects, natural
wound healing agents are being increasingly researched.

Centaureinae is the largest subtribe in the family
Asteraceae, and it comprises many plant genera, including
the genus Centaurea, which comprises about 500 species.
Phytochemical investigations have shown that acetylenes,
flavonoids, lignans, and sesquiterpene lactones, which
form the principal class of phytoconstituents, are abun-
dant in species belonging to this subtribe [8–10]. Sterols
and/or triterpenes have also been identified in many spe-
cies, including Centaurea species [11–13].

Centaurea pumilio L. (Aegialophila pumilio L. Boiss) is
a rare and endangered species mainly scattered on the
deltaic Mediterranean coast in Egypt and throughout the
Mediterranean coast [14]. Data on the phytoconstituents
of C. pumilio are scarce, and only flavonoids identified in
its leaf methanolic extract [15] besides phenolic and fatty
acids identified from callus methylene chloride and ethyl
acetate extracts using UPLC-ESI-MS/MS analyses [16].

Additionally, its essential oil showed the presence of
sesquiterpene hydrocarbons in which the major consti-
tuent was β-caryophyllene (29.33%), followed by iso-
germacrene D (17.28%), besides the identification of
caryophyllene oxide, α-humulene, α-copaene, γ-ele-
mene, and T-muurolol [17]. Biological studies have
shown significant antimicrobial activity of its essential
oil [17], in addition to antioxidant, whitening, anti-aging,
and schistosomicidal effects [15,18].

In continuation of our ongoing research activities
toward the isolation of chemical constituents from wild

plants growing in Egypt, we extended our investigation to
the aerial parts of C. pumilio. Herein, we reported the
isolation and structural elucidation of five sterols and
one triterpene (1–6) from C. pumilio for the first time,
including one new compound, namely stigmast-1,5-dien-
3-O-β-D-glucopyranoside (6), isolated from the non-polar
fraction. In addition, the proliferative effects of the isolated
compounds were investigated on human umbilical vein
endothelial cells (HUVECs) accompanied by assessing in
silico binding affinity against glycogen synthase kinase-3 β
(GSK-3 β) to understand their action mechanisms.

2 Materials and methods

2.1 Plant material

The aerial parts of C. pumilio were collected in August
2017 in Burg El-Arab, Alexandria province, Egypt. Prof.
A.A. Fayed, who is a professor of Plant Taxonomy at the
Faculty of Science, Assiut University, Assiut, Egypt, kindly
identified the plant. A voucher sample (alphabetically
ordered under the letter “C”) was deposited in the her-
barium of the Faculty of Science, Assiut University. The
collected parts were cleaned, dried, and crushed into a
coarse powder.

2.2 General experimental procedures

The 1D and 2D NMR spectroscopy experiments were car-
ried out using the UltraShield Plus system (Bruker Biospin
GmbH, Rheinstetten, Germany) operating at 500MHz for
1H and 125MHz for 13C. High-resolution electron ionization
mass spectrometry (HR-EI-MS) was carried out using a
Bruker microTOF mass spectrometer. Moreover, JASCO
320-A spectrometers and Perkin-Elmer Model 343 polari-
meters were used to measure optical rotations and IR
spectra, respectively; 230–400mesh ASTM silica gel (Merck
60A,Darmstadt, Germany)wasused for normal-phase column
chromatography whilst thin-layer chromatography (TLC) was
performed on normal-phase silica gel (Merck, Darmstadt,
Germany), with an average particle size of 10–12m, 250m
layer thickness and utilizing different solvent systems,
including n-hexane:EtOAc, n-hexane:DCM, DCM:EtOAc,
and DCM:MeOH. Additionally, the compounds were visua-
lized by spraying the TLC plates with 10% H2SO4/ethanol,
followed by heating. All the chemicals and solvents used
were of analytical grade.
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2.3 Extraction and isolation

The dried powdered aerial parts of C. pumilio (500 g)were
extracted sequentially with dichloromethane (3 × 1.5 L)
and then methanol (3 × 1.5 L), by maceration until fully
consumed. The filtrates were then collected and concen-
trated separately on a rotary evaporator (Heidolph, Germany)
at 40°C, yielding 17 and 44 g of the dichloromethane (DCM)
and methanol extracts, respectively. In the previous study,
themethanolic extract was subjected to conventional column
chromatography resulting in the isolation and identification
of eight phenolic compounds besides the tentative identifica-
tion of twenty-nine different phytoconstituents [15]. In this
study, the dichloromethane extract was the subject of phy-
tochemical and biological analysis to investigate its active
constituents and their potential biological activities.

TheDCM extract (17 g)was chromatographed by column
chromatography on silica gel (Merck 60A, 230–400mesh),
utilizing gradient elution with DCM:ethyl acetate as the
mobile phase. Similar fractions were blended and concen-
trated at lower pressure based on the TLC to produce eight
major fractions (CPC-I through CPC-VIII). In general, the
fractions were viewed under a UV lamp with a wavelength
of 254–366 nm, sprayed with 10% H2SO4 in ethanol, and
then heated to 120°C. Subfraction CPC-II (3 g) was re-chro-
matographed on a silica gel column (120 g), utilizing
gradient elution with DCM:EtOH as a mobile phase to
elute it. TLC was used to track and combine similar
20 mL fractions. Compound (1) (30 mg) was obtained
from the fractions eluted with DCM:EtOH (9.5:0.5),
whereas compounds (2) (21 mg) and (3) (32 mg) were
obtained from the fractions eluted with DCM: EtOH
(9:1). Sub-fraction CPC-V (2.5 g) was re-chromatographed
on a silica gel column (100 g), and the gradient elution of a
DCM:EtOH mixture was used to elute it. The fractions
(20 mL each) were collected and monitored by TLC.
Compound (4) (18mg) was obtained from fractions eluted
with DCM:EtOH (8:2), whereas compounds (5) (27 mg)
and (6) (25 mg) were obtained from fractions eluted
with DCM:EtOH (7:3).

2.4 Phytochemical screening

A qualitative analysis of the recently obtained crude
extract of C. pumilio flowering aerial parts was conducted.
Using established methods, the presence of phytochem-
icals belonging to different classes was detected by dis-
tinctive color changes.

2.4.1 Detection of alkaloids (Dragendorff’s test)

About 0.1 mL of the methanolic extract was mixed with
Dragendorff’s reagent, and the resulting orange-red pre-
cipitate confirmed the presence of alkaloids [19].

2.4.2 Detection of triterpenoids and/or steroids
(Salkowski’s test)

Chloroform (2 mL) mixed with the total extract was com-
bined with a few drops of concentrated sulfuric acid. The
presence of triterpenes and/or steroids was indicated by a
reddish-brown coloring [19].

2.4.3 Detection of anthraquinone glycosides (modified
Bontrager’s test)

Using diluted hydrochloric acid, the extract was hydro-
lyzed; 5 mL of chloroform was added after filtering, and
the mixture was agitated. After decantation, the chloro-
form phase was evaporated until dry. Two milliliters of
diluted ammonia was added to the residual. After heating
in the water bath, a yellow color that did not turn red
indicated the absence of anthraquinone glycosides [20].

2.4.4 Detection of cardiac glycosides (Baljet’s test)

Each total extract that had been filtered (1 mL) was pre-
treated with lead acetate (1 mL). The filtrate was com-
bined with sodium hydrogen phosphate, filtered, and
mixed with Baljet’s reagent to produce red–orange car-
denolides [21].

2.4.5 Detection of saponins (froth test)

The total extract (2 mL) and 2mL of distilled water were
forcefully shaken. After 5 min of stirring, the presence of
froth was used to confirm the presence of saponins [19].

2.4.6 Detection of tannins and phenolics (FeCl3 test)

The total extract (50mg) was diluted in 5 mL of distilled
water, and a few drops of FeCl3 were added. The devel-
opment of a blue-green or black tint indicated the pre-
sence of tannins and phenolic constituents [20].
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2.4.7 Detection of flavonoids

One milliliter of the whole methanolic extract was com-
bined with a few drops of KOH (5%) to produce a bright
yellow hue as opposed to the blank. By adding diluted
HCl, the color was rendered inert, confirming the pre-
sence of flavonoids [20].

2.4.8 Detection of coumarins

After evaporating the whole amount of ethanolic extract
(2 mL), the residue was dissolved in hot distilled water
(2 mL), after which it was split into two equal portions.
The first component served as a blank, and 0.5 mL of 10%
NH4OH was added to the second. A drop of each solution
was placed on filter paper, and the drops were then ana-
lyzed using a UV light. The observed bright fluorescence
of the drop belonging to the second component indicated
the presence of coumarins [19].

2.4.9 Detection of reducing sugars

One milliliter of an ethanol extract and 20 drops of
boiling Fehling’s solution (A and B) were mixed with
1 mL of water in a test tube. The presence of reducing
sugars was indicated by the formation of a precipitating
red brick at the bottom of the tube [22].

2.5 Biological studies

To test the cytotoxicity of the extracted compounds as
well as their effects on cell viability, human primary
umbilical vein endothelial cells (HUVEC) were cultivated
in the DMEM-Glutamax medium with 10% bovine calf
serum and 1× penicillin–streptomycin (Invitrogen, USA)
at 37°C with 5% CO2. One day before the experiment,
HUVEC cells (0.5 × 105 cells/100 μL/well) were sown in
a 96-well culture plate (Becton-Dickinson Labware, USA)
and cultured overnight. Stocks of all six compounds were
prepared by first dissolving them in 50 μL DMSO (Sigma,
Germany), followed by reconstitution in DMEM (1 mg/mL,
final). Further, for each compound, five working concen-
trations (2, 5, 10, 25, and 50 μg/mL)were prepared in DMEM.
Notably, the final concentration of DMSO in the treatment
doses never exceeded 0.1%. The cells were treated with each
compound (triplicated dose) and DMSO (0.1%; vehicle con-
trol), along with untreated control, and incubated for 72 h.

The cell viability or proliferation was assessed using
MTT (TACS MTT Cell Proliferation and Viability Assay Kit)
as per the manufacturer’s instructions. In a 96-well cul-
ture plate, an MTT reagent (10 μL/well) was added to
each well and incubated for 4 h in the dark at room tem-
perature, followed by the addition of a detergent solution
(100 μL/well) and incubation for 1.5 h at 37°C. The micro-
plate reader (ELx800; BioTek, USA) was used to measure
the absorbance at λ = 570 nm. Using Excel (Microsoft,
USA), the data were analyzed for percent cell survival
or proliferation in comparison with the untreated control
using the following equation: (As − Ab)/(Ac − Ab)] × 100,
where As, Ab, and Ac represent the absorbance of sample,
blank, and negative control, respectively. The experiment
was performed with triplicated samples and repeated
twice for reproducibility.

2.6 Molecular docking

The interaction between the most potent compounds (5)
and (6) and the active site of GSK-3β (PDB code: 1Q41)
was elucidated by performing molecular docking using
Autodock 4.2 [23]. The crystal structure, retrieved from a
protein databank (https://www.rcsb.org/pdb), in com-
plex with indirubin-3-monooxime as a native ligand,
was prepared using Autodock tools [23]. Before molecular
docking, water molecules were removed from the protein
structure, and then, the partial charges were assigned
using Gasteiger charges to the protein structure, as well
as to the ligands.

The active site was defined using a grid box centered
on the native ligandwith dimensions of 30 × 30 × 30 points
and a spacing of 0.375 Å. For each compound, 100 docking
runs were conducted using the Lamarckian genetic algo-
rithm in the default Autodock parameters [23]. Visualiza-
tion was achieved using a discovery studio [24]. Validation
was performed by redocking the native ligand, identifying
the amino acids involved, and ligand interactions with the
active site amino acids were studied.

3 Results and discussions

3.1 Preliminary phytochemical analysis

The phytochemical analysis of the total methanolic extract
of C. pumilio aerial parts revealed the absence of anthra-
quinones and cardiac glycosides and the presence of
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several phytoconstituent classes, including steroids and/
or triterpenes, flavonoids, alkaloids, tannins, saponins,
coumarins, polyphenolics, and reducing sugars, as sum-
marized in Table 1.

3.2 Characterization of isolated compounds

The dried aerial parts of C. pumilio (500 g) were progres-
sively extracted by maceration at room temperature until

Table 1: Preliminary phytochemical screening of the total alcohol extract of C. pumilio L. aerial parts

S. No. Preliminary phytochemical tests Test name Results

1 Test for steroids and/or triterpenoids Salkowski’s test +
2 Test for flavonoids Alkali test +
3 Test for anthraquinone glycosides Modified Bontrager’s test −
4 Test for cardiac glycosides Baljet’s test −
5 Test for alkaloids Dragendorff’s test +
6 Test for tannins and phenolics FeCl3 test +
7 Test for saponins Frothing test +
8 Test for coumarins Fluorescent test +
9 Test for reducing sugars Fehling’s test +

+ = presence; − = absent.

1                                          2                                                                 3

4                      5                                       

6

Figure 1: Isolated compounds from Centaurea pumilio L. aerial parts.
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completely exhausted using DCM followed by methanol.
After they were filtered and concentrated under decreased
pressure, the combined extracts produced 17 and 44 g of
the dichloromethane and methanol extracts, respectively.

The phytochemical investigation of the DCM fraction
using different chromatographic techniques led to the
isolation of six compounds (namely compounds 1–6)
(Figure 1), and the positive results of the Salkowski’s
and Liebermann-Burchard’s tests indicated their triterpe-
noid and/or steroidal nature [25]. The structures of the
isolated compounds were identified as taraxasterol (1)
[26], β-sitosterol (2) [28], stigmasterol (3) [27], stigmas-
terol-3-O-β-D-glucopyranoside (4) [28], and stigmasterol-
5,22-diene-3-O-β-D-glucopyranoside (5) [29], which were
reported in C. pumilio for the first time, whereas com-
pound (6) is hereby reported for the first time as being
isolated from a natural source. All isolated compounds
were identified based on their structures using different
physical, chemical, and spectroscopic methods (IR, NMR,
and mass spectrometry), in addition to comparison with
the published data.

Compound 6 was obtained as a white solid powder,
showing a molecular formula C35H58O6 based on a mole-
cular ion peak [M + H]+ atm/z 575.4314 (calcd 575.4312 for
C35H59O6) with seven degrees of unsaturation (DBE). The
IR spectrum of compound 6 revealed absorption bands at
υmax 3,450 and 1,640 cm−1 assigned to hydroxyl and ole-
finic groups, respectively. The compound gave positive
Salkowski and Molisch’s reactions, indicating its triterpe-
noid and/or steroidal glycosidic nature.

The 1H-NMR (DMSO-d6) spectrum of compound (6)
appeared between δH 0.65 and 5.32 ppm and showed six
high-intensity peaks for six methyls, including two ter-
tiary methyls at δH 0.65 (Me-18) and 0.96 (Me-19); three
secondary methyls at δH 0.89 (Me-26, Me-27), and 0.89
(Me-21); and one primary methyl at δH 0.88 (Me-29);
along with one O-bearing methine at δH 3.45 (H-3),
two disubstituted olefinic protons at δH 5.14 (H-1),
and 4.93 (H-2) and one trisubstituted olefinic proton
at δH 5.32 (H-6) [28]. An anomeric proton of the sugar
moiety was observed at δH 4.22 (1H, d, J = 8 Hz), linked
with a β-linkage as denoted by the large coupling con-
stant (Table 2).

The 13C-NMR spectrum showed 35 carbons, including
six methyls at δC 12.1 (CH3-18), 12.2 (CH3-29), 19.1 (CH3-21),
19.3 (CH3-26), 19.4 (CH3-27), and 19.6 (CH3-19). Besides the
four methine signals at δC 70.6, 77.1, 73.9, and 77.1, corre-
sponding to C-2′, C-3′, C-4′, and C-5′, respectively, an
anomeric signal at δC 101.2 and one methylene at δC 61.5
(C-6′) indicated the presence of a single monosaccharide
moiety of α-D-glucopyranoside. The olefinic resonances at

δC 137.0, 128.7, and 121.7 corresponded to C-1, C-2, and C-6
methine carbons, respectively, in addition to a signal at δC
140.8, which corresponded to the C-5 quaternary carbon
(Table 2).

The full assignments of all protons and carbons were
performed by 1H-13C HSQC and 1H-13C HMBC, indicating
the gross structure of compound 6 as a sterol-3-O-gly-
coside (Figure 2). Key 1H-13C HMBC correlations were
observed between H3-18 and C-13; H3-19 and C-5, C-9
and C-10; H3-21 and C-20; H3-26, H3-27 and C-25; H3-29
and C-28. Moreover, key HMBC correlations from H-3
(δH 3.45) to C-1 (δC 137.0), C-2 (δC 128.7), and C-5 (δC
140.9) accompanied by HMBC correlations from H3-19
(δH 0.65) to C-1 (δC 137.0) and C-5; H-7 (δH 1.23) to C-6

Table 2: 1H (500MHz) and 13C (125 MHz) NMR, CD3OD spectral data
for compound (6)

Position δH (m, J in Hz) δC, mult.

1 5.14 (1H, d, J = 8.4) 137.0, CH
2 4.93 (1H, dd, J = 8.4, 8.4) 128.7, CH
3 3.45 (1H, m) 77.5, CH
4 1.78 (2H, m) 42.0, CH2

5 — 140.8, C
6 5.32 (1H, d, J = 5.2) 121.7, CH
7 1.23 29.4, CH2

8 1.48 31.9, CH
9 0.88 50.1, CH
10 — 36.8, C
11 1.40 21.0, CH2

12 1.81 37.3, CH2

13 — 39.2, C
14 0.99 56.5, CH
15 1.52 24.3, CH2

16 1.80 29.2, CH2

17 1.10 55.9, CH
Me-18 0.65 (3H, s) 12.1, CH3

Me-19 0.96 (3H, s) 19.6, CH3

20 1.3 35.9, CH
Me-21 0.89 (3H, d, J = 6.6) 19.1, CH3

22 1.48 31.8, CH2

23 1.15 25.9, CH2

24 0.9 45.6, CH
25 0.82 (1H, d, J = 6.0) 29.2, CH
Me-26 0.89 (3H, d, J = 6.6) 19.3, CH3

Me-27 0.89 (3H, d, J = 6.6) 19.4, CH3

28 1.11 23.0, CH2

Me-29 0.88 (3H, d, J = 6.9) 12.2, CH3

Sugar moiety
1′ 4.22 (1H, d, J = 8) 101.2, CH
2′ 3.02 70.6, CH
3′ 3.14 77.1, CH
4′ 2.91 73.9, CH
5′ 3.14 77.1, CH
6′ 3.64 61.5, CH2
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(δC 121.7) confirmed the olefinic bonds at C-1 and C-5.
Furthermore, HMBC correlations between H-1′ (δH 4.22)
and C-3 (δC 77.9) indicated a glycosidic linkage at C-3
(Figure 2). Comparing these spectroscopic results with
previous data of identified free aglycone [13], the mole-
cular structure of compound (6) was identified as stigmast-
1,5-dien-3-O-β-D-glucopyranoside, which was isolated for
the first time from a natural source.

3.3 Biological activity

Human umbilical vein endothelial cells (HUVEC) have
been used as successful models for research on human
endothelium. Considering the importance of fibroblast
and endothelial cells in wound repair and regeneration,
scientific investigations have revealed an increasing interest
in regulating their influence on tissue wound closure [30].
Although this model does not represent all endothelial cell

types found in an organism, and as the proliferation of
HUVEC cells has been correlated with a strong prognosis
in the repair and regeneration of wound process, in the
present study, we investigated the effects of different con-
centrations of the isolated compounds on the viability of
HUVEC cells using the cell cytotoxicity (MTT) test.

In accordance with the microscopic observations at
72 h post-treatment, the MTT assay of the studied com-
pounds (1–6) did not show any sign of cytotoxicity on
HUVEC cells, even at the maximal concentrations. Among
the compounds, compound (5) (stigmasterol-5,22-diene-3-
O-β-D-glucopyranoside) and compound (6) (stigmast-1,5-
dien-3-O-β-D-glucopyranoside) at 10, 25, and 50 µg/mL
doses exhibited low to mild cell proliferative activity
(Figure 3); at the maximal tested dose (50 µg/mL), these
compounds enhanced HUVEC cell growth by 14 and
16%, respectively (Figure 3).

Phytosterols are a group of natural plant sterols pre-
sent in vegetables, nuts, and cereals. They are known for
their nutritional and therapeutic values [1]. Notably,
because humans cannot synthesize phytosterols, they
have to obtain them as dietary supplements [31]. In vitro
and in vivo studies have demonstrated that phytosterols
and their conjugates, including sitosterol and other deri-
vatives, function as free-radical scavengers and stabili-
zers of cell membranes by reducing lipid peroxidation
and enhancing the activity of antioxidant enzymes [32–34].
Additionally, phytosterols have been demonstrated to
improve hepatic and colon metabolisms in mice models
[35], as well as to improve colon, ileal, and gallbladder
motility. Additional in vivo research has shown that stigmasterol

Figure 2: Key 1H-13C HMBC of compound 6.

Figure 3: MTT assay showing cell survival or proliferative activities (%) of C. pumilio L. derived compounds (1–6) at 72 h post-treatment.
Vehicle control: DMSO (0.1%); untreated control (UT). Values (Y-axis): means of three determinations.
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can block several pro-inflammatory andmatrix-degradingmed-
iators associated with osteoarthritis-induced cartilage deteriora-
tion [36]. Accordingly, our data indicated the health-protective
effects of stigmasterol-5,22-diene-3-O-β-D-glucopyranoside
(5) and stigmast-1,5-dien-3-O-β-D-glucopyranoside (6) via
their endothelial cell protection and growth stimulation
activities, especially in cardiovascular health conditions.

3.4 Molecular docking

To explore the molecular mechanisms underlying the
wound-healing activity of the studied compounds, com-
pounds 5 and 6 were docked in the active site of GSK-3β
obtained from a protein databank (PDB ID: 1Q41) using
Autodock 4.2. The docking energies (kcal/mol) and major

Table 3: Molecular docking parameters for the interaction of compounds 5 and 6 with glycogen synthase kinase-3β (GSK-3β)

Ligand ΔG kcal mol−1 Receptor amino acid

Compound 5 −7.185 Ile62, Val110, leu132, Tyr134, Arg141, Leu188, Cys199

Compound 6 −6.303 Ile62, Gln185, Asn186, Leu188

Indirubin-3-monooxime −5.303 Ile62, Val110, leu132, Asp133, Tyr134, Val135, Leu188, Cys199

Figure 4: (a) 3D and (b) 2D interactions of the native ligand with GSK-3β. Tyr: Tyrosine; Val: Valine; Leu: Leucine; Ile: Isoleucine; Asp:
Aspartic acid; Cys: Cysteine; Arg: Arginine; Glu: Glutamic acid; Pro: Proline; Thr: Threonine; Gly: Glycine; Lys: Lysine.

Figure 5: 2D interactions of compounds 5 (a) and 6 (b) with GSK-3β. Ala: Alanine; Tyr: Tyrosine; Val: Valine; Leu: Leucine; Ile: Isoleucine;
Asp: Aspartic acid; Asn: Asparagine; Cys: Cysteine; Arg: Arginine; Glu: Glutamic acid; Pro: Proline; Thr: Threonine; Gly: Glycine; Lys: Lysine.
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interactions are provided in Table 3 and Figure 4 for the
native ligand and studied sterols (5 and 6). In this con-
text, it was clear that compounds 5 and 6 displayed some
interactions similar to those of indirubin-3-monooxime
(native ligand) (Figure 5). We observed that π interac-
tions were formed with amino acid residues Leu188 and
Ile62 in the native ligand as well as in compounds 5 and 6.
In addition, π interactions with Val110 and Leu132 were
observed with the native ligand and compound 5. More-
over, the native ligand was found to form conventional
hydrogen interactions with Val135 and Asp133, in addition
to van der Waals interactions with Tyr134. Compound 5
was found to form hydrogen interactions with Tyr134 and
Arg141, whereas compound 6 formed a hydrogen bond
with amino acid residues Gln185 and Asn186.

Based on our findings, it was evident that com-
pounds 5 and 6 bind to the substrate‑binding site of
GSK-3β and potentially interact with the key active site
residues of the enzyme, forming strong π and hydrogen
interactions with the catalytic site residues, revealing lower
binding energy (−7.185 and −6.303 kcal/mol, respectively)
than that of indirubin-3-monooxime (−5.303 kcal/mol);
thus, they could be used as strong natural replacements
for GSK-3β inhibitors.

4 Conclusion

Six sterols and triterpenes, including a new compound
(6), were isolated and identified from the aerial parts of C.
pumilio. Structural determination was carried out using
1D, 2D NMR, and mass spectroscopic analyses and by
comparisons with the published data. All six identified
compounds were identified for the first time from the
studied plant species. Their cell viability was evaluated
using an MTT assay on cultured human primary umbi-
lical vein endothelial cells (HUVEC), revealing that none
of the isolated compounds exhibited any sign of cytotoxi-
city. Furthermore, compounds (5) and (6) exhibited growth
stimulatory actions inHUVEC cells. Finally,molecular docking
was performed with glycogen synthase kinase-3β (GSK-3β) to
simulate and potentially understand the possible binding
interactions underlying the association between our target
compounds and GSK-3β essential amino acids to investigate
their potential wound healing activity. However, this analysis
was not sufficient to decisively discern the mechanism of
action of these compounds. Nevertheless, based on the limited
evidence, the mechanism of action of these compounds is
more likely to involve the action of GSK-3β. Altogether, the
data provided in the present study are a contribution to the

exploration of structural diversity and biological activity of
sterols used for health protection and prevention of cardiovas-
cular diseases.
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