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ARTICLE INFO ABSTRACT

Keywords: Chemical investigation of Carthamus tinctorius L. flowers resulted in isolation of seven metabolites that were
Safﬂowe_r identified as; p-Hydroxybenzoic acid (1), trans hydroxy cinnamic acid (2), kaempferol-6-C-glucoside (3), astra-
Flavonoids galin (4), cartormin (5), kaempferol-3-O-rutinoside (6), and kaempferol-3-O-sophoroside (7). Virtual screening
Alzheimer . . . . . .

Diabetes of the isolated compounds against human intestinal a-glucosidase, acetylcholinesterase, and butyr-
Industrial development ylcholinesterase was carried out. Additionally, the antioxidant activity of the bioactive compounds was assessed.
Antioxidant Compounds 1 and 5 exhibited moderate binding affinities to acetylcholinesterase (binding energy —5.33 and

—4.18 kcal/mol, respectively), compared to donepezil (-83.33kcal/mol). Compounds 1-7 demonstrated weak
affinity to butyrylcholinesterase. Compounds 2 and 4 displayed moderate binding affinity to human intestinal
a-glucosidase,compared to Acarbose (reference compound), meanwhile compound 2 exhibited lower affinity.
Molecular dynamic studies revealed that compound 4 formed a stable complex with the binding site throughout a
100 ns simulation period. The in-vitro results were consistent with the virtual experimental results, as compounds
1 and 5 showed mild inhibitory effects on acetylcholinesterase (ICsos 150.6 and 168.7 uM, respectively).
Compound 4 exhibited moderate a-glucosidase inhibition with an ICs of 93.71 uM. The bioactive compounds
also demonstrated notable antioxidant activity in ABTS [2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)],
ORAC (oxygen radical-absorbance capacity), and metal chelation assays, suggesting their potential in improving
dementia in Alzheimer’s disease (AD) and mitigating hyperglycemia.

1. Introduction

The advancement of neurological disorders and other illnesses is
attributed to oxidative stress caused by free radicals (Shah et al., 2014).
During regular metabolic processes in the body, free radicals are pro-
duced and typically eliminated by the immune system’s antioxidant
enzymes (e.g., catalase, superoxide dismutase, glutathione, and
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hydroperoxidase). However, if there is an overproduction of free radi-
cals or a weakened immune system, the neutralization of free radicals
becomes inadequate, resulting in oxidative stress. This imbalance has
been extensively studied and has been found to play a significant role in
the development and progression of Alzheimer’s disease (AD). The
occurrence of oxidative stress leads to elevated oxidation levels in brain
lipids, carbohydrates, proteins, and DNA. As a consequence, certain
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byproducts of oxidation have been identified in the primary histopath-
ological changes observed in Alzheimer’s disease (AD), such as neuro-
fibrillary tangles (NFTs) and senile plaques (Huang et al., 2016).
Additionally, amyloid beta (Af) buildup is a hallmark of Alzheimer’s
disease (AD), leading to the deterioration of neurons and the release of
excessive free radicals, and eventually resulting in mitochondrial
dysfunction and inflammation (Abdallah et al., 2021; Sirwi et al., 2021).
Furthermore, AD is identified by a lack of acetylcholine (ACh) at the
synaptic cleft. Therefore, the management of Alzheimer’s disease (AD)
includes the inhibition of oxidative stress, as well as targeting the en-
zymes responsible for the breakdown of acetylcholine (ACh), namely
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) (Ahmad
et al., 2020; Amin et al., 2020).

Moreover, elevated levels of ROS cause structural and functional
modifications to cellular proteins and lipids, resulting in impaired
cellular function. Consuming excessive high-fat and/or carbohydrate
diets has been shown to promote oxidative stress, as evidenced by higher
levels of lipid peroxidation products, and reduced antioxidant status. In
the context of obesity, chronic oxidative stress and the resulting
inflammation are key factors contributing to the development of various
pathologies, including insulin resistance, disrupted metabolic pathways,
and diabetes mellitus (DM) (Newsholme et al., 2016).

DM is a metabolic disorder that results in high levels of glucose in the
body. It is a chronic condition caused by insufficient insulin production
or the cells not responding to insulin properly. This leads to hypergly-
cemia after meals and can result in ketoacidosis and protein loss
(Abdallah et al., 2011; Abdallah et al., 2016). A method for treating
diabetes involves blocking the conversion of complex carbohydrates
into simple sugars by inhibiting the enzymes o-glucosidase and
a-amylase (Abdallah et al., 2022; Omar et al., 2022). Miglitol and
acarbose, two commonly used a-glucosidase inhibitors, are associated
with a range of side effects such as renal tumors, liver damage,
abdominal discomfort, diarrhea, and gas. As a result, researchers are
always on the lookout for better, safer options to help managing diabetes
(Abdallah et al., 2022).

Natural products are highly regarded as a valuable resource for
various molecules that exhibit favorable biological activities. Safflower,
scientifically known as Carthamus tinctorius L., is an annual herb that
belongs to the Asteraceae family (Ren et al., 2017). Safflower is a ver-
satile crop that serves multiple economic purposes. The seed contains
high percentage of fixed oil rich in unsaturated fatty acids, in addition to
alkaloids. Flavonoids represent the major constituent of the flower in
addition to phenylethanoid glycosides, coumarins, steroids, and poly-
saccharides (Zhang et al., 1997; Gecgel et al., 2007; Xuan et al., 2018;
Farag et al., 2020; Hegazi et al., 2022). The primary flavonoid found in
Safflower is a form of C-glycosides that contain a quinochalcone nucleus.
These bioactive compounds, including hydroxysafflor yellow A and
carthamin, are responsible for the cardioprotective properties of
C. tinctorius (Yue et al., 2013). In addition, the flavonoid may also
contain the common O-glycosides as shown in luteolin, kaempferol,
naringenin, hyperoside, and quercetin (Zhang et al., 2016). Safflower
flowers have long been utilized in traditional practices across various
cultures as a dye in the clothing industry and as a colorant in food
(Bacchetti et al., 2020). Flowers‘ yellow color is due to the presence of
hydroxysafflor yellow A, safflomin C, anhydrosafflor yellow B, isosaf-
flomin C, safflor yellow B, and safflor yellow A. The red pigment of the
flower is known as carthamin (Adamska and Biernacka, 2021). These
phenolics have garnered significant interest for their potential health
benefits, including antioxidants, anti-inflammatory, and other
bioactivities.

Safflower has been shown to reduce cardiovascular and cerebro-
vascular diseases and providing health benefits to the functions of heart
and brain cells, due to its high flavonoid content. Moreover, it can
provide protection to the lungs, liver, and bones, and has anti-
inflammation, anti-oxidant and anti-cancer properties (Xian et al.,
2022). C. tinctorius has also been suggested as a potential treatment for
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AD, operating through various mechanisms such as inhibiting Af ag-
gregation, reducing hyperphosphorylation of tau protein, enhancing
cholinergic neurotransmitter levels, mitigating oxidative stress,
combating neuroinflammation, improving synaptic plasticity, and pre-
venting apoptosis (Liang and Wang, 2022). Among the various constit-
uents of C. tinctorius, only carthatins-1 and -2, kaempferol, and luteolin
were assessed for their inhibitory activity against AChE (Liang and
Wang, 2022). Furthermore, previous studies have demonstrated the
inhibitory activity of C. tinctorius against a-glucosidase (Hong et al.,
2021). This activity has been attributed to serotonin derivatives that
were isolated from the seeds of the plant (Asgarpanah and Kazemivash,
2013).

Various scientific exploration on the chemical profile of the
C. tinctorius flowers and their health benefits may lead to the discovery
of new therapeutic agents and further validate their potential uses.

Computers have become a crucial component of the drug discovery
process for several reasons. Access to three-dimensional structures and
the utilization of computational techniques have greatly enhanced our
comprehension of drug targets, resulting in more cost-effective drug
development process. As a result, computer-aided-drug-design (CADD)
has become an integral component of drug discovery projects in both
research institutions and the pharmaceutical industry. This, in turn,
facilitates the more efficient discovery of potential drugs tailored to
these targets (Baig et al., 2018).

The documented inhibitory effects of C. tinctorius on both AChE and
a-glucosidase prompted the authors to undertake this study. Moreover,
investigating the antioxidant activity of isolated compounds can provide
valuable insights into the mechanisms by which these bioactive com-
pounds contribute to the management of Alzheimer’s disease (AD) and
diabetes. Therefore, this study aimed at separation and characterization
of the primary phenolic components found in C. tinctorius flowers, then
virtual screening of the isolated compounds against C-terminal-domain
of human intestinal a-glucosidase, acetylcholinesterase and butyr-
ylcholinesterase from the Protein Data Bank (PDB) for their modulatory
effects. Following, the compounds with promising activity were tested in
vitro for their corresponding enzymes activities as well as the antioxidant
effects.

2. Material and methods
2.1. General experimental techniques

The Bruker-Avance DRX-850 MHz spectrometer (Bruker BioSpin-
Billerica- MA- USA) was used for the NMR study. Precoated TLC Silica
gel plates and Silica gel 60 were employed for TLC and column chro-
matographic analyses, respectively (Merck- Darmstadt- Germany). The
compounds were detected by measuring UV absorbance at Amax 255 and
366 nm and heating at 110 C for 1-2 min, after spraying with a p-ani-
saldehyde:H2SO4 spray reagent.

2.2. Extraction and isolation procedure

Carthamus tinctorius L. flowers were purchased from local market in
Jeddah, Saudi Arabia. The sample was authenticated by Prof. Rim
Hamdy (Prof. of plant taxonomy and flora, Department of Botany and
Microbiology, Faculty of Science, Cairo University). A specimen (CTS-
10-43) was maintained at the Department of Natural Products and
Alternative Medicine, King Abdulaziz University, Saudi Arabia.

Dried plant material (250 g) was extracted with methanol (4 x 500
mL, 48 h each), and evaporated using a rotary evaporator apparatus
under low pressure at 40 °C to give a dry brown methanol extract (52 g).
Total extract was suspended with water and defatted with n-hexane (40
mg), to give aqueous mother liquor (10 g). The aqueous part was
chromatographed on polyamide column, using water and methanol as
solvents, to obtain five fractions (20 %, 40 %, 60 %, 80 %, and 100 %).

Fraction 2 (40 %, 2.1 g) was subjected to SiOz column
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chromatography (300 g x 50 cm x 3 cm) employing CHCl3-MeOH
(9.5-0.5) gradients to get 54 subfractions. Similar Subfractions were
pooled together based on TLC, and under UV light and p-anisaldehyde
spray reagent to give compound 1 (20 mg, white powder) and com-
pound 2 (13 mg, white amorphous powder).

Fraction 3 (60 %, 3.3 g) was subjected to SiO2 CC (300 g x 50 cm x 3
cm) using CHCl3: MeOH (8.5:1.5) gradients, 44 subfractions were ob-
tained based on collecting 100 mL fractions and monitoring them using
TLC plates and UV light. Subfractions 9-13 were collected based on TLC
plates (15 mg, amorphous yellow solid) to give compound 3 (6 mg,
yellowish white powder). Subfractions 19-25 were collected based on
TLC plates to give compound 4 (20 mg, yellow crystal) and was further
purified by subjecting to Sephadex column chromatography using
methanol mobile phase. Subfractions 31-36 were gathered based on TLC
plates to obtain compound 5 (25 mg, yellow solid).

Fraction 4 (80 %, 2.2 g) was subjected to SiO2 CC (300 g x 50 cm x 3
cm) using MeOH: CHCls- (2:8) gradients to obtain 25 subfractions.
Subfractions 10-17 were subjected to Sephadex column chromatog-
raphy using methanol as mobile phase, to give compound 6 (30 mg,
yellow powder). Subfractions 19-23 were subjected to Sephadex column
chromatography using methanol solvent, to give compound 7 (25 mg,
yellow powder).

2.3. Proteins and ligands preparation

The 3-D structures of the C-terminal-domain of human intestinal
a-glucosidase (ID:3TOP), acetylcholinesterase (PDB Code: 4EY7), and
butyrylcholinesterase (ID: 4BDS) were obtained from the PDB. To ensure
the accuracy and reliability of these protein structures, we processed and
prepared them utilizing the Protein Preparation Wizard (PPW) within
the Schrodinger software.

In this process, we added hydrogen atoms to the carbon atoms and
gradually minimized the structures with the OPLS4 force field, ensuring
that the RMSD did not exceed 0.30 A. The minimization step was crucial
for resolving any steric conflicts between atoms. During the refinement,
we excluded water and other molecules. Different tautomers were
generated using the Epik module in Schrodinger.

The compounds were prepared using the LigPrep module in Maestro.
This encompassed adding hydrogen atoms and producing low-energy
conformers, followed by energy minimization utilizing the OPLS4 with
standard parameters. Lastly, we generated receptor grids around the
bound ligands for the subsequent studies.

2.4. Molecular docking and MM-GBSA calculations

The ligand and the references molecules were docked into the active
site of the three proteins using the Extra Precision (XP) Glide docking.

The docked compounds were then submitted to the Prime MM-GBSA
(Molecular Mechanics-Generalized Born Surface Area) calculations. The
binding energy determined by the Prime MM-GBSA of Maestro provided
a reliable prediction of the binding affinity.

The MM-GBSA method incorporates several components, including
OPLS4 MM energies, a VSGB solvation model, and a nonpolar solvation
expression (GNP) that considers nonpolar SASA and van der Waals
interactions.

2.5. Molecular dynamics (MD) simulation

We further investigated the most favorable docking poses of com-
pound 4 and the reference compound, which were identified initially in
our docking experiments using molecular dynamics (MD) simulations
with the Academic Desmond software.

In setting up the system, we followed the System Setup protocol,
immersing the ligand-protein complex within an orthorhombic box that
had a 10 A buffer region separating protein atoms from the box
boundaries, which was then filled with an appropriate number of water
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molecules. We adopted the TIP3P model and the OPLS4 force field for
our MD computations, and assigned partial charges based on the OPLS4
force field. To maintain system neutrality, we introduced the necessary
counter ions (Na+ and Cl-) to achieve a 0.15 M salt concentration. We
used an isothermal-isobaric (NPT) ensemble, controlling the tempera-
ture at 300 K and the pressure at 1.01325 bar. Our simulation lasted for
100 ns, with trajectory data saved every 100 picoseconds. For short-
range van der Waals and Coulomb interactions, we applied a cutoff
radius of 9.0 A. To accurately evaluate electrostatic interactions, we
applied the Particle Mesh Ewald method. The system was then subjected
to minimization and equilibration processes, following the default pro-
tocols of the Desmond software. For in-depth analysis of our simulation
data, we utilized the Desmond package’s Simulation Interaction Dia-
gram protocol. This tool allowed us to gain valuable insights from our
trajectory files.

2.6. Assessment of acetylcholinesterase and butyrylcholine esterase
inhibitory effects

The ability of isolated compounds to inhibit the enzymatic activity of
acetylcholinesterase in-vitro was investigated as reported previously
(Ellman et al., 1961; Osman et al., 2014). In brief, the assay depends on
addition of DTNB (5,5'-dithiobis-(2-nitrobenzoic acid) indicator solution
(prepared as 0.4 mM in tris buffer (100 mM), pH 7.5) to acetylcholine
esterase (from Electrophorus electricus Cat#3389, sigma aldrich) solution
(prepared as 0.02 U/mL final concentration in 50 mM tris buffer, pH7.5
with 0.1 % w/v BSA) in a 96-well plate. Samples were prepared at final
concentrations ranging from 500 to 31.25 pM. Donepezil was used as the
standard anticholinesterase. Then, samples and donepezil were mixed
with the indicator/enzyme solution for 15 min at room temperature.
Subsequently, the substrate acetylcholine iodide (0.4 mM in tris buffer)
was immediately added, and plate incubated in a dark for 20 min at
room temperature. The developed color was then measured at 412 nm
using multimode-microplate reader (Fluostar omega/BMG Labtech/
Ortenberg Germany). The measured data were analyzed to calculate the
inhibitory ICsg for each compound. The same procedure was applied for
assessing the effect on butyrylcholine esterase activity but by using
butyrylcholine esterase to prepare the enzyme solution and butyr-
ylcholine iodide as a substrate.

2.7. Assessment of a-glucosidase inhibitory effect

The enzymatic activity of a-glucosidase was investigated in- as re-
ported previously (Abdallah et al., 2022). Principally, the assay depends
on adding p-NPG (p-nitrophenyl f-D-glucopyranoside) substrate solu-
tion (prepared as 3.0 in mM phosphate buffer (100 mM)/pH 7.0) to
a-glucosidase solution (Saccharomyces cerevisiae, Sigma Aldrich, Cat#
G5003) (prepared as 0.6 U/mL final concentration in 100 mM phosphate
buffer, pH 7.0) premixed with standard/sample solutions, followed by 5-
min incubation at 37 °C. Samples were tested initially at concentrations
of 1000 pM to calculate percentage inhibition, then samples with po-
tential inhibitory effect were tested at the range (25-1000 pM). Acar-
bose was used as the standard a-glucosidase inhibitor at the
concentration range of 15.6-250 uM. The release of p-nitrophenol from
the pNPG substrate was then recorded at 405 nm, utilizing multimode-
microplate reader (Fluostar omega/BMG Labtech/Ortenberg/Ger-
many). The measured data were analyzed to calculate the inhibitory
ICso.

2.8. Assessment of antioxidant capacity

The antioxidant capacities of isolated compounds were investigated
by ABTS [2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] and
ORAC (oxygen radical-absorbance capacity) inhibitory tests. ABTS assay
is based on the generation of a blue/green radical cation of 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS ™) that can be reduced by
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antioxidants (Arnao et al., 2001). The scavenging of ABTS®" by tested
compounds can be quantitatively detected at 734 nm. Trolox was used a
standard antioxidant at a concentration range of 2.5-35 pyM. The
measured data were analyzed to calculate ICsg for each compound. On
the other hand, ORAC test was done based on the method of Liang et al
(Liang and Kitts, 2014). In brief, freshly prepared 2,2-azobis (2-ami-
dino-propane) dihydrochloride was utilized to generate peroxyl radicals
that cause the decay of fluorescein substrate. The ability of tested
compounds to delay the decay of fluorescein is directly correlated to
their antioxidant capacity against the generated peroxyl radical. At
emission (520 nm) and excitation (485 nm), fluorescence was measured.
The findings were presented in terms of uM Trolox equivalent/mM
sample. A multimode microplate reader was used for all measurements.

2.9. Assessment of metal chelating activity

Ferrozine Fe?* chelation capacity was assessed in-vitro depending on
the method of Santos et al. (Santos et al., 2017). Briefly, 0.05 mL sam-
ples/standard were pre-mixed with a 0.02 mL of FeSO4 solution (0.3 mM
in acetate buffer/pH 6). This allows Fe2* jons chelation by the sample.
The reaction was then initiated by the addition of 0.03 mL of ferrozine
reagent (0.8 mM) and the mixture stirred and left standing for 10 min at
room temperature. Samples were prepared at a concentration of 1 mg/
mL in MeOH. EDTA was employed as the standard metal chelator at the
concentration range (10-80 pM). Then, the decrease of color intensity
was estimated at 562 nm to calculate the % inhibition for each sample,
and the results expressed as pM EDTA equivalent/mg sample.

2.10. Statistical analysis

All IC5¢ data are represented as means + SD, ICsq values and calcu-
lated using Graph pad Prism 8® by converting the concentrations to
their logarithmic value and then selecting non-linear inhibitor regres-
sion equation (log inhibitor) vs normalized response-variable slope
equation.
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3. Results
3.1. Isolation of phenolic compounds from C. tinctorius

Chemical investigation of C. tinctorius flower led to isolation of p-
Hydroxybenzoic acid (1) (Ibrahim et al., 2018), trans hydroxy cinnamic
acid (2) (Miyake et al., 2012), kaempferol-6-C-glucoside (3) (Abdullah
et al., 2016), kaempferol-3-O-glucoside (astragalin) (4) (Abdullah et al.,
2016), cartormin (5) (Miyake et al., 2012), kaempferol-3-O-rutinoside
(nicotiflorin) (6) (Dehaghani et al., 2017), and kaempferol-3-O-sopho-
roside (7) (Ibrahim et al., 2018) (Fig. 1 ). Identity of the isolated com-
pounds was confirmed by 'H and °C NMR and compared with the
reported values (Figs. S1-S20, Tables S1-S3).

3.2. Molecular docking and MM-GBSA calculations

The MM-GBSA (Molecular Mechanics-Generalized Born Surface
Area) approach is a widely employed technique for the evaluation of the
binding affinity between small molecules and proteins. In this study, we
present MM-GBSA results based on the docking poses, as illustrated in
Table 1. These results depict the free binding energies of compounds

Table 1
MM-GBSA free binding energies of compounds 1-7 and the references with the
C-terminal domain of human intestinal a-glucosidase (PDB Code: 3TOP),
acetylcholinesterase (PDB Code: 4EY7) and butyrylcholinesterase (PDB Code:
4BDS).

Compound MMGBSA dG Bind (kcal/mol)

Acetylcholinesterase Butyrylcholinesterase a-glucosidase
1 -5.33 5.63 1.41
2 15.35 5.24 —4.46
3 24.76 30.75 49.17
4 33.32 29.01 -7.1
5 —4.18 22.17 39.04
6 24.19 25.06 13.85
7 34 56.08 23.44
Donepezil —83.33 -13.71 -
Acarbose - - —13.86

Fig. 1. Compounds (1-7) isolated from C. tinctorius.
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1-7, in addition to the references Acarbose and Donepezil, when docked
with C-terminal domain of human intestinal a-glucosidase, acetylcho-
linesterase, and butyrylcholinesterase. The binding energies are
expressed in kilocalories per mole (kcal/mol), with more negative values
indicating a stronger binding affinity to the target, while positive values
signify less favorable binding interactions.

In our findings, all compounds 1-7 exhibit significantly lower
binding affinities when compared to the reference compounds (Done-
pezil and Acarbose). Notably, Donepezil demonstrated a very strong
favorable binding affinity to acetylcholinesterase, with a binding energy
of —83.33 kcal/mol. Compounds 1 and 5 showed moderate binding
affinities to acetylcholinesterase with a negative binding energy of
—5.33 & —4.18 kcal/mol; respectively. On the other hand, compounds
1-7 displayed positive energy values when interacting with butyr-
ylcholinesterase, suggesting unfavorable binding to the protein.

When examining their interactions with a-glucosidase, compound 4
displayed a moderate binding affinity with the protein with a binding
energy of —7.1 kcal/mol. This compares with reference “Acarbose”,
which also showed very favorable binding affinity with a binding energy
of —13.86 kcal/mol. As illustrated in Fig. 2, compound 4 is well-
positioned within the binding cavity of a-glucosidase. It forms five
hydrogen bonds with residues ASP1279, ASP1420, LYS1460, ARG1510,
and ASP1526, in addition to engaging in two pi-pi interactions with
TYR1251 (Fig. 3). Furthermore, it interacts with numerous hydrophobic
residues through hydrophobic contacts. In contrast, compound 2 dis-
played a relatively lower affinity with a-glucosidase, as indicated by a
binding energy of —4.46 kcal/mol. The remaining compounds (1, 3, 5,
6, and 7) all exhibit positive binding energies, indicating unfavorable
interactions with a-glucosidase.

3.3. Molecular dynamics (MD) simulations

Based on the binding affinity results, we chose compound 4 for
further molecular dynamic studies to investigate its binding stability
against a-glucosidase. Acarbose was studied as a reference. We selected
the most promising docked conformation of compound 4, and the co-
crystal compound (Acarbose) for further 100 ns MD analysis.

We used three crucial measures to evaluate the stability of the
protein-compound 4 complex. The first measure, RMSD, helps in
assessing the stability of the protein in the presence of compound 4 over
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time. The data indicated only slight deviations. The RMSD values ranged
from 1.2 A to 2.4 10\, with a brief increase to 2.7 A at 65 ns (as shown in
Fig. 4). The reference compound exhibited similar fluctuations.

The second measure we used, RMSF, focuses on assessing how flex-
ible the individual parts of the protein and compounds are within the
complex. In our study, we found that the patterns of fluctuations in the
protein with compound 4 and the reference were quite similar. The
RMSF values ranged from 0.5 to 3.5 A, as depicted in Fig. 5.

The third parameter we examined focuses on understanding the
molecular interactions that occur during the simulation (Fig. 6). Com-
pound 4 formed significant interactions with ASP1157 (143 % H-bonds
and 41 % water bridges), ASP1279 (92 % H-bonds and 43 % water
bridges), and ASP1420 (100 % H-bonds). It also engaged in hydrogen
bonds with LYS1460 (57 %). Furthermore, it established hydrophobic
interactions with PHE1559 (85 %) and ARG1582 (39 %).

The reference compound exhibited interactions with ASP1279 via
hydrogen bond interactions (100 %), with GLY1525 and primarily
through water-bridge interactions (100 %), and with ASP1555 through
water-bridge interactions (120 %). Additionally, the reference formed
interactions with ARG1584 through predominantly hydrogen-bond in-
teractions (100 %), and with HIS1584 through hydrogen-bond in-
teractions (50 %).

3.4. Inhibition of acetylcholinesterase and butyrylcholinesterase

The effect of compounds that exhibited promising activity in
computational study on acetylcholinesterase were assessed under
similar experimental conditions. Donepezil was utilized as a reference
anticholinesterase inhibitor with ICsy of 4.4 nM. Compounds 1 (p-
Hydroxybenzoic acid) and 5 (cartormin) displayed mild inhibitory ef-
fects on acetylcholinesterase with ICsy values of 150.6 and 168.7 uM,
respectively (Table 2). The rest of the compounds as expected from the
virtual binding study did not show detectable inhibitory effect on
butyrylcholinesterase, with ICsg values above 500 uM. Summarily, the
experimental in-vitro studies correlated well with the virtual binding
results.

3.5. Inhibition of a-glucosidase

As expected from the computational study, only compound 4

A

B

Fig. 2. 3D interactions of compound 4 (A) and the reference Acarbose (B) complexed with the human intestinal a-glucosidase (PDB Code: 3TOP).
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Fig. 3. 2D interactions of compound 4 (A) and the reference Acarbose (B) complexed with the human intestinal a-glucosidase (PDB Code: 3TOP).
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Fig. 4. The protein-ligand RMSD plot of compound 4 (A) and the reference Acarbose (B) complexed with the human intestinal a-glucosidase (PDB Code: 3TOP).

(Kaempferol-3-O-glucoside (astragalin)) demonstrated a potential inhi-
bition of a-glucosidase with ICsq of 93.71 uM. The reference drug Acar-
bose inhibited a-glucosidase with ICsg of 66.63 pM.

3.6. Assessment of antioxidant and metal chelation activities

The antioxidant activities of isolated active compounds from
C. tinctorius L. flowers were investigated by in-vitro assays, using ABTS,
ORAC, and metal chelation techniques, as illustrated in Table 3. In the
ABTS assay, compounds 5 was the most potent showing the least ICsg
(17.84 pM) that is comparable to the reference Trolox (14.98 uM), fol-
lowed by compounds 4 and 1 with IC5y 90.11 and 127 pM, respectively.
In the ORAC assay, compound 4 “Kaempferol-3-O-glucoside” showed

the highest activity (>10,000) in terms of pM Trolox equivalent per mM
sample concentration, followed by compound 5 “cartormin” then com-
pound 1 (p-Hydroxybenzoic acid) that showed about 50 % the activity of
compound 4. As for metal chelation, a similar pattern of activity was
observed; where compound 4 “kaempferol-3-O-glucoside” possessed the
highest iron-chelating effect, followed by 5 “cartormin”, then compound
1 had about 27 % the activity of compound 4.

4. Discussion
The aim of this study was to separate and identify the primary

phenolic components found in C. tinctorius flowers, followed by virtual
screening against C-terminal-domain of human intestinal a-glucosidase,
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Table 2
Effect of isolated compounds from C. tinctorius L. flowers on the enzymatic ac-
tivities of acetylcholinesterase and butyrylcholinesterase.

Code Compound Acetylcholinesterase
Inhibition Assay
ICs0 (1M)
1 p-Hydroxybenzoic acid 150.6 + 10.3
5 Cartormin 168.7 +9.68
Donepezil 0.0044 + 0.0002

Data are presented as Mean + S.D. n = 6.

acetylcholinesterase and butyrylcholinesterase crystal structures from
the Protein Data Bank (PDB). Compounds with promising activity were

further tested on the corresponding enzyme in vitro

as well as assessing

their antioxidant potential.

Inhibition of acetylcholinesterase is one of the approaches for
symptomatic management of cognitive disorders like Alzheimer’s dis-
ease. Based on the cholinergic hypothesis, dementia could be managed
by elevating synaptic acetylcholine via inhibition of its specific enzyme
acetylcholinesterase, leading to relative improvement of mental abilities
(Cummings, 2021). There is a growing interest in medicinal plants with
cholinergic properties due to their potential for fewer adverse effects
compared to the conventional treatment options (Barut et al., 2017).
The potential of C. tinctorius leaves and seeds to treat Alzheimer’s dis-
ease (AD) has been demonstrated in earlier investigations through
reducing amyloid p-level (Ap) and inhibiting AChE activity, respectively
(Liang and Wang, 2022). The seed extract also exhibited antioxidant
effects by decreasing the production of ROS (reactive oxygen species)
and raising antioxidant enzymes levels. Furthermore, the extract



J.A.M. Alotaibi et al.

Table 3
In-vitro assessment of antioxidant activities of isolated compounds from Car-
thamus tinctorius L. by: ABTS assay, ORAC assay, and metal chelation assay.

Code  Compound ABTS assay ORAC Metal chelation

1Csp (1M) assay (1M EDTA eq/
(uM Teq/ mM)
mM)
1 p-Hydroxybenzoicacid ~ 127.01 + 5643 +£333  12.20 +1.35
10.98
4 Kaempferol-3-O- 90.11 + 10894 + 44.48 + 4.99
glucoside 2.97 442
5 Cartormin 17.84 + 9051 +£152  37.45 4+ 2.15
0.23
Trolox 14.98 + — —
0.603

The data is given as Mean + S.D. for n = 6.

decreased p-and y-secretases levels, leading to significant cognitive
improvement in experimental animals. Additionally, certain key com-
ponents isolated from C. tinctorius demonstrated anti-Alzheimer effects
through multiple pathways, including inhibiting Ap-aggregation,
reducing hyperphosphorylation of tau protein, mitigating cholinesterase
activity and oxidative stress, and exerting anti-inflammatory effects
(Liang and Wang, 2022). Moreover, various dietary polyphenols (e.g.,
cinnamic aldehyde, rosmarinic acid, and ellagic acid) have been found
to display neuroprotective and pro-cognitive activities in AD. These
polyphenols act through several mechanisms, including modulating pro-
oxidant/antioxidant machinery and inflammatory status (Caruso et al.,
2022). It is noteworthy that the inhibitory activity of C. tinctorius against
AChE was only evaluated for carthatins-1 and -2, kaempferol, and
luteolin, which are among the different components found in
C. tinctorius.

In this study, computational methods were employed for the evalu-
ation of the binding mode and affinity between the isolated compounds
and acetylcholinesterase and butyrylcholinesterase. In our findings, all
compounds 1-7 showed significantly lower binding affinities when
compared to Donepezil. Only compounds 1 and 5 exhibited moderate
affinities for the enzyme acetylcholinesterase. Meanwhile, all isolated
metabolites demonstrated positive energy values upon interaction with
butyrylcholinesterase, suggesting unfavorable binding to this protein.

The in-vitro experimental findings aligned closely with the virtual
binding outcomes. As anticipated based on the virtual binding study, the
compounds exhibited no discernible inhibitory effect on butyr-
ylcholinesterase, with ICsq values exceeding 500 pM. Meanwhile, com-
pounds 1 and 5 exhibited moderate inhibitory effects on
acetylcholinesterase, with ICsg values of 150.6 and 168.7 pM, respec-
tively. To the best of our knowledge, this work is the first to describe the
in vitro activity of cartormin (5) potential treatment of AD through the
inhibition of acetylcholinesterase (AChE) activity. Meanwhile, p-
Hydroxybenzoic acid (1) has been previously identified as an AChE in-
hibitor (Budryn et al., 2022) and here is the first report on its possible
role in the activity of C. tinctorius in alleviating Alzheimer’s disease
(AD).

The antidiabetic effects of C. tinctorius flowers have been established,
primarily attributed to its capacity to regenerate, and restore Langer-
hans islets, increasing insulin level. Moreover, it is also been shown to
restore protein breakdown and enhancing glycogenesis in the livers of
diabetic rats (Asgarpanah and Kazemivash, 2013). Recently, a-glucosi-
dase inhibitory activity of its petal was reported (Hong et al., 2021).
Computational studies revealed that compound 4 showed a highly
favorable binding affinity with a binding energy of —7.1 kcal/mol
against C-terminal domain of human intestinal a-glucosidase. Based on
these findings, compound 4 was selected for further MD studies.

While the docking method offers valuable insights into binding
poses, hydrogen bonds, and interactions with amino acid residues, it has
certain limitations in capturing the flexibility of proteins. This limitation
can impact on the accuracy of ligand-protein complexes and the
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stability and significance of these interactions over time. To address
these issues, molecular dynamics (MD) simulation techniques were
employed in this study. These simulations provided a more precise and
comprehensive analysis by considering the dynamic nature of the
system.

We selected the most promising docked conformation of compound
4, and the co-crystal compound (Acarbose) for further 100 ns MD
analysis. These selections were based on their favorable binding free
energy, which makes them suitable candidates for in-depth examina-
tion. Compound 4 and Acarobose had RMSD values below 3 A during the
100 ns of simulation, indicating a highly stable complex.

The RMSF values ranged from 0.5 to 3.5 A. These values are well
within the acceptable range for protein flexibility, indicating that the
structures maintain the desired level of flexibility.

MD simulations offer us not only insights into the dynamic changes
in the structure of molecules but also provide valuable information
about the energy-related aspects of how a ligand interacts with a pro-
tein. This knowledge is of paramount importance when it comes to
understanding the relationship between the structure and function of a
target molecule and the specific nature of how a ligand binds to a pro-
tein. Therefore, we also used the MD simulation to provide an insight
into the stability of interactions between compound 4, Acarobose, and
the protein during the simulation. The study showed that compound 4
and the protein interactions were primarily maintained through
hydrogen bonds, water bridges, and hydrophobic interactions.

The in vitro assay results for compound 4 against a-glucosidase were
consistent with the findings from the computational studies. Although
a-glucosidase inhibitory activity of 4 was previously reported (Utari
et al., 2019); our study provides molecular understanding of this
inhibitory activity. Additionally, this study establishes a potential link
between the inhibitory activity of a-glucosidase of C. tinctorius flowers
and the presence of astragalin (4).

Indeed, a-glucosidase represents a principal enzyme for intestinal
absorption of carbohydrates. This enzyme hydrolyzes oligosaccharides
into individual glucose units to bind to glucose transporter prior to ab-
sorption. As an effective approach to control type-2 diabetes, a-gluco-
sidase inhibition aims to reduce glucose level after meals (Sugihara
et al., 2014).

It is worth noting that free radicals trigger the imbalance between
prooxidant and antioxidant mechanisms intracellularly, leading to
oxidative stress. Consequently, deterioration of cellular function be-
comes apparent and affects body organs, resulting in pathological con-
ditions such as diabetes, Alzheimer’s, Parkinson’s, cardiovascular,
rheumatoid arthritis, and cancer. This could further explain the poten-
tial ability of antioxidants to improve dementia in Alzheimer’s disease
and alleviate hyperglycemia in diabetes mellitus (Valko et al., 2007). In
the current study, the formation of Fe?"/ferrozine complex is dimin-
ished due to chelation of Fe*? by antioxidants, expressed as pM EDTA
equivalent per mM sample (Santos et al., 2017). The results of iron
chelation are consistent with those of ORAC assay. The findings of this
study are consistent with previous reports that have documented the
antioxidant activity of phenolic acids (Manuja et al., 2013; Farhoosh
et al., 2016), flavonoids (Amic et al., 2007), and C-glucosylchi-
nochalcone (cartormin) (Vazquez et al., 2017).

5. Conclusion

In the present study, seven metabolites were isolated and identified
from C. tinctorius flowers and were identified as: p-Hydroxybenzoic acid
(1), trans hydroxy cinnamic acid (2), kaempferol-6-C-glucoside (3),
astragalin (4), cartormin (5), kaempferol-3-O-rutinoside (6), and
kaempferol-3-O-sophoroside (7). Virtually, compounds 1 and 5
exhibited moderate binding affinities to acetylcholinesterase compared
to the reference compound donepezil while compound 4 showed a
highly favorable binding affinity to human intestinal a-glucosidase.
Furthermore, the in vitro evaluations of the active compounds
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corroborated the findings from virtual studies with respect to enzymatic
activities and antioxidant effects. These findings suggest the potential of
these compounds in improving dementia associated with Alzheimer’s
disease (AD) and mitigating hyperglycemia in diabetes. These warrant
further in-vivo studies to validate their anti-Alzheimer and anti-diabetes
potential and to deeply understand their mechanisms of action.
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