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Abstract: The current study was designed to investigate the chemical composition, antioxidant,
enzyme inhibitory, and cytotoxic activities of Scorzonera coriacea A.Duran & Aksoy. Both organs
were rich in total phenolic content, with the highest content recorded from the 70% EtOH
(48.41 mg GAE/g) and aqueous (47.11 mg GAE/g) extracts of the roots. All aerial parts extracts
accumulated higher total flavonoid content than their respective roots extracts, with the highest
amount found in their EtOH extract (36.44 mg RE/g). Chemical analysis revealed the presence of
86 compounds belonging to organic acids, phenolic acids, flavonoids, coumarins, anthocyanins,
terpenes, saponins, and fatty acids and their derivatives, with the aerial parts accumulating
the highest number. The roots displayed the strongest antiradical and ion-reducing capacities.
EtOH extract of both organs recorded the highest acetylcholinesterase activity (2.77 and 3.02 mg
GALAE/g; p > 0.05), while that of the root showed the best butyrylcholinesterase activity (3.49 mg
GALAE/g) and that of the aerial parts the best tyrosinase inhibitory (59.07 mg KAE/g). EtOAc of
the root exhibited the best cytotoxicity towards the HepG2 cell line (cell viability = 29.30%), but was
also toxic towards HEK293 cells (cell viability = 11.72%). In silico screening supported these find-
ings by identifying multiple strong ligand—protein interactions. Molecular dynamics simulations
further confirmed the structural stability of selected complexes. In silico profiling docked 26 phy-
tochemicals against 14 therapeutic targets, generating 364 complexes, of which 62% showed AG <
~7.0 kcal-mol ™. Binding energies ranged from —1.4 to —10.7 kcal-mol™", with PD-1-Eriodictyol-7-
O-neohesperidoside the best. For metabolic enzymes, Eriodictyol-7-O-neohesperidoside yielded
the top a-amylase score and Diosmetin-7-O-glucoside the top a-glucosidase score, while several
flavonoids bound AChE/BChE strongly; in contrast, tyrosinase displayed poor affinity overall.
100-ns MD simulations on five top complexes indicated stable behavior for C1 and C4, whereas
C2/C3/C5 showed loosening interactions over time. These findings showed that S. coriacea could
be a promising source of bioactive compounds with potential therapeutic applications.
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1 Introduction

The genus Scorzonera (Asteraceae family) comprises
approximately 200 species, distributed in central and
southern Europe, Asia, and northern Africa. Scorzonera
species are caulescent perennial herbs that grow mainly
in arid areas (Seyis et al., 2025). Many species are used
as food and animal fodder, for rubber production, and in
traditional medicine, such as for pulmonary and kidney
conditions, wound healing, diabetes, and rheumatic
pain (Sahin et al., 2023). A recent review reported that
Scorzonera species are rich in diverse phytochemicals,
including terpenes, steroids, quinic-acid derivatives,
flavonoids, and phenylpropanoids. Pharmacologically, they
possess anti-inflammatory, antinociceptive, wound-healing,
anticancer, hepatoprotective, antimicrobial, antiulcerogenic,
antidiarrheal, and antidiabetic activities, among others (Ak
et al., 2020a; DallAcqua et al., 2020a, 2020b; $ahin et al,
2020b; Idoudi et al., 2023; Sarimahmut, 2023; Gong et al,,
2024). Clinical applications indicated that some species are
effective in treating herpes zoster and pregnancy resistance
(Gong et al, 2024). Furthermore, various studies have
documented the existence of biologically active compounds
such as hyperoside, rutin, isoquercitrin, chlorogenic acid,
luteolin, and cynarosidase in species belonging to the
Scorzonera genus (Erez et al, 2022; Sarialtin & Acikara,
2022; Ajebli et al, 2025; Ozcan Aykutlu et al, 2025).
However, only about one-third of Scorzonera species
have been examined for their chemistry and potential
biological activity.

Tiirkiye is an important center of diversity for Scorzon-
era species. About 59 species are reported, of which 31 are
endemic (Seyis et al., 2025). S. coriacea, an endemic species of
Tiirkiye, is considered a distinct Scorzonera species without
any close relatives. The species grows mainly in serpentine
areas in the Konya district and Isparta province, Southern
Anatolia, Tiirkiye. Morphologically, it has a thick, cylin-
drical rootstock, clearly clothed with the remains of old
leaf bases; glabrous, hollow stems and distinct coriaceous,
glabrous to sparsely tomentulose leaves; flowers are yellow
and achenes are rigid and furrowed (Duran et al, 2011). A
recent study revealed that the species is rich in flavonoids
like hyperoside, isoquercitrin, rutin, and orientin, as well as
caffeoylquinic acid derivatives, and it possesses significant
antiradical activity (Sarialtin & Acikara, 2022). This study
provides a comprehensive investigation of the chemical com-
position and the enzyme-inhibitory and cytotoxic activities
of different extracts from the aerial parts and roots of S.
coriacea. The antioxidant activity of extracts was highlighted
by examining their capacity to scavenge free radicals, chelate
and reduce metal ions, while their ability to inhibit enzymes
was evaluated against enzymes implicated in diabetes, skin
hyperpigmentation, and Alzheimer’s disease. Their cyto-
toxicity was tested against the human embryonic kidney
(HEK) 293, hepatocellular carcinoma (HepG2), and human
neuroblastoma SHSY5Y cell lines. Despite encouraging phar-
macological findings, the specific molecular interactions
between the phytochemicals of S. coriacea and therapeutic
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targets remain to be elucidated. In the present study, molec-
ular docking and molecular dynamics (MD) simulations
were employed to evaluate the binding behavior of 26 major
compounds against a set of standard enzymes involved in
common metabolic and neurodegenerative diseases, as well
as key oncogenic proteins such as AKT1, CDK2, CDK4,
PD-1, TERT, and others, which are known to be overex-
pressed in HepG2 hepatocellular carcinoma cells. These in
silico approaches are intended to clarify the potential multi-
target inhibitory mechanisms of S. coriacea constituents and
provide a molecular basis for their biological effects observed
in earlier experimental assays.

2 Materials and Methods
2.1 Plant Collection

In 2023, a collection of plant samples was made in Konya
(Derebucak, Camlik Location) at an altitude of 1560 meters
in Tirkiye. The botanical identification of the collected spec-
imens was meticulously performed by Dr. Evren Yildiztugay.
For documentation and future reference, a voucher sample
was deposited in the herbarium of the Faculty of Science
at Selcuk University (voucher number: EY3399). To pre-
serve their phytochemical profile, the aerial parts of the
plant were carefully separated post-harvest and air-dried in
a shaded area at environmental temperature. Once dried, the
material was finely powdered using a standardized grind-
ing procedure. The powdered samples were subsequently
stored in light-resistant containers under controlled environ-
mental conditions to minimize degradation and maintain
long-term stability.

2.2 Extraction Protocol

The extraction of bioactive components was performed
using ethyl acetate, ethanol, ethanol/water (70%), and water.
A standard 10-gram sample quantity was processed with
200 mL of each solvent. The protocol differed based on the
solvent: organic extractions involved 24-hour maceration at
room temperature, while the water-based method used a
brief 15-minute hot water infusion. For post-processing, the
aqueous extract was dehydrated by freeze-drying, and the
organic solvents were evaporated under reduced pressure
using rotary evaporation.

2.3 Assay for Total Phenolic and Flavonoid Content

The determination of total phenolic and flavonoid levels in
the extracts was carried out based on previously established
protocols (Zengin et al.,, 2016). All experimental details are
given in the supplemental materials.

2.4 UHPLC-MS/MS
Compounds
Phytochemical profiling followed a previously reported
UHPLC-ESI-MS/MS method using high-performance lig-
uid chromatographic (HPLC) analysis joined with an
ESI-MS/MS spectrometer detector (El-Nashar et al., 2025).
All chromatographic details are given in the supplemen-

tal materials.

Analysis of Polyphenolic
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2.5 Quantification of Selected Phenolic

The Thermo ORBITRAP Q-EXACTIVE mass spectrometer,
which was equipped with a trifluoroacetic acid-treated C18
column (150 x 2.1 mm inner diameter, 3.5 M particle size),
was used to analyse the content of phenolic compounds in
the tested extracts using LC-HRMS analysis (Han et al,
2018; Bursal et al., 2020; Kinoglu et al., 2024; Ozer et al,
2024; Karta et al., 2025). The LC-MS/MS parameters and
validation data are given in the supplemental material.

2.6 Assays for In vitro Antioxidant Capacity

Antioxidant evaluations were conducted in accordance with
established procedures, as delineated in a previous study
(Grochowski et al., 2017). The radical scavenging capacities
of the extracts were measured using a variety of assays,
including FRAP, CUPRAC, DPPH, and ABTS. The results
were expressed as milligrams of trolox equivalents (TE) per
gram of dried extract. The total antioxidant potential was
subsequently determined using the phosphomolybdenum
(PBD) assay and reported in mmol TE/g. Furthermore, the
metal chelation activity (MCA) was quantitatively assessed
by measuring the milligrams of EDTA equivalents (EDTAE)
per gram of extract. All experimental details are given in the
supplemental materials.

2.7 Inhibitory Effects Against Some Key Enzymes

Enzyme inhibitory assays were conducted against
acetylcholinesterase (AChE), butyrylcholinesterase (BChE),
tyrosinase, amylase, and glucosidase using the tested
extracts, according to validated protocols reported in the
literature (Grochowski et al., 2017). The inhibitory activities
toward AChE and BChE were subsequently quantified
in milligrams of galanthamine equivalents (GALAE) per
gram of dry extract. The inhibitory potential of amylase
and glucosidase was expressed in acarbose equivalents
(ACAE), while tyrosinase inhibition was assessed in terms
of kojic acid equivalents (KAE) per gram of dry extract. All
experimental details are given in the supplemental materials.

2.8 Cell Culture and Cell Viability Assessment

Human hepatocarcinoma (HepG2), human neuroblastoma
(SH-SY5Y), and human embryonic kidney (HEK 293) cells
were maintained as previously detailed (Rodrigues et al,
2016). The cells were seeded into 96-well plates at densities
of 5,000 cells per well. After an overnight incubation, the
cells were exposed to extracts at 100 pg/ml for 72 hours.
Cells treated with 0.5% DMSO served as the control group.
Cell viability was measured using the MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), as
previously described by Rodrigues et al. (2016). Viability
percentages were calculated in comparison to the DMSO
control (0.5%).

2.9 Computational Study

2.9.1 Molecular Docking

Comprehensive molecular docking analyses were conducted
to evaluate the binding affinities of major phytochemicals
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derived from S. coriacea against a wide range of biologically
significant targets. These included key metabolic enzymes,
such as a-glucosidase (7KB]), tyrosinase (6QXD), butyryl-
cholinesterase (6EQP), and acetylcholinesterase (7E3H), as
well as regulatory and signaling proteins that exhibited high
levels of expression in hepatic cell lines (Chiavaroli et al.,
2023; Llorent-Martinez et al., 2025; Yagi et al., 2025). The
following genes have been identified: AKT (4GV1), BRPF1
(5MWZ), CDK2 (6GUE), CDK4 (2W96), Cyclin D1 (2W99),
MYC (INKP), PPARy (1I7I), PD-1 (5N2F), and (TERT)
(5CQG) (Rosenberry et al., 2017). Docking simulations were
performed using AutoDock Vina v1.1.2 with an exhaustive-
ness level of 32 (Dileep et al., 2022). POCASA v1.1 was used
to predict binding sites and define grid boxes. The coordi-
nates and dimensions of each grid box used in the docking
simulations are provided in Table S1 (Zengin et al., 2025).
To ensure the accuracy of the docking outcomes, we con-
ducted re-docking of native ligands and RMSD evaluations
(Baloglu et al, 2025; Yildirim et al, 2025). We charac-
terized the resulting protein-ligand interactions using the
Protein-Ligand Interaction Profiler (PLIP), which identified
hydrogen bonds, hydrophobic contacts, and w-interactions
(Angeles Flores et al., 2024; Cetiz et al., 2024). The final
binding poses and interaction networks were visualized using
PyMOL v3.0.

2.9.2 Molecular Dynamics Simulations

To explore the conformational flexibility and thermody-
namic stability of the protein-ligand complexes, molecular
dynamics (MD) simulations were performed using GRO-
MACS 2023.3 (Cetiz et al., 2025). Each simulation featured
one of the top-docked phytochemicals from S. coriacea
bound to proteins. The simulation systems were constructed
using the CHARMM-GUI web server (Jo et al., 2008; Kor-
payev et al, 2025) employing the CHARMM36m force
field for proteins and the CHARMM General Force Field
(CGenFF) for ligands (Maier et al., 2015). The complexes were
solvated in a cubic TIP3P water box with a minimum 10 A
margin from any solute atom and neutralized with Na* and
CI” ions at a physiological concentration of 0.15 M. Energy
minimization was carried out using the steepest descent algo-
rithm until the maximum force on the system was reduced
below 1000 k] mol™* nM™!. After minimization, two equili-
bration steps were executed. Equilibration comprised 500 ps
under NVT, followed by 1 ns under NPT at 310 K. It was
observed that all bond lengths were constrained using the
LINCS algorithm. The long-range electrostatics were calcu-
lated using the Particle Mesh Ewald (PME) method with a
real-space cutoff of 12 A. In contrast, the Verlet cutoff scheme
was applied for short-range nonbonded interactions. To facil-
itate a comprehensive evaluation of structural dynamics and
binding stability, production MD trajectories were executed
for 100 ns per complex.

2.10 Statistical Analysis

The experiments were conducted three times, and the vari-
ations among the extracts were assessed through One-way
ANOVA utilizing Tukey’s test, with the analysis conducted
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using GraphPad Prism (version 9.2). A p-value of under 0.05
was considered statistically significant.

3 Results and Discussion
3.1 Total Phenolics (TPC) and Flavonoids (TFC) Contents

The TPC and TFC of different extracts from the aerial parts
and roots of S. coriacea were determined, and the results are
presented in Table 1. The TPC extracts from the aerial parts
ranged between 22.14 and 42.57 mg GAE/g, and in those from
the roots, between 22.76 and 48.41 mg GAE/g. The high-
est content was recorded from the 70% EtOH and aqueous
extracts from the roots (p > 0.05), followed by the 70% EtOH
of the aerial parts, while the EtOAc extract of both organs
recovered the least content. The TFC in aerial parts extracts
ranged from 5.34 to 36.44 mg RE/g, while those from the
roots ranged from 0.91 to 5.58 mg RE/g. The highest TFC was
recorded respectively from EtOH, 70% EtOH, and aqueous
extracts from the aerial parts. All aerial parts extracts accu-
mulated higher TFC than their respective root extracts. The
highest content in the roots, which was comparable to that in
the EtOAc extract of the aerial parts, was obtained from the
EtOH and aqueous extracts (p > 0.05). It was noted that polar
solvents with hydroxyl groups, such as water and ethanol, are
more effective in recovering solid mass from vegetal matri-
ces. Furthermore, the combination of solvents with different
polarities could increase the bioactive compound extraction
efficiency. Certainly, other factors, including the chemical
nature of the phytochemicals, the particle size of the sample,
and the existence of interfering compounds, can significantly
influence the recovery of metabolites (El Kamari et al., 2024).
These results supported a previous study indicating that both
organs were rich in TPC and TFC (Sarialtin & Acikara, 2022).
The authors indicated that the methanol/water extract of S.
coriacea contains total phenolic contents of 53.32 mg GAE/g
in its aerial parts and 52.24 mg GAE/g in its roots.

The total phenolic and flavonoid contents in various
Scorzonera species have been documented by numerous
researchers. Notably, Idoudi et al. (2023) analyzed S. undata

Table 1. Total phenolic (TPC) and flavonoid (TFC) contents in
extracts from aerial parts and roots of Scorzonera coriacea

Parts Extracts TPC (mg GAE/g) TFC (mg RE/g)

EtOAc 22.14+0.294 5.34+0.401

Aerial parts EtOH 39.86+0.22° 36.44+0.35"
70% EtOH  42.57+0.31 18.53+0.16

Water 39.02+0.23° 13.67+0.25°

EtOAc 22.76+0.814 0.91+0.03"

Roots EtOH 39.17+0.63¢ 5.58+0.074
70% EtOH  48.41+1.50° 4.22+0.08°

Water 47.11+0.26* 5.19+0.024

Note: Values are reported as mean+SD of three parallel measure-
ments. GAE: Gallic acid equivalent; RE: Rutin equivalent. Different
letters indicate significant differences between the tested extracts
(p < 0.05).
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extracts using ultrasound-assisted and maceration meth-
ods, finding their total phenolic content to range from 0.66
to 26.97 mg GAE/g, which are lower values compared to
those in this study. Sahin et al. (2020b) reported total phe-
nolic levels between 26.8 and 124.3 mg GAE/g in ethyl
acetate, chloroform, and n-butanol fractions derived from
the ethanolic extract of S. pygmaea aerial parts. Ayromlou
et al. (2020) found that the methanol extract of S. calyculata
had a total phenolic content of 4.69 mg GAE/g. Our findings
for total phenolic content align with literature values for other
Scorzonera species, such as S. hieracifolia (aerial parts: 19.40—
40.88 mg GAE/g; roots: 17.50-26.11 mg GAE/g) (DallAcqua
et al,, 2020a) and S. hispanica (aerial parts: 13.02-37.68 mg
GAE/g; roots: 9.65-25.31 mg GAE/g) (Ak et al., 2020b). Dif-
ferences in phenolic content among Scorzonera species may
be due to geographic and climatic influences, as well as the
extraction methods or solvents employed.

3.2 UPLC/MS Analysis of Different Extracts of S. coriacea
Aerial Parts and Roots

Ultra-performance liquid chromatography coupled with tan-
dem mass spectrometry (UPLC/MS) was used to tentatively
describe the phytoconstituents of the different extracts (Ethyl
acetate, ethanol, ethanol/water, and water) from S. coriaceum
aerial parts (SCA) and roots (SCR) in both the negative and
positive ion modes (Figures supplementary material).

The results revealed a diverse array of phytochemicals,
highlighting the plants rich chemical composition and
potential pharmacological significance. The study identified
85 compounds across various classes, including pheno-
lic acids, flavonoids, fatty acids, coumarins, triterpenoids,
and others, with distinct distribution patterns between the
aerial parts and roots, as well as among different extrac-
tion solvents (Ethyl acetate, ethanol, ethanol/water, and
water). Table 2 presents the characterized compounds,
including their molecular ions, fragment ions, and corre-
sponding chemical classes. The metabolites were identified
by comparing retention times, mass spectral data, and frag-
mentation patterns with previously reported information
(Aly et al., 2024a; Cusumano et al., 2024). The findings indi-
cated that the characterized metabolites encompass many
phytochemical groups, including phenolic acids and their
derivatives, flavonoids, fatty acids and amides, along with
triterpenoids, coumarins, and anthocyanins. The flavonoids
and fatty acid amides were the most prominent classes of
detected compounds in both SCA and SCR. This comparative
phytochemical characterization represents the first study on
S. coriacea conducted by UPLC/MS analysis.

3.2.1 Flavonoids

A wide range of flavonoids, including flavanols (e.g.,
myricetin, taxifolin), flavone glycosides (e.g., apigenin and
luteolin derivatives), and flavonol glycosides (e.g., quercetin
and kaempferol derivatives), were identified. Notably,
quercetin and kaempferol (Peaks 58 and 30, respectively)
were detected in multiple extracts, underscoring their
significance as major bioactive constituents. Twenty-
three chromatographic peaks were identified as flavonoid
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glycosides. Quercetin, luteolin, and kaempferol exhibited
the predominant aglycone moieties in their glycosides.
The identification of these glycosides was based on
the elimination of sugar moieties, and an additional
characteristic fragmentation pattern of aglycone via Retro-
Diels-Alder (RDA). Additionally, free aglycones were
identified in peaks 2 (m/z 317), 25 (m/z 343), and 39 (m/z
291) corresponding to myricetin, eupatorin, and catechin,
respectively. Peak 30 (m/z 285) and peak 58 (m/z 301),
corresponding to kaempferol and quercetin, respectively,
are found in the aerial parts only. Flavanol at peaks 12,
21 (m/z 305) corresponding to dihydroquercitin in the
roots only. Moreover, a dihydroxydimethoxyflavone and
a dihydroxytrimethoxyflavone were identified at m/z
[M-H]™ 313 and [M-H]~ 343.20, respectively. The ion
mass peaks at m/z [M+H]* 29148, [M-H]~ 285.00, and
[M+H]* 303.29 correspond to the aglycones catechin,
kaempferol, and quercetin in the aerial parts only in the
ethyl acetate fraction, and m/z [M+H]" 305.06 corresponds
to dihydroquercetin in the roots only. Commonly, flavonoid
glycosides are tentatively described through the removal
of hexose moiety (162 amu) and deoxyhexose (146 amu)
or pentoside moiety (132 amu) in their fragmentation
spectra (Aly et al., 2024b; Zengin et al, 2024). They are
predominantly present in the aerial parts rather than the
roots, especially the ethyl acetate and ethanol fractions as
taxifolin, kaempferol, diosmetin, malvidin, and luteolin
hexoside and deoxyhexose glycosides. The flavonoid
glycosides characterised in the roots are quercetin-O-
hexoside and eriodictyol-7-O-neohesperidoside (Table
2). Consistent with our findings, quercetin, luteolin, and
kaempferol glycosides were previously extracted from other
Scorzonera species, including S. hispanica and S. hieraciifolia
(Granica et al., 2015; Dall’Acqua et al., 2020a).

3.2.2 Phenolic Acids and Derivatives

Various phenolic compounds were prominently detected,
with compounds such as quinic acid, caffeoylquinic
acids, and their derivatives (e.g., 3-O-Caffeoylquinic acid,
5-O-Caffeoylquinic acid) being abundant in both aerial
and root extracts. These compounds are known for their
antioxidant and anti-inflammatory properties (Aly et al,
2023; Abdelazim et al., 2024), suggesting potential health
benefits of S. coriacea extracts. They are characterized based
on the loss of a water molecule and the carboxylate part
(18 and 44 amu) in their fragmentation pattern. Peaks 3 are
assigned as quinic acid [M—H]~ at m/z 191 due to the presence
of the dehydrated peak at m/z 173. Also, peak 4 at m/z 377 is
characterized as a quinic acid derivative with the fragment
of quinic acid loss at m/z 191. Different peaks identified
3-O-caffeoylquinic acid, 5-O-caffeoylquinic acid (peaks 7
and 10), and its dimer at (peak 8) were identified at m/z
353.03, 353.32, 707.47, respectively, which were previously
identified in the methanolic extracts of S. hieraciifolia aerial
parts and root extracts (DallAcqua et al., 2020a). All of these
peaks were accompanied by distinct fragments at m/z 191,
confirming loss of caffeic moiety. Two peaks (23 and 27)
were characterized as 3,5- and 1,3-O-dicaffeoylquinic acid

http://doi.org/10.25135/rnp.2509.3633
Rec. Nat. Prod. 2026, 20(1):e25093633

at m/z 515.21. Both peaks exhibited ion fragment peaks at
353 and 179, corresponding to mono caffeoylquinic acid
and the loss of the quinic acid moiety, respectively (Zhang
et al., 2018). Moreover, caffeic acid derivative (peak 34) was
identified at m/z 181.18, accompanied by distinct fragments
at m/z 135, confirming a CO, neutral loss (Zhang et al., 2018).
Moreover, peaks 70 and 81 were identified as fertaric acid
and caffeoyl hexoside at m/z 325.15 and 339.27, respectively.
Interestingly, caffeic acid and 3,5-O-dicaffeoylquinic acid
were previously reported in the subaerial parts of S. hispanica
(Granica et al., 2015).

3.2.3 Fatty Acids and Amides

The chromatogram of SCA and SCR ethyl acetate fraction
mostly revealed the presence of fatty acids, where 27 peaks
were identified as fatty acids, such as trihydroxy-9,14-
octadecadienoic acid, eicosaenoic acid, eicosadienoic acid,
dihydroxy-linoleic acid, 13-oxo-(9E,11E)-octadecadienoic
acid, and octadecadienoic acid. The long-chain fatty acids
(saturated, mono-, and polyunsaturated) are eluted last in
the chromatogram due to their lipophilic nature. Moreover,
8 peaks were identified as fatty acid amides, and they
represent the major compounds identified in SCA and
SCR, especially in the ethanol and ethyl acetate fractions.
They were characterized as octadecadienoic acid amide,
myristamide, palmitamide, oleamide, and stearamide at
positive ion mode with molecular ion peaks at m/z 280.28,
228.31, 256.29, 282.33, and 284.35, respectively. The previous
report revealed the presence of various fatty acids in the
ethyl acetate extract of S. hispanica (Granica et al., 2015)
and agrees with our results. In Turkish flora, myristamide,
palmitamide, oleamide, and stearamide are among the
predominant fatty acid amides (Nilofar et al., 2024; Zengin
etal., 2024).

3.2.4 Miscellaneous

The hydroxycoumarin was annotated in the SCR alcoholic
extracts represented as m/z [M+H]* 163.03, also umbellifer-
one was identified in both SCA and SCR alcoholic extracts
as m/z [M+H]" 163.07, and agrees with previous reports for
coumarins in S. cretica (Paraschos et al., 2001), S. aucheriana
(Erik et al., 2021).

Few triterpenoids were identified in SCR ethyl acetate
or ethanol extracts, including m/z 793.47, 647.34, 471.34,
and 471.16 for dihydroxy-23-ox0-12-oleanen-28-oic acid-O-
deoxyhexosyl-hexoside, ~dihydroxy-23-oxo-12-oleanen-28-
oic acid-O-hexoside, hydroxylated triterpenoid acid, and
hydroxy-betulinic acid, and in agreement with previous
reports for triterpenoids in S. hieraciifolia (DallAcqua et al.,
2020a).

The extraction efficiency exhibited considerable varia-
tion depending on the solvent applied. For example, EtOH
and EtOH/Aq. Extracts exhibited a higher concentration
of flavonoids and phenolic acids, while aqueous extracts
were enriched with polar compounds such as sucrose and
organic acids. The EtOAc extracts exhibited a higher con-
centration of fatty acids and flavonoids, including quercetin
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and kaempferol. The roots demonstrated an elevated content
of certain compounds, including sucrose and triterpenoid
saponins, whereas the aerial parts were more abundant in
flavonoids such as luteolin derivatives. This varied distri-
bution may indicate the plant’s tolerance to environmental
stressors and could inform targeted extraction approaches for
specific bioactive compounds.

The UPLC-ESI-MS/MS profiling of S. coriacea extracts
underscores its potential as a source of bioactive compounds
with diverse therapeutic applications. The solvent-
dependent variation in compound distribution highlights
the importance of optimizing extraction protocols for
specific phytochemical classes. Future studies should focus
on isolating and characterizing the major compounds to
validate their biological activities through in vitro and in
vivo assays. Additionally, comparative metabolomic studies
with other Scorzonera species could further elucidate the
chemotaxonomic and pharmacological uniqueness of S.
coriacea.

The Venn diagram analysis showcases both the unique
and shared chemical profiles derived from various solvent
extractions of the plant’s aerial and root sections. In the aerial
part extracts (Figure 1), those obtained with ethanol (AP-
EtOH) stood out by producing the highest number of unique
compounds (n = 14), showcasing their superior dissolving
capability for a broad array of phytochemicals. Notably, five
compounds were consistently present across all AP extracts,
implying the existence of fundamental metabolites, regard-
less of the solvent’s polarity. A comparable pattern was seen
in the root extracts (Figure B), where the ethyl acetate
extract (R-EA) featured the most unique constituents (n =9),
highlighting its preference for semi-polar to non-polar com-
pounds. The comparative two-way Venn diagrams between
the aerial and root sections for each solvent (Figures C-F)

A) (B) 0

AP-EtOH

P-EtOH/W.

(D) R-EtOH )

indicated that, although some metabolites were common,
each tissue displayed a unique phytochemical profile. For
instance, AP-EtOH had 22 unique compounds compared
to seven in R-EtOH, and AP-EA and R-EA shared only
seven compounds but had 16 and 11 unique metabolites,
respectively. Overall, these results suggest that the polarity
of solvents and the type of plant tissue significantly affect
both the extraction effectiveness and variety of secondary
metabolites, emphasizing the critical role of careful solvent
selection in phytochemical research.

3.3 Quantification of Selected Phenolic Compounds

We quantified selected phenolic compounds (apigenin-
7-glucoside, apigenin, caffeic acid, luteolin-7-rutinoside,
luteolin, orientin and quercetin) in the tested extracts. The
results are shown in Table 3. In the extracts from the aerial
parts of the plant, orientin was the main compound (150.0-
2664.4 pg/g of extract), with the highest level found in
the ethanol extract. Regarding the root extracts, the most
abundant compound in the ethanol/water and water extracts
was caffeic acid (13.3 and 13.2 pg/g, respectively), while the
main component in the ethanol and ethyl acetate extracts
was luteolin (19.80 and 2.6 pg/g, respectively). The levels of
apigenin in the root extracts were below the limit of quan-
tification (LOQ). Our findings are consistent with previous
studies. For example, Ercan et al. (2024) reported significant
levels of orientin in extracts from various Scorzonera species.
Additionally, Sarialtin and Acikara (2022) detected orientin
in the aerial parts of S. sandrasica, S. coriacea and S. ahmet-
duranii extracts, but not in the root extracts. Similar fact was
also reported by Xie et al. (2016) for S. austriaca and Ak et al.
(2020a) for S. hispaniaca.

R-EtOH/Wat ) R-Wat

Figure 1. Venn diagrams based on the numbers of the identified compounds in the extracts. (A) Aerial parts extracts; (B) Root extracts; (C)
Ethyl acetate extracts; (D) Ethanol extracts; (E) Ethanol/Water extracts; (F) Water extracts
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Table 3. The quantification of some phenolic compounds in the tested extracts (ug/g)

Aerial parts Roots Relative
Compound Name uncertainty
EtOAc EtOH EtOH/Aq. Aq. EtOAc EtOH EtOH/Aq. Aq. (Ux. %)
Apigenin-7-glucoside ~ 72.6 593.9 269.0 16.7 13 3.1 3.9 <LOD 4.5
Apigenin <LOQ 05 0.6 06 <LOQ <LOQ <LOQ  <LOQ 4.8
Caffeic acid 1.6 15.6 12.5 451 1.2 9.3 13.3 13.2 6.3
Luteolin 7-rutinoside 0.5 9.1 10.9 1.6 10.1 <LOD 1.0 0.6 3.7
Luteolin 423 133.8 113.8 62.3 2.6 19.8 2.3 <LOQ 5.7
Orientin 150.0 2664.4 1192.7 405.9 0.2 4.9 7.6 4.3 6.0
Quercetin <LOQ 3.8 12.2 18.6 <LOQ 1.1 1.4 2.4 4.4

Note: LOQ: Limit of quantification; LOD: Limit of detection.

3.4 Antioxidant Activity

The antioxidant activity of different extracts from the aerial
parts and roots of S. coriacea was determined using various
assays. DPPH and ATBS assays (Mallikarjunaswamy et al.,
2024) measure the ability of the extract to scavenge free rad-
icals and FRAP and CUPRAC assays indicate the reducing
capacity of the extract. In contrast, the phosphomolybdenum
assay evaluates its effectiveness in reducing the Mo (VI) to
(MoV). The metal chelating ability of the extract is deter-
mined by measuring its iron chelating ability. Results are
presented in Table 4. The anti-DPPH activity ranged between
23.96 and 292.63 mg TE/g, with the highest activity recorded
respectively from the 70% EtOH of the roots and aerial
parts. Also, the EtOH and aqueous extracts from the roots
showed strong DPPH radical-scavenging activity (269.89 and
272.27 mg TE/g, p > 0.05). ABTS radical-scavenging activ-
ity ranged between 35.38 and 379.90 mg TE/g, with both
aqueous and 70% extracts of the roots revealing the highest
activity (p > 0.05), followed by 70% EtOH extract (340.83
mg TE/g) of the aerial parts and EtOH extract (318.45 mg
TE/g) from the roots. The ions’ reducing activity was in
the range of 76.06-393.82 mg TE/g in the CUPRAC assay
and 34.02-224.57 mg TE/g in the FRAP assay. The three
polar extracts displayed potent ion-reducing capacity, with
the 70% EtOH extract of the roots exerting the highest effect,
followed by its aqueous extract, and the 70% EtOH extract
from aerial parts in the CUPRAC assay. EtOAc extract of
both organs had the lowest values. The metal chelating activ-
ity ranged between 11.81 and 18.73 mg EDTAE/g, with the
highest effect recorded from the 70% EtOH activity of aerial
parts, followed by its aqueous extract. In comparison, the
best activity from the root extracts was obtained from the
aqueous and 70% EtOH extracts, which were comparable
to the EtOH (16.36 mg EDTAE/g) and EtOAc extracts from
the aerial parts. The total antioxidant activity of extracts
ranged between 1.38-2.71 mmol TE/g, with the EtOAc and
70% EtOH extracts from the aerial parts recorded the highest
effect (p > 0.05), followed by their EtOH extract and all
root extracts, except their EtOH extract (2.14-2.33 mmol
TE/g, p > 0.05). Overall, extracts from both organs displayed
significant antioxidant activity in all assays, and the highest
values for their antiradical and ion-reducing capacity were
obtained from the roots. In contrast, those for their chelating
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and total antioxidant activity were obtained from the aerial
parts. Many of the identified compounds in the present study,
such as kaempferol (Deng et al., 2019), quercetin (Lesjak et al.,
2018), orientin (Praveena et al., 2014), and their derivatives,
caffeic and quinic acid and their derivatives (Tajner-Czopek
et al., 2020; Islam et al., 2024), and umbelliferone (Lin et al.,
2023), were known for their significant antioxidant activity.
Variation in the antioxidant property of different extracts
could be attributed to the amount of the antioxidant com-
pounds as well as the presence of synergistic or antagonistic
interactions of several compounds [68-70]. A previous study
indicated that the aerial parts exerted higher anti-DPPH
and anti-ABTS activities than the roots, contrary to the
present findings (Sarialtin & Acikara, 2022). This variation
could be associated with many factors, including factors
associated with the plant itself (as genetic effects and age),
environmental conditions (as climate and soil type) as well as
extraction conditions. Also, stage of vegetation and flowering
has an impact on the accumulation of metabolites in different
organs of plants (Chakraborty et al., 2022). It is worth noting
that the current study highlighting for the first time the
antioxidant properties of S. coriacea using different assays
and results indicated that the plant could be a promising
source of antioxidant compounds.

The literature indicates that various Scorzonera species
possess antioxidant properties. For instance, Idoudi et al.
(2023) observed that ethanol extracts from different parts of
S. undulata demonstrated greater activity than water extracts,
aligning with our findings. Similarly, research by DallAcqua
et al. (2020a) on S. hieracifolia revealed that both the
aerial parts and roots exhibited higher antioxidant activi-
ties with methanol and water extracts compared to ethyl
acetate extracts. These results were also found for S. tomen-
tosa (DallAcqua et al., 2020b) and S. hispanica (Ak et al.,
2020b). Conversely, Temiz (2021) noted that a 75% ethanolic
extract of S. cinerea showed lower DPPH (0.46 mmol TE/g)
and ABTS (0.07 mg TE/g) radical scavenging capabilities
than those reported for ethanol/water extracts in this study.
Additionally, Sahin et al. (2020a) discovered that the ethyl
acetate fraction from the ethanol extract of S. pygmaea was
more active in DPPH, ABTS, and FRAP assays compared
to butanol and chloroform fractions. Furthermore, Harkati
etal. (2010) reported that the methanol extract of S. undulata
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Table 4. Antioxidant properties of extracts from aerial parts and roots of Scorzonera coriacea

Original Article

Parts Extracts DPPH ABTS CUPRAC FRAP MCA PBD
(mg TE/g) (mg TE/g) (mg TE/g) (mg TE/g) (mg EDTAE/g) (mmol TE/g)
EtOAc  23.96+0.43°  38.71+0.70°  76.06+3.95"  34.02+1.03" 14.86+0.074 2.71+0.07%
. EtOH  50.59+0.099 83.66+0.22¢ 213.70+3.63% 114.80+1.08° 16.36+0.20° 2.14+0.20°¢
Aerial parts | b b c a ab
70% EtOH 278.77+2.09° 340.83+1.46° 328.59+6.07° 177.72+1.31 18.73+0.37 2.50+0.13
Water  52.08+0.07¢  92.13+0.24%  168.22+1.29° 106.83+1.29 17.59+0.20P 1.38+0.02¢
EtOAc 2714133 35.38+0.28°  84.40+4.29" 43.85+0.998 12.58+0.51° 2.24+0.04b¢
Roofs EtOH  269.89+1.14° 318.45+2.18° 304.22+8.41° 170.55+0.83¢ 11.81+0.22f 1.87+0.13¢
70% EtOH 292.63+1.66° 361.64+3.42* 393.82+3.01° 224.57+4.46 14.43+0.104 2.26+0.05°¢
Water  272.2742.71° 379.90+18.44* 331.46+3.38° 195.44+0.59° 15.85+0.06° 2.33+0.02b¢

Note: Values are reported as mean+SD of three parallel measurements. TE: Trolox equivalent; EDTAE: EDTA equivalent; MCA: Metal
chelating activity; PBD: Phosphomolybdenum. Different letters indicate significant differences between the tested extracts (p < 0.05).

ssp. deliciosa exhibited stronger DPPH radical scavenging
activity than trolox, a standard compound. Most previous
studies on the antioxidant capabilities of Scorzonera species
found a direct correlation between total phenolic/flavonoid
content and the antioxidant activities of the extracts tested.
This suggests that phenolic compounds in the Scorzonera
genus mainly contribute to their antioxidant properties.

3.5 Enzyme Inhibitory Activity

The enzyme inhibitory activity of different extracts from the
aerial parts and roots of S. coriacea was determined against
acetylcholinesterase (AChE), butyrylcholinesterase (BChE),
tyrosinase (Tyr), a-amylase, and a-glucosidase enzymes, and
the results are presented in Table 5. The anti-AChE activity
ranged between not active and 3.02 mg GALAE/g with the
highest effect exerted by the EtOH extract of both organs
(p > 0.05), followed by the 70% EtOH extract from the root,
while the EtOAc and 70% EtOH extracts from the aerial parts
possessed comparable effect (2.19 and 2.22 mg GALAE/g;
P > 0.05). The anti-BChE activity ranged between not active
and 3.49 mg GALAE/g, with the EtOH extract from the
roots showing the highest effect, followed by its 70% EtOH
extract and the EtOAc extract from the aerial parts. Other
extracts were either inactive or displayed a weak effect. All
extracts could inhibit the Tyr (22.92-59.07 mg KAE/g), with
the highest inhibitory effect displayed by the EtOH extract
of the aerial parts, followed by the EtOH extract from the
roots and the 70% EtOH extract of the two organs, which
exerted comparable activity. The aqueous extract exerted
the least tyrosinase inhibition activity. Extracts demon-
strated superior effect on the a—glucosidase compared to the
a-amylase, with the 70% EtOH extract from the roots and
aerial parts exhibited respectively the highest effect (1.43 and
1.38 mmol ACAE/g; p < 0.05), followed respectively by the
EtOH extract of the latter and that of the former (1.29 and
1.23 mmol ACAE/g; p < 0.05). The best inhibitory effect
towards the a—amylase was exerted by the EtOAc extract of
both organs (0.64 and 0.61 mmol ACAE/g; p > 0.05) while
other extracts displayed weak inhibitory activity. Amylase
and glucosidase inhibition is considered as one of the most
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effective strategy in the treatment of diabetes (Mahdi et al.,
2024; Gladis et al., 2025).

To the best of our knowledge, this is the first report
of the enzyme inhibitory properties of S. scorpioides.
Additionally, little information is available regarding the
enzyme-inhibitory properties of other Scorzonera species.
For example, Ak et al. (2020a) reported on the inhibitory
properties of various S. hispanica extracts, finding that water
extracts were the most active against AChE (aerial parts:
2.35 mg GALAE; roots: 2.64 mg GALAE/g), while the
same extracts exhibited the least activity against tyrosinase
(aerial parts: 8.00 mg KAE/g; roots: inactive). In their study,
n-hexane, ethyl acetate, and dichloromethane extracts dis-
played greater activity against amylase and glucosidase than
methanol and infusion extracts. However, Dall’Acqua et al.
(2020b) found that dichloromethane extracts of S. tomentosa
(aerial parts: 2.57 mg GALAE/g; roots: 2.41 mg GALAE/g)
displayed higher AChE inhibition than methanol and water
extracts. Leaf extracts from S. papposa, S. mollis, and S.
semicana were found to effectively suppress a-glucosidase
[37]. Additionally, an in vivo study on S. cinerea revealed that
the leaves exhibited a notable hypoglycaemic effect (Temiz,
2021). Therefore, the results of the present study suggest
that, in addition to its antidiabetic effect, the Scorzonera
species could play a significant role in the treatment of
skin hyperpigmentation and Alzheimer’s disease. However,
some of the compounds identified in the current study were
shown to have potential for inhibiting enzymes. For instance,
kaempferol and quercetin exhibit anti-AChE (Liao et al,
2022; Shi et al,, 2023), anti-Tyr (Shang Jin et al., 2011; Fan
et al., 2017), and a-glucosidase inhibitory (Peng et al.,
2016; Giinal-Koroglu et al., 2025) properties. Quinic acid was
found to effectively inhibit the «a-glucosidase enzyme (Han
etal., 2024). An in vivo experiment found that taxifolin-3-O-
hexoside lowered blood glucose levels, and an in silico study
confirmed its potent antidiabetic potential (Gurumayum
et al., 2023).

3.6 Multivariate Analysis
Recently, there has been a growing interest in multivari-
ate statistical analysis for assessing complex datasets. This
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Table 5. Enzyme inhibitory effects of extracts from aerial parts and roots of Scorzonera coriacea

Parts Extracts AChE BChE Tyrosinase Amylase Glucosidase
(mg GALAE/g) (mgGALAE/g) (mgKAE/g) (mmolACAE/g) (mmol ACAE/g)
FtOAc 2.19+0.09° 2.70+0.61° 52.12+0.70° 0.61+0.03 na
Aerial parts  EtOH 2.77+0.06*° 0.37+0.07<4 59.07+0.59* 0.37+0.02° 1.29+0.01°
P 70% EtOH 2.22+0.05° na 55.96+0.36° 0.35+0.01° 1.38+0.03°
Water 0.04+0.01° na 22.92+0.434 0.08+0.024 na
FtOAc 1.80+0.29¢ 0.17+0.024 49.98+2.40° 0.64+0.01 na
Roots EtOH 3.02+0.022 3.49+0.17 55.36+0.71° 0.33+0.01°¢ 1.23+0.014
70% EtOH 2.67+0.04° 2.26+0.23 55.60+0.58" 0.30+0.01° 1.43+0.01
Water na 0.93+0.14¢ 23.42+0.254 0.09+0.024 0.96+0.03°

Note: Values are reported as mean+SD of three parallel measurements. GALAE: Galantamine equivalent; KAE: Kojic acid equivalent;
ACAE: Acarbose equivalent. na: not active. Different letters indicate significant differences between the tested extracts (p < 0.05).

3D PCA Scatter Plot

Variable Loadings on PC1

Variable Loadings on PC2

Loading Coefficient

opeH
o
cuprAC
A
e

© (A)

Hierarchical Clustering Dendrogram (Samples)

Distance
@

y F &
e"} 0‘1.@ \L'fo
@ &

(€)

oppH
A8TS
cuprAC
o
Mea
o8
ach
Bche

Correlation Matrix of Bioactivity Features.

3 023 o012 o005

o [0s7| 012 o1

(uww:ﬂ oo o
wealase O on oor eas mm vaz
voo 0] a2 | o2 o0 won | wos mnn,, o [loe

Figure 2. Multivariate analysis based on biological activity results. (A) 3D PCA scatter plot: (B) Variables in PC1 and PC2; (C) Hierarchical

cluster analysis; (D) Pearson correlation analysis

analytical method has also been utilized to gain insights
into various parameters within phytochemical studies. In
this context, we conducted a multivariate analysis based on
biological activity results. Initially, we carried out Pearson
correlation analysis between the total bioactive components
and biological activities, with findings presented in Figure 2.
Notably, radical scavenging and reducing power abilities
exhibited strong correlations with total phenolic content.
Similarly, numerous studies have shown a linear relationship
between total phenolic content and antioxidant properties.
Conversely, PBD and MCA did not correlate with total phe-
nolic content, which can be attributed to the presence of
non-phenolic chelators such as peptides and polysaccharides.

Furthermore, no correlation was observed between total
phenolic content and enzyme inhibitory effects. This suggests

http://doi.org/10.25135/rnp.2509.3633
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that the results may be influenced by the complex nature of
phytochemicals or their interactions. To ascertain the dis-
tribution within the tested samples, a principal component
analysis was performed, and the findings are summarized
in Figure 2. The PCA explained 71.44% of the total variance
(PC1: 45.18% and PC2: 26.26%). Ethanol and ethanol/water
extracts were distinctly separated from ethyl acetate and
water extracts, primarily due to the higher antioxidant
potential of the ethanol/water extract. Significantly, PC1 was
predominantly influenced by total phenolic content and
antioxidant properties, whereas PC2 showed a strong corre-
lation with enzyme inhibition (AChE, BChE, a-glucosidase,
and tyrosinase). In conclusion, we suggest that hydroethano-
lic extraction may be advantageous for developing functional
applications using S. coriacea.
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Table 6. Cytotoxicity of extracts (at 100 pg/ml) from aerial parts and roots of
Scorzonera coriacea on HEK 293, HepG2 and SHSY5Ycell lines

Parts Extracts HEK 293 HepG2 SHSY5Y
EtOAc 10.73+£2.44  36.28+1.87  89.15+5.65
Aerial parts EtOH 30.63£6.12  62.67+3.03 101.48+6.81
P 70% EtOH  42.18+6.86  67.63+4.86 106.44+3.47
Water 99.35+4.3 77.61+4.61 114.19+2.41
EtOAc 11.72+1.44 29.3+1.21 86.1+4.97
Roots EtOH 75.48+1.34  64.83+3.15 103.69+2.93
70% EtOH  120.67+3.62  88.02+3.52  110.22+4.27
Water 116.7+5.85  94.58+3.91  110.64+3.62

Note: At least three experiments were performed in triplicate; n = 9.

3.7 Cytotoxicity
The cytotoxic effect of different extracts from the aerial parts
and roots of S. coriacea against the Human embryonic kidney
(HEK) 293, hepatocellular carcinoma (HepG2), and human
neuroblastoma SHSY5Y cell lines was determined, and the
results are presented in Table 6. The cytotoxic effect of dif-
ferent extracts on the tested cell lines was extract polarity
dependent, where the cytotoxicity increased with decreas-
ing the polarity of extracts. The EtOAc extract of the roots
displayed a higher effect (cell viability = 29.30%) than that
obtained from the aerial parts (cell viability 36.28%) towards
the HepG2 cell line. Also, the same extract from both organs
was highly toxic towards the HEK 293 cell (cell viability
11.72% and 10.73%). The cell viability of the malignant neu-
roblastoma SHSY5Y cells increased with increasing polarity
of extracts in both organs, and the best cell viability per-
centage was obtained from the aqueous extract (114.19% and
110.64%). Overall, EtOAc extracts from both organs showed
the strongest activity against HepG2 but were also cytotoxic
to normal HEK293 cells. From the identified compounds in
the present study, compounds like caffeoyl derivatives (Chen
etal., 2014) and eupatorin (Patel, 2021) were found to possess
remarkable anticancer activity against a panel of cancer cell
lines. Kaempferol was shown to possess a significant antipro-
liferative effect on the HepG2 cell line (Wang et al., 2018).
On the other hand, the three polar extracts of both organs
induced a significant neuroprotective effect in the SH-SY5Y
cells, with the highest effect observed in the aqueous extracts.
Previous studies demonstrated that plant species like Witha-
nia somnifera (Wongtrakul et al., 2021), Alternanthera sessilis,
Eryngium foetidum, and Stephania japonica (Hijam et al.,
2024) displayed effective neuroprotective activity.
Cytotoxicity assays in this study were conducted at only
one concentration. Although this preliminary method offers
useful initial information on the cytotoxic potential of
the samples tested, it poses a significant limitation, espe-
cially given the notable toxicity observed in normal cell
lines. A comprehensive dose-response analysis, including
ICs¢ values and selectivity indices, would provide a more
precise evaluation of potency and therapeutic selectivity.
Consequently, future research will expand these assays over
multiple concentrations to more accurately determine the
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safety profile and potential therapeutic range of the studied
extracts/compounds.

3.8 Computational Study
3.8.1 Molecular Docking

In this study, a total of 26 phytochemical compounds
were identified as derivations of Scorzonera coriacea—
including Kaempferol-3-O-glucoside, Catechin, Eupatorin,
Dihydroxy-Trimethoxyflavone, —Quercetin, Kaempferol,
Eriodictyol-7-O-neohesperidoside, 5-Caffeoylquinic acid,
Taxifolin, Isoquercitrin, Afzelin, 4-Hydroxycoumarin,
Quercetin-3-O-rutinoside, Vanillin, Myricetin, Diosmetin,
Malvidin-3-O-f-D-glucoside, 3,5-Dicaffeoylquinic acid,
Diosmetin-7-O-glucoside,  Apigenin-6-C-glucoside-8-C-
arabinoside, 1,3-Dicaffeoylquinic acid, Hydroxycoumarin,
Caffeic acid, Orientin, Umbelliferone, and Isoorientin—were
subjected to molecular docking simulations using AutoDock
Vina v1.1.2. These compounds were evaluated against a
panel of 14 therapeutic targets, including classical catalytic
enzymes: «-amylase, a-glucosidase, tyrosinase, AChE,
BChE, and hepatocellular carcinoma (HepG2) cell-related
proteins, such as AKT, BRPF1, CDK2, CDK4, Cyclin DI,
MYC, PPARy, PD-1, and TERT. Beyond the standard
assay enzymes, all remaining targets were chosen for their
relevance to HepG2 biology, covering proliferation/cell-cycle
control, epigenetic/metabolic regulation (BRPF1, PPARY),
immune evasion (PD-1), and telomere maintenance (TERT).
High-quality human PDB entries (ligand-bound where
available) were prioritized to ensure active-site fidelity and
enable redocking validation: AChE (7E3H), BChE (6EQP),
Tyrosinase (6QXD), a-Amylase (2QV4), a-Glucosidase
(7KBJ), AKT (4GV1), BRPFI (5MWZ), CDK2 (6GUE),
CDK4 (2W96), Cyclin DI (2W99), MYC (INKP), PD-1
(5N2F), TERT (5CQG), and PPARy (1I7I). To improve
focus, results are organized into predefined themes, with
top-scoring pairs highlighted in the main text. Full rankings
and one-line justifications with PDB IDs are provided in
Table S2.

Among the 364 protein-ligand complexes that were gen-
erated, 62% exhibited binding energies below the AG < -7
kcal/mol threshold, which is commonly accepted as indica-
tive of strong affinity (Figure S17). These complexes were
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Figure 3. Representative docking poses of top-scoring ligand-target complexes within their active sites. A) BChE-Afzelin. B) BChE-
Isoquercitrin. C) BChE-Kaempferol-3-O-glucoside. D) AKT-3,5-Dicaffeoylquinic acid. E) PD-1-Eriodictyol-7-O-neohesperidoside. F)

PD-1-Diosmetin-7-O-glucoside

selected for further analysis. The reliability of the dock-
ing protocol was substantiated by the redocking results,
which yielded RMSD values ranging from 0.0 to 48.5 A.
It is noteworthy that only 29 complexes exceeded 2 A,
while the majority exhibited high geometric alignment with
their crystallographic reference poses. The overall bind-
ing affinities ranged from -1.4 kcal/mol (BChE-Isoorientin)
to -10.7 kcal/mol (PD-1-Eriodictyol-7-O-neohesperidoside)
(Figure 3E). With respect to enzymatic targets, five and
nineteen compounds exceeded the affinity threshold for
a-amylase and a-glucosidase, respectively. Eriodictyol-7-O-
neohesperidoside showed the highest affinity for «-amylase
(-10.1 kcal/mol), while diosmetin-7-O-glucoside was the
most potent binder to a-glucosidase (9.8 kcal/mol). These
results suggest that both compounds may act as natural
glycemic regulators. Furthermore, the consistent high-
affinity interactions of Eriodictyol-7-O-neohesperidoside
across multiple enzymes underscore its potential as a multi-
target inhibitor. In the cholinergic enzyme group, 18 and 19
compounds exhibited strong binding to AChE and BChE,
respectively. Myricetin (-9.9 kcal/mol), Afzelin, kaempferol-
3-O-glucoside (-10.4 kcal/mol), and isoquercitrin (-10.6
kcal/mol) emerged as top candidates, indicating promis-
ing neuroprotective potential for use in neurodegenerative
disorders (Figures 3A-3C). Interestingly, Isoquercitrin also
showed notable binding to AKT, CDK2, and TERT, indicat-
ing a broader pharmacological profile capable of modulating
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multiple pathways simultaneously. In contrast, none of the
tested compounds demonstrated strong binding to tyrosi-
nase, with Kaempferol-3-O-glucoside reaching a maximum
of -6.9 kcal/mol. This indicates the need for structural mod-
ification or derivatization to improve their efficacy against
pigmentation-related targets. Among the cancer-associated
proteins—specifically those overexpressed in HepG2 cells—
numerous phytochemicals exhibited strong binding profiles.
For AKT], 3,5-Dicaffeoylquinic acid demonstrated the
highest affinity (-10.4 kcal/mol), followed by diosmetin-
7-O-glucoside and orientin (Figure 2D). CDK2 was most
strongly inhibited by Orientin (-10.3 kcal/mol), with other
top binders including 3,5-dicaffeoylquinic acid, eriodictyol-
7-O-neohesperidoside, and isoquercitrin. These results point
toward the potential of these compounds to interfere with
key regulators of cell proliferation and survival in hepa-
tocellular carcinoma. PD-1 was the most frequently and
strongly targeted protein, with 25 compounds display-
ing binding energies below the -7 kcal/mol threshold.
Eriodictyol-7-O-neohesperidoside again stood out with the
most negative binding energy (-10.7 kcal/mol), followed
closely by diosmetin-7-O-glucoside, quercetin, Taxifolin, and
3,5-Dicaffeoylquinic acid. These findings highlight the poten-
tial immunomodulatory and checkpoint inhibitory roles
of these phytochemicals, particularly in immune-evasive
tumors such as liver cancer (Figures 3E and 3F). For TERT, 21
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Figure 4. Representation of molecular dynamics simulations in graphical form; (A) RMSD. (B) RMSE. (C) SASA. (D) Minimum distance

compounds achieved high binding affinity, with kaempferol-
3-O-glucoside and eriodictyol-7-O-neohesperidoside tying
for the lowest AG value (-8.9 kcal/mol). Similarly, many
compounds displayed notable affinity for BRPF1 and CDK4,
suggesting their involvement in modulating epigenetic and
cell-cycle-related mechanisms in hepatic tumor biology
(Table S2).

Taken together, this comprehensive computational anal-
ysis demonstrates that flavonoids, phenolic acids, and
glycosides derived from S. coriacea exhibit significant multi-
target affinity, especially toward proteins overexpressed in
hepatocellular carcinoma cells. Importantly, these compu-
tational predictions were in strong agreement with in vitro
experimental results, further validating the biological rele-
vance of the identified compounds. These results strongly
support the hypothesis that the extract exerts antitumor
activity not through a single mechanism but via a net-
work of synergistic molecular interactions. Accordingly, the
top-performing compounds identified here warrant further
validation through in vitro and in vivo biological studies, as
well as pharmacokinetic and toxicological profiling to deter-
mine their suitability as potential therapeutic candidates.

3.8.2 Molecular Dynamics Simulations

In this study, molecular dynamics (MD) simulations
spanning 100 ns were conducted on five distinct ligand-
target protein complexes to evaluate their structural and
dynamic stability. The analyses encompassed a range of
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metrics, including root mean square deviation (RMSD),
root mean square fluctuation (RMSF), solvent-accessible
surface area (SASA), minimum binding distance, hydrogen
bond count, and interaction duration. The systems that
were examined were as follows: Cl: BChE-Kaempferol-3-O-
glucoside; C2: BChE-Isoquercitrin; C3: BChE-Afzelin; C4:
BChE-Diosmetin-7-O-glucoside; and C5: PD-1-Eriodictyol-
7-O-neohesperidoside. RMSD analysis revealed a substantial
increase in complexes 2 and 3 throughout the simulation (C2
from 0.3 nM to 1.2 nM), indicating elevated conformational
shifts and positional flexibility. On the other hand, complexes
1 and 4 showed minimal variation and nearly flat RMSD
curves, indicating strong structural stability throughout the
simulation. RMSF analysis revealed marked fluctuations in
the 100-150 residue region, particularly in complexes 2 and 3,
with complex 2 reaching around 4 nM, suggesting localized
flexibility in that region. In contrast, the other complexes
exhibited low RMSF values, especially near the binding
sites, which implies greater structural rigidity (Figures 4A
and 4B). SASA values remained consistent for complexes 3
and 5, averaging around 220-230 A%. Conversely, complex 2
had a smaller solvent-accessible surface area (approximately
140-160 A?), pointing to a more compact, yet potentially less
stable, binding conformation (Figure 4C). The minimum
binding distance showed a gradual increase over time
in complexes 2, 3, and 5 (C2 from ~0.8 nM to 15 nM),
indicating loosening of ligand—-protein interactions, while
Cl maintained a largely stable distance, supporting sustained
interaction fidelity (Figure 4D).
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Figure 5. Time-dependent hydrogen bond analysis for each protein-ligand complex

Time-resolved hydrogen bond analysis corroborated these
findings; the number of hydrogen bonds in complexes 2, 3,
and 5 decreased significantly after the 40 ns mark (C2 from 5-
6 to 0-2), reflecting weakening of polar interaction networks
and reduced binding quality. Conversely, complex 4 exhib-
ited stability in terms of both RMSD and binding distance,
while demonstrating a gradual increase in hydrogen bond-
ing. This finding suggests an adaptive binding pattern and
a more securely anchored ligand configuration. Although
all complexes remained within binding distance throughout
the simulation, the nature and stability of these interac-
tions varied significantly, particularly in terms of hydrogen
bonding patterns and binding looseness observed over time.
Consequently, complexes 1 and 4 were distinguished by their
remarkable structural integrity, stable binding distances, and
sustained or increasing hydrogen bond networks.

In contrast, complexes 2, 3, and 5 exhibited a comparatively
less stable interaction profile, characterized by increased
RMSD values, gradually widening binding distances, and
a reduction in polar interactions (Figure 5). These results
suggest that assessing the mere presence of binding is not suf-
ficient; instead, the temporal stability and resilience of these
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interactions play a crucial role in determining therapeutic
potential. Taken together, the findings indicate that C1 and
C4 may serve as promising lead candidates for further drug
development efforts, whereas C2, C3, and C5 could benefit
from additional structural optimization and experimental
follow-up to enhance their binding performance.

The current study highlighted the chemical composition,
antioxidant, enzyme inhibitory, and cytotoxicity of S. cori-
acea. Both the aerial parts and roots were rich in total
phenolic content, but the former accumulated higher total
flavonoid content. Chemical analysis revealed the presence
of organic acids, phenolic acids, flavonoids, coumarins,
anthocyanins, terpenes, saponins, and fatty acids and their
derivatives, with the aerial parts accumulating the highest
number of compounds. Both organs displayed remarkable
antioxidant activity, with the roots exhibiting the high-
est antiradical and ion-reducing capacity, while the aerial
parts showed the highest chelating and total antioxidant
activities. Complementary in silico analyses revealed 226
strong-binding protein-ligand complexes, with only tyrosi-
nase showing poor affinity across all compounds. Molecular
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dynamics simulations confirmed the stability of key com-
plexes, particularly C1 and C4, while others showed weaker
or unstable interactions over time. Also, both organs, mainly
organic extracts, exerted significant enzyme-inhibitory activ-
ities. Cytotoxicity was extract polarity dependent, with the
best effect towards HepG2 and HEK293 cell lines recorded
from the least polar extract, while the aqueous extract
induced the highest neuroprotective effect in the SH-SY5Y
cells. These findings showed that S. coriacea could be a
promising source of active ingredients. Future in vivo studies,
isolation of bioactive compounds, and determination of their
mechanism of action are recommended.
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