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Cistanche tinctoria is a medicinal plant traditionally used for its tonic and antioxidant properties;
however, its bioactive profile remains insufficiently characterized. This study aimed to investigate the
chemical composition and antioxidant potential of a hydromethanolic extract of C. tinctoria, and to ex-
plore the interactions of its major phenolic compounds with enzymes involved in oxidative stress-related
processes. The total phenolic and flavonoid contents were determined using spectrophotometric methods,
while chromatographic profiling and quantification of individual constituents were performed by high-
performance liquid chromatography coupled with a photodiode array detector (HPLC-PDA). The antioxi-
dant activity of the extract was evaluated using the DPPH radical scavenging, ABTS radical scavenging,
cupric reducing antioxidant capacity, and ferric reducing antioxidant power assays. HPLC-PDA analysis
revealed the presence of phenolic compounds, with acteoside and chicoric acid identified as the major
constituents. The extract exhibited strong radical scavenging and reducing activities. Molecular docking
studies suggested favorable interactions between the major phenolic compounds and protein targets asso-
ciated with oxidative stress. In addition, in silico absorption, distribution, metabolism, excretion, and tox-
icity predictions suggested acceptable physicochemical and pharmacokinetic properties. Overall, this in-
tegrated chemical and computational approach supports the antioxidant potential of C. tinctoria and high-
lights its value as a promising source of bioactive natural compounds.
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OUTOXEMUCKA KAPAKTEPU3AIINJA, AHTUOKCUJAIUCKHN CBOJCTBA U AHAJIN3A
HA MOJIEKYJIAPHO JOKHUPAIBE HA CISTANCHE TINCTORIA O AJI’IKUPCKATA CAXAPA

Cistanche tinctoria e mexoBuTO pacTeHWe KOE TPATMIHOHAIHO CE KOPHUCTH TOPajH CBOWTE
TOHHUYHM M aHTHOKCHJALUCKH CBOjCTBA; CElakK, HErOBHOT OMOAKTHBEH MPO(QUII OCTaHyBa HEIOBOJIHO
KapakTepusupaH. Llenta Ha oBaa cTyauja Oemre Ja ce MCIUTA XEMHCKHOT COCTaB M aHTHOKCHIALNCKUAOT
MOTEHIINjal Ha XuApoMmeTaHoeH ekctpakt ox C. tinctoria, kako m aa ce WCTpakaT WHTEPAKIUHUTE Ha
HErOBHUTE IIaBHU (PEHOIHH COCAMHEHH]ja CO CH3MMH BKIYYCHH BO MPOLECUTE TIOBP3aHU CO OKCHAALIMCKH
cTpec. BkymHaTta compxuHa Ha (eHonu U (aaBoHOMIHM Oelle ONpeAeNneHa cO CIEKTPO(POTOMETPHCKH
METO/H, J0/ieKa XpoMaTorpadckoro nmpoduinpame 1 KBaHTU(QHKAIMjaTa Ha TOSMHEYHUTE COCTOjKH Oea
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M3BpIIEHU CO BHCOKOepHUKacHa TedHa XpomaTorpadmuja mosp3ana co ¢oroauoneH aerekrop (HPLC-
PDA). AHTHOKCHIaIMCKaTa aKTUBHOCT Ha €KCTPAKTOT Oellle OLleHeTa CO TECTOBU 3a HEeyTpalu3aluja Ha
DPPH pamukanu, ABTS paaukanm, aHTHOKCHIAIMCKH KamamUTeT 3a pEOyKiuja Ha Oakap u
AHTUOKCHJIAIIMCKa MOK 3a penykuuja Ha xeine3o. HPLC-PDA anannzaTta oTKpH NpHCYCTBO Ha ()EHOIHU
COCAMHEHHWja, MpPU INTO AKTEO3UJOT M INMKOpPHATa KHCENMHAa Oea HICHTU(QHUKYBaHH Kako TIJIaBHU
cocTOjKU. EKCTpakToT mMokaka CHJIHA aKTUBHOCT 3a HEyTpalu3aluja Ha pajuKald M PEAYKIHMCKH
cBojctBa. CTynuuTe Ha CUMYJIMPAHO MOJIEKYJIApPHO JOKHpamke yKakaa Ha ITOBOJIHU MHTEPAKLHH ITOMEry
I7IaBHUTE (EHONHM COEIMHEHWja M IPOTEHHCKUTE [ENW MOBP3aHH CO OKCHAAINCKH CTpec.
Homonautenso, in silico mpexBumyBamaTa 3a arcopiimja, pacnpeneinba, MeTaboamu3am, eKCKpermja u
TOKCHYHOCT TIOKakaa mpudaTinBy (GU3NIKO-XEMHUCKH U (papMaKOKHHETHYKH CBOjcTBA. CEBKYIHO, OBOj
MHTETPUPAH XEMHUCKH M KOMIIjYTEPCKH NPUCTAN T'O MOTBPAYyBa aHTHOKCHIAIMCKHOT moTeHnmjan Ha C.
tinctoria u ja mcrakHyBa Hej3WHATAa BPEOHOCT KAaKO BETYBAYKH HM3BOP HAa OWOAKTHBHH MPUPOIHU
COCTUHEHH]a.

Kayunu 300posu: Cistanche tinctoria; akteo3u; IMKOPHA KHCENNHA; aHTHOKCHIAIINCKA aKTUBHOCT;

MOJICKYJIapHO JOKHUpPAakE

1. INTRODUCTION

Reactive oxygen species (ROS) play a dual
role in biological systems, acting as essential sig-
naling mediators under physiological conditions
while causing oxidative damage when produced in
excess. An imbalance between ROS generation
and antioxidant defenses leads to oxidative stress,
which is strongly implicated in the development of
numerous chronic and degenerative diseases, in-
cluding cancer, cardiovascular disorders, neuro-
degenerative diseases, and inflammation.! Conse-
quently, the search for safe and effective natural
antioxidants capable of restoring redox homeosta-
sis has attracted increasing scientific interest.

Medicinal plants constitute an important
source of bioactive compounds, particularly phe-
nolic compounds and flavonoids, which are well
recognized for their antioxidant and cytoprotective
properties. These compounds exert their effects
through direct free radical scavenging as well as
through modulation of endogenous antioxidant
defense systems.?

Cistanche tinctoria (Orobanchaceae) is a
holoparasitic desert plant distributed in North Afri-
ca, the Arabian Peninsula, and parts of Asia. It de-
velops underground by attaching to the roots of
specific host plants, including Tamarix gallica,
Calligonum comosum, and Pulicaria species.® In
traditional medicine, the dried whole plant has
been used to treat various ailments such as ab-
dominal pain, diarrhea, muscular disorders, gyne-
cological conditions, delayed lactation, and diabe-
tes.3* Despite its ethnomedicinal relevance, there
have been very few comprehensive studies ad-
dressing its chemical composition and antioxidant
mechanisms.

Given the complexity of antioxidant pro-
cesses, multiple complementary in vitro assays
such as DPPH radical scavenging, ABTS radical
scavenging, cupric reducing antioxidant capacity
(CUPRAC), and ferric reducing antioxidant power
(FRAP) are required to achieve a reliable assess-
ment of radical scavenging and reducing capaci-
ties.® In parallel, molecular docking has emerged
as a valuable computational tool to explore en-
zyme-ligand interactions and to predict binding
affinities with key oxidative stress—related en-
zymes.® Furthermore, in silico absorption, distribu-
tion, metabolism, excretion, and toxicity (AD-
MET) and toxicity predictions provide early in-
sights into the pharmacokinetic behavior and safety
profiles of bioactive compounds.”®

To the best of our knowledge, no previous
study has combined in vitro antioxidant evaluation,
high-performance liquid chromatography (HPLC)-
based phytochemical profiling, molecular docking
analyses, and ADMET-toxicity predictions for C.
tinctoria. Therefore, this study aimed (i) to character-
ize the phenolic profile of C. tinctoria roots using
HPLC-photodiode array detector (PDA), (ii) to eval-
uate its antioxidant potential through complementary
in vitro assays, and (iii) to explore the molecular in-
teractions and safety profile of its major compounds
using docking and in silico ADMET tools.

2. MATERIAL AND METHODS
2.1. Plant material

Specimens of C. tinctoria were collected
from the Adrar region in southwestern Algeria.
Taxonomic identification was confirmed by Dr.
Yasser Kadri (University of Adrar, Algeria). The
collected plant material was carefully cleaned to
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remove dust and foreign particles, washed with
distilled water, and separated into aerial and un-
derground parts. The roots were then cut into small
pieces, air-dried in the dark at room temperature,
ground into a fine powder, and stored in opaque
containers until analysis.

2.2. Preparation of the hydromethanolic extract

Root powder (20 g) was macerated in 100
ml of methanol/water (80:20, v/v) at room temper-
ature for 24 h. After filtration, the extract was con-
centrated under reduced pressure at 40 °C using a
rotary evaporator. The dried extract was stored for
further analysis. The extraction yield was calculat-
ed using the following equation:

Extraction yield (%) = (weight of dry extract /
weight of dry plant material) x 100.

2.3. Phytochemical analyses

2.3.1. Total phenolic content

The total phenolic content was determined
using the Folin—Ciocalteu method as described by
Singleton and Rossi.® Briefly, 0.5 ml of extract was
mixed with 5 ml of distilled water, followed by the
addition of 0.5 ml of diluted Folin—Ciocalteu rea-
gent (1:10, v/v). After 3 min, 0.5 ml of sodium
carbonate solution (20%) was added. The mixture
was incubated in the dark at room temperature for
1 h, and the absorbance was measured at 760 nm
against a blank. The total phenolic content is ex-
pressed as milligrams of gallic acid equivalents per
gram of extract (mg GAE/g extract).

2.3.2. Total flavonoid content

The total flavonoid content was determined
using the aluminum chloride colorimetric method
according to Ayoola et al.’® Briefly, 1 ml of the
extract solution was mixed with 1 ml of 2 % alu-
minum chloride (AICls) solution. The mixture was
incubated at room temperature for 10 min, and the
absorbance was measured at 430 nm against a
blank. The total flavonoid content was calculated
from a quercetin calibration curve and is expressed
as milligrams of quercetin equivalents per gram of
extract (mg QE/g extract).

2.3.3. HPLC-PDA

Quantitative analysis of phenolic com-
pounds was performed using an HPLC system
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equipped with a PDA detector (Nexera-i LC-
2040C 3D, Shimadzu). Separation was carried out
on a phenylhexyl reversed-phase column (3 pm,
4.6 x 150 mm; GL Sciences InterSustain). The
mobile phase consisted of solvent A (0.1 % formic
acid in water) and solvent B (acetonitrile, HPLC
grade; Merck), delivered at a flow rate of 1
mL/min. The injection volume for both samples
and standards was 10 pl, and the column tempera-
ture was maintained at 30 °C. Stock solutions of
standards and extracts were prepared at a concen-
tration of 1000 mg/l. The phenolic profile was in-
vestigated using 16 reference standards: vanillic
acid, caffeic acid, epicatechin, p-coumaric acid,
salicylic acid, cinnamic acid, acteoside, rosmarinic
acid, quercetin, chlorogenic acid, apigenin-7-O-
glucoside, rutin, naringenin, 4-hydroxybenzoic
acid, gallic acid, and ferulic acid. Detection was
performed using the PDA detector by recording
ultraviolet (UV) spectra over an appropriate wave-
length range, and compound identification was
based on comparison of retention times and UV
spectra with those of authentic reference standards
analyzed under the same chromatographic condi-
tions. Quantification was based on external calibra-
tion curves, and the results are expressed as milli-
grams per gram of extract (mg/qg).

2.4. In vitro antioxidant activity

Antioxidant activity was evaluated using
complementary assays, including DPPH radical
scavenging, ABTS radical cation scavenging, CU-
PRAC, and FRAP. All experiments were per-
formed in technical triplicates. The results were
expressed as the mean + standard deviation.

2.4.1. DPPH radical scavenging assay

The DPPHe free radical scavenging activity
of the extract and reference standards was evaluat-
ed according to the method described by Blois.!*
Briefly, 1.0 ml of the extract at different concentra-
tions (0.05-0.5 mg/ml) was mixed with 4.0 ml of a
0.1 mM DPPH?e solution and vortexed for 30 s. The
mixtures were then incubated in the dark for 60
min, and the absorbance was measured at 517 nm
against a blank (methanol). The percentage of
DPPH- radical scavenging was calculated using
the following equation:

Scavenging activity (%) = [(Ac — As) / Ac] x 100

where Ac is the absorbance of the control and As is
the absorbance of the sample.
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2.4.2. ABTS scavenging assay

The ABTSe* radical scavenging activity
was evaluated according to the method described
by Re et al.®> The ABTS+" radical solution was
generated by incubating 2 mM ABTS with 2.3 mM
potassium persulfate (K2S;Og) in the dark at room
temperature for 4 h. Before use, the ABTS** solu-
tion was diluted with 0.1 mM phosphate buffer
(pH 7.4) to obtain an absorbance of 0.700 + 0.02 at
734 nm. Three-milliliter aliquots of the extract at
different concentrations (0.05-0.50 mg/ml) were
mixed with 1.0 ml of the diluted ABTS<* solution.
After incubation, absorbance was measured at 734
nm against a buffer blank. The percentage of
ABTS<" radical scavenging was calculated with
the following equation

ABTS<" scavenging effect (%) = [(Ac — As) / Ac]
x 100

where Ac represents the initial absorbance of
ABTS<" and As corresponds to the remaining ab-
sorbance of ABTS<* in the sample.

2.4.3. CUPRAC assay

The CUPRAC assay was performed to eval-
uate the reducing power of the extract according to
the method described by Apak et al.*® Briefly, 1.0
mL of the extract (0.05-0.50 mg/ml) or Trolox
standard solution was mixed with 1.0 ml of 0.01 M
copper(Il) chloride (CuCly), 1.0 ml of 7.5 x 10”3
M neocuproine, and 1.0 ml of acetate buffer. The
reaction mixture was incubated at room tempera-
ture for 30 min, and the absorbance was measured
at 450 nm. Antioxidant capacity was quantified
using a Trolox calibration curve and is expressed
as micromoles of Trolox equivalents per gram of
sample (umol TE/g).

2.4.4. FRAP assay

The FRAP assay was performed as de-
scribed by Benzie and Strain,** with slight modifi-
cations. Briefly, the FRAP reagent was freshly
prepared by mixing 10 ml of 300 mM acetate buff-
er (pH 3.6), 1 ml of 10 mM 2,4,6-Tris(2-pyridyl)-s-
triazine (TPTZ) solution prepared in 40 mM HCI,
and 1 ml of 20 mM iron(l11) chloride (FeCls) solu-
tion. The mixture was warmed to 37 °C before use.
Iron(Il) sulfate (FeSO4) solutions at different con-
centrations were prepared to establish the calibra-
tion curve. For the assay, 10 ul of extract at various
concentrations (0.05-0.50 mg/ml) was added to

300 pl of freshly prepared FRAP reagent in a mi-
croplate well. After incubation at 37 °C for 4 min,
the absorbance was measured at 593 nm. The
FRAP value was calculated from the FeSO, cali-
bration curve and expressed as millimoles of
FeSO, equivalents per gram of extract (mmol
FeSO./g extract).

2.5. In silico molecular docking analysis

To complement the in vitro approaches, mo-
lecular docking analyses were conducted on key
oxidative stress—related enzymes, namely glutathi-
one peroxidase (GPx, PDB ID: 3NRZ) and
NADPH oxidase (NOX, PDB ID: 2CDU). These
enzymes are directly related to the radical scaveng-
ing and reducing activities measured experimental-
ly and thus provide molecular insight into the po-
tential interactions of the extract’s bioactive con-
stituents.

The major phenolic compounds of the hy-
dromethanolic  extract, chicoric acid (CID:
5281764) and acteoside (CID: 5281800), along
with the reference antioxidant Trolox (CID:
40634), were retrieved in the SDF format from
PubChem.™® The structures were converted to the
PDB format using the CACTUS Online SMILES
Translator (https://cactus.nci.nih.gov/translate/) for
subsequent molecular modeling analyses.

Protein structures were downloaded from the
Protein Data Bank!® and prepared in ArgusLab by
removing water molecules and bound ligands and
by adding missing hydrogen atoms.’

Docking simulations were performed using
AutoDock Vina,*® and binding affinities are report-
ed in kcal/mol. The best-ranked poses were select-
ed based on the lowest binding energy and visual-
ized using Discovery Studio Visualizer.'®

2.6. In silico pharmacokinetic
and toxicity prediction

The pharmacokinetic properties of the se-
lected molecules, commonly referred to as ADME,
were evaluated using SwissADME, a freely avail-
able online tool. In addition, drug-likeness predic-
tions were obtained for each compound.” Toxico-
logical predictions for acteoside and chicoric acid
were performed using the ProTox-1l web server,
which provides estimates for multiple toxicity end-
points, including acute toxicity, organ-specific tox-
icity, cytotoxicity, carcinogenicity, and immuno-
toxicity.®
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3. RESULTS AND DISCUSSION

3.1. Extraction yield

Hydromethanolic extraction of C. tinctoria
yielded 2.6 % dry extract. This yield may be ex-
plained by the selective extraction of polar and
moderately polar constituents under the solvent
system used. Extraction yield is known to depend
on several parameters, including plant species, or-
gan type, solvent polarity, and extraction condi-
tions.?

3.2. Phytochemical studies

3.2.1. Determination of the total polyphenolic
and flavonoid contents

The total phenolic and flavonoid contents of
the hydromethanolic extract of C. tinctoria roots
are expressed as mg GAE/g extract and mg QE/g
extract, respectively, and were determined using
calibration curves of gallic acid (y = 6.052x, R? =
0.997) and quercetin (y = 0.0025x, R? = 0.9975)
(Table 1). The extract exhibited a high total phe-
nolic content (210.39 + 5 mg GAE/g extract), indi-
cating strong enrichment in antioxidant constitu-
ents, whereas the flavonoid content was relatively
low (3.91 + 2.17 mg QE/g extract). Phenolic com-
pounds are among the most abundant plant sec-
ondary metabolites and are widely recognized for
their antioxidant properties through free radical
scavenging and redox modulation.? Hydroalcohol-
ic solvents are known to efficiently extract phenol-

ic compounds due to their suitable polarity.?? The
high phenolic content observed in the present study
is consistent with previous reports on methanolic
extracts of C. tinctoria and other Cistanche spe-
cies.” However, there are limited data on hydro-
methanolic extracts of C. tinctoria, a fact which
highlights the originality of the present work.

Table 1

The total phenolic and flavonoid contents
of the hydromethanolic (HME) extract
of Cistanche tinctoria roots

Total flavonoids
(mg QE/g)
391+2.17

Total phenolics
(mg GAE/Q)

HME 210.39 +5.00

Extract

The data are expressed as the mean =+ stand-
ard deviation (SD) for triplicate measurements.
GAE: gallic acid equivalents; QE: quercetin equiv-
alents.

3.2.2. HPLC-PDA analysis

HPLC-PDA profiling revealed the presence
of two major phenolic compounds in the hydro-
methanolic extract, identified as acteoside and
chicoric acid by comparison with reference stand-
ards (Table 2, Fig. 1). Acteoside was the predomi-
nant compound (2.29 mg/g, tr = 23.22 min), fol-
lowed by chicoric acid (0.637 mg/g, tr = 26.67
min).

<Chromatogram>
uAU
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25000

1 PDA Multi 10 327nm,4nm|

25 30 35

Fig. 1. Chromatogram of the hydro-methanolic extract of Cistanche tinctoria
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Table 2

Phenolic compounds identified in hydromethanolic root extract of Cistanche tinctoria
using high-performance liquid chromatography coupled with a photodiode array detector

Peak Retention time (min) Concentration (mg/g) Compound name
1 23.22 2.29 Acteoside
2 26.67 0.64 Chicoric acid

Acteoside (verbascoside) is a phenyleth-
anoid glycoside widely reported for its antioxi-
dant,® anti-inflammatory,® and neuroprotective
properties.?® Chicoric acid, a caffeic acid deriva-
tive,?” is also known for its antioxidant, anticancer
and anti-inflammatory potential.?® Unlike previous
studies reporting naringin and chlorogenic acid in
crude methanolic extracts,? these compounds were
not detected in the present extract, likely due to
differences in solvent composition and extraction
conditions.

Table 3

3.3.In vitro antioxidant activities

The antioxidant activity of the hydrometh-
anolic extract of C. tinctoria roots was evaluated
using four complementary in vitro assays (DPPH,
ABTS, CUPRAC, and FRAP) in order to cover
different antioxidant mechanisms, including radi-
cal scavenging and reducing power (Table 3). The
use of multiple assays is essential due to the chem-
ical diversity of phenolic compounds and the com-
plexity of antioxidant reactions.?°

Antioxidant activities of the hydromethanolic extract of Cistanche tinctoria and reference standards
(Trolox, iron (1) sulfate [FeSO4]) evaluated based on the DPPH radical scavenging,
ABTS radical scavenging, cupric reducing antioxidant capacity (CUPRAC),
and ferric reducing antioxidant power (FRAP) assays

sample DPPH ABTS CUPRAC FRAP

(I1Cs5 ¢ mg/ml) (1Cs ¢ mg/ml) (mmol TEAC/g extract) (mmol FeSO, /g extract)
HME 0.88 +0.20 0.53+0.07 0.85+0.38 0.89 +0.23
Trolox 0.077 £0.018 0.155+£0.016 0.239 +0.050 -
FeSO4 - - — 0.39+£0.05

The extract exhibited moderate DPPH radi-
cal scavenging activity, with a half-maximal inhib-
itory concentration (ICso) of 0.88 £ 0.20 mg/ml.
This assay mainly reflects hydrogen atom-donating
ability and is particularly sensitive to lipophilic
antioxidants. The higher 1Cso observed for the ex-
tract compared with Trolox suggests a lower hy-
drogen donating efficiency or a weaker interaction
of some phenolic constituents with the DPPH radi-
cal in the methanolic medium.*

In contrast, the ABTS radical scavenging as-
say revealed a stronger antioxidant effect: The ex-
tract exhibited a lower ICso of 0.53 + 0.07 mg/ml.
Since the ABTS+* assay can be applied in both
aqueous and organic systems and is responsive to
both hydrophilic and lipophilic antioxidants, this
result suggests a substantial contribution of water-
soluble phenolic compounds. Similar differences
between DPPH and ABTS radical scavenging ac-
tivities have been reported for plant extracts rich in
phenolic compounds and are often attributed to

differences in solubility and reaction mecha-
nisms.*

The reducing capacity of the extract was fur-
ther confirmed by the CUPRAC and FRAP assays.
The CUPRAC value was 0.85 £ 0.38 mmol TE/g
extract, reflecting a moderate to high electron do-
nating ability toward cupric ions. The FRAP assay
yielded a value of 0.89 + 0.23 mmol Fe?*/g extract,
indicating notable ferric reducing power. These
results support the presence of redox-active phe-
nolic constituents capable of participating in elec-
tron transfer-based antioxidant mechanisms.?

Overall, the antioxidant activity of the hy-
dromethanolic activity, as evaluated by the four
assays, is consistent with previous reports on C.
tinctoria and related species.?3! The antioxidant
activity of the extract may be largely attributed to
its major phenolic constituents, acteoside and chic-
oric acid, both of which are well known for their
strong radical scavenging and electron-donating
properties.?*32 Minor variations in antioxidant val-
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ues compared with those reported in the literature
may be related to differences in extraction solvent
composition and phenolic profile.

3.4.Molecular docking analysis

In addition to the in vitro antioxidant find-
ings, molecular docking and in silico analyses were
performed to further elucidate the potential interac-
tion mechanisms between the phytoconstituents of
C. tinctoria and key oxidative stress—related en-
zymes. The two major bioactive compounds identi-

Table 4

fied in the extract, acteoside and chicoric acid,
were selected as ligands to evaluate their binding
affinities and interaction patterns with these oxida-
tion-related enzymes. GPx (PDB ID: 3NRZ), a
crucial enzyme involved in the reduction of hydro-
gen peroxide and organic hydroperoxides, and NOX
(PDB ID: 2CDU), a major source of reactive oxy-
gen species (ROS), were selected as biological tar-
gets. The binding energies and key molecular inter-
actions of acteoside and chicoric acid with GPx and
NOX are summarized in Table 4 and Figure 2.

Docking analysis of bioactive compounds from Cistanche tinctoria with antioxidant enzymes

Target enzyme

Binding affinity

Ligand (PDB ID) (kcal/mol) Key interacting residues Interaction type
Glutathione peroxi- 97 Lys1228, Ala338 Hydrogen bond
dase (GPx, 3NRZ) ) Arg426 Hydrophobic (m-alkyl)
Acteoside - His10, Hydrogen bond
“Eﬁg;“;é‘gj;e 96 Ala303, Phe245, 116160 Hydrophobic (n-alkyl),
' Asp282 Electrostatic (m-anion)
Glutathione peroxi- 98 Gly260, Ala346, Hydrogen bond
dase (GPx, 3NRZ) ) Ser347 Hydrophobic (m-alkyl)
L . GIn80, Lys255
Chicoric acid NADPH oxidase Iy Hydrogen bond
(NOX, 2CDU) : Leu251 Hydrophobic (-alkyl),
Val84 Unfavorable donor—donor
Glutathione peroxi- 11e1531, 1le1620, Hydrophobic (n-alkyl and
dase (GPx, 3NRZ) -84 Lys1523, Leul524, Pi-sigma)
' 111620
Trolox Pro883, Arg882, Phel4, .
NADPH oxidase g Tyr62 Hydrophobic (n-alkyl)
(NOX, 2CDU) Lys17 Electrostatic,

Hydrophobic (r-alkyl),

Based on the molecular docking analysis,
both acteoside and chicoric acid display favorable
predicted binding affinities toward GPx and NOX,
which appears to be consistent with the in vitro
antioxidant activities observed for the hydrometh-
anolic extract of C. tinctoria. Their calculated
binding energies were more negative than those of
the reference ligand Trolox (Table 4), suggesting
more favorable predicted interactions within the
docking model used. However, these results should
be interpreted cautiously, as docking provides only
a theoretical estimation of ligand—protein interac-
tions and does not constitute direct evidence of
enzyme modulation or inhibition.

For GPx (3NRZ), chicoric acid exhibited the
lowest predicted binding energy (-9.8 kcal/mol),
with a binding mode involving hydrogen bonds
with Gly260 and Ala346, as well as hydrophobic
n—alkyl interactions with Ser347. These interac-
tions may support stable accommodation of the

Maced. J. Chem. Chem. Eng. 44 (2), xx—xx (2025)

ligand within the binding region. Acteoside also
showed a favorable predicted affinity for GPx
(9.7 kcal/mol), forming hydrogen bonds with
Lys1228 and Ala338 together with hydrophobic
interactions involving Arg426. The presence of
multiple hydroxyl groups and glycosidic moieties
in both compounds may facilitate polar and hydro-
phobic contacts, which is in line with their reported
antioxidant potential 242832

Regarding NOX (2CDU), acteoside showed
the most favorable predicted binding energy (-9.6
kcal/mol), with interactions involving Hisl0,
Ala303, Phe245, 1le160, and Asp282. Chicoric
acid also displayed a favorable predicted affinity
for NOX (-8.6 kcal/mol), forming hydrogen bonds
with GIn80 and Lys255, together with hydrophobic
interactions with Leu251. The less favorable do-
nor—donor interaction observed with Val84 may
partly explain its comparatively weaker predicted
affinity. These observations are compatible with
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previous reports suggesting that polyphenols may
interfere with oxidative stress—related pathways,
including ROS-producing systems.

Trolox showed less favorable predicted dock-
ing scores toward GPx (-8.4 kcal/mol) and NOX (-
7.8 kcal/mol) compared with acteoside and chicoric

acid. Nevertheless, these differences should not be
interpreted as direct evidence of stronger biological
activity, but rather as an indication of potentially fa-
vorable ligand-target complementarity under the
computational conditions applied.

ILE160

ILE1620

f

Fig. 2. Molecular docking results: a) acteoside-3NRZ, b) acteoside—2CDU, c) chicoric acid—3NRZ, d) chicoric acid—2CDU,
e) Trolox-3NRZ, and f) Trolox-2CDU. Amino acid residues are shown in pink, hydrogen bonds in green dashed lines,
and hydrophobic interactions in purple dashed lines.
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Overall, the docking findings may provide
supportive mechanistic insights that complement the
in vitro antioxidant results obtained from the DPPH,
ABTS, CUPRAC, and FRAP assays. Taken together,
these results suggest that acteoside and chicoric acid
could be involved in the antioxidant effects of C.
tinctoria, not only through radical scavenging proper-
ties but also through possible interactions with oxida-
tive stress-related enzymes. However, further enzy-
matic and cellular studies are required to confirm
these mechanisms experimentally.

3.5. Pharmacokinetic analysis

The in silico ADME evaluation revealed dis-
tinct pharmacokinetic profiles for acteoside and
chicoric acid, both characterized by high polarity
and limited oral bioavailability, which are common
features of polyphenolic antioxidants (Table 5).34%

Acteoside exhibited a high molecular weight
(624.6 g/mol), extensive polarity (topological polar
surface area [TPSA] = 245 A?), and low lipophilic-
ity (logP = -0.6), resulting in low predicted gastro-
intestinal absorption and inability to cross the
blood-brain barrier. It was also identified as a P-
glycoprotein substrate, which may further limit its
systemic availability. Nevertheless, acteoside
showed good aqueous solubility and no predicted
inhibition of major cytochrome P450 (CYP450)
enzymes, suggesting a low risk of metabolic drug—

drug interactions. These characteristics are con-
sistent with previous reports describing the limited
bioavailability of phenylethanoid glycosides.*

Chicoric acid displayed a lower molecular
weight (474.4 g/mol) and slightly reduced polarity
(TPSA = 208 A% compared with acteoside, along
with moderate lipophilicity (logP = 1.06). Alt-
hough it also showed low predicted gastrointestinal
absorption, its membrane affinity was slightly
higher. SwissADME predictions indicated no
blood-brain barrier penetration, no CYP450 inhibi-
tion, and high aqueous solubility. Experimental
studies have shown that chicoric acid is poorly ab-
sorbed intestinally but that its bioavailability may
be improved through formulation strategies such as
chitosan-based delivery systems.*®

Both compounds failed to fully comply with
conventional drug-likeness rules (Lipinski, Veber,
and Muegge), mainly due to their molecular size
and high hydrogen bonding capacity. However,
these features are consistent with their role as natu-
ral antioxidants and enzyme modulators rather than
classical oral drug candidates. Overall, the AD-
MET analysis suggests that acteoside and chicoric
acid are safe and biocompatible phytochemicals
with limited systemic absorption, supporting their
potential use in nutraceutical or topical applica-
tions rather than conventional systemic therapies.

Table 5
Comparative SwissADME profile of acteoside and chicoric acid
Category Parameter Acteoside Chicoric acid
Molecular formula C,oH;60:5 C,,2Hi50:
) ) ) Molecular weight (g/mol) 624.59 474.37
Physicochemical Properties H-bond acceptors / donors 15/9 12/6
Rotatable bonds 11 11
Topological polar surface area
(TPSA, A?) 245.29 208.12
Lipophilicity Consensus logP —0.60 (hydrophilic) 1.06 (slightly lipophilic)
Water Solubility Log S (ESOL) —2.87 (soluble) —3.58 (soluble)
Gl absorption Low Low
BBB permeation No No
P-gp substrate Yes Yes
Pharmacokinetics CYP450 inhibition (1A2, 2C19, No No
2C9, 2D6, 3A4)
Skin permeation (log Kp, cm/s) -10.46 —7.77
Bioavailability score 0.17 0.11

Lipinski rule No --- 3 violations No --- 2 violations
. No ---TPSA > 140; No --- TPSA > 140;
Drug-likeness Veber rule Rotors > 10 Rotors > 10
Muegge filter No --- 4 violations No --- 3 violations
PAINS / Brenk alerts 1/2 1/3
Medicinal Chemistry 6.37

Synthetic accessibility

(moderately difficult)

4.14 (moderately easy)

Maced. J. Chem. Chem. Eng. 44 (2), xx—xx (2025)
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3.5. Toxicity analysis

In silico toxicity prediction of acteoside and
chicoric acid was performed using the ProTox-11 plat-
form to assess their potential safety profiles (Table 6).
Both compounds exhibited a favorable toxicological

Table 6

profile, with predicted oral median lethal dose (LDso)
of 5000 mg/kg, corresponding to toxicity class 5 and
indicating low acute oral toxicity according to the
Organisation for Economic Co-operation and Devel-
opment (OECD) guidelines.

The toxicity properties of acteoside and chicoric acid

Toxicity Category Endpoint / Target

Acteoside Chicoric acid

Organ toxicity Hepatotoxicity

Inactive (0.81) Inactive (0.58)

Carcinogenicity

Inactive (0.81) Inactive (0.51)

Immunotoxicity

Active (0.99) Active (0.86)

Toxicity endpoints Mutagenicity

Inactive (0.87) Inactive (0.85)

Cytotoxicity

Inactive (0.77) Inactive (0.92)

Oral toxicity LDs o (mg/kg)

5000 5000

Toxicity class

5 5

The values shown in parentheses represent the prediction confidence/probability assigned by ProTox-1I to the predicted class

(active or inactive) for each specific toxicity endpoint

Neither acteoside nor chicoric acid showed
predicted hepatotoxic, carcinogenic, or mutagenic
effects, supporting their biocompatibility and low
genotoxic risk. These findings are consistent with
previous reports describing the generally low tox-
icity of natural phenolic compounds.+28.32

Both compounds were predicted to display
immunotoxic activity, which may reflect their re-
ported immunomodulatory properties rather than
adverse toxicity. Importantly, cytotoxicity was not
predicted for either compound. Overall, these re-
sults suggest that acteoside and chicoric acid are
safe, non-mutagenic natural antioxidants suitable
for further in vitro and in vivo investigations.

4. CONCLUSION

This study demonstrated that the hydro-
methanolic extract of C. tinctoria roots is rich in
phenolic compounds, with acteoside and chicoric
acid identified as the major constituents. The ex-
tract exhibited notable antioxidant activity, as evi-
denced by complementary in vitro assays reflecting
both radical scavenging and reducing capacities.
Molecular docking analyses further supported
these findings by suggesting favorable interactions
between the major phenolic compounds and key
oxidative stress-related enzymes, while in silico
ADMET and toxicity predictions suggested a fa-
vorable safety profile. Overall, these results pro-
vide experimental and computational evidence
supporting the antioxidant potential of C. tinctoria
and highlight its relevance as a promising source of
natural bioactive compounds.

Data availability statement. The datasets
generated and analyzed during the current study
are available from the corresponding author upon
reasonable request.
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