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Raphanus raphanistrum L. (wild radish), a member of the Brassicaceae family, is an edible herb widely
utilized in traditional medicine for the treatment of various ailments. This study aimed to evaluate the
chemical composition, antioxidant capacity, enzyme inhibitory potential, and cytotoxic activity of
extracts derived from its aerial parts. Among the tested extracts, the 70% ethanol extract contained the
highest total phenolic content. A total of 38 compounds, mainly phenolic acids and flavonoids, were
identified by HPLC-ESI-MS/MS analysis. The aqueous extract contained the highest levels of individual
phenolic compounds, particularly ferulic acid and p-coumaric acid. The 70% ethanol extract showed the
The ethyl
acetylcholinesterase and o-amylase inhibitory activities. Cytotoxicity assays revealed that the 70%
ethanol extract was active against A549 lung cancer cells with an ICso value of 56.77 ug mL™! and

strongest antioxidant activity in all assays. acetate extract exhibited the highest

a selectivity index of 1.6. In vivo zebrafish developmental toxicity assays demonstrated dose-dependent

embryotoxic effects. Early exposure (0 hpf) caused increased mortality, reduced hatching, and
Received 30th April 2026

Accepted 29th July 2026 morphological abnormalities, such as axial curvature and pericardial edema, whereas exposure at 72 hpf

showed markedly reduced sensitivity. Overall, the findings suggest that R. raphanistrum is a promising
natural source of biocactive compounds that could be used in the nutraceutical, pharmaceutical and
cosmeceutical industries.
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harmful effects, organisms rely on both endogenous defence
systems and exogenous antioxidants. Natural antioxidants play

Introduction

It is well known that oxidative stress plays a major role in the
development and course of many metabolic disorders, chronic
illnesses, and malignancies. It results from an imbalance in the
generation of reactive species, including reactive oxygen species
(ROS) and reactive nitrogen species (RNS).* To counteract these
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a crucial role in maintaining cellular homeostasis by scavenging
reactive species and preventing oxidative damage.> These
compounds, commonly derived from plants and certain
microorganisms, encompass a broad range of bioactive
metabolites, including phenolic acids, flavonoids, carotenoids,
and terpenoids.® In addition to their protective roles, natural
antioxidants have attracted increasing interest as safer alter-
natives to synthetic preservatives and as potential therapeutic
agents due to their structural compatibility with biological
targets, allowing effective interaction with enzymes and
receptors.*

Raphanus raphanistrum L. (wild radish), a member of the
Brassicaceae family, is an annual or biennial herb commonly
consumed as a salad vegetable. Its seeds are traditionally used
as a substitute for mustard, while its aerial parts are harvested
during winter and consumed after boiling, often dressed with
olive oil and lemon juice. In traditional medicine, its leaves have
been used for their anti-rheumatic properties.> Phytochemical
investigations of this species have revealed the presence of
various bioactive constituents, including flavonoids (genistein,
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naringenin, quercetin, acacetin etc.), phenolic acids (di-
hydroxybenzoic acid, caffeoyl quinic acid etc.), glucosinolates
(glucotropaeolin, glucoraphanin etc.), and fatty acids (hexa-
decenoic, a-linolenic, eisaconic acids etc.).*® These compounds
are believed to contribute to the plant's reported pharmaco-
logical activities, particularly its antioxidant and anti-
inflammatory effects.’

Despite its traditional use and promising bioactive profile,
scientific studies on Raphanus raphanistrum remain limited.***
Therefore, the present study aimed to assess the phytochemical
composition and antioxidant potential of its aerial parts by
evaluating their free-radical scavenging, metal-chelating, and
reducing capacities. The inhibitory effects of the plant extracts
against therapeutically relevant enzymes, including acetylcho-
linesterase, butyrylcholinesterase, tyrosinase, a-amylase, and o-
glucosidase, were also investigated.'>** In addition, cytotoxic
activity was evaluated in selected cancer and non-cancerous cell
lines to determine the potential anticancer effects and selec-
tivity of the extracts.

Zebrafish larvae were selected as the in vivo vertebrate
model because their external and rapid development, optical
transparency, high fecundity, and small size allow efficient
monitoring of survival, hatching, and morphological alter-
ations during early development.**® The use of two exposure
initiation points also enabled the assessment of develop-
mental stage-dependent susceptibility to the extract.®
Furthermore, phytochemical profiling, in vitro biological
assays, zebrafish developmental toxicity assessment, network
pharmacology, molecular docking, and molecular dynamics
simulations were integrated to provide complementary levels
of evidence. By combining in vitro, in vivo, and in silico
approaches, the study aimed to link extract composition and
experimentally observed bioactivities with organism-level
developmental effects and predicted molecular targets and
interactions, thereby providing a more comprehensive evalu-
ation of both the bioactive potential and possible safety
concerns associated with R. raphanistrum extracts. To the best
of our knowledge, this is the first comprehensive study to
report on the chemical and biological activities of R.
raphanistrum.

Materials and methods
Plant collection

Plant samples were collected in 2022 from the Maltepe,
Basibiiyik region of Istanbul, Turkey (GPS coordinates: 40°
57'40.90” Nj; 29°09'20.91” E, 233 m), at an elevation of 195
meters. Dr Ismail Senkardes officially carried out the botanical
identification. A reference specimen bearing the code MARE-
22669 was placed at Marmara University's Faculty of Phar-
macy's herbarium. The aerial components were separated
immediately after collection and allowed air dry at room
temperature in a well-ventilated, shady area. The plant material
was pulverized into a fine powder once it had dried completely.
The powdered samples were kept under constant conditions in
light-proof containers to maintain chemical stability and
prevent spoiling.
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Plant extract preparation

To separate bioactive chemicals, four different solvents were
tested: distilled water, ethanol, ethyl acetate, and a 70%
ethanol-water combination. The four solvents were selected to
span a range of polarities, from fully polar to semi-polar, since
solvent polarity directly determines which classes of phyto-
chemicals (such as tannins, flavonoids, alkaloids, and pheno-
lics) are efficiently extracted from plant material. Ten grams of
dried plant material were mixed with two hundred milliliters of
each solvent. The plant material was macerated by soaking it in
the organic solvents for a whole day at room temperature.
Instead, a 15-minutes hot-water infusion was used for water-
based extraction. Following extraction, various techniques
were used to concentrate the resultant compounds. The organic
solvent extracts were concentrated under low pressure using
a rotary evaporator, while the water extract was stabilized by
freeze-drying. The extraction procedure was performed in trip-
licate. The obtained extracts were stored at 4 °C until analysis
(for almost one week).

Total phenolic and flavonoid contents

Quantification of total phenolics (by Folin-Ciocalteu assay)*
and total flavonoids (by AICl; assay)* in the extracts was ach-
ieved using validated colorimetric techniques, in accordance
with established protocols. Standard curves were generated
using gallic acid (for phenolic content) and rutin (for flavonoid
content), allowing for the calculation of results as gallic acid
equivalent (GAE) and rutin equivalent (RE) per gram,
respectively.

Phytochemical profiling by HPLC-ESI-MS/MS

HPLC-MS/MS studies were performed using an Agilent 1290
Infinity series and a Triple Quadrupole 6420 from Agilent
Technology (Santa Clara, CA) equipped with an electrospray
ionization (ESI) source operating in negative and positive ioni-
zation modes. The separation of target compounds was ach-
ieved on a Synergi Polar-RP C18 analytical column (250 mm X
4.6 mm, 4 pm) from Phenomenex (Chesire, UK). The column
was preceded by a Polar RP security guard cartridge (4 mm x
3 mm ID). The mobile phase was a mixture of (A) water and (B)
methanol, both with formic acid 0.1%, at a flow rate of 0.8
mL min~ " in gradient elution mode. The composition of the
mobile phase varied as follows: 0-1 min, isocratic condition,
20% B; 1-25 min, 20-85% B; 25-26 min, isocratic condition,
85% B; 26-32 min, 85-20% B. All solvents and solutions were
filtered through a 0.2 um polyamide filter from Sartorius Stedim
(Goettingen, Germany). The injection volume was 2 pL. The
temperature of the column was 30 °C, and the temperature of
the drying gas in the ionization source was 350 °C. The gas flow
was 12 L min ™", the nebulizer pressure was 55 psi, and the
capillary voltage was 4000 V. Detection was performed in the
dynamic-multiple reaction monitoring (dynamic-MRM) mode.
The most abundant product ion was used for quantitation, and
the others for qualification. The specific time window for each
compound (A retention time) was set at 2 min.
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Antioxidant assays

A series of in vitro assays was used to measure antioxidant
activity, following the procedure outlined by.*” Reducing power
was assessed via FRAP and CUPRAC, whereas radical scav-
enging was measured using DPPH and ABTS. Results from
these four assays were converted to Trolox equivalents and
expressed as mg TE g~ ' of dried extract. Total antioxidant
capacity was additionally quantified via the phosphomolybde-
num (PBD) assay (mmol TE g~ '), and mg EDTA equivalents per
gram (mg EDTAE g ') was used for evaluating the metal
chelating ability.

Enzyme inhibitory activity assays

Using established colorimetric protocols,” the extracts were
screened for enzyme inhibition against five relevant targets:
acetylcholinesterase (AChE), butyrylcholinesterase (BChE),
tyrosinase, a-amylase, and a-glucosidase. To enable compara-
bility across samples, inhibition values were quantified relative to
reference standards. Inhibition data were normalized using
reference standards, with cholinesterase inhibition expressed
as mg GALAE g ', a-amylase and o-glucosidase inhibition
as mmol ACAE g~ ', and tyrosinase inhibition as mg KAE g~ . The
extracts were also screened for inhibitory activity against human
carbonic anhydrase isoenzymes I and II (hCA I and hCA II).

Cell culture

This study used the human cell lines DU-145 (prostate cancer),
HeLa (cervical adenocarcinoma), A549 (lung adenocarcinoma),
and HEK-293 (cells derived from embryonic kidney tissue),
which were acquired from the ATCC and kept in liquid
nitrogen. To avoid contamination, the cells were cultivated in
specific nutrient solutions (either DMEM-F12 or RPMI-1640
medium) fortified with 10% fetal bovine serum and a typical
antibiotic cocktail. To replicate their natural surroundings and
promote healthy growth, they were housed in a tightly regulated
incubator set to the body's core temperature of 37 °C with
humidified air that included 5% carbon dioxide.

Cell viability assay

To evaluate the impact of R raphanistrum extracts on cell
viability, we performed the MTT assay, a common method for
measuring metabolic activity as an indicator of cell health.*
The cells—DU-145, HelLa, A549, and HEK-293—were first
seeded onto 96-well plates at a density of 10 000 cells per well
and allowed to settle for a full day. After that, the culture
medium was carefully taken out and replaced with a new
medium that included the experimental extracts at progres-
sively higher concentrations (0, 2.5, 5, 10, 25, 50, 100, and 200
ng mL™Y). These treatments were applied to the cells for
a further twenty-four hours. Each well was then filled with 10 uL
of a yellow MTT solution (0.5 mg mL™"). Following a four-hour
incubation period, 100 puL of dimethyl sulfoxide (DMSO) was
added to each well to dissolve the insoluble purple formazan
crystals created by living cells. Using a Thermo Multiskan GO
plate reader, the absorbance of the resultant colored solution
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was measured at 570 nm, with a reference reading at 690 nm to
account for background interference. Cell viability was plotted
against extract concentration using the absorbance data. The
half-maximal inhibitory concentration (IC50), or the extract
concentration necessary to lower cell viability by 50%, was
calculated from these dose-response curves.

Selective index of R. raphanistrum extracts in cancer cell
compared to control cell

This study evaluated the cytotoxic qualities of several R. rapha-
nistrum extracts against several cancer cell lines and calculated
their IC50 values. These findings were then compared between
healthy, normal cells and cancerous cells to determine selec-
tivity indices. The specificity with which the plant extracts tar-
geted cancer cells was assessed using these indicators.

Apoptotic effect of the 70% ethanol extract on A549 cancer
cells using acridine orange/ethidium bromide (AO/EB)
staining

AO/EB staining was used to assess the apoptotic morphology of
A549 cells treated with 70% ethanol extract (50 pg mL ™). The
cells were fixed in 70% ethanol and washed with PBS after being
incubated with the extract. Following fixation, the cells were
inspected and photographed under a fluorescence microscope
after being cleaned with distilled water and stained with acri-
dine orange/ethidium bromide working solution (Cat. No./ID:
A6014-E1510, Sigma Aldrich, Germany).

Apoptotic activity of the 70% ethanol extract on A549 cancer
cells assessed via Annexin V

Using a commercial FITC Annexin V Apoptosis Detection Kit I
(BD Biosciences, New Jersey, USA), the apoptotic effects of 70%
ethanol extract were assessed in accordance with the manu-
facturer's instructions. A549 cells were seeded in 6-well plates at
a density of 5 x 10° cells per well. Following a 24-hours incu-
bation period, the cells were treated with a 70% ethanol extract
at a concentration of 50 ug mL™ ", and then they were incubated
for another 24 hours. Trypsin was then used to separate the
cells, which were then put into fresh tubes containing 1 x 10°
cells per tube in 1x binding buffer. At room temperature, each
tube was incubated for fifteen minutes. 5 pL of Annexin V
coupled with fluorochrome and 5 pL of Propidium Iodide were
then added.

Zebrafish husbandry and experimental design

The Izmir Biomedicine and Genome Center (IBG) Zebrafish
Core Facility provided the zebrafish used in this investigation.
In compliance with the recommendations of the IBG Animal
Care and Use Committee, fish were kept in regular laboratory
conditions at 28.5 °C with a 14 h light/10 h dark photoperiod.
The European Union Directive 2010/63/EU for the protection of
animals used for research purposes was followed in all animal-
related processes. The procedures used in this work did not
require formal ethical approval because all trials were carried
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out up to 120 hours post-fertilization (hpf), which corresponds
to pre-feeding developmental phases.

Dose selection and exposure design

Dose selection for the zebrafish toxicity assay was guided by
preliminary in vitro cytotoxicity data obtained from cancer and
normal cell lines Among the extraction solvents evaluated, the
70% ethanol extract of R. raphanistrum exhibited the highest
selective cytotoxicity toward cancer cells while showing
comparatively low toxicity in normal cells. Based on these
findings, the 70% ethanol extract was selected for in vivo toxicity
assessment.

Concentrations showing selective cytotoxicity in vitro were
used to define the exposure range for zebrafish embryo
assays.”*?® Accordingly, embryos were exposed to 25, 50, 100,
200, 400, and 800 pg mL ™" of the extract, together with an
untreated control group. To evaluate developmental stage-
specific toxicity, two exposure initiation points
employed.” In the early exposure group, embryos were treated
beginning at 0 hpf, representing the earliest stages of embryo-
genesis. In the late exposure group, treatment was initiated at
72 hpf, when all larvae had completed dechorionation. This
dual-exposure design enabled comparison of toxic effects in the
presence (0 hpf) and absence (72 hpf) of the chorion, allowing
assessment of stage-dependent toxicological responses. For
each concentration, a total of 60 embryos were used, distributed
into three independent replicates (20 embryos per well; 20 x 3).
Experiments were performed in 18-well plates, and embryos
were randomly assigned to treatment groups. Extract solutions
were freshly prepared in E3 medium and administered starting
from the designated exposure time. Exposure media were r-
enewed daily to maintain consistent dosing throughout the
experiment. Embryonic development, morphology, and survival
were monitored until 120 hpf using a stereo microscope (SZX2
Series Stereo Microscope, Olympus, Tokyo, Japan).>® Represen-
tative images were captured during observation periods as
previously described.*

were

Network pharmacology

Canonical SMILES strings of the differentially abundant
metabolites were obtained from the PubChem database. These
structures were analyzed using the Similarity Ensemble
Approach (SEA) platform to predict putative human protein
targets based on chemical similarity.*® The predicted human
targets were then converted into their zebrafish ortholog genes
using the BioDBnet (https://biodbnet-abce.nciferf.gov/db/
dbOrtho.php), with Danio rerio selected as the target
organism. Redundant entries were removed after ortholog
mapping. To identify biologically relevant gene sets associated
with the developmental and stress-related endpoints evalu-
ated in this study, the QuickGO database was queried separately
for genes annotated to Heart Development (HD) (GO:0007507),
Response to Oxidative Stress (ROS) (GO:0006979), Apoptotic
Process (AP)(GO:0006915), and Embryonic Morphogenesis (EM)
(GO:0048598).>* The overlap between SEA-derived zebrafish
ortholog targets and QuickGO-derived gene sets

was
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determined using BioTools Venny.*> Shared genes were
considered candidate targets potentially involved in the
observed biological effects. Protein-protein interaction rela-
tionships among the overlapping genes were assessed using the
STRING database V12.0, with a confidence score cutoff of 0.4,
and Danio rerio selected as the target organism.** The resulting
interaction network was imported into Cytoscape V3.10.3 for
visualization and network analysis.>*

GO and KEGG enrichment analysis

To further characterize the biological functions of the candidate
targets, Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were performed
using the DAVID 6.8 platform.*>** Enriched phrases were
deemed statistically significant if their P value was less than
0.05. The top ten most significant KEGG pathways and the top
ten enriched GO keywords in the biological process (BP) cate-
gory were chosen for presentation based on their significance
levels. R program V4.3.3 was used to visualize the enrichment
findings.

Molecular docking

Molecular docking was performed to evaluate the binding
potential of phytochemicals in R. raphanistrum extracts against
a panel of therapeutically relevant protein targets. These targets
were selected for their well-documented roles in neurodegene-
ration, metabolic disorder, and cancer progression, enabling
a multi-target assessment of the bioactive compounds. In
particular, AChE and BChE are key enzymes implicated in
cholinergic dysfunction,*” while amylase and glucosidase play
central roles in carbohydrate metabolism.*® Tyrosinase is
involved in hyperpigmentation.*® AKT1, MCL1, MDM2, and
mTOR were included for their critical regulatory functions in
cell survival, apoptosis, and tumorigenesis.*** Detailed infor-
mation about the target proteins, including their PDB IDs and
docking parameters, is provided in Table S1.

Ligand structures were constructed in ChemDraw and opti-
mized in Avogadro (v1.2.0) to achieve energetically favorable
conformations. Polar hydrogen atoms were added, and Gas-
teiger charges were assigned using AutoDockTools (v4.2.6) to
ensure proper ligand preparation. Docking calculations were
performed with AutoDock Vina (v1.1.2) using an exhaustiveness
of 32 to improve sampling accuracy and the reliability of pre-
dicted binding modes.***** Binding pockets were identified with
the POCASA server,* and grid boxes were defined to encompass
the predicted active or allosteric sites. Protein-ligand interac-
tions, including hydrogen bonds, hydrophobic contacts, and
aromatic interactions, were further analyzed using the Protein-
Ligand Interaction Profiler.*”**

MD simulation

Molecular dynamics (MD) simulations were then carried out to
obtain a better understanding of the stability and dynamic
behavior of the selected complexes. CHARMM-GUI* was used to
prepare the system, and both proteins and ligands were sub-
jected to the CHARMM36m force field. The TIP3P water model

© 2026 The Author(s). Published by the Royal Society of Chemistry
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was used to solvate each system, which was then neutralized with
counterions and adjusted to a physiological salt content of
0.15 M NaCl. GROMACS (v2024.3) was used for the simulations.
After eliminating steric conflicts through energy minimization
using the steepest descent approach, equilibration under NVT
and NPT ensembles at 310 K was carried out. The particle mesh
Ewald approach was used to address long-range electrostatic
interactions, while the LINCS algorithm was used to handle bond
constraints involving hydrogen atoms.*>** Finally, 100 ns
production simulations were conducted to evaluate the confor-
mational stability and interaction persistence of the protein-
ligand complexes over time.***

Statistical analysis

Three technical measurements for each extracts were made for
each experiments (antioxidant, enzyme inhibitory, cytotoxic
assays), and the outcomes were examined for statistically
significant differences between the extracts. First, data
normality was examined using the Shapiro-Wilk test. Any
descriptor with a p-value greater than 0.05 was regarded as
normally distributed. For these normally distributed descrip-
tors, one-way ANOVA, followed by Tukey's post hoc test for
pairwise comparisons, was used to compare the samples.
Statistical significance was defined as p < 0.05. The statistical
and Pearson correlation analyses were performed using
GraphPad Prism, version 9.2.

Results and discussion
Total phenolic (TPC) and flavonoids (TFC) contents

The TPC and TFC of different extracts from R. raphanistrum
aerial parts were determined, and the results are presented in
Table 1. The TPC ranged between 17.90 and 34.28 mg GAE g
and the TFC between 13.04 and 34.57 mg RE g, with the 70%
ethanol extract recording the highest TPC and TFC, while the
ethyl acetate extract recorded the lowest content. Previous
studies have reported considerable variability in results, largely
attributable to differences in the plant parts used and the
extraction solvents employed. For example,> reported a higher
TPC in the water extract of aerial parts (43.32 mg GAE g ') than
the value obtained for the same extract in the present study.
Similarly,® observed that the aqueous extract from the whole
plant displayed the highest TPC (307.43 mg GAE g~ ') and TFC
(149.20 mg quercetin equivalent (QE) g ). In contrast,® showed

Table 1 Extraction yields (%), total phenolic and flavonoid contents in
extracts from R. raphanistrum aerial parts®

Extraction
Extracts yields (%) TPC (mg GAEg ') TFC(mgREg )
Ethyl acetate 1.78 17.90 + 0.54¢ 13.04 + 0.41¢
Ethanol 5.65 26.29 + 0.30° 21.28 + 0.19°
70% ethanol 20.10 34.28 £ 0.65% 34.57 £+ 0.52°%
Water (infused)  15.34 20.25 + 0.17° 22.87 & 0.12°

% Values are reported as mean + SD of three parallel measurements.
GAE: gallic acid equivalents; RE: rutin equivalents. Different letters
indicate significant differences between the tested extracts (p < 0.05).
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that the 70% ethanol extract of the leaves recovered lower values
(TPC = 28 mg chlorogenic acid equivalent per g; TFC = 7.95 mg
chlorogenic acid equivalent per g).

Chemical profile

The chemical profiles of different extracts obtained from the
aerial parts of R. raphanistrum were analysed using HPLC-ESI-MS/
MS triple quadrupole (Table 2). A total of 38 compounds were
identified across all extracts. The overall concentrations of
detected compounds followed the order: water extract > ethanol
extract > 70% ethanol extract > ethyl acetate extract. The extracts
were mainly composed of phenolic acids and flavonoids. The
aqueous extract exhibited the highest levels of phenolic
compounds, particularly ferulic acid (105 264.96 mg kg™ ') and p-
coumaric acid (62 136.38 mg kg ). In the 70% ethanol extract,
ferulic acid (3740.19 mg kg ') was the predominant compound,
followed by kaempferol-3-glucoside (928.30 mg kg '). In the
ethanol extract, the most abundant compounds were 3-hydroxy-
benzoic acid (1664.89 mg kg™ ') and ferulic acid (1537.13 mg
kg ). The ethyl acetate extract contained the lowest number and
concentration of compounds, with ferulic acid (63.59 mg kg )
and p-coumaric acid (44.16 mg kg ') identified as the major
constituents. Overall, ferulic acid was detected in all extracts,
indicating its widespread presence in R. raphanistrum aerial
parts. In a previous study by,” kaempferol-3,7-O-dirhamnoside
(4.85 and 7.5 mg g~ extract, respectively) was identified as the
predominant constituent in the decoction and hydroalcoholic
extracts of R. raphanistrum collected in Portugal. In their study,
the flavonoids were also detected as the main group in the
chemical profiles of the tested extracts. In another study, the
amount of quercetin was found to be 488.4 mg g~ dry weight in
the hairy root culture of R. raphanistrum, as reported by.”®

The four solvents produced strikingly different phenolic
profiles from R. raphanistrum. Water yielded by far the highest
overall content (about 210 000 mg kg '), but that total was domi-
nated by just a few acids—ferulic, p-coumaric, caffeic, and p-
hydroxybenzoic. Their very high levels point more to hydrolysis of
bound phenolics than to simple extraction of pre-existing free
forms. Ethyl acetate, at the other extreme, recovered only a limited
group of less polar aglycones (such as kaempferol, ellagic acid, and
trans-cinnamic acid). Ethanol and 70% ethanol fell in the middle
and produced comparable total yields, yet their compound-level
profiles diverged somewhat: absolute ethanol extracted higher
amounts of several hydroxycinnamic acids and quercetin, whereas
70% ethanol performed slightly better for certain flavonoid
glycosides and trans-cinnamic acid. Several flavonoids and
anthocyanins—catechin, epicatechin, resveratrol, naringin, myr-
icetin—were not detected in any extract, which may indicate that
they are genuinely present at very low levels in the aerial parts, or
may simply reflect the absence of extraction conditions, to which
anthocyanins in particular are highly sensitive. From a practical
standpoint, this suggests a compromise rather than a single
optimal solvent: water is advantageous if the priority is maximum
recovery of phenolic acids, whereas ethanol or 70% ethanol likely
better represent the plant's native soluble phenolic pool and the
specific glycosides that warrant further investigation.
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Table 2 Chemical characterization of extracts from R. raphanistrum aerial parts. Concentrations were expressed in mg kg*1 n.d. means “not

detected”

No. Compounds Ethyl acetate Ethanol 70% ethanol Water

1 Gallic acid 0.40 83.68 36.78 620.53

2 Neochlorogenic acid nd 1.40 1.21 11.73

3 Delphindin-3-galactoside 0.09 nd nd 2.94

4 (+)-Catechin nd nd nd nd

5 Procyanidin B2 nd nd 5.45 nd

6 Chlorogenic acid 0.06 3.84 1.24 93.02

7 p-Hydroxybenzoic acid 27.55 996.21 704.12 17422.77
8 (—)-Epicatechin nd nd nd nd

9 Cyanidin-3-glucoside 0.01 nd 2.06 nd

10 Petunidin-3-glucoside nd 0.89 0.59 0.77

11 3-Hydroxybenzoic acid nd 1664.89 nd nd

12 Caffeic acid 3.03 395.30 357.86 16435.88
13 Vanillic acid nd nd nd 282.88
14 Resveratrol nd nd nd nd

15 Pelargonidin-3-glucoside nd nd nd nd

16 Pelagonidin-3-rutinoside nd nd nd nd

17 Malvidin-3-galactoside nd nd nd 0.28

18 Syringic acid 1.04 28.08 16.96 667.06
19 Procyanidin A2 nd 8.45 13.95 603.20
20 p-Coumaric acid 44.16 925.35 740.79 62136.38
21 Ferulic acid 63.59 1537.13 3740.19 105264.96
22 3,5-Dicaffeoylquinic acid nd nd nd nd

23 Rutin 0.13 22.87 2.46 333.53
24 Hyperoside 0.59 564.28 371.80 49.85

25 Isoquercitrin 0.67 745.53 413.74 575.65
26 Delphindin-3,5-diglucoside 0.56 642.73 350.24 753.08
27 Phloridzin 0.00 2.39 2.02 9.53

28 Naringin nd nd nd nd

29 Quercitrin 0.16 203.02 38.21 793.06
30 Myricetin nd nd nd nd

31 Kaempferol-3-glucoside 2.10 1287.45 928.30 739.86
32 Hesperidin 0.34 0.00 17.74 55.73

33 Ellagic acid 1.05 142.24 24.11 509.27
34 trans-Cinnamic acid 5.48 26.53 57.47 17.89

35 Quercetin 0.51 301.81 66.58 1789.49
36 Phloretin nd nd nd nd

37 Kaempferol 6.76 1045.65 314.57 404.73
38 Isorhamnetin 1.28 32.45 9.60 328.73
Total content (mg kg ") 159.58 10662.18 8218.07 209902.81

Antioxidant activity

Several in vitro tests were used to evaluate the antioxidant
capacity of different extracts made from the aerial portions of R.
raphanistrum. The FRAP and CUPRAC tests determined the
extracts' reducing power, whereas the DPPH and ABTS tests
assessed their ability to scavenge free radicals. The extracts’
capacity to convert Mo(vi) to Mo(v) was assessed using the
phosphomolybdenum technique. Additionally, iron-binding
capability was used to evaluate metal chelating activity. Table
3 displays the findings. Clearly, the antioxidant properties of R.
raphanistrum depended on the extraction solvents used. The
aqueous extract and the 70% ethanol extract were the most
active in both DPPH and ABTS radical scavenging ability. In the
CUPRAC and FRAP assays, the 70% ethanol extract once again
demonstrated the highest activity, followed by the ethanol
extract. The metal chelating capability varied from not active
(na) (ethyl acetate) to 23.87 mg EDTAE g~ (in 70% ethanol). In

46894 | RSC Adv, 2026, 16, 46889-46910

phosphomolybdenum assay, the aqueous extract had the least
impact, whereas the 70% ethanol extract showed the greatest
overall antioxidant activity.

The strong antioxidant activity observed in the 70% ethanol
extract corresponds with its elevated TPC and TFC. To provide the
fact, we conducted a Pearson correlation analysis, and the
outcomes are presented in Fig. 1. The results of the radical scav-
enging and reducing power assays showed a strong correlation
with the total phenolic/flavonoid contents (R > 0.7). In contrast, the
metal chelating and phosphomolybdenum assay results exhibited
a moderate correlation with the total phenolic content. In the
correlation analysis, certain compounds, including petunidin-3-
glucoside, kaempferol-3-glucoside, and t¢rans-cinnamic acid,
showed a strong relationship with the measured radical
scavenging activities. These molecules have previously been
identified as potent radical scavengers in earlier studies.’>*>*
However, when the combined concentrations of the individ-
ually quantified compounds were examined, the 70% ethanol

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Antioxidant properties of extracts from R. raphanistrum aerial parts®

DPPH (mg TE g~ ') ABTS (mg TE g ') CUPRAC (mg TE g ') FRAP (mg TE g ') Chelating (mg EDTAE g~ ') PBD (mmol TE g )

Extracts

Ethyl acetate  na 6.12 + 1.85° 58.33 + 2.35°
Ethanol 24.66 + 0.91° 34.57 + 0.88° 97.93 + 5.56°
70% ethanol  37.46 & 0.59% 52.19 &+ 1.05% 127.34 & 3.33%
Water (infused) 28.38 + 0.43° 38.49 + 4.13° 59.90 + 2.17°

21.86 =+ 3.09¢ na 2.27 + 0.06°
50.20 + 1.22° 13.71 + 0.82° 1.92 + 0.02°
64.69 + 1.72° 23.87 &+ 0.16% 2.85 &+ 0.16%
36.57 + 1.02° 23.01 + 0.19° 1.09 + 0.02¢

% Values are reported as mean + SD of three parallel measurements. PBD: phosphomolybdenum; MCA: metal chelating activity; TE: trolox
equivalent; EDTAE: EDTA equivalent. na: not active. Different letters indicate significant differences between the tested extracts (p < 0.05).

extract showed the lowest total amount, whereas the aqueous
and ethanol extracts contained approximately 25.5- and 1.3-
times higher levels, respectively. Notably, the aqueous and
ethanol extracts were rich in several well-known antioxidant
constituents, including p-hydroxybenzoic acid, caffeic acid,
ferulic acid, syringic acid, p-coumaric acid, ellagic acid, quer-
cetin, naringin, and procyanidin A2.°>° This discrepancy
suggests that the strong antioxidant capacity of the 70%
ethanol extract may be attributed to other potent antioxidant
compounds that were not identified in the current analysis.

Comparison of these results with previous studies reveals
a similar trend. For instance,* reported that the aqueous extract
obtained from the aerial parts exhibited notable antioxidant
effects, including strong DPPH radical scavenging activity,
inhibition of H,0,- and HOCIl-induced luminol chem-
iluminescence, and suppression of lipid peroxidation. In addi-
tion,” demonstrated that a 70% ethanol extract from the leaves
significantly inhibited linoleic acid oxidation and peroxidation
in bovine brain liposomes, while also showing effective DPPH
radical scavenging activity. Taken together, these findings
indicate that R. raphanistrum may represent a valuable natural
source of antioxidant compounds.

Enzyme inhibitory activity

Enzymes are key players in biochemical reactions and thera-
peutic applications. In the last decade, several enzymes have
been considered effective targets to control global health
problems. For example, acetylcholinesterase, which hydrolyzes
acetylcholine, is a main target for alleviating the pathological
symptoms of Alzheimer's disease, and its inhibition can
increase acetylcholine levels, thereby improving cognitive
function in Alzheimer's patients.®* Likewise, inhibiting amylase
and glucosidase can help manage blood glucose levels in dia-
betic patients.®> Tyrosinase is a key enzyme in melanin
synthesis and thus a main target for managing hyperpigmen-
tation.®” In this sense, several compounds have been chemically
produced in the pharmaceutical industry. However, most of
them have unpleasant side effects such as gastrointestinal
disturbances or toxicity.***® Thus, safer, effective, and natural
enzyme inhibitors need to be discovered to combat the above-
mentioned diseases.

Based on the informations, AChE, BChE, tyrosinase,
amylase, and glucosidase were used to test the enzyme
inhibitory potential of various extracts obtained from R.
raphanistrum. The findings indicate that the extracts’

© 2026 The Author(s). Published by the Royal Society of Chemistry

inhibitory activities differed depending on the solvents
employed for extraction, as presented in Table 4. The 70%
ethanol extract and ethyl acetate extract showed the greatest
AChE inhibitory efficacy. In contrast, all extracts were inactive
against BChE except for the ethanol extract, which demon-
strated notable anti-BChE activity. Tyrosinase inhibitory
activity ranged from 20.94 to 55.38 mg KAE g ', with the 70%
ethanol extract showing the highest activity, followed by the
EtOH and ethyl acetate extracts. Overall, the extracts exhibited
relatively weak inhibition of the two carbohydrate-hydrolyzing
enzymes involved in diabetes management. The ethyl acetate
extract showed the highest amylase inhibitory activity,
whereas the ethanol extract exhibited the strongest glucosi-
dase inhibition. The enzyme-inhibitory activity of R. rapha-
nistrum has previously been investigated against a-amylase
and o-glucosidase by.* Their study demonstrated that the
dichloroethane fraction derived from a 70% ethanol extract of
the whole plant exhibited the strongest inhibitory activity
toward both enzymes. In addition, the isolated compound
isorhamnetin-3-O-rutinoside showed the greatest potency,
with ICs, values of 274.68 and 195.87 pug mL~' against o-
amylase and o-glucosidase, respectively.

In the correlation analysis (Fig. 1), the total phenolic
content showed a strong association with glucosidase inhibi-
tory activity. A moderate correlation (R = 0.6) was also found
between total phenolic content and tyrosinase inhibition. At
the level of individual constituents, certain compounds
exhibited strong correlation values with specific enzymes. For
instance, hyperoside was highly correlated with BChE, tyrosi-
nase, and glucosidase, and has been reported by several
researchers as a potent enzyme inhibitor.®* In addition,
kaempferol can be considered as a main contributor to BChE
and glucosidase inhibitory effects.”””* However, the nature of
the plant matrix is so complex that the interactions between
individual compounds can affect the observed enzyme inhib-
itory effects. Thus, future studies need to establish which
compound or compounds are responsible for these effects.
Indeed, it has been reported that phenolic compounds can act
as efficient cholinesterase inhibitors when tested individually;
however, combinations of phenolic acids, or mixtures of
phenolic acids with flavonoids, may demonstrate lower
inhibitory activity than predicted from the sum of their indi-
vidual effects.”” Collectively, these findings suggest that R.
raphanistrum may represent a valuable natural source of
compounds with enzyme-inhibitory potential.

RSC Adv, 2026, 16, 46889-46910 | 46895
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Fig. 1 Pearson correlation between total/individual components and antioxidant/enzyme inhibitory properties. The compounds numbers are

referred to as Table 2.

Cytotoxic effects

The cytotoxic effect of different extracts from the aerial parts of R.
raphanistrum was evaluated against three cancer cell lines: cervical

46896 | RSC Adv, 2026, 16, 46889-46910

(HELA), prostate (DU-145), and lung (A549) adenocarcinoma cells,
as well as normal HEK-293 cells. The results are presented in
Table 5. The 70% ethanol (ICs, 56.77 ug mL ") and aqueous (ICso

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Enzyme inhibitory properties of extracts from R. raphanistrum aerial parts®

Glucosidase (mmol

Extracts AChE (mg GALAE g~') BChE (mg GALAE g ') Tyrosinase (mg KAE g~ ') Amylase (mmol ACAE g¢~') ACAE g™ ")
Ethyl acetate 2.96 + 0.08% na 46.67 £+ 0.91° 0.59 + 0.03% na

Ethanol na 5.17 £ 0.68 53.14 + 1.05" 0.43 £ 0.02° 0.75 + 0.01°
70% ethanol 2.60 £ 0.10° na 55.38 + 0.11% 0.39 + 0.01°¢ 0.59 + 0.06°
Water (infused) 0.53 + 0.03¢ na 20.94 + 3.09¢ 0.05 £ 0.01¢ na

“ 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).

59.76 ug mL ") extracts were more toxic to A549 cancer cells, with
relatively high selectivity indices (SIs) of 1.6 and 1.5, respectively
(Table 6). The former extract also exerted a cytotoxic effect on DU-
145 cells, with an SI of 1.3. These results support the findings of
Ibrahim et al. (2016), who demonstrated a moderate cytotoxic
effect against HEPG2 and MCF7 cells at a concentration of 100 mg
mL~". Collectively, the figures (Fig. 2 and 3) demonstrate the
pronounced cytotoxic and pro-apoptotic effects of the tested
compound (70% ethanol extract at a concentration of 50 ug mL ™)
on A549 lung cancer cells. In the control group (A549—), cells
exhibit typical epithelial morphology with intact membranes and
dense adherence, indicating that they are healthy and prolifera-
tive. In contrast, the treated cells with 70% ethanol exhibited clear
morphological alterations, including cell shrinkage, loss of
adhesion, membrane blebbing, and cellular fragmentation —
hallmarks of apoptosis. AO/EB staining results strongly supported
these observations: while the control group was dominated by
green fluorescence (viable cells), the treated group with 70%
ethanol displayed a substantial increase in orange/red fluores-
cence, indicating late apoptosis and necrosis. The presence of
condensed and fragmented nuclei further confirms the progres-
sion of apoptosis. Flow cytometry analysis (Annexin V/PI staining)
quantitatively validates these findings. The control group
predominantly consists of viable cells (~95%), with negligible
apoptotic and necrotic populations. However, treatment with 70%
ethanol drastically reduced the number of viable cells to ~47%
and significantly increased the numbers of early- and late-
apoptotic cells, as well as dead cells, with a particularly notable
rise in the latter to ~37%. Annexin V positivity indicated phos-
phatidylserine externalization, a key early apoptotic marker, while
propidium iodide (PI) positivity confirmed loss of membrane
integrity associated with late apoptosis or necrosis.

Although the 70% ethanol extract exhibited the strongest
cytotoxic activity among the tested extracts, its selectivity index

(SI = 1.6) was modest by conventional standards, where SI
values above 3 are generally considered indicative of meaning-
ful selectivity.” An SI close to 1 suggests that the extract's
cytotoxicity toward the cancer cell line is not markedly greater
than its cytotoxicity toward normal cells, which limits its
immediate translational relevance and raises concern about off-
target toxicity if used in a crude form. This is not unexpected for
an unfractionated extract, which contains a mixture of selective
and non-selective cytotoxic constituents acting in combination;
low SI values in this range have been reported for other crude
plant extracts, whereas isolated pure compounds from similar
matrices have shown substantially higher selectivity when
tested individually. We therefore interpret the cytotoxic activity
of the 70% ethanol extract as a preliminary signal rather than
evidence of therapeutic potential, and suggest that bioassay-
guided fractionation and evaluation of the individual constitu-
ents will be necessary to determine whether a more selective
cytotoxic agent can be isolated from this extract.

Dose and stage-dependent toxicity of R. raphanistrum extract
in zebrafish

Zebrafish embryos are particularly valuable in developmental
toxicology because they provide a rapid, whole-organism verte-
brate system in which exposure-related effects can be continu-
ously monitored during organogenesis.***® Their external
development, optical transparency, high fecundity, and small
size facilitate the simultaneous assessment of survival,
hatching, and morphological abnormalities across multiple
concentrations.'>'*"”

To evaluate developmental toxicity, zebrafish embryos were
exposed to the 70% ethanol extract of R. raphanistrum from 0 to
120 hpf. Exposure to 400 and 800 ug mL ™' caused complete
lethality within 24 hpf; these concentrations were therefore
retained for LCs, estimation but excluded from subsequent

Table 5 Cytotoxic effects of R. raphanistrum extracts on cancer and normal cell lines (ICso ng mL~3)?

Extracts HELA DU-145 A549 HEK-293

Ethyl acetate 90.56 + 1.02° 89.83 + 0.98¢ 101.76 + 1.089 74.22 + 0.65°
Ethanol 110.23 + 1.50° 76.34 + 1.12° 67.12 + 0.67° 68.23 + 0.57"
70% ethanol 106.65 + 1.44° 67.9 + 0.86 ° 56.77 + 0.61° 88.22 + 0.75¢
Water (infused) 89.09 + 1.23° 72.45 4 1.04° 59.76 + 0.68" 65.87 4 0.72°

“ Values are reported as mean + SD of three parallel measurements. Different letters indicate significant differences between the tested extracts (p <

0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 AO/EB staining after R. raphanistrum (70% ethanol extract) (50 pg mL™2) applied to A549 cell.

sublethal analyses. The LCs, decreased from 183.0 ug mL ™" at
24 hpf to 137.6 ug mL™ " at 120 hpf, while the 96-h LCs, was
148.8 png mL ™', indicating increasing cumulative lethality with
prolonged exposure. Among the concentrations permitting
longitudinal evaluation (25-200 pg mL™"), mortality increased
concentration-dependently and was highest at 200 pg mL™"' by
120 hpf (Fig. 4A). Mortality was significantly increased at all
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tested concentrations, including 25 pg mL™', the lowest
concentration evaluated (adjusted p = 0.0057). Accordingly, the
mortality LOEC was 25 pg mL™ ', whereas the NOEC was re-
ported as <25 pg mL .

Hatching dynamics were also altered in a concentration-
dependent manner. Delayed hatching was evident at lower
concentrations during the early observation periods, whereas

mLIVE
mApoptotic
mNecrotic

m Dead

) 70% Ethanol

Fig. 3 Annexin-V/PI staining results after applying R. raphanistrum (70% ethanol) (50 ug mL™) to A549 cell. blue: live-[(FITC-)/(PI-)]; green: early
apoptotic [(FITC+)/(PI-)]; red: dead [(FITC+)/(PI+)]; black: necrotic [(FITC+)/(PI+)] cells.
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Table 6 Selective index evaluation of cancerous cells compared to
HEK-293 normal cells

Extracts HELA DU-145 A549
Ethyl acetate 0.8 0.8 0.7
Ethanol 0.6 0.9 1.0
70% ethanol 0.8 1.3 1.6
Water (infused) 0.7 0.9 1.5

higher concentrations, particularly 100 and 200 pg mL ',
produced sustained reductions in cumulative hatching
(Fig. 4B). At 72 hpf, cumulative hatching was significantly
reduced at all tested concentrations compared with the control.
Therefore, the hatching LOEC was 25 ug mL ™', while the NOEC
was reported as <25 pug mL ™",

Consistent with these survival and hatching outcomes,
morphological evaluation at 72, 96, and 120 hpf demonstrated
concentration-dependent developmental abnormalities in
embryos exposed from 0 hpf (Fig. 5A-C). Larvae treated with 100
and 200 ug mL " displayed evident structural defects, including
axial body curvature, impaired elongation, and pronounced
cardiac edema characterized by pericardial swelling. These
abnormalities were most severe at 200 ug mL ', indicating that
higher concentrations induce both increased lethality and
marked sublethal developmental toxicity.

To determine whether developmental stage influences
susceptibility, exposure was initiated at 72 hpf following
complete dechorionation and continued until 120 hpf. In
contrast to early exposure, treatment beginning at 72 hpf
produced no detectable mortality and did not alter cumulative
hatching across the tested concentration range. Survival
remained comparable to controls throughout the experimental
period. Morphological assessment of larvae exposed from 72
hpf further supported this reduced sensitivity, as no severe
structural abnormalities comparable to those observed after
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early exposure were detected at either 96 or 120 hpf (Fig. 5D and
E). Overall body morphology, axial integrity, and cardiac struc-
ture appeared normal across all tested concentrations.
Collectively, the survival, hatching, and morphological
findings demonstrate that the 70% ethanol extract of R.
raphanistrum induces dose-dependent developmental toxicity
during early zebrafish embryogenesis, whereas larvae exposed
after dechorionation exhibit markedly reduced susceptibility.
Early exposure beginning at 0 hpf resulted in progressive
increases in mortality and sustained impairment of hatching at
higher concentrations, identifying early embryonic develop-
ment as the most vulnerable exposure window. Delayed or
reduced hatching is widely recognized as a sensitive indicator of
embryotoxic stress in zebrafish and may reflect impaired enzy-
matic digestion of the chorion, developmental delay, or gener-
alized toxicity.”>*** The complete lethality observed at
concentrations =400 pg mL™' further supports the acute
embryotoxic potential of the extract at high doses.
Morphological abnormalities observed after early exposure,
including axial curvature, impaired elongation, and
pronounced pericardial edema, are characteristic phenotypes
associated with cardiotoxicity, disturbed fluid homeostasis, and
disrupted somitogenesis in zebrafish embryos.***” The concor-
dance between increased mortality, impaired hatching, and
structural malformations indicates that the observed effects
reflect developmental disruption rather than nonspecific
lethality alone. Although the underlying molecular mechanisms
were not directly investigated, the simultaneous occurrence of
these phenotypes suggests that several interconnected devel-
opmental processes may have been affected. Oxidative imbal-
ance, potentially accompanied by the activation of apoptotic
pathways, could interfere with cellular proliferation, differen-
tiation, and tissue patterning during early embryogenesis.” 7’
Pericardial edema may reflect disturbances in cardiac develop-
ment, vascular function, ion regulation, or fluid balance,

100 o .
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E 50 pg/mL
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I}
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I

0 24 48 72 96
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Fig. 4 Dose-dependent effects of early exposure (0 hpf) to R. raphanistrum extract on cumulative hatching and mortality in zebrafish embryos.
(A) Time-course analysis of cumulative mortality rate of embryos exposed from 0 to 120 hpf to increasing concentrations (25-200 pg mL™) of
the 70% ethanol extract of R. raphanistrum. Mortality values were baseline-corrected by subtracting the cumulative mortality of the control
group at the corresponding time points and are presented as normalized percentages. (B) Time-course analysis of the cumulative hatching rate
under the same exposure conditions. Hatching is expressed as cumulative percentage over time and normalized to the maximal cumulative
hatching observed in the control group (set to 100%). Data are presented as mean + SD from three independent experiments with 60 embryos

per concentration in each experiment.
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Fig. 5 Morphological assessment of zebrafish embryos and larvae following early (O hpf) and late (72 hpf) exposure. Representative stereo-
microscopic images of zebrafish exposed to increasing concentrations (25-200 pg mL™Y) of the 70% ethanol extract of R. raphanistrum. (A—C)
Embryos continuously exposed from O hpf and imaged at (A) 72 hpf, (B) 96 hpf, and (C) 120 hpf. Early exposure resulted in concentration-
dependent developmental abnormalities at higher doses, most prominently at 200 pg mL™%, including body curvature, pericardial and yolk sac
edema, impaired axial elongation, and delayed growth relative to controls. (D and E) Larvae exposed beginning at 72 hpf (after completion of
dechorionation) and imaged at (D) 96 hpf and (E) 120 hpf. In contrast to early exposure, late exposure did not produce evident morphological
defects across the tested concentration range, and overall body plan, axial structure, and organ development appeared comparable to controls.
Images are representative of three independent experiments (n = 60 embryos/larvae per concentration). Scale bar: 1 mm.

whereas axial curvature and impaired elongation may indicate biotransformation capacity across embryonic and larval stages
disruption of axial tissue development and associated devel- may also contribute to stage-dependent variation in suscepti-
opmental signaling pathways.”””® Differences in xenobiotic bility to the extract, although this possibility was not directly

46900 | RSC Adv, 2026, 16, 46889-46910 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Compound-—target interaction networks of the differentially abundant metabolites of R. raphanistrum. (A) Human target network pre-
dicted by SEA. (B) Zebrafish ortholog-based target network generated after conversion of human targets to zebrafishorthologs.

examined in the present study.”” These interpretations are
consistent with the network pharmacology findings presented
below, which identified associations with heart development,
embryonic  morphogenesis, oxidative-stress  responses,
apoptosis, and developmentally important pathways, including
Wwnt, Notch, calcium, and TGF-B signaling. Nevertheless,
because oxidative-stress markers, apoptotic activity, cardiac
function, developmental gene expression, and biotransforma-
tion activity were not directly measured, these mechanisms
should be regarded as biologically plausible hypotheses
requiring experimental validation.

In contrast, exposure beginning at 72 hpf produced no
detectable mortality, hatching impairment, or major

© 2026 The Author(s). Published by the Royal Society of Chemistry

morphological abnormalities, indicating substantially lower
sensitivity at later developmental stages. This stage-dependent
difference is consistent with the greater vulnerability of
ongoing organogenesis and developmental patterning during
early embryogenesis and may also reflect developmental
changes in organ function, xenobiotic biotransformation
capacity, and exposure dynamics following
dechorionation.'**>** The absence of detectable toxicity after 72
hpf therefore suggests that the adverse effects of the extract are
more closely associated with early developmental processes
than with generalized cytotoxicity.

For comparison with standardized toxicity-testing
approaches, the present experimental design was considered

RSC Adv, 2026, 16, 46889-46910 | 46901
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in relation to the OECD Fish Embryo Acute Toxicity Test (TG
236), which assesses acute toxicity in zebrafish embryos during
a standardized 96-h exposure period using defined apical
indicators of lethality.®® Although the present study similarly
evaluated concentration-dependent mortality during early
embryonic development, it was not conducted as a formal
OECD TG 236 assay. The extension of the observation period to
120 hpf, the inclusion of a separate exposure beginning at 72
hpf, and the assessment of hatching and sublethal morpho-
logical abnormalities in addition to mortality enabled a broader
evaluation of developmental stage-dependent toxicity.

From a pharmacological perspective, the combination of in
vitro cytotoxic activity and stage-dependent in vivo toxicity
suggests that the biological effects of the extract are strongly
influenced by dose and developmental context. However, these
findings do not yet establish a favorable therapeutic window.
The pronounced embryotoxicity observed after early exposure

emphasizes the need for careful dose optimization,
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identification of the constituents responsible for both beneficial
and adverse effects, and comprehensive safety evaluation before
translational or pharmacological applications are considered.
Further molecular and functional studies are therefore required
to validate the proposed mechanisms and clarify the biological
relevance of the stage-specific toxicity profile.

Protein-protein interaction network analysis

The network pharmacology analysis was performed to identify
molecular targets that may underlie the developmental toxicity
and bioactivity of R. raphanistrum. Twelve major phytochemi-
cals, predominantly phenolic acids and flavonoids, generated
a dense compound-target interaction network, highlighting the
multi-component and multi-target characteristics typical of
medicinal plants. After conversion of predicted human targets
to zebrafish orthologs, overlap analysis with genes involved in
embryonic morphogenesis (EM), heart development (HD),
oxidative stress (ROS), and apoptosis (AP) identified candidate

— ?lmt. a

ndufb1l
mncla

€p300b

Omoc

ptonlla

c26a1”

ighp2a camk2b

veglaa camk2a

E)

ywhagl Op'«‘

ptgs2b

nqol Oepx

nfe2i2a

ROS

81 B)

0 ptgsl

mb

mcllb

fas chekl

Omcll«
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among compound-related genes and genes associated with EM, HD, ROS, and AP. (B—E) Subnetworks of overlapping targets for ROS, EM, AP,

and HD, respectively.
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genes potentially associated with the observed phenotypic
alterations (Fig. 6 and 7).

Among the identified metabolites, ferulic acid, caffeic acid,
3-hydroxybenzoic acid, and p-coumaric acid occupied central
positions within the interaction network, suggesting that these
compounds contribute substantially to the biological activity of
the extract. Although several flavonoids displayed fewer pre-
dicted interactions, they may still exert complementary effects
through synergistic modulation of shared signaling pathways.

The predicted targets were primarily associated with
embryonic morphogenesis and cardiac development, consis-
tent with the zebrafish findings showing impaired hatching,
developmental abnormalities, axial curvature, and pericardial
edema after early embryonic exposure.” In comparison, genes
related to oxidative stress and apoptosis were less abundant but
remained biologically relevant, suggesting that redox imbalance
and programmed cell death may contribute as secondary
mechanisms to developmental toxicity.**

Construction of the pathway-target-component network

The pathway-target-component network further demonstrated
that only a subset of phytochemicals accounted for most pre-
dicted biological interactions. Ferulic acid exhibited the highest
connectivity, followed by caffeic acid, 3-hydroxybenzoic acid,
and p-coumaric acid, indicating that these phenolic compounds
may represent the principal contributors to the biological
activity of the extract. Likewise, several hub genes, including
esrl, esr2b, vegfaa, cyp26bl, aldhila2, and ptpnila (Fig. 8),
emerged as highly connected regulatory nodes involved in
embryonic development, vascular formation, and cellular
differentiation.

Rather than acting through a single molecular target, the
results support a multi-target pharmacological mechanism in
which structurally diverse phytochemicals simultaneously

regulate  interconnected  signaling  networks.  Such

© 2026 The Author(s). Published by the Royal Society of Chemistry

polypharmacological behavior is characteristic of plant-derived
extracts and may explain both the broad biological activities
observed in vitro and the developmental effects detected in vivo.

GO and KEGG enrichment analysis

GO and KEGG enrichment analyses further supported the bio-
logical relevance of the predicted targets. Development-related
biological processes, particularly embryonic morphogenesis,
heart development, cell migration, and vascular remodeling,
represented the most significantly enriched functional cate-
gories, closely matching the developmental abnormalities
observed in zebrafish embryos. In contrast, oxidative stress- and
apoptosis-related terms were enriched to a lesser extent, indi-
cating that these processes are likely secondary responses
accompanying developmental disruption rather than primary
drivers of toxicity (Fig. 9).

Similarly, KEGG analysis highlighted signaling pathways
involved in embryogenesis and tissue development, including
Wnt, Notch, TGF-B, calcium signaling, and adrenergic signaling
in cardiomyocytes. These pathways play established roles in cell
fate determination, organogenesis, and cardiac morphogenesis,
providing a plausible mechanistic explanation for the develop-
mental defects observed following early exposure to the extract.
Thus, the enrichment analyses strengthen the experimental
findings by suggesting that R raphanistrum metabolites
primarily influence developmental signaling networks, whereas
oxidative stress and apoptosis likely contribute to downstream
pathological responses.

Docking (binding energy) scores

The docking scores (presented as a heatmap) highlight
a consistent pattern of binding energy across the nine targets:
AChE, AKT1, amylase, BChE, glucosidase, MCL1, MDM2,
tyrosinase, and mTOR, revealing a clear distinction between

RSC Adv, 2026, 16, 46889-46910 | 46903
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high-affinity flavonoid glycosides and lower-affinity phenolic
acids (Fig. 10A). The key compounds, including hyperoside,
kaempferol-3-glucoside, quercitrin, and delphinidin-3,5-
diglucoside, exhibited strong binding affinities across AChE,
AKT1, alpha-amylase, BChE, alpha-glucosidase, MCL1, and
MDM2, with docking scores typically ranging from —9.0 to
—10.7 kcal mol™ " (Table S2). Kaempferol-3-glucoside and
hyperoside show consistently strong binding to enzymatic
targets such as AChE, BChE, amylase, and glucosidase, as well
as regulatory proteins including AKT1, MCL1, MDM2, and
mTOR, indicating broad binding adaptability.

The strong binding of the flavonoid glycosides can be
attributed to their greater structural complexity. Their larger
aromatic scaffolds provide extensive hydrophobic and m-m
stacking interactions with aromatic amino acid residues, while
numerous hydroxyl and glycosidic groups facilitate the forma-
tion of multiple hydrogen bonds within the binding pocket.
This combination enables simultaneous polar and hydrophobic
interactions, resulting in improved geometric complementarity
and enhanced binding stability.

In contrast, smaller phenolic acids, including caffeic, ferulic,
and p-coumaric acids, display weaker interactions (approximately
—6.0 to —7.5 keal mol ™), likely due to their limited functional
groups and reduced capacity for multipoint interactions.
Collectively, the binding energy patterns demonstrate that ligand
size, structural complexity, and functional group density are key
determinants of binding strength across diverse targets.

46904 | RSC Adv, 2026, 16, 46889-46910

Selected protein-ligand interactions

Detailed interaction analysis further demonstrated that
hyperoside and kaempferol-3-glucoside established highly
favorable binding modes within the BChE active site (Fig. 10B
and C). Both compounds formed multiple hydrogen bonds with
catalytic and surrounding residues while simultaneously
engaging in hydrophobic and aromatic interactions that stabi-
lized the flavonoid core within the enzyme pocket. The sugar
moieties projected toward solvent-accessible regions, creating
additional polar contacts that reinforced ligand accommoda-
tion without disrupting catalytic-site occupancy.®*

The extensive interaction networks observed for these
flavonoid glycosides explain their superior docking scores
compared with the simpler phenolic acids. Rather than relying
on a single dominant interaction, binding was stabilized
through the combined contribution of hydrogen bonding, mw-m
stacking, van der Waals contacts, and hydrophobic interactions.
Such cooperative binding mechanisms are frequently associ-
ated with improved affinity and increased residence time within
enzyme active sites.®**

Although hyperoside and kaempferol-3-glucoside emerged
as the highest-scoring ligands, the overall biological activity of
R. raphanistrum is unlikely to depend on a single constituent.
Instead, multiple phenolic compounds probably act synergis-
tically to modulate several molecular targets simultaneously.
This interpretation agrees with the observed antioxidant,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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BChE with kaempferol-3-glucoside.

enzyme inhibitory, cytotoxic, and network pharmacology
results, all of which indicate that the biological effects of the
extract arise from the combined activity of structurally diverse
phytochemicals rather than one predominant metabolite.***”

Dynamics profile of selected complexes

Conformational dynamics. MD simulations were performed
to evaluate whether the docked complexes remained structur-
ally stable under physiological conditions. The RMSD profiles
demonstrated rapid equilibration followed by relatively stable
trajectories throughout the 100 ns simulations, indicating that
ligand binding did not induce major conformational pertur-
bations in the proteins (Fig. 11A). Although C3 exhibited
a modest increase in RMSD during the later stages of the
simulation, the deviation remained within an acceptable range
and eventually stabilized, suggesting conformational adapta-
tion rather than complex dissociation. Conversely, the consis-
tently low RMSD values observed for C2 and C4 indicate highly
stable protein-ligand complexes with minimal structural
fluctuations.

From a biological perspective, stable RMSD trajectories
imply that the selected phytochemicals can be accommodated
within the binding pockets without disrupting the native
protein architecture. Such structural stability increases confi-
dence that the docking poses are not transient artifacts but
represent energetically favorable binding conformations
capable of supporting sustained target modulation.®®*

Residual flexibility. RMSF analysis provided insight into
residue-specific flexibility during the simulations (Fig. 10B).

© 2026 The Author(s). Published by the Royal Society of Chemistry

Most residues exhibited relatively low fluctuations, indicating
preservation of the overall protein fold after ligand binding.
Elevated flexibility was primarily confined to loop and surface-
exposed regions, whereas residues surrounding the ligand-
binding pockets remained comparatively rigid. This localized
mobility is expected because flexible loops often facilitate
ligand accommodation while preserving the structural integrity
of the catalytic core. In contrast, C3 and C5 exhibited elevated
fluctuations (0.51-0.94 A), particularly around residues 193-
205, suggesting flexible loop or surface-exposed regions.*
Importantly, the absence of substantial fluctuations within the
active-site residues suggests that ligand binding did not desta-
bilize catalytically important regions. Instead, the observed
flexibility likely reflects normal protein dynamics that permit
structural adaptation during molecular recognition. Such
behavior is consistent with stable and biologically relevant
protein-ligand interactions.**

Surface accessibility and compactness. The solvent-
accessible surface area (SASA) remained relatively constant
throughout the simulations (Fig. 11C), indicating that ligand
binding did not promote extensive unfolding or large-scale
conformational rearrangements. Complexes C1, C3, C4, and
C5 exhibited comparable mean SASA values (~83-85 nm?),
suggesting compact and well-maintained structural integrity.
In contrast, C2 displayed a substantially higher SASA (~530
nm?), consistent with either a larger system size or increased
solvent exposure. Minor fluctuations observed during the
trajectories are characteristic of normal protein breathing
motions and are not indicative of structural instability.

RSC Adv, 2026, 16, 46889-46910 | 46905
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Fig. 11 Dynamics profile of selected complexes: (A) RMSD, (B) RMSF, (C) SASA, and (D) protein-ligand distance. C1 = MDM2-quercitrin, C2 =
mTOR-delphinidin-3,5-diglucoside, C3 = MDM2-delphinidin-3,5-diglucoside, C4 = MDM2-hyperoside, and C5 = MDM2-isoquercitrin.

Maintenance of a nearly constant SASA suggests that the
complexes retained their structural compactness throughout
the simulation. This observation supports the notion that
ligand binding was compatible with the native protein
conformation and did not expose hydrophobic cores to the
solvent, a feature generally associated with stable protein
structures. Consequently, the phytochemicals appear capable
of stabilizing the target proteins while preserving their overall
structural integrity.®>

Protein-ligand distance. Distance analysis demonstrated
that the ligands remained closely associated with their respec-
tive binding pockets throughout the simulation (Fig. 11D).
These findings indicate persistent occupancy of the binding
pocket and stable ligand retention during the simulation
period. C1, C2, C4, and C5 maintained tight interaction
distances (~1.2-1.8 A) with 100% occupancy below the 3.0 A
cutoff, indicating persistent and strong binding interactions
(Fig. 11D). C3 showed slightly larger variability (up to 4.38 A)
and reduced interaction persistence (~93%), suggesting occa-
sional transient weakening of contacts.”® These results support
the presence of robust intermolecular interactions governing
complex stability.®* Persistent protein-ligand proximity is
particularly important because prolonged residence within the
active site is frequently associated with sustained biological
activity. Together with the RMSD and RMSF analyses, these

46906 | RSC Adv, 2026, 16, 46889-46910

results strengthen the prediction that the identified phyto-
chemicals can maintain favorable interactions under dynamic
physiological conditions rather than only in static docking
conformations.

Hydrogen bond dynamics.
demonstrated dynamic yet persistent intermolecular interac-
tions throughout the simulations (Fig. 12). Although the
number of hydrogen bonds fluctuated over time, all complexes
retained at least one stable hydrogen bond during most of the
trajectory, indicating continuous
between the ligands and their respective targets. Complexes
C2 and C3 initially formed a greater number of hydrogen
bonds that gradually rearranged during the simulation,
whereas C1, C4, and C5 established fewer but increasingly
persistent interactions over time. The observed variability
indicates a dynamically evolving hydrogen bond network
rather than a rigid interaction pattern. Such behavior reflects
the dynamic nature of protein-ligand interactions, where
hydrogen bonds continuously break and reform while main-
taining overall binding stability. Rather than indicating
instability, these rearrangements allow the complexes to adopt
energetically favorable conformations that optimize intermo-
lecular contacts under physiological conditions.”>*® Conse-
quently, the sustained hydrogen-bond network, together with
the stable RMSD, RMSF, SASA, and interaction-distance

Hydrogen bond analysis

molecular recognition

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Hydrogen bond profile. (A) C1 = MDM2-quercitrin, (B) C2 = mTOR-delphinidin-3,5-diglucoside, (C) C3 = MDM2-delphinidin-3,5-di-
glucoside, (D) C4 = MDM2-hyperoside, and (E) C5 = MDM2-isoquercitrin.

profiles, provides complementary evidence that the selected
phytochemicals form robust and persistent complexes with
their target proteins.

Collectively, the MD simulations substantially strengthen
the docking results by demonstrating that the predicted
binding modes remain stable under dynamic physiological
conditions. The combination of low structural deviations,
limited active-site flexibility, stable solvent accessibility,
persistent hydrogen bonding, and continuous ligand occupancy
indicates that the highest-scoring phytochemicals are capable
of maintaining favorable interactions with their target proteins
over time. These findings support the experimental enzyme
inhibition and cytotoxicity data, suggesting that the observed
biological activities are associated not only with favorable initial
binding but also with sustained interaction stability, thereby
increasing confidence in the proposed molecular mechanisms
of R. raphanistrum bioactivity.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Limitations of the study

Several limitations should be considered when interpreting the
present findings. Although the phytochemical profiles of the
extracts were characterized, the identified constituents were not
isolated from the extracts and evaluated individually in the
biological assays. Therefore, the observed antioxidant, enzyme-
inhibitory, cytotoxic, and developmental effects cannot be
attributed to a single compound, and possible synergistic or
antagonistic interactions among extract constituents cannot be
excluded. Also, the zebrafish investigation primarily relied on
mortality, hatching, and morphological endpoints, while
molecular and functional measurements related to oxidative
stress, apoptosis, cardiotoxicity, developmental signaling, and
xenobiotic metabolism were not performed. Consequently, the
proposed mechanisms remain hypotheses derived from the
observed phenotypes and network-based analyses.
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Furthermore, the biological findings were not validated in
a mammalian in vivo model. Although zebrafish provide
a valuable vertebrate system for developmental toxicity assess-
ment, differences in physiology, metabolism, exposure route,
and pharmacokinetics limit direct extrapolation to mammals or
humans. In addition, the network pharmacology, molecular
docking, and molecular dynamics results are inherently
predictive and depend on database coverage, ortholog
mapping, structural models, scoring functions, force-field
parameters, and simulation conditions. Accordingly, these
computational findings should be considered hypothesis-
generating rather than definitive evidence of target engage-
ment or biological mechanism. Future studies should therefore
focus on the isolation and experimental validation of major
active constituents, direct measurement of the proposed
molecular pathways, pharmacokinetic characterization, and
confirmation in complementary vertebrate and mammalian
models.

Conclusion

This study provides an integrated assessment of the phyto-
chemical composition, biological activities, predicted molec-
ular interactions, and developmental safety of Raphanus
raphanistrum. The findings expand the limited knowledge
available for this species and demonstrate the value of
combining in vitro, in vivo, and in silico approaches when eval-
uating the pharmacological potential of complex plant extracts.
Although the extracts showed promising antioxidant, enzyme-
inhibitory, and cytotoxic properties, the zebrafish results
revealed that the developmental effects of the 70% ethanol
extract were strongly dependent on the timing of exposure. This
stage-specific susceptibility highlights the importance of
considering developmental safety alongside biological activity
and indicates that in vitro findings alone may be insufficient to
predict whole-organism toxicity. Overall, R. raphanistrum
represents a potential source of bioactive constituents; however,
its pharmacological application requires careful dose optimi-
zation and further safety evaluation. Future studies should
isolate and individually test the major constituents, experi-
mentally validate the predicted molecular pathways, investigate
interactions among extract components, and confirm efficacy,
pharmacokinetics, and safety in complementary vertebrate and
mammalian models.
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