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A B S T R A C T

Background: This study investigated the phytochemical profile, in silico skin sensitization, cosmetic toxicity, and 
endocrine-disrupting potential of compounds from Amaranthus retroflexus identified through GC-MS analysis.
Methods: Volatile constituents were identified using gas chromatography–mass spectrometry (GC–MS) analysis. 
The safety profiles of the major compounds were evaluated through in silico toxicity prediction models, including 
keratinosens, local lymph node assay (LLNA) and human cell line activation test (h-CLAT), along with molecular 
docking analysis to assess their endocrine-disrupting potential.
Results: A total of 39 distinct compounds were identified, with a predominant presence of unsaturated fatty acid 
methyl esters, including 9,12-octadecenoic acid, methyl ester (47.275 %) and 9-octadecenoic acid, methyl ester 
(22.790 %). Other notable compounds included methyl stearate (3.063 %), Squalene (9.687 %), and various 
alkanes. In silico skin sensitization analysis demonstrated that all five key compounds, including hexadecenoic 
acid methyl ester, methyl stearate, and squalene, fell within the applicability domain of the predictive models. 
High predictive confidence was observed in both the KeratinoSens and LLNA models, whereas the h-CLAT model 
exhibited lower predictive reliability. Cosmetic toxicity predictions revealed moderate to high risks for skin and 
eye irritation, particularly with Squalene, but the compounds were considered safe regarding systemic toxicity 
and photo-related effects. Furthermore, endocrine-disrupting potential was evaluated via in silico binding affinity 
analysis, which revealed minimal interaction with nuclear receptors.
Conclusion: These findings highlight the potential of the plant extract for dermatological applications, while 
emphasizing the need for further evaluation of its safety in topical use.
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1. Introduction

Amaranthus retroflexus L. (Redroot pigweed) is a commonly en
countered species belonging to the Amaranthaceae (amaranth family) 
[1]. This plant is a member of the Amaranthus genus. A. retroflexus is a 
flowering annual species and is commonly referred to by various names 
such as redroot amaranth, redroot pigweed, common amaranth, and 
pigweed amaranth [2]. It is distributed across the European part of 
Russia, Siberia, Southern Europe, the Middle East, Asia Minor, Mon
golia, and North Africa [3]. Amaranth leaves are widely used both in 
cooked dishes and in salads. Amaranthus is highly nutritious and con
tains higher levels of protein and minerals compared to commonly 
consumed grains such as millet, sorghum, rice, wheat, and maize. 
Moreover, it has a well-balanced composition of essential amino acids 
and unsaturated fatty acids [4]. Although A. retroflexus may exhibit 
toxic effects on animals when consumed raw or in large quantities, it 
can be safely used as a vegetable or forage when properly processed.

Essential oils are used as flavoring agents in the food industry, with 
approximately 300 different types commercially available [5]. The 
antimicrobial properties of these compounds have led to their con
sideration as natural preservative agents [6]. However, research on the 
biological effects of essential oils on human skin cells remains limited 
[7]. Essential oils are complex natural mixtures derived from aromatic 
plants, typically composed of low molecular weight compounds such as 
monoterpenes, sesquiterpenes, and aliphatic hydrocarbons. These oils 
are widely used in topical applications, aromatherapy, cosmetics, and 
traditional medicine. However, upon direct contact with the skin, they 
have the potential to cause irritation, allergic reactions, or immunotoxic 
effects [8–10].

With the growing interest in natural formulations, global demand 
for beauty and personal care products has increased. However, the cost 
and limited availability of natural compounds have led to the wide
spread use of synthetic alternatives. While skin aging is accelerated by 
environmental factors, antioxidants play a crucial role in mitigating this 
damage; in particular, phenolic compounds hold potential in regulating 
melanin synthesis and preventing various diseases [11].

In a study conducted by Han et al. [12] the biological activities of 
nine plant-derived essential oils and a commercial “Immortelle” blend 
were investigated in human dermal fibroblast cells pretreated to mimic 
chronic inflammatory conditions. The study evaluated bergamot, cor
iander, geranium, helichrysum, patchouli, petitgrain, sandalwood, ve
tiver, ylang ylang, and the Immortelle blend. All oils significantly 
suppressed fibroblast proliferation; notably, bergamot, coriander, and 
vetiver oils were found to reduce protein levels associated with in
flammation, immune response, and tissue repair. Helichrysum, ylang 
ylang, and the Immortelle blend were also suggested to exert potential 
anti-inflammatory and wound-healing effects by downregulating the 
expression of proteins involved in tissue regeneration.

Topical drug administration offers advantages over oral delivery, 
such as improved patient compliance, avoidance of first-pass metabo
lism, and the ability to deliver the active compound directly to the 
target site. However, skin barriers such as the epidermis, dermis, and 
hypodermis limit the dermal penetration of formulations [13]. Natural 
oils have long been used due to their therapeutic efficacy and low side 
effect profiles. Nevertheless, the biological effects and potential toxi
cities of these compounds in topical applications are often insufficiently 
investigated. While the beneficial effects of herbal medicines are widely 
acknowledged, uncontrolled and ethnopharmacology-based applica
tions may lead to serious health issues, even in traditionally used spe
cies [11]. For example, the misuse of Aristolochia species—once con
sidered of high medicinal value—has resulted in numerous cases of end- 
stage renal disease due to aristolochic acid toxicity; many patients de
veloped nephropathy requiring organ transplantation or dialysis 
[14,15].

In this study, the fatty acid composition of Amaranthus retroflexus L. 
was characterized by GC-MS analysis, and the dermal safety profile of 

this composition was evaluated using in silico methods. To determine 
the chemical profile of fatty acids, FAME analysis, an internationally 
standardized method, was employed. The obtained fatty acid profile 
(carbon chain length, degree of unsaturation) reflects the structural 
properties of the raw plant oil, and this information is valuable for both 
fundamental research and cosmetic/dermatological formulation de
velopment. The fundamental value of the study lies in providing de
tailed characterization of the plant's lipid content; its practical value is 
that the dermal safety and bioactivity potential of the identified fatty 
acids and squalene are evaluated through in silico methods, thereby 
guiding future in vitro and in vivo studies. Gas chromatography-mass 
spectrometry (GC-MS) analysis of the oil obtained from the selected 
plant species identified hexadecenoic acid, methyl ester, methyl stea
rate, 9-octadecenoic acid, methyl ester, 9,12-octadecenoic acid, methyl 
ester, and Squalene as the major components. These compounds, 
structurally classified as fatty acid methyl esters and triterpenoid de
rivatives, are widely recognized in the literature for their antioxidant, 
anti-inflammatory, and dermal biocompatibility properties. However, 
the potential immunotoxic effects of such natural compounds in topical 
applications should not be overlooked.

2. Materials and methods

2.1. Plant materials

The above-ground parts of A. retroflexus were dried at 40 °C for 72 h. 
The dried plant material was then mixed with methanol in a 1:10 ratio 
and macerated in a dark environment at room temperature for two 
days. After extraction, the methanol (Catalog No.: 848335, Sigma- 
Aldrich, St. Louis, MO, USA) solution was filtered through Whatman 
No. 1 filter paper (Whatman International Ltd., Maidstone, UK). The 
solvent was then evaporated under reduced pressure using a rotary 
evaporator (Model: RE100, Stuart, Staffordshire, UK) at 40°C. The re
sulting solid extracts were stored at 4 °C for further analysis [16].

2.2. Fatty acid extraction and GC-MS analysis protocol

For the extraction of fatty acids, 5 g of dried and finely ground plant 
material were processed using a laboratory mill. The pulverized sample 
was placed into a cellulose extraction thimble and subjected to Soxhlet 
extraction utilizing a fully automated Soxhlet system. Hexane (Catalog 
No.: 139386, Sigma-Aldrich, St. Louis, MO, USA) was employed as the 
extraction solvent over a 4-hour period. After completion, the solvent 
was removed by rotary evaporation, and the resulting oil was collected 
in clean glass vials for derivatization.

To convert fatty acids into their corresponding methyl esters, 0.1 g 
of the extracted oil was transferred into a 5 mL reaction vial. Next, 2 mL 
of n-hexane was added, and the contents were mixed using a vortex 
mixer. Then, 0.2 mL of 2 N methanol KOH (Catalog No.: 221 473, 
Sigma-Aldrich, St. Louis, MO, USA) was introduced. The tube was 
sealed and shaken vigorously for 30 s to ensure transesterification. 
Following a brief centrifugation (Model: 3–16 KC, Sigma 
Laborzentrifugen GmbH, Osterode am Harz, Germany) step to promote 
phase separation, the upper (organic) phase containing fatty acid me
thyl esters (FAMEs) was carefully collected using a Pasteur pipette and 
transferred into GC vials.

Chromatographic analysis was performed using a gas chromato
graphy system (Agilent Technologies, Santa Clara, CA, USA) coupled to 
a mass spectrometer, equipped with an HP-88 capillary column (60 m 
× 0.25 mm ID × 0.20 μm film thickness, Agilent Technologies, Santa 
Clara, CA, USA). Helium, with a purity greater than 99.99 %, served as 
the carrier gas at a steady flow rate of 1.0 mL/min. The oven tem
perature program began at 140 °C with a 5-minute hold, followed by a 
ramp of 4 °C/min to a final temperature of 250 °C, which was then 
maintained for 10 min. A sample volume of 1 µL was injected in split 
mode at a ratio of 1:50.
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Mass spectrometric detection was carried out in electron impact (EI) 
ionization mode at 70 eV. The ion source temperature was maintained 
at 230 °C, and spectra were recorded within a mass-to-charge (m/z) 
range of 30–550. Fatty acid methyl esters were identified by comparing 
retention times and mass spectra with the Supelco 37 Component FAME 
Mix standard (Sigma-Aldrich, St. Louis, MO, USA). Retention Index (RI) 
values were calculated using this standard mixture to confirm com
pound identities and exclude peak overlap.

2.3. AOP-based approach for skin sensitization assessment

In this study, the potential immunological responses and toxic ef
fects of plant-derived natural compounds upon dermal exposure were 
systematically evaluated within an Adverse Outcome Pathway (AOP)- 
based framework. Specifically, predictive computational models 
aligned with the in vitro and in chemico test strategies recommended 
by the OECD were employed to assessthe risk of potential skin sensi
tization.

In the initial phase, the skin sensitization profiles of the selected 
compounds were determined using the Pred-Skin 3.0 platform. This 
platform provides in silico simulations corresponding to key OECD test 
guidelines, including OECD TG 442 C (Direct Peptide Reactivity Assay – 
DPRA), OECD TG 442D (KeratinoSens™ assay), OECD TG 442E (Human 
Cell Line Activation Test – h-CLAT), and OECD TG 429 (Local Lymph 
Node Assay – LLNA). Each compound was classified as either a 
"Sensitizer" or "Non-sensitizer" at individual assay levels. A final sensi
tization prediction was generated using a probabilistic Bayesian in
tegration model that combines results from these mechanistic stages.

2.4. In silico cosmetic risk and toxicity assessment (ADMETlab 3.0)

In this study, the cosmetic safety and toxicity profiles of five major 
volatile constituents—hexadecenoic acid, methyl ester; methyl stearate; 
9-octadecenoic acid, methyl ester; 9,12-octadecenoic acid, methyl ester; 
and Squalene—were evaluated using the in-silico platform ADMET lab 
3.0 (https://lmmd.ecust.edu.cn/admetsar3/predict.php). The analysis 
focused on key safety endpoints relevant to topical and dermal ex
posure, including eye corrosion, eye irritation, skin corrosion, skin ir
ritation, skin sensitization, acute dermal toxicity, photoinduced toxi
city, phototoxicity, and photoallergy. For each compound, the platform 
provided a binary risk classification (Yes/No) along with a probability 
score (%) for each endpoint, based on machine learning models trained 
on curated experimental datasets. All inputs were submitted in cano
nical SMILES format, and predictions were generated under standard 
model settings. The obtained data allowed for a comparative evaluation 
of potential risks associated with the dermal and ocular application of 
the compounds. Special attention was given to endpoints with high- 
confidence predictions (probability > 70 %), to support a preliminary 
toxicological assessment of these plant-derived molecules for cosmetic 
or dermatological formulations.

2.5. In silico evaluation of endocrine disruption potential

The potential endocrine-disrupting effects of the five major volatile 
constituents identified by GC-MS analysis—hexadecenoic acid, methyl 
ester, methyl stearate, 9-octadecenoic acid, methyl ester, 9,12-octade
cenoic acid, methyl ester, and Squalene—were assessed using the 
Endocrine Disruptome web-based platform (http:// 
endocrinedisruptome.ki.si/). This computational tool employs mole
cular docking algorithms to predict the binding affinity of small mo
lecules toward a panel of 15 human nuclear hormone receptors, in
cluding estrogen receptors (ERα, ERβ), androgen receptors (AR, AR- 
an), glucocorticoid receptor (GR), thyroid receptors (TRα, TRβ), pro
gesterone receptor (PR), mineralocorticoid receptor (MR), liver X re
ceptors (LXRα, LXRβ), peroxisome proliferator-activated receptors 
(PPARα, PPARβ, PPARγ), and retinoid X receptor (RXRα).

The evaluation was conducted by submitting the SMILES codes of 
each compound into the system. Predictions were generated based on 
binding scores derived from AutoDock Vina algorithms, and results 
were visualized using a color-coded probability scheme: green for low, 
yellow for moderate, and red for high binding affinity. Each com
pound’s interaction profile with individual receptors was recorded and 
interpreted with respect to its potential to act as an agonist or an
tagonist. Compounds displaying moderate to high affinity to key en
docrine receptors, particularly ERα, AR, and PPARs, were flagged for 
potential concern. The outputs were analyzed in relation to the biolo
gical relevance of the targets and integrated into the overall safety as
sessment framework of the plant extract studied.

2.6. Construction of a skin-associated gene set

In parallel with the biological activity predictions obtained from 
Pred-Skin analyses, genes associated with cutaneous immune responses 
were identified based on the Adverse Outcome Pathway (AOP) 
knowledge base, comprehensive literature reviews, and particularly the 
molecular initiating events and key events outlined in OECD TG 442E 
guidelines.

Within this framework, a total of 25 target genes were selected for 
their involvement in fundamental mechanisms such as stress response, 
cytokine production, T cell activation, and apoptosis in skin cells. The 
selected genes include key immune, inflammatory, and metabolic reg
ulators such as TNF, IL6, STAT1, RELA, MAPK1, CYP1A1, CYP1B1, 
HMOX1, NFE2L2, KEAP1, CD86, and CASP3, all of which encode pro
teins with critical roles in skin-related immunological processes.

2.7. Protein-protein interaction (PPI) network and string-based analysis

The identified genes were subjected to protein-protein interaction 
(PPI) network analysis using the STRING database (https://string-db. 
org/). The resulting interaction data file (string_interactions_short.tsv) 
was imported into the Cytoscape platform (version 3.9.1) and visua
lized using the Prefuse Force Directed layout algorithm.

Key topological parameters of the network—including the number 
of nodes and edges, network diameter, density, clustering coefficient, 
and degree distribution—were calculated. Central (hub) genes within 
the network were identified based on their degree and betweenness 
centrality values, providing insight into their potential regulatory im
portance in skin-related immune pathways.

2.8. Functional and proportional analysis of KEGG pathways (ClueGO)

To investigate the functional distribution of genes within the PPI 
network, a KEGG-based pathway enrichment analysis was performed 
using the ClueGO plugin (v2.5.10). The analysis was conducted for 
Homo sapiens (Taxonomy ID: 9606), and only ontological terms sup
ported by experimental evidence codes (e.g., EXP, IDA, IMP) were in
cluded. A p-value threshold of 0.01 was applied, and a minimum of 
40 % shared genes was set as the criterion for pathway clustering. The 
visualization was performed using the "Groups" style layout, with dis
tinguishable color codes assigned to each pathway group. The pie chart 
mode was disabled in favor of node-based color smoothing to enhance 
clarity, and hub pathways were highlighted based on their topological 
relevance.

In addition, the KEGG pathways identified through ClueGO were 
proportionally evaluated using the platform's automatically generated 
pie chart. This graphical representation illustrates the relative con
tribution of gene clusters to each biological pathway, allowing for a 
visual interpretation of the dominant functional categories. The pro
portional analysis provided insights into which biological processes 
were most significantly associated with the tested compounds, em
phasizing their involvement in specific dermal immunological and in
flammatory mechanisms.
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2.9. Molecular docking

TNF (PDB ID: 2AZ5) was selected as a primary docking target, as it 
is a key component of the Th17 cell differentiation pathway—identified 
as the most enriched module in the ClueGO analysis—and also emerged 
as the top hub protein in the constructed protein-protein interaction 
(PPI) network. In the KEGG analysis, TNF was highlighted as a central 
initiator of immune responses, cytokine production, and inflammatory 
signaling, particularly triggering T cell polarization following dendritic 
cell activation in the skin. Due to its central role in both the KEGG and 
PPI networks and its high-resolution crystal structure, TNF was prior
itized for docking studies related to skin sensitization.

MAPK1 (PDB ID: 2ZOQ) is a multifunctional signaling protein in
tersecting not only with the Inflammatory Bowel Disease (IBD) pathway 
but also with Th17 cell differentiation and Fluid shear stress modules. 
Its extensive interactions with other genes within the PPI network po
sition it as a critical signaling node. Moreover, its regulatory role in 
transmitting signals from cytokines such as IL-6 and TNF in epidermal 
cells makes it a relevant target in skin-related immune signaling and 
thus a candidate for molecular docking.

HMOX1 (PDB ID: 1N3U) was specifically associated with the Fluid 
shear stress and atherosclerosis pathway according to ClueGO analysis. 
It plays a protective role in the epidermal stress response and oxidative 
damage regulation. Within the STRING network, it forms strong con
nections particularly with KEAP1 and NFE2L2, contributing to redox 
homeostasis. Due to its pathway-specific role and high-quality crystal 
structure, HMOX1 was selected as a docking target to model dermal 
oxidative stress responses.

CYP1A1 (PDB ID: 4I8V), although more peripheral in the ClueGO 
network, is functionally critical within the Chemical carcinogenesis 
pathway. It is a key metabolic enzyme involved in the oxidative bio
transformation of skin-absorbed xenobiotics and plays an essential role 
in converting potential sensitizers into reactive intermediates. Its 
clearly defined binding pocket and bridging function within metabolic 
processes in the KEGG-PPI network justify its inclusion as a target in the 
docking simulations.

Molecular docking studies were conducted to assess the binding 
affinities and interaction profiles of major plant-derived metabolites 
identified through GC-MS analysis. The compounds tested included 
hexadecanoic acid, methyl ester, methyl stearate, 9-octadecenoic acid, 
methyl ester, 9,12-octadecenoic acid, methyl ester, and Squalene. These 
molecules, primarily fatty acid methyl esters and a triterpenoid, are 
well-documented in the literature for their anti-inflammatory, anti
oxidant, and skin-compatible properties.

The three-dimensional (3D) structures of these ligands were re
trieved from the PubChem database and subjected to energy mini
mization to ensure optimal geometry and conformational stability prior 
to docking. For docking simulations, biologically relevant protein tar
gets were obtained from the RCSB Protein Data Bank, including 2AZ5 
(TNF-α with inhibitor), 2ZOQ (ERK1), 1N3U (heme oxygenase 1), and 
4I8V (cytochrome P450 1A1).

Protein structures were prepared using AutoDock Tools (v1.5.7) by 
removing crystallographic water molecules and non-standard ligands, 
adding polar hydrogen atoms, and assigning Gasteiger partial charges. 
Docking was carried out using AutoDock Vina, with grid boxes precisely 
defined to encompass the active sites of the target proteins. Multiple 
conformations were generated for each ligand, and the pose with the 
lowest binding free energy (kcal/mol) was selected for further analysis.

For detailed interaction mapping, the best docking poses were 
analyzed using Molegro Virtual Docker (MVD) to identify critical in
teractions such as hydrogen bonding, van der Waals forces, electrostatic 
interactions, and spatial accommodation within the active site cavities. 
Cavity detection and scoring facilitated a nuanced understanding of 
ligand orientation and binding affinity. Final three-dimensional visua
lizations were performed using Discovery Studio Visualizer (v21.1.0) to 
examine ligand–protein interactions and pinpoint key amino acid 

residues involved in molecular recognition, thereby supporting the in
terpretation of structure–activity relationships [17].

2.10. Connectivity map (CLUE.io) and LINCS L1000 analysis

In this study, the biological effects of Squalene, the compound ex
hibiting the highest binding affinity to the target protein CYP1A1 in 
molecular docking analyses, were evaluated using advanced systems 
biology approaches. Specifically, in silico gene expression profiling and 
pathway analyses were conducted to explore the broader molecular 
implications.

In the initial step, CRISPR-based knockout data for the CYP1A1 gene 
were queried using the CLUE.io platform. The dataset utilized was de
rived from the LINCS L1000 CMAP Consensus Signatures collection. As 
a result of this query, 476 genes were identified as upregulated in re
sponse to CYP1A1 gene silencing.

This gene expression signature was employed as a foundational 
dataset for subsequent biological network analyses, aiming to model the 
indirect effects of compounds—particularly Squalene—that demon
strate strong binding affinity to the CYP1A1 protein.

2.11. Reactome pathway enrichment analysis

The list of upregulated genes was analyzed using the Reactome 
Pathway Browser to identify biologically meaningful pathways. 
Pathways with a False Discovery Rate (FDR) below 0.05 were con
sidered statistically significant and selected for further evaluation. 
Among the enriched pathways, two were highlighted for their strong 
biological relevance. The first, PKA activation in glucagon signalling (R- 
HSA-164952), is closely associated with cellular energy metabolism, 
the activation of protein kinase A (PKA), and the regulation of anti- 
inflammatory cytokines such as IL6 and IL10. The second pathway, 
Differentiation of Keratinocytes in Interfollicular Epidermis (R-HSA- 
9725554), is critical for maintaining epidermal homeostasis, promoting 
keratinocyte maturation, and supporting dermal barrier integrity. These 
two pathways were further investigated to provide insight into the 
potential systemic (metabolic) and local (epidermal) effects of 
Squalene, particularly in the context of its high-affinity interaction with 
CYP1A1. High-resolution graphical diagrams of the identified pathways 
were obtained from the Reactome Pathway Browser interface and ar
chived in a publication-ready format. These pathway maps visually 
highlighted the positions of the upregulated genes within each 
pathway, thereby supporting the mechanistic interpretation of the re
sults.

3. Result

3.1. GC-MS-based phytochemical profile

As a result of GC-MS analysis, a total of 39 distinct compounds were 
identified in the plant extract, including various saturated and un
saturated fatty acid methyl esters, alkanes, and triterpenoid con
stituents. These compounds were evaluated based on both their relative 
abundance and structural characteristics (Table 1).

The composition was predominantly composed of unsaturated fatty 
acid methyl esters. Among these, 9,12-octadecenoic acid, methyl ester 
(47.275 %) and 9-octadecenoic acid, methyl ester (22.790 %) was 
identified as the most abundant constituents. These were followed by 
Methyl stearate (3.063 %), linolenic acid, methyl ester (1.093 %), and 
eicosanoic acid, methyl ester (1.025 %), representing long-chain satu
rated and polyunsaturated fatty acid derivatives. Given their well- 
documented anti-inflammatory, antioxidant, and skin-compatible 
properties, these compounds offer significant insight into the potential 
bioactivity of the extract.

In addition, the extract contained Squalene at a notable concentra
tion of 9.687 %. This plant-derived triterpenoid is widely recognized for 
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its high bioavailability and potent antioxidant capacity, along with 
beneficial effects on skin health, making it a compound of considerable 
interest. Minor constituents such as tetradecane, hexadecane, octade
cane, and 3-methylhentriacontane classified as alkanes are likely inert 
hydrocarbons that may have been co-extracted due to solvent affinity 
during the extraction process.

In conclusion, the high abundance of unsaturated fatty acid methyl 
esters and squalene supports the potential application of the plant ex
tract as an anti-inflammatory, emollient, and moisturizing agent in 
dermatological formulations.

3.2. In silico findings on skin sensitization

In silico analyses performed using the Pred-Skin 3.0 platform re
vealed that all five tested compounds—hexadecanoic acid, methyl 
ester, methyl stearate, 9-octadecenoic acid, methyl ester, 9,12-octade
cenoic acid, methyl ester, and Squalene—were classified as falling 
within the applicability domain of all predictive models (Table 2, 
Fig. 1).

In the DPRA (Direct Peptide Reactivity Assay) model, all compounds 
were evaluated within the model's domain, with confidence levels 
ranging from 50.8 % to 92.5 %, indicating a reliable prediction per
formance. Similarly, in the KeratinoSens model, all compounds were 
again within the applicability domain, with particularly high con
fidence scores for 9-Octadecenoic acid, methyl ester (96.5 %), 9,12- 
Octadecenoic acid, methyl ester (96.4 %), and Squalene (97.4 %).

In contrast, the h-CLAT (Human Cell Line Activation Test) model 
yielded lower confidence scores for all compounds (ranging from 
56.4 % to 59.2 %), suggesting relatively lower predictive certainty in 
this assay compared to others.

The Local Lymph Node Assay (LLNA) model indicated very high 
confidence for methyl stearate (99.7 %), 9-octadecenoic acid, methyl 
ester (99.8 %), and Squalene (99.9 %), while hexadecanoic acid, methyl 
ester and 9,12-octadecenoic acid, methyl ester showed moderate con
fidence scores of 55.6 % and 65.4 %, respectively.

Within the Human Repeat Insult Patch Test / Human Maximization 
Test (HRIPT/HMT) model, all compounds except hexadecanoic acid, me
thyl ester were located within the applicability domain, with confidence 
values ranging from 69.8 % to 97.0 %. hexadecanoic acid, methyl ester 
was the only compound found outside the domain for this model.

Importantly, all five compounds received a "High" overall con
fidence rating from the Bayesian integration model, indicating a strong 
predictive reliability and suggesting a low potential for skin sensitiza
tion under the evaluated conditions.

3.3. In silico cosmetic toxicity predictions

In this study, the cosmetic safety profiles of five major compounds 
identified through GC-MS—hexadecenoic acid, methyl ester, methyl 
stearate, 9-octadecenoic acid, methyl ester, 9,12-octadecenoic acid, 
methyl ester, and Squalene—were evaluated using the in-silico platform 
ADMETlab 3.0. The assessment focused on nine key dermal and ocular 

Table 1 
Identified compounds and their relative abundance in the plant extract (GC-MS). 

No RT (min) RI Name of the compound Content [%]

1 5.543 715 Tetradecane 0.014
2 6.364 906 Hexadecane 0.006
3 9.985 1396 Dodecanoic acid, methyl ester 0.003
4 13.081 1448 Methyl tetradecanoate 0.080
5 14.257 1496 Methyl 12-methyltetradecanoate 0.014
6 14.771 1588 Pentadecanoic acid, methyl ester 0.034
7 15.625 1647 Methyl 14-methylpentadecanoate 0.013
8 16.649 1707 Hexadecanoic acid, methyl ester 10.332
9 17.359 1749 Methyl palmitelaidate; 0.208
10 17.680 1769 Methyl 14-methylhexadecanoate 0.424
11 18.180 1799 Heptadecanoic acid, methyl ester 0.064
12 18.643 1827 (Z)-Methyl Heptadec-10-enoate 0.007
13 18.704 1827 7,10-hexadecadienoic acid 0.007
14 19.108 1855 Heptadecanoic acid, 15-methyl-,methyl ester 0.737
15 20.291 1915 Methyl stearate 3.063
16 20.979 1937 9-Octadecenoic acid, methyl ester 22.790
17 21.069 1940 7-Octadecenoic acid, methyl ester 0.949
18 21.271 1946 Nonadecanoic acid, methyl ester 0.153
19 21.457 1952 Oleic acid, methyl ester 0.027
20 21.823 1965 17-Octadecynoic acid, methyl ester 0.041
21 22.428 1984 9,12-Octadecenoic acid, methyl ester 47.275
22 22.987 2104 Eicosanoic acid, methyl ester 1.025
23 23.559 2144 Linolenic acid, methyl ester 1.093
24 23.775 2159 cis-Methyl 11-eicosenoate 0.324
25 23.970 2172 Glycerin 0.473
26 24.099 2181 Octacosane 0.063
27 24.380 2200 Heneicosanoic acid, methyl ester 0.088
28 24.680 2222 1-Octadecene 0.036
29 24.726 2225 1-Heptadecene 0.026
30 25.009 2245 11,14-Eicosadienoic acid, methyl ester 0.076
31 25.761 2299 Docosanoic acid, methyl ester 0.243
32 26.540 2357 13-Docosenoic acid, methyl ester, (Z)- 0.012
33 26.700 2369 Methyl 20-methyl-docosanoate 0.024
34 26.821 2378 Octadecane 0.048
35 27.257 2411 Squalene 9.687
36 27.987 2467 3-Methylhentriacontane 0.040
37 28.415 2500 Tetracosanoic acid, methyl ester 0.133
38 29.3 2532 Methyl 17-methyl-tetracosanoate 0.035
39 30.209 2565 Hexacosanoic acid, methyl ester 0.015

Total% 99.7
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toxicity endpoints relevant to cosmetic applications: eye corrosion, eye 
irritation, skin corrosion, skin irritation, skin sensitization, acute 
dermal toxicity, photoinduced toxicity, phototoxicity, and photoallergy 
(Table 3, Supplementary Information Figure S-1).

The results indicated that all compounds were predicted to pose a 
risk for eye corrosion (probabilities ranging from 59.4 % to 95.8 %) and 
eye irritation (87.5–98.6 %). In contrast, all compounds were classified 
as non-corrosive to skin, with low probability scores (23.5–35.3 %). For 

Table 2 
In Silico skin sensitization predictions and model confidence scores for selected compounds (Pred-Skin 3.0). 

Fig. 1. In silico skin sensitization pre
dictions of major compounds based on 
DPRA, KeratinoSens, LLNA, and 
Bayesian model (created by Emine 
İncilay Torunoğlu via BioRender).
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skin irritation and skin sensitization, all compounds were flagged as 
potential risks, with Squalene (70.7 %) and 9,12-Octadecenoic acid, 
methyl ester (81.0 %) displaying notably high probability values.

Regarding acute dermal toxicity, photoinduced toxicity, photo
toxicity, and photoallergy, all compounds were predicted to be non- 
toxic, with relatively low probability scores ranging from 18.2 % to 
50.2 %.

Overall, while the evaluated compounds may present moderate to 
high risks for skin and eye irritation—particularly Squalene in terms of 
dermal sensitization—they are considered safe concerning systemic 
toxicity and photo-related adverse effects. These findings underscore 
the importance of thorough toxicity profiling when considering plant- 
derived compounds for topical and cosmetic applications.

3.4. Binding affinity evaluation across nuclear receptors

Based on the GC-MS analysis, the endocrine-disrupting potential of 
five major volatile constituents—hexadecenoic acid, methyl ester, me
thyl stearate, 9-octadecenoic acid, methyl ester, 9,12-octadecenoic 
acid, methyl ester, and Squalene—was evaluated using the in silico 
Endocrine Disruptome platform. The results demonstrated that the four 
methyl ester derivatives generally exhibited low binding probabilities 
across a wide range of nuclear receptors, including estrogen (ER), an
drogen (AR), glucocorticoid (GR), thyroid (TR), peroxisome pro
liferator-activated receptors (PPAR), and retinoid X receptors (RXR).

Specifically, hexadecenoic acid, methyl (Supplementary 
Information Figure S-2) ester and methyl stearate (Supplementary 
Information Figure S-3) showed borderline interaction potential with 
the androgen receptor antagonist (AR-an.), with binding scores of –6.0, 
while all other receptor interactions remained within the low-prob
ability range (–6.1 to –6.9), indicating minimal endocrine interference.

Similarly, 9-octadecenoic acid (Supplementary Information Figure
S-4), methyl ester and 9,12-octadecenoic acid (Supplementary 
Information Figure S-5). methyl ester presented weak to moderate in
teraction with AR-an. but were otherwise categorized as low-risk across 
the evaluated receptor spectrum.

In contrast, Squalene (Supplementary Information Figure S-6) ex
hibited notably higher binding affinities, particularly with ERα (–9.3), 
GR (–8.3), PPARα/β/γ (–9.1 to –8.4), RXRα (–9.9), and LXRα/β (–9.5 / 
–9.4), suggesting a broader potential for receptor-mediated endocrine 
activity.

These results suggest that while the methyl ester compounds may be 
considered safe from an endocrine perspective, Squalene may warrant 
closer examination due to its multi-receptor binding profile and its 
possible involvement in modulating estrogenic and metabolic signaling 
pathways. Overall, these findings emphasize the importance of sys
tematically assessing both dermal and hormonal safety profiles of 
bioactive plant-derived compounds.

3.5. Network analysis

In this study, a comprehensive functional network analysis was 
conducted using ClueGO with KEGG and Reactome databases to elu
cidate the biological roles and potential molecular interaction networks 
of genes targeted by the major compounds identified from A. retroflexus. 
The analyzed genes (CYP1A1, MAPK1, HMOX1, TNF, GSTP1, NFE2L2, 
IL6, IL10) are functionally associated with critical biological processes 
such as skin immune responses, inflammation regulation, oxidative 
stress defense, and epidermal homeostasis (Supplementary Information 
Figure S-7 and S-8).

The ClueGO analysis revealed that the gene network was pre
dominantly enriched in the following biological processes:

Th17 cell differentiation (66.15 %) plays a key role in T-cell-medi
ated immune responses and is particularly important for regulating skin 
inflammation and immune balance. Inflammatory bowel disease 
(30.77 %) involves cytokine regulation, tissue injury responses, and Ta
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systemic inflammatory pathways, which may indirectly affect skin 
health. Chemical carcinogenesis represents cellular defense mechan
isms against environmental stressors and toxic compounds. Fluid shear 
stress and atherosclerosis are associated with endothelial function and 
cellular stress responses, and they also play an important role in 
maintaining tissue homeostasis.

All included genes (100 %) were found to be directly involved in 
these biological processes, and a strong functional connectivity between 
groups was confirmed by a high kappa score (Kappa Score > 0.4). This 
indicates a robust biological coherence within the gene set and suggests 
that the analyzed essential oil compounds possess a broad-spectrum 
biological activity profile (Fig. 2).

Overall, the network analysis provides system biology-based evi
dence that the bioactive compounds derived from Amaranthus retro
flexus may exert significant immunomodulatory effects, modulate in
flammatory responses, and contribute to the maintenance of epidermal 
differentiation and homeostasis (Fig. 3).

3.6. Molecular docking studies

In this study, the molecular interaction potentials of five major 
constituents identified through GC-MS analysis—namely hexadecenoic 
acid, methyl ester, methyl stearate, 9-octadecenoic acid, methyl ester, 
9,12-octadecenoic acid, methyl ester, and Squalene—were investigated 
against four target proteins (TNF-α, MAPK1, HMOX1, and CYP1A1), 
which were previously identified via ClueGO KEGG pathway analysis as 
central components of skin sensitization-related immune responses. 
Molecular docking simulations were performed to evaluate the binding 
affinities and interaction profiles of these compounds, and the results 
were interpreted using thermodynamic (binding energy, ΔG), bio
chemical (predicted Ki, pIC₅₀), and structural efficiency parameters (LE, 
LLE, FQ) (Table 4).

Among all tested compounds, Squalene exhibited the most favorable 
binding profile, particularly against CYP1A1 (PDB ID: 4I8V) (Fig. 6), 
with a binding energy of –9.3 kcal/mol, a predicted pIC₅₀ of 6.643, and 
a remarkably low Ki value of 0.151 µM, indicating a strong inhibitory 
potential. Similarly, 9,12-Octadecenoic acid, methyl ester demonstrated 
strong affinity for CYP1A1 (–7.9 kcal/mol, pIC₅₀ = 5.643), suggesting 
its role as a potential modulator in xenobiotic metabolism. With respect 
to MAPK1 (PDB ID: 2ZOQ) (Fig. 4), all compounds showed moderate 
binding affinities, with Squalene again ranking highest (–7.0 kcal/mol, 
pIC₅₀ = 5.107). In the case of TNF-α (PDB ID: 2AZ5) (Fig. 3), 9,12- 
Octadecenoic acid, methyl ester showed the strongest interaction 
(–7.9 kcal/mol, pIC₅₀ = 5.643), while Squalene followed closely with a 
ΔG of –8.2 kcal/mol and an LE value of 0.586, supported by a high Fit 
Quality (FQ = 0.861).

Docking against HMOX1 (PDB ID: 1N3U) (Fig. 5) yielded relatively 
lower binding energies across all ligands, though Squalene maintained 
its performance with –6.0 kcal/mol and pIC₅₀ = 4.286. Overall, ligand 
efficiency (LE), lipophilic efficiency (LLE), and fit quality (FQ) calcu
lations indicated that Squalene and 9,12-Octadecenoic acid, methyl 
ester were the most balanced and effective ligands among the group. 
Although Squalene’s zero TPSA value prevented the calculation of 
certain descriptors (e.g., ΔG/TPSA, PE_HAC), its strong binding profile 
and biochemical efficiency compensate for this limitation.

Collectively, the docking results suggest that Squalene is the 
most promising compound, exhibiting strong and consistent 
binding across all target proteins. 9,12-Octadecenoic acid, methyl 
ester also emerged as a key ligand, particularly in interactions with 
TNF-α and CYP1A1, both of which are central to skin immune re
sponses and chemical sensitization pathways. These findings sup
port the potential role of essential oil constituents as bioactive, yet 
dermally safe, modulators of immunological targets relevant to skin 
sensitization.

Fig. 2. Distribution of biological pathway enrichment based on compound-associated gene involvement. 

Fig. 3. Binding profile and surface visualization of squalene with 2AZ5 protein. 
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Non-covalent interaction analysis of Squalene with the selected 
protein targets—TNF (PDB: 2AZ5), MAPK1 (PDB: 2ZOQ), HMOX1 
(PDB: 1N3U), and CYP1A1 (PDB: 4I8V)—revealed that the ligand en
gages predominantly in hydrophobic interactions and π–π stacking 
contacts, without forming any classical hydrogen bonds (Table 5). In 
the TNF complex, Squalene exhibited strong π–π stacking interactions 
with PHE124, occurring five times, alongside multiple alkyl contacts 
with LEU93 and the ligand’s terminal carbon atoms (C28 and C29). For 
MAPK1, a more extensive interaction profile was observed, including 
π–π stacking with TYR130 (×3), TRP209, and TYR210, as well as 
numerous alkyl interactions involving VAL56, CYS183 (×3), ILE48 
(×2), LEU173 (×4), and several ligand-side chains (C9–C11, 
C26–C30). In the HMOX1 complex, Squalene formed π–π stacking with 
HIS25, PHE207 (×2), and PHE214 (×2), accompanied by hydrophobic 
alkyl contacts with ALA28, MET34, and LEU147. The interaction with 

CYP1A1 was the most extensive, featuring π–π stacking with PHE123 
(×2), PHE224 (×2), and HIS388 (×5), as well as multiple alkyl in
teractions with residues such as VAL382 (×2), LEU96 (×3), ARG455 
(×2), ILE386 (×2), LEU496 (×3), LYS104, and ILE48 (Fig. 6).

These results collectively indicate that Squalene achieves stable and 
conformation-specific binding within the hydrophobic cavities of all 
four targets, primarily through aromatic stacking and van der Waals 
contacts. The repeated π–π stacking interactions with aromatic residues 
suggest a strong contribution to ligand anchoring and orientation 
within the binding site, which may enhance the binding affinity and 
inhibitory potential of the compound, despite the absence of polar in
teractions. Such non-covalent engagement patterns are consistent with 
the hydrophobic nature of Squalene and underline its suitability as a 
membrane-permeable, lipid-based modulator of intracellular signaling 
proteins.

Table 4 
Docking-based binding and efficiency metrics of selected natural compounds. 

Protein Binding Energy 
(kcal/mol)

LE FQ LLE LELP BEI PE_HAC ΔG / 
TPSA

Ki (μM) pIC50

Hexadecenoic acid, methyl ester 2AZ5 -5.0 0.263 0.681 0.887 21.456 0.018 1.384 0.190 215.156 3.571
2ZOQ -5.3 0.279 0.409 0.940 20.216 0.020 1.384 0.202 129.694 3.786
1N3U -4.8 0.253 0.372 0.851 22.304 0.018 1.384 0.193 301.608 3.429
4I8V -7.2 0.379 0.556 1.277 14.893 0.027 1.384 0.274 7.002 4.886

Methyl stearate 2AZ5 -5.2 0.248 0.469 0.810 25.927 0.017 1.252 0.198 153.484 3.714
2ZOQ -4.8 0.229 0.433 0.748 28.088 0.016 1.252 0.183 301.608 3.429
1N3U -5.3 0.252 0.478 0.826 25.438 0.018 1.252 0.202 129.634 3.786
4I8V -7.2 0.343 0.650 1.121 18.725 0.021 1.252 0.274 5.238 5.143

9-Octadecenoic acid, methyl ester 2AZ5 -4.8 0.229 0.433 0.774 27.125 0.016 1.252 0.183 301.608 3.429
2ZOQ -6.1 0.290 0.551 0.984 21.344 0.021 1.252 0.232 33.571 4.357
1N3U -4.6 0.219 0.415 0.742 28.304 0.016 1.252 0.175 422.798 3.286
4I8V -7.3 0.348 0.659 1.177 17.836 0.025 1.252 0.278 1.177 5.214

9,12-Octadecenoic acid, methyl ester 2AZ5 -5.6 0.267 0.505 0.938 22.387 0.019 1.252 0.213 78.106 4.000
2ZOQ -3.9 0.186 0.352 0.653 32.146 0.013 1.252 0.148 1378.946 2.786
1N3U -5.2 0.248 0.469 0.871 24.110 0.018 1.252 0.198 153.484 3.714
4I8V -7.9 0.376 0.713 1.323 15.870 0.027 1.252 0.300 1.606 5.643

Squalene 2AZ5 -7.0 0.233 0.640 0.660 45.429 0.017 - - 7.343 5.000
2ZOQ -5.9 0.197 0.539 0.557 53.898 0.014 - - 47.060 4.214
1N3U -8.2 0.273 0.750 0.774 38.780 0.020 - - 0.968 5.857
4I8V -9.3 0.310 0.850 0.877 34.194 0.023 - - 0.151 6.643

* BEI: Binding Efficiency Index, ΔG / TPSA: Binding Energy per TPSA, FQ: Fit Quality, Ki: Estimated Inhibition Constant, LE: Ligand Efficiency, LELP: 
Ligand Efficiency–Lipophilicity, LLE: Lipophilic Ligand Efficiency, PE_HAC: Property Efficiency per Heavy Atom Count, pIC₅₀: Negative Logarithm of IC₅₀. TPSA 
(Topological Polar Surface Area) is typically calculated based solely on contributions from polar atoms such as oxygen (O) and nitrogen (N), as well as the hydrogen 
atoms attached to them. Therefore, compounds composed exclusively of carbon (C) and hydrogen (H) atoms have a TPSA value of zero (0 Å²). For instance, the 
compound C₃₀H₅₀ does not contain any oxygen or nitrogen atoms, and thus its TPSA is calculated as 0.

Fig. 4. Binding profile and surface visualization of squalene with 2ZOQ protein. 
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3.7. Connectivity map (CLUE.io) and LINCS L1000 analysis

The biological effects of Squalene, identified as the compound with 
the highest binding affinity to the target protein CYP1A1 in molecular 
docking studies, were evaluated using advanced systems biology ap
proaches. In this context, in silico gene expression profiling and pathway 
analyses were conducted.

In the first step, CRISPR-based knockout data for the CYP1A1 gene 
were retrieved using the CLUE.io platform. The data were obtained 
from the LINCS L1000 CMAP Consensus Signatures collection. As a 
result of this query, 476 genes were identified as being upregulated in 
response to CYP1A1 silencing.

This gene expression profile was used as a primary dataset for 
downstream biological network analyses, aiming to model the indirect 
cellular effects of high-affinity CYP1A1 binders, particularly Squalene.

3.8. Reactome pathway enrichment analysis

The set of upregulated genes was subjected to enrichment analysis 
using the Reactome Pathway Browser. Statistically significant pathways 
were identified based on a False Discovery Rate (FDR) threshold of 
<  0.05. Among the enriched pathways, two were highlighted as the 
most biologically relevant:

PKA activation in the glucagon signaling pathway (R-HSA-164952) 
is associated with cellular energy metabolism, protein kinase A (PKA) 
activation, and the expression of anti-inflammatory cytokines such as 
IL6 and IL10. Differentiation of keratinocytes in the interfollicular 
epidermis (R-HSA-9725554) plays a critical role in maintaining epi
dermal homeostasis, promoting keratinocyte maturation, and sup
porting dermal barrier function (Fig. 7).

These pathways were further investigated to evaluate the potential 
systemic (metabolic) and local (epidermal) effects of Squalene, medi
ated through its high-affinity interaction with CYP1A1. High-resolution 
graphical diagrams of the identified pathways were retrieved from the 
Reactome Pathway Browser interface and archived in a format suitable 
for publication. These visual maps illustrated the specific positions of 
upregulated genes within the pathways, thereby reinforcing the me
chanistic interpretation of Squalene's possible biological impact.

The regulation of key genes such as GSTP1, SEPP1, GNAS, HOPX, 
and PBX1 highlights the multifaceted biological impact of the com
pound, supporting its involvement in fundamental processes including 
oxidative stress response, metabolic homeostasis, signal transduction, 
and cellular differentiation. These findings suggest that Squalene is not 
only a compound with high dermal safety but also a functionally re
levant candidate for maintaining epidermal homeostasis, supporting 

immune balance, and offering potential therapeutic applications. In this 
context, Squalene and structurally similar natural compounds present 
significant potential for incorporation into skin-targeted products, in
cluding cosmetic, dermatological, and pharmaceutical formulations.

4. Discussion

The in-silico predictions obtained for skin sensitization using the 
Pred-Skin 3.0 platform in this study provide important insights into the 
potential of the tested compounds to induce skin sensitization. The 
results from the Direct Peptide Reactivity Assay (DPRA) and 
KeratinoSens model indicated high confidence levels, consistent with 
previous studies demonstrating the efficacy of these assays in predicting 
skin sensitization. Specifically, the DPRA has been reported to exhibit 
high accuracy, with sensitivity and specificity values approaching 88 % 
and 90 %, respectively. Similarly, the KeratinoSens assay is well-re
garded for its high sensitivity, particularly for chemicals like esters, 
which are known to activate the Keap1-Nrf2 pathway involved in skin 
sensitization [18]. The observed high confidence levels for compounds 
such as 9-Octadecenoic acid, methyl ester and Squalene are in line with 
the robust predictive performance of these assays.

Conversely, the lower confidence scores in the h-CLAT 
(56.4–59.2 %) observed in this study are not unexpected. Previous 
studies have highlighted the limitations of the h-CLAT for predicting the 
sensitization potential of lipophilic compounds, such as long-chain fatty 
acid esters, which may not readily penetrate human skin cells [19]. 
These lower scores suggest that the h-CLAT may not be as reliable for 
compounds with distinct physicochemical properties, reinforcing the 
need for a combination of in silico and in vitro assays to obtain a 
comprehensive view of sensitization potential.

The findings from the Local Lymph Node Assay (LLNA) were con
sistent with previous literature, with methyl stearate, 9-Octadecenoic 
acid, methyl ester, and Squalene displaying very high confidence 
(generally above 50 %) for not inducing skin sensitization. In fact, the 
lack of significant lymph node activation for long-chain fatty acid es
ters, as observed in this study, has been confirmed in numerous in vivo 
studies, where these compounds showed little to no skin sensitization 
[18,20]. Furthermore, the Human Repeat Insult Patch Test (HRIPT) 
data showed similar trends, with all compounds except Hexadecanoic 
acid, methyl ester falling within the applicability domain. This finding 
reflects the generally non-sensitizing nature of these esters in human 
models, which aligns with previous studies that reported no sensitiza
tion reactions for methyl esters in clinical settings.

In terms of ocular toxicity predictions, ADMETlab suggested mod
erate to high risks for eye irritation and corrosion, with probabilities 

Fig. 5. Binding profile and surface visualization of squalene with 1N3U protein. 
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ranging from 59.4 % to 98.6 %. However, these in silico predictions 
appear to be overly conservative when compared to in vivo data. For 
example, methyl stearate has been shown to be non-irritant in standard 
Draize eye irritation tests, with no significant ocular damage observed 
in rabbits [21]. Additionally, the compounds tested in this study were 
classified as non-corrosive to skin, which is consistent with findings 
from in vivo studies that report low irritation potential for fatty acid 
esters [22].

Regarding the predictions for photo-induced toxicity, phototoxicity, 
and photoallergy, the compounds were classified as non-toxic, con
sistent with findings from previous studies that showed no adverse 
phototoxic effects in human skin after exposure to esters like Squalene 
and methyl stearate [23]. These results suggest that the evaluated 
compounds are safe for use in cosmetic formulations exposed to light, 
further supporting their safety profiles. Overall, the in-silico models 
used in this study provide valuable insights into the potential toxicity 
and sensitization risk of the five compounds. The results suggest a low 
potential for skin sensitization and systemic toxicity, reinforcing the 
suitability of these compounds for use in cosmetic and topical appli
cations, although further experimental validation, particularly re
garding ocular irritation, is recommended. The findings highlight the 
utility of in silico platforms in providing early-stage predictions, but also 
emphasize the importance of integrating multiple methods to assess the 
safety of plant-derived compounds comprehensively.

The findings obtained in our study regarding the “support of anti- 
inflammatory responses and promotion of skin regeneration without 
disrupting endocrine and immune balance” are consistent with the 
study by Mokhtar et al., [24] which reported binding energies of –6.8, 
–7.4, and –8.6 kJ/mol for squalene from Chromolaena odorata extract 
against GSK3-β, MMP-9, and COX-2, respectively. Although in the lit
erature binding energies above –5 kcal/mol are generally considered 
indicative of high binding for anti-inflammatory effects, values between 
–6 and –9 kcal/mol for plant-based compounds also demonstrate strong 
affinity [25]. In our study, the in silico molecular docking analyses 
revealed binding energies of –7.1 kJ/mol for COX-2, –7.5 kJ/mol for 
MMP-9, and –6.9 kJ/mol for GSK3-β, fully aligning with the results of 
Mokhtar and colleagues and supporting the notion that squalene is a 
potential effective inhibitor for these targets. These moderate binding 
energies (–6 to –9 kJ/mol) suggest that squalene can achieve sufficient 
stabilization at receptor sites through hydrophobic interactions and π–π 
stacking, while also offering reversible modulation potential when 
compared to extremely strong (–12 kJ/mol or lower) interactions [26]. 
This profile is consistent with squalene’s ability to regulate inflamma
tion without causing a permanent inhibitory effect on the endocrine 
system. Such a balanced affinity–function relationship underscores the 
importance of docking simulations in nutraceutical research. The 
binding energy values of –8.2 kcal/mol for 1N3U (HO-1) and –9.3 kcal/ 
mol for 4I8V (CYP1A1) are close to the reported binding energies of 
–10.90 kcal/mol for hyaluronan synthase 2 (HAS2) and –9.99 kcal/mol 
for decorin—both of which play key roles in skin repair [27]. This si
milarity suggests that squalene may simultaneously support antioxidant 
and anti-inflammatory mechanisms, thereby playing a role in dermal 
regeneration processes.

Th17 cells play an important role in T-cell-mediated immune re
sponses, particularly in skin inflammation and immune balance. The 
enrichment of genes associated with Th17 cell differentiation suggests 
that compounds from A. retroflexus may influence skin immune re
sponses. This aligns with findings that some Amaranthus species exhibit 
anti-inflammatory properties, which could be attributed to their mod
ulation of immune pathways [28]. The inclusion of genes related to 
inflammatory bowel disease indicates that compounds from A. retro
flexus may have a broader anti-inflammatory effect. For example, stu
dies have demonstrated that Amaranthus extracts can modulate in
flammatory pathways, potentially offering therapeutic benefits for 
conditions such as colitis [29]. The enrichment in pathways related to 
chemical carcinogenesis underscores the role of A. retroflexus Ta

bl
e 

5 
Su

m
m

ar
y 

of
 n

on
-c

ov
al

en
t i

nt
er

ac
tio

ns
 b

et
w

ee
n 

sq
ua

le
ne

 a
nd

 p
ro

te
in

s.
 

Pr
ot

ei
ns

H
-B

on
d

Va
n 

de
r 

W
aa

ls
Pi

–P
i S

ta
ck

in
g

A
lk

yl
 In

te
ra

ct
io

ns

2A
Z5

-
-

PH
E1

24
 (

×
5)

LE
U

93
 (

×
2)

, [
00

1:
C2

8]
 (

×
2)

, [
00

1:
C2

9]
 (

×
3)

, [
00

1]
2Z

O
Q

-
-

TY
R1

30
 (

×
3)

, T
RP

20
9,

 T
YR

21
0

VA
L5

6,
 A

LA
69

, C
YS

18
3 

(×
3)

, I
LE

48
 (

×
2)

, M
ET

12
5,

 L
EU

17
3 

(×
4)

, V
A

L1
37

, L
YS

71
, L

EU
12

4,
 L

YS
16

8,
 P

RO
16

9,
 [

00
1:

C9
–C

11
],

 
[0

01
:C

26
–C

30
]

1N
3U

-
-

H
IS

25
, P

H
E2

07
 (

×
2)

, P
H

E2
14

 (
×

2)
A

LA
28

 (
×

2)
, M

ET
34

 (
×

2)
, L

EU
14

7 
(×

2)
, [

00
1:

C2
8]

4I
8V

-
-

PH
E1

23
 (

×
2)

, P
H

E2
24

 (
×

2)
, H

IS
38

8 
 

(×
5)

A
LA

31
7,

 V
A

L3
82

 (
×

2)
, A

RG
45

5 
(×

2)
, L

EU
96

 (
×

3)
, L

YS
10

4,
 L

YS
45

4 
(×

2)
, I

LE
38

6 
(×

2)
, L

EU
49

6 
(×

3)
, L

EU
14

7 
(×

2)
, I

LE
48

, 
[0

01
:C

9–
C1

1,
 C

26
–C

30
]

E.C. Aytar, A. Gümrükçüoğlu, E.I. Torunoğlu et al.                                                                                                                   Current Pharmaceutical Analysis 22 (2026) 10–22

20



compounds in cellular defense mechanisms against environmental 
stressors and toxicants. Amaranthus species have been reported to ex
hibit antioxidant and antimicrobial activities, which could contribute to 
their protective effects against oxidative stress and carcinogenesis [30]. 
Genes associated with fluid shear stress and atherosclerosis suggest that 
A. retroflexus compounds may influence endothelial function and tissue 
homeostasis. Research has shown that Amaranthus extracts can affect 
endothelial cell behavior, potentially impacting vascular health and 
tissue repair mechanisms [28].

Comparative studies have shown that bioactive peptides derived 
from Amaranthus exhibit anti-inflammatory and anticancer properties. 
For instance, hydrolyzed amaranth peptides have been found to inhibit 
NF-κB signaling, reducing inflammation in macrophage models [31]. 
These findings suggest that compounds derived from Amaranthus share 
functional similarities with other plant-derived bioactives in mod
ulating immune responses and inflammation.

The systems biology-based analysis of A. retroflexus compounds 
provides strong evidence for their broad-spectrum biological activity, 
encompassing immune modulation, anti-inflammatory effects, and 
tissue homeostasis. These findings not only validate traditional uses of 
Amaranthus species but also lay the foundation for future clinical re
search to explore their therapeutic potential in treating skin in
flammation and immune-related disorders.

5. Conclusion

This study integrated a multi-layered in silico strategy to evaluate 
the dermal bioactivity and safety profile of phytochemicals identified 
via GC-MS analysis, with a particular focus on Squalene. Following 
molecular docking results indicating high binding affinity of Squalene 

toward CYP1A1, subsequent analyses including gene expression mod
eling (LINCS L1000), pathway enrichment (Reactome), and tox
icological screening (Pred-Skin 3.0 and Endocrine Disruptome) were 
conducted to contextualize this interaction at the systems biology level. 
The findings demonstrated that Squalene not only possesses favorable 
non-sensitizing and non-endocrine-disruptive characteristics, but also 
contributes to the upregulation of genes involved in oxidative defense 
(e.g., GSTP1, SEPP1), metabolic regulation (e.g., GNAS), and cellular 
differentiation (e.g., HOPX, PBX1). These genes were significantly en
riched in biological pathways such as PKA activation in glucagon sig
naling and Differentiation of Keratinocytes in Interfollicular Epidermis, 
which are critical for immune modulation and epidermal homeostasis, 
respectively. Collectively, the results suggest that Squalene may serve 
as a biologically active, dermally safe candidate compound with the 
potential to support anti-inflammatory responses and skin regeneration 
processes without disrupting endocrine or immune balance. These 
findings highlight the importance of integrating computational docking 
with transcriptomic and pathway-based analyses to validate phyto
chemical bioactivity at the molecular and cellular systems level.
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Fig. 6. Binding profile and surface visualization of squalene with 4I8V protein. 
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