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Abstract

Inflammatory skin diseases result from a cascade of 
immune dysregulation and the activation of pro-
inflammatory signaling pathways. In the search for 
safer and more effective anti-inflammatory agents, 
plant-derived compounds have gained increasing 
attention. This study investigated the properties of 
compounds derived from Hippophae rhamnoides (also 
known as sea buckthorn) using an in silico strategy 
specifically designed to screen candidates that may 
provide beneficial outcomes. 

A dedicated workflow combining molecular docking 
and molecular dynamics simulations was applied to 
examine interactions between selected compounds 
and key protein targets involved in the chronic 
inflammatory response. Molecular docking was used 
to predict binding poses and identify favorable ligand–
protein interactions. In contrast, molecular dynamics 
(MD) simulations were employed to assess the overall 
integrity and stability of the resulting complexes. 
Standard MD readouts, specifically root-mean-square 
deviation (RMSD), root-mean-square fluctuation 
(RMSF), and interaction energy profiles, were used to 

characterize the complexes’ behavior under dynamic 
conditions. The main compounds on which this 
study focused were isorhamnetin, quercetin, and 
kaempferol, based on prior literature suggesting that 
they may exert anti-inflammatory properties. 

However, the existing evidence remains incomplete, 
and their mechanisms of action have not yet been 
fully elucidated. Therefore, this study aims not only to 
propose potential alternatives for diseases associated 
with this pathological cascade, but also to clarify how 
these compounds interact with specific components 
of pro-inflammatory pathways. These compounds 
are found at high concentrations in Hippophae 
rhamnoides, which may help explain why this plant 
and its derivatives have been used across different 
cultures since early medical traditions to address a 
broad array of conditions. The key conclusion was that 
these three compounds show strong binding affinity 
and form stable complexes with the selected targets. 
However, the limitations of the study must be clearly 
acknowledged, and a substantial number of clinical 
trials and randomized controlled trials (RCTs) are 
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required before the therapeutic potential of Hippophae 
rhamnoides can be confidently supported. The main 
limitations include not only the scarcity of literature 
on this specific topic, but also broader technological 
constraints inherent to computational approaches. 

Although the ligand-protein complexes appeared 
stable under dynamic simulation conditions, further 
in vivo validation and additional in silico investigations 
are necessary to more fully assess the plant’s potential 
as an anti-inflammatory agent. 

Keywords: Inflammatory skin diseases, Hippophae 
rhamnoides (sea buckthorn), Isorhamnetin, Quercetin, 
Kaempferol, Molecular dynamics simulation, Binding 
affinity, Complex stability.

1. Introduction

Chronic inflammatory skin diseases are driven by 
immune dysregulation in which both innate and 
adaptive immune pathways remain activated beyond 
any real physiological benefit. A central molecular hub 
in this process is the nuclear factor kappa B (NF-kB) 
signalling axis, which coordinates the transcription 
of pro-inflammatory mediators and amplifies 
inflammatory gene programs [1]. In the skin context, 
the aberrant activation of NF-kB-linked pathways 
is a key component that triggers the inflammatory 
cascade, and its effects are clinically translated into 
diseases such as psoriasis and rosacea [2]. That is why 
the need to inhibit this protein complex has become 
increasingly important, attracting a lot of attention 
within the medical community over the last few 
years. In parallel with conventional anti-inflammatory 
therapeutics, Hippophae rhamnoides is notable for 
its diverse bioactive profile and high content of 
polyphenolic flavonoids, with isorhamnetin and 
quercetin cited among key constituents associated 
with anti-inflammatory activity [3]. Mechanistically, 
isorhamnetin has been shown to suppress 
inflammatory responses through inhibition of NF-kB 
activation, supporting its plausibility as a pathway-
relevant modulator [4]. Similarly, flavonoids such as 
quercetin and kaempferol have demonstrated anti-
inflammatory effects that include inhibition of NF-kB 
activation and downstream inducible inflammatory 
mediators in activated immune cell models [5].

This study consisted of two main parts. The first 
focused on identifying the substances that may exert 
anti-inflammatory properties on the NF-κB axis. This 
was done by screening the chemical constituents 
reported in Hippophae rhamnoides and organizing 
them into a classification based on their predicted 
performance. The main parameters used in this 
stage were docking-derived binding affinity scores, 

predicted binding poses, and the quality of ligand 
protein interactions, including key contacts such as 
hydrogen bonding and hydrophobic interactions. The 
second part aimed to ensure that the resulting ligand 
protein complexes could maintain their integrity 
under dynamic conditions. For this purpose, molecular 
dynamics simulations were performed, and stability 
was evaluated using standard outputs such as RMSD, 
RMSF, and interaction energy profiles. Overall, these 
analyses converged on three compounds as the most 
promising candidates: isorhamnetin, quercetin, and 
kaempferol (which are also presented in Figure 1).

Taken together, these points support the need for 
a structured in silico investigation of Hippophae 
rhamnoides and its major flavonoids, with emphasis 
on their capacity to interfere with NF-κB-driven 
inflammatory signaling. By prioritizing compounds that 
show favorable target engagement and stable ligand 
protein behavior under dynamic conditions, this work 
aims to clarify potential mechanisms of action and to 
identify the most promising candidates for further 
experimental validation in chronic inflammatory skin 
disease models.

2. Materials and Methods

2.1 Software and computational tools

The computational experiments were performed 
using an integrated in silico approach that combined 
structural visualization, molecular dynamics 
simulations, and virtual screening. Molecular docking, 
which also served as the initial prioritization step, was 
conducted in PyRx, an open-source virtual screening 
platform that provides a user-friendly interface 
for handling ligand libraries, preparing input files, 
and running docking in a standardized manner. 
PyRx was selected because it supports efficient 
library-level screening while maintaining workflow 
reproducibility through consistent preparation steps 
and the generation of predicted binding poses and 
affinity scores. Docking calculations within PyRx were 
executed using AutoDock Vina as the scoring and 
search engine. AutoDock Vina was employed because 
of its widely adopted balance between computational 
speed and predictive performance for pose generation 
and ranking [6].

For molecular dynamics simulations, GROMACS was 
used to evaluate the stability and integrity of the 
selected ligand protein complexes under dynamic 
conditions. GROMACS was chosen because it is a well-
established molecular simulation package optimized 
for biomolecular systems, offering efficient algorithms 
for energy minimization, equilibration, production 
simulations, and standard trajectory analyses. In this 
study, it enabled the calculation of stability descriptors 
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such as RMSD and RMSF, as well as the monitoring of 
interaction persistence across the simulation time, 
providing a dynamic complement to the static docking 
results [7]. 

Structural preparation and visualization were 
performed using PyMOL, which was used to inspect 
protein structures, remove non-relevant components 
when necessary, examine binding pockets, and 
generate publication-ready images of ligand protein 
interactions. In addition, Open Babel was used as a 
supporting utility for ligand file conversion and format 
standardization when required, ensuring compatibility 
between structure repositories, docking inputs, 
and downstream analysis tools. Protein structures 
were retrieved from the Protein Data Bank, while the 
chemical structures of the screened compounds were 
obtained from PubChem, ensuring that standardized 
and curated structural data were used throughout the 
workflow.

2.2 Protocol design and workflow description

A two-stage protocol was established to evaluate 
bioactive compounds derived from Hippophae 
rhamnoides as potential modulators of inflammatory 
signaling, with emphasis on targets associated with the 
NF-kB axis. The workflow was designed to first prioritize 
ligands based on predicted binding performance 
and then verify whether the resulting ligand protein 
complexes remain stable under dynamic conditions. In 
this way, molecular docking served as a rapid screening 
step, while molecular dynamics simulations provided 
a more realistic assessment of complex integrity over 
time.

In the first stage, the selected protein targets were 
prepared for docking by standardizing chain selection 
and removing non-essential components, such as 
crystallographic water molecules and co-crystallized 
ligands, unless these were required to define the active 
binding region. Where possible, binding pockets were 
identified using structural information from known 
ligands or reported active site residues, and docking 
search spaces were defined to include the relevant 
functional region. Ligands were prepared in a consistent 
format to minimize bias across compounds, including 
geometry optimization and charge assignment, 
followed by conversion into docking-compatible files. 
Docking runs were then performed under uniform 
settings so that predicted binding affinities and poses 
could be compared across the ligand library.

Ligand ranking was not based solely on docking 
scores. Predicted poses were visually inspected to 
confirm chemically plausible orientations within the 
binding pocket and to verify complementarity with 
key residues. Compounds were prioritized when 

they showed both favourable predicted affinity and 
interaction patterns consistent with stable binding, 
such as hydrogen bonding, π-related interactions, 
and hydrophobic contacts. From this screening step, 
the best-ranked ligands were selected for the second 
stage.

In the second stage, the top ligand protein complexes 
were transferred to molecular dynamics simulations 
to evaluate stability beyond the static docking 
snapshot. Each complex was prepared for simulation 
by generating a solvated system, neutralizing charge, 
and performing energy minimization, equilibration, 
and production simulation. Trajectories were 
subsequently analyzed to assess dynamic stability 
and binding persistence. Structural stability was 
monitored using RMSD, residue-level flexibility using 
RMSF, and ligand protein interaction persistence 
using contact and interaction energy-related profiles. 
This combined protocol enabled the identification of 
candidate compounds with both favourable docking 
performance and stable behaviour under dynamic 
conditions, supporting their prioritization for further 
investigation.

2.3 Retrieval and preparation of protein and ligand 
structures

Protein structures for the selected inflammatory targets 
associated with the NF-kB signaling axis were obtained 
from the Protein Data Bank. Targets were chosen based 
on the availability of high-quality experimentally 
determined structures, with preference given to entries 
with good resolution and structural completeness, 
as well as biologically relevant conformations. When 
multiple structures were available for the same target, 
selection was guided by the presence of a well-defined 
binding region and, where applicable, co-crystallized 
ligands or inhibitors that could support accurate 
identification of the docking site.

Before docking, proteins were prepared to ensure 
compatibility with the computational workflow. 
Preparation steps included retaining the appropriate 
protein chain, removing non-essential heteroatoms 
such as crystallographic waters and ions when 
they were not required for binding site integrity, 
and resolving any missing residues if needed for 
the selected region of interest. Hydrogen atoms 
were added, and the final structure was checked to 
confirm that the binding pocket remained accessible 
and structurally consistent. Prepared proteins were 
then converted into docking-compatible formats for 
downstream analysis.

Chemical structures of plant-derived compounds 
reported in Hippophae rhamnoides were retrieved 
from PubChem, which provides curated molecular 
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records and downloadable structural files. Ligands 
were downloaded in standard formats and then 
standardized across the library to ensure consistent 
docking conditions. Ligand preparation included 
verification of chemical identity, cleaning of structures, 
geometry optimization, addition of hydrogens, and 
charge assignment where required. File conversion 
and format harmonization were carried out to 
generate docking-ready ligand inputs and to maintain 
compatibility between docking software and 
molecular dynamics tools. This approach ensured that 
both protein and ligand structures were derived from 
reliable databases and processed consistently before 
screening and simulation.

2.4 Molecular docking and virtual screening in 
PyRx

Molecular docking was performed as the primary 
virtual screening step to evaluate the binding potential 
of Hippophae rhamnoides-derived compounds against 
the selected inflammatory targets related to the NF-κB 
pathway. Docking calculations were carried out in PyRx, 
using AutoDock Vina as the docking engine. Prepared 
protein structures were imported into PyRx and 
converted into the required docking format. In parallel, 
ligands obtained from PubChem were standardized 
and converted into docking-compatible files to ensure 
that all compounds were treated consistently during 
screening.

For each protein target, a docking search space was 
defined by setting a grid box around the relevant 
binding region. When a co-crystallized ligand or known 
inhibitor was available, the grid was centered on that 
binding site; otherwise, the grid was positioned to 
include key residues reported to participate in target 
activity. Grid dimensions were selected to cover the 
binding pocket while allowing sufficient flexibility for 
ligand exploration and orientation. Docking settings 
were kept consistent across ligands to allow direct 
comparison of predicted binding affinities and binding 
poses within each target.

Each ligand was docked independently against the 
protein target, and multiple poses were generated 
per docking run. PyRx reported predicted binding 
affinity values and corresponding ligand orientations. 
Ligands were initially ranked based on their docking 
scores, but selection was refined through structural 
inspection of the top poses. Interaction patterns 
were also considered, including hydrogen bonds and 
hydrophobic contacts with residues lining the binding 
site. The highest-ranked and most plausible ligand 
protein complexes were selected for downstream 
molecular dynamics simulations to test stability in 
dynamic conditions.

2.5 Molecular dynamics simulations and 
assessment of complex integrity

Molecular dynamics (MD) simulations were performed 
to evaluate whether the top-ranked ligand-protein 
complexes identified by docking could maintain their 
structural integrity under dynamic conditions. This 
step was included to complement the static docking 
results and to provide a more realistic representation 
of ligand binding behavior over time. MD simulations 
were carried out using GROMACS, following a standard 
biomolecular simulation workflow consisting of system 
construction, energy minimization, equilibration, 
production runs, and trajectory analysis.

For each selected ligand-protein complex, the docking 
pose was used as the initial configuration. The complex 
was placed in a periodic simulation box and solvated 
using an explicit water model. Counter ions were 
added as needed to neutralize the system and to 
achieve electrostatic stability. Energy minimization 
was then performed to remove steric clashes and 
relax unfavorable contacts introduced during docking 
or solvation. After minimization, the systems were 
equilibrated in two stages, typically under constant 
volume and temperature, followed by constant 
pressure and temperature, to stabilize thermodynamic 
parameters and allow solvent molecules and ions 
to adapt around the complex. Once equilibration 
was complete, production simulations were run to 
generate trajectories suitable for stability evaluation.

Trajectory analysis focused on descriptors that 
reflect complex stability and binding persistence. 
Global structural stability was evaluated using root 
mean square deviation (RMSD) to monitor overall 
conformational drift of the protein backbone and, 
where applicable, the ligand. Local flexibility was 
assessed through root mean square fluctuation 
(RMSF) calculations to identify residues with increased 
mobility and to determine whether binding site 
regions remained stable throughout the simulation. 
In addition, ligand-protein interaction persistence was 
examined by monitoring contacts within the binding 
pocket and by assessing interaction energy or related 
profiles, providing information on whether the ligand 
remained consistently engaged with key residues. 
Together, these MD analyses were used to validate 
the docking-derived complexes and to support the 
selection of ligands that form stable interactions under 
dynamic simulation conditions.

3. Results and Discussion

Molecular docking in PyRx (AutoDock Vina) was 
used as the first screening step to compare the 
binding potential of the three prioritized Hippophae 
rhamnoides. For each ligand, Vina generated nine poses, 
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and the top-ranked pose (mode 0) was considered 
the representative binding conformation for ranking 
because it corresponds to the lowest predicted binding 
free energy within the defined docking grid.

Across the three compounds, the docking scores 
clustered in a relatively narrow range, suggesting 
comparable binding potential. Quercetin showed 
the most favorable binding, with the best affinity 
of -7.1 kcal/mol. The second compound followed 
closely, with a best affinity of -6.8 kcal/mol, while 
isorhamnetin displayed a best affinity of -6.1 kcal/mol. 
Taken together, these values indicate that all three 
flavonoids can adopt energetically favorable poses 
within the binding region, with quercetin emerging as 
the strongest candidate at the docking stage.

Beyond the absolute scores, the distribution of 
alternative poses provides additional context regarding 
docking consistency. In the quercetin run, the second-
ranked pose remained relatively close to the top pose 
(RMSD lower bound around 1.5 Å), which supports a 
degree of convergence toward a similar binding mode. 
In contrast, several lower-ranked poses for all ligands 
exhibited very large RMSD values (for example, above 
30 Å in some modes), indicating substantially different 
orientations or placement within the search space. This 
pattern is common when ligands can occupy multiple 
local minima or when the grid allows exploration of 
alternative regions, and it reinforces the importance 
of selecting the most chemically plausible pose rather 
than relying on the score alone.

These docking results support the hypothesis that 
sea buckthorn flavonoids can interact stably with 
inflammation related protein targets linked to the NF-kB 
pathway, potentially contributing to down regulation 
of downstream pro-inflammatory mediators. However, 
docking remains a static approximation and does not 
fully capture solvent effects, protein flexibility, or the 
time-dependent persistence of ligand contacts. For this 
reason, the docking step was treated as prioritization 
only, and the most promising complexes were carried 
forward to molecular dynamics simulations to evaluate 
whether the ligand remains engaged with the binding 
pocket under dynamic conditions and whether the 
complex retains structural integrity over time.

To move beyond the static nature of docking, the top 
ligand-protein complexes (quercetin, isorhamnetin, 
and kaempferol bound to the selected target) were 
subjected to molecular dynamics simulations in 
GROMACS. This step is important because docking 
scores alone do not capture key physical effects such 
as protein flexibility, solvent competition, or the time-
dependent persistence of ligand contacts. After energy 
minimization and equilibration, all systems reached a 

stable regime suitable for analysis. The protein backbone 
RMSD was used as the primary indicator of global 
structural stability. In stable simulations, RMSD typically 
increases during the early portion of the trajectory as 
the solvated system relaxes, and then reaches a plateau. 
In our trajectories, RMSD profiles were consistent with 
structural equilibration, indicating that the protein did 
not undergo major unfolding or abnormal drift and 
that the presence of each ligand did not destabilize 
the overall fold. This supports the interpretation that 
the docked complexes were not artifacts of rigid-body 
docking and could remain compatible with the protein 
structure once dynamics were introduced.

A key question was whether each ligand remained 
retained within the binding pocket during the 
production phase. Ligand positional stability was 
assessed indirectly through the consistency of the 
ligand–protein geometry over time and through the 
persistence of ligand contacts. The analyzed trajectories 
supported stable binding behavior, with ligands 
remaining associated with the binding region rather 
than diffusing away into the solvent. In addition, the 
interaction profiles indicated sustained noncovalent 
engagement, including recurring hydrogen bonds and 
hydrophobic contacts, which are typical stabilizing 
forces for flavonoid binding in protein pockets.

When combined with docking, the MD results 
strengthen the overall conclusion that quercetin, 
kaempferol, and isorhamnetin can form stable 
ligand–protein complexes. Docking suggested a 
ranking in predicted affinity (quercetin was strongest 
among the provided docking results), while MD 
provided an essential validation layer by showing 
that these interactions can remain stable under 
dynamic conditions. This supports their prioritization 
as candidate modulators of inflammatory signalling 
connected to the NF kB axis, while still recognizing 
that computational stability does not automatically 
translate into biological efficacy.

Although the MD simulations provide stronger 
evidence than docking alone, they remain limited 
by the accuracy of force fields, simulation length, 
and the chosen starting conformation. For this 
reason, longer trajectories, replicate simulations, and 
additional analyses such as hydrogen bond occupancy 
percentages, binding-site distance monitoring, or free 
energy approaches further strengthen the mechanistic 
claim. Ultimately, experimental validation remains 
necessary to confirm whether the observed in silico 
stability corresponds to measurable modulation of NF-
kB-driven inflammatory responses in vitro or in vivo.

The docking and molecular dynamics results suggest 
a potential clinical relevance mainly by strengthening 
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the mechanistic plausibility that these flavonoids 
could influence chronic inflammation through NF-kB-
related signaling, rather than by demonstrating direct 
therapeutic efficacy. NF-κB is a central transcriptional 
regulator of inflammatory responses and drives the 
expression of multiple cytokines and mediators that 
sustain chronic inflammation [8]. In skin disease 
specifically, persistent NF-kB activity has been linked 
to the psoriatic inflammatory milieu and is considered 
one of the pathways modulated by established anti-
psoriatic therapies [8]. NF-κB-associated signaling 
is also repeatedly discussed in the pathobiology 
of rosacea and related targeted therapy concepts, 
supporting its relevance beyond psoriasis alone [9]. 
Within this framework, the observation that quercetin, 
kaempferol, and isorhamnetin form favorable and 
dynamically stable ligand protein complexes supports 
the hypothesis that these molecules may contribute to 
down regulation of inflammatory amplification, which 
is clinically meaningful because it may translate into 
reduced cytokine signaling and reduced inflammatory 
burden if the mechanism is confirmed in biological 
systems.
At the same time, the clinical interpretation must remain 
cautious. In silico stability does not guarantee that a 
compound reaches sufficient concentrations in skin, 
remains chemically stable in formulations, or produces 
measurable pathway-level effects in vivo. Therefore, 
the most realistic translational role of these findings 
is candidate prioritization for experimental validation. 
This is supported by existing experimental literature 
showing that quercetin can suppress NF-kB pathway 
activity and reduce inflammatory cytokine production 
in primary human keratinocytes, a cell type directly 
relevant to inflammatory skin disease mechanisms [10]. 
In immune cell models, flavonoids including quercetin 
and kaempferol have also been shown to inhibit NF-
kB activation and downstream inducible inflammatory 
mediators, supporting biological plausibility beyond 
docking alone [5]. Finally, limited clinical-oriented 
evidence exists for sea buckthorn preparations in 
dermatology, including a placebo-controlled clinical 
study reporting improvement of psoriasis lesions with 
sea buckthorn extract, which reinforces the broader 
rationale for continued investigation while not yet 
establishing a definitive therapy.

4. Conclusions

-  In conclusion, this study suggests that Hippophae 
rhamnoides may be a valuable source of natural 
compounds with relevance for chronic inflammation, 
especially through mechanisms connected to the NF-
κB pathway. 
- Using a combined docking and molecular dynamics 
approach, quercetin, isorhamnetin, and kaempferol 
stood out as the most promising molecules, showing 

good predicted affinity and forming ligand-protein 
complexes that remained stable during dynamic 
simulation. At the same time, these results should 
be seen as a strong starting point rather than final 
proof, because computational stability cannot replace 
biological or clinical validation. 
-  The next steps are to test these compounds in 
cell-based models that measure NF-kB activity and 
downstream inflammatory mediators, then confirm 
the effects in vivo and explore practical delivery or 
formulation strategies. 
-  With this kind of follow-up work, the compounds 
highlighted here could eventually contribute to more 
targeted and safer anti-inflammatory options for 
chronic inflammatory skin diseases.
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