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ABSTRACT
Natural bioactive compounds continue to attract scientific attention due to their safety, accessibility, and broad
therapeutic potential. Among these, monoterpenes present in essential oils have shown promising pharmacological
activities, including neuroprotective effects. The present study aimed to evaluate the neuroprotective potential of p-
cymene, a widely distributed monoterpene, using in silico molecular docking and in vitro neuroprotective assessment
in SH-SY5Y cells. Molecular docking was performed using AutoDock against selected target proteins to understand
binding affinity and interaction patterns. The docked phytochemicals exhibited binding energies ranging from —6.4 to
—9.6 kcal/mol, indicating favorable interactions primarily mediated through van der Waals and alkyl forces, suggesting
potential modulation of protein activity through non-covalent interactions. For experimental validation,
neuroprotection was assessed using the MTT assay in SH-SYS5Y cells exposed to increasing concentrations of p-
cymene (1-10 mg/mL). The results demonstrated a clear dose-dependent response. Lower concentrations to medium
concentrations (1 and 7 mg/mL) showed increased cell viability compared to control, indicating possible enhancement
of mitochondrial activity or adaptive cellular responses. However, a slight decline in cell viability was observed at
higher concentrations, with slightly lesser neuroprotective effects at 10 mg/ml. Overall, the study highlights the
biphasic biological behavior of p-cymene, characterized by non-toxic or mildly stimulatory effects at low
concentrations and pronounced cytotoxicity at higher doses. These findings support the potential of p-cymene as a
bioactive compound with concentration-dependent therapeutic relevance, warranting further mechanistic and
preclinical investigations.
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1. Introduction In neuroprotective therapy, the harmful side effects of

Medicinal plants have long been considered a rich
source of natural bioactive compounds due to their
relatively cheap, easily available, and generally non-
toxic nature. Because of this, they are often integrated
into traditional systems of healthcare [1]. It is
estimated that close to 75% of the world population
depends, either directly or indirectly, on plant-based
therapies for various critical disorders. A WHO study
estimated that almost 21,000 plant species may have
potential medicinal use. The huge diversity
represented continues to drive research efforts for the
discovery of useful phytochemicals from various plant
sources [2].

Compared to synthetic drugs, medicines of plant
origin are often considered safer, with fewer toxicities.

conventional synthetic drugs have motivated scientists
to explore other neuroprotective agents from natural
sources [3]. Various investigations have pointed out
that bioactive phytochemicals can inhibit key stages in
the progression of neurodegeneration. Some
phytochemicals have already been approved by the
FDA as active ingredients in drugs for neuronal
activity, which proves their pharmacological
significance. Therefore, natural compounds continue
to be a fascinating prospect for the design of novel
neuroprotective drugs [4,5].

Monoterpenes serve key functions in the fragrance
quality of many plants and are major constituents of
essential oils. Due to their impact on the VOC
emission profiles, mediating interactions between
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plants and insects, these chemicals also contribute to
complex ecological interactions beyond their sensory
function [6]. By directly and indirectly modulating
levels of ROS, monoterpenes also support plants'
responses to oxidative stress. By modulating
photosynthetic  efficiency and partitioning of
metabolic resources, they also enable plants to respond
to a range of abiotic stresses [7].

Although plants are the main source of monoterpenes,
mammals and microbes can also produce them.
Saccharomyces cerevisiae has been engineered to
produce geraniol, while other engineered microbial
systems such as Escherichia coli have also been
developed for limonene production [8]. Some insects
naturally synthesize monoterpenes; for example,
honeybees secrete certain monoterpenes from their
mandibular glands to facilitate in-hive signaling, while
the pine bark beetles use them for pheromonal
communication. Monoterpenes are the structural
derivatives of geranyl diphosphate and are synthesized
through methods such as isomerization and
cyclization. They are isoprenoids, consisting of two
joined isoprene units and 10 carbon atoms [9].
Monoterpenes are a class of compounds showing a
wide range of pharmacological properties, such as
analgesic, anti-inflammatory, neuroprotective and
anticancer actions. Further bioactivities as antifungal,
antibacterial, antioxidant, antispasmodic, and
vasodilatory properties are highlighted in recent
scientific studies. Moreover, experimental
investigations point to potential neuroprotective
properties, such as antidepressant and anxiolytic
advantages, as well as memory improvements in
models of dementia and Parkinson's disease [10].
Several monoterpenes, including borneol, camphor,
geraniol, pinene, and thymol, have generated
particular interest because of their promising
therapeutic potential across a wide range of medical
specialties. P-cymene is one of the most widespread
monoterpenes, occurring in more than 100 plant
species. It is commonly used as an active ingredient
in various fungicides and insecticides and as a
flavoring in the food industry. The JECFA has
established a toxicological threshold of 1800 pg per
person per day for p-cymene, belonging to structural
class I, which describes effective metabolism, a simple
chemical structure, and minimal oral toxicity. Besides
that, a safety assessment performed in 2021 did not
show any evidence for human genotoxicity. IFRA
classes p-cymene as non-toxic, non-persistent, and
non-bio accumulative [11,12].

A crucial regulatory enzyme in the phosphoinositide-
3-kinase (PI3K)/Akt signaling pathway, Akt,
sometimes referred to as protein kinase B, is essential
for cellular homeostasis and neuronal survival. The
active conformation of Akt and its functional
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involvement in intracellular signaling are shown by
structural models like PDB ID: 1TUNQ [13]. One of the
most crucial survival mechanisms in the nervous
system, activation of the PI3K/Akt pathway in neurons
shields cells against apoptosis, oxidative stress,
mitochondrial malfunction, excitotoxicity, and
neuroinflammation [14,15].

Growth factors such as brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), insulin-
like growth factor-1 (IGF-1), or insulin bind to their
specific receptors, activating PI3K and converting
PIP2 to PIP3. When PIP3 builds up, Akt is drawn to
the plasma membrane, where it is phosphorylated and
fully activated [16]. Suppression of pro-apoptotic
proteins, increase of antioxidant defense, suppression
of glycogen synthase kinase-3f (GSK-3f), and
stimulation of mTOR signaling involved in protein
synthesis and neural repair are just a few of the
downstream processes that are regulated by activated
Akt.  Neurodegenerative  conditions including
Parkinson's disease, Alzheimer's disease, and
amyotrophic lateral sclerosis have been connected to
dysregulation of PI3K/Akt signaling. The inactive
Aktl kinase domain (PDB ID: 4URO) and other
structural investigations provide light on the
pathogenic pathways linked to Alzheimer's disease
and how defective Akt signaling relates to insulin
resistance in the brain [17,18].

2. Materials and Methods

2.1. Retrieval and preparation of ligands
Three-dimensional (3D) structures of selected
compounds were downloaded from pubchem in SDF
format. The ligand molecules were prepared, for
docking by open babel in AutoDock. The roots were
detected and torsion count was done. The prepared
molecules were saved in PDBQT format

2.2. Retrieval and preparation of Protein.

1UNQ and 4URO was chosen as the target protein for
this study due to its significant role in the progression
of diabetes. The three-dimensional structure was
obtained in PDB format from the Protein Data Bank
(Figure 1). To prepare the protein for docking studies,
unnecessary components such as water molecules,
heteroatoms were removed and further processing was
done using AutoDock tools, where polar hydrogens
were added Kollman charges (—4.666) were assigned.
A three-dimensional grid box was defined to blind
docking, with dimensions of 126x 126 x 126 A,
ensuring the target region was accurately covered.
After all modifications and energy minimization, the
final prepared protein structure was saved in PDBQT
format, making it ready for molecular docking
simulations [19,20].
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Fig 1: (a) TUNQ and (b) 4URO 3D structures
utilized in the study.

2.3. Binding affinity and molecular docking
The AutoDock program was used to execute blind
docking using the target protein and ligand molecules
produced PDBQT files. An out.pdbqt file with details
on different binding conformations was created from
the docking data. Protein—ligand complexes were
created using these output files and the protein
structure; they were then stored in PDB format for
analysis. BIOVIA Discovery Studio (3D) was used to
see and study the interactions of the docked
complexes. The complexes with the strongest
hydrogen bond interactions and the lowest binding
energies were selected for more study, suggesting that
they might be effective treatment options [21].
2.4. Preparation of stock
For the cytotoxicity tests, a stock solution of the
extract was made by dissolving the crude material in
DMSO and passing it through a 0.22 pm membrane
filter to ensure sterility. Fresh working concentrations
were made in the whole culture medium [22].
2.5. Justification for Selection of Test system
. SHSYS5Y cells are derived from mouse

embryonic fibroblasts and are widely used as a

1JDDT, Volume 16 Issue 63s, 2026

Cells

model system for studying neurodegenerative
diseases, adipogenesis, obesity, diabetes, and
lipid metabolism. These cells are capable of
differentiating into adipocyte-like cells under
appropriate conditions, making them a valuable
tool for investigating metabolic regulation and
the effects of bioactive compounds. SHSYSY
cells are also relatively easy to culture and
maintain in vitro, which makes them suitable
for cytotoxicity screening using MTT assays
[23].

. Since the MTT assay relies on the reduction of
MTT to formazan by mitochondrial
dehydrogenases, cell types with active
mitochondria provide more reliable and
quantifiable results. SHSYSY cells possess
functional mitochondria and exhibit moderate
mitochondrial  activity both in  their
preadipocyte and differentiated adipocyte
states, making them appropriate for assessing
cell wviability, proliferation, and metabolic
activity using MTT-based assays [24].

2.6. Solubility
The highest concentration (10mg/mL) of TI
was dissolved and vortexed for proper mixing
[25].

2.7. Selection of Dose
The neuroprotection was determined up to the
highest concentration 10 mg/ml [26].

2.8. Formulation

The testing molecule was dissolved and filtered
using 0.22 um filter for sterilization.
Serial two-fold dilutions will be prepared in the
selected broth medium to generate a
concentration range, 1 mg/ml, 3 mg/ml, 5
mg/ml, 7 mg/ml and 10 mg/ml [27].

2.9. Study Design

For evaluation of cytoprotective potential MTT
Assay was performed, and absorbance was
measured at 570 nm using a microplate reader.

Neuroprotective Assay

MTT Concentration | 10mg/mL in PBS
Seeding Density 1x 10% cell per well
Absorbance 570 nm under microplate
reader
2.10. MTT Assay

e For preparation of MTT solution, MTT was
added into PBS to make it 5Smg/mL

e MTT solution was sterilized through 0.2 uM
filter into a sterile, light protected container.

e The MTT solution was stored at 4°C for frequent
use or at -20°C for long term storage. For assay
protocol 10000 cells per well were seeded in 96-
well plates containing a final volume of
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100 pL/well in Triplicates along with vehicle and
positive control.

e Cells was incubated for 24-48 hours.

e Then MTT solution was added to cells and
incubate the plates in Incubator for 4h at 37°C.

e 100 pL solubilization solutions was added to
each well to dissolve formazan crystals and
ensure the complete Solubilization.

e After 20-30 minutes of adding Solubilization
solution absorbance was recorded at 570 nm
[28,29].

2.11.  Observation
e For Cytotoxicity assay absorbance value was
measured at 570 nm. Increase in absorbance
indicates higher cell viability and lower toxic
effect. ICso (Half-Maximal Inhibitory
Concentration) was also measured to estimate the
cytotoxicity.
1 — Mean
Absorbance
% _ (C)ZHS treated
Inhibition — 100
Mean
Absorbance
of control
e ICso results was determined from the linear
regression graph, % inhibition versus test
concentrations [30,31].

3. Result
3.1. Binding affinity and interactions in molecular
docking

A range of interaction strengths among the chosen
phytochemicals was shown by the docked protein—
ligand complexes' binding affinities, which varied
from -7.6 to -6.4 kcal/mol. With the lowest binding
energy, the ligands indicated a substantial potential
interaction. Nevertheless, in spite of this positive
score, the complex showed no hydrogen bonds,
suggesting that there were no substantial polar
interactions between the protein targets. On the other
hand, the majority of the ligands interacted with the
protein by alkyl or Van der Waals forces. These non-
covalent interactions imply that the substances may
bind to both the active site and allosteric areas, which
might indirectly modulate the protein's activity. This
demonstrates the ligands varied binding patterns and
their capacity to alter protein activity via a variety of
binding mechanisms.
L 1UNQ docking interactions
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11.

Fig 2 (a-d): Illustrates the 3D interaction

between the IUNQ and the ligands.

Fig 2 (a-d): Illustrates the 3D interaction
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3.2. Cell line studies

The MTT assay results demonstrated that p-Cymene
maintains cell viability above the cytotoxic threshold
across all tested concentrations. According to
established cytotoxicity criteria (>80% viability), all
concentrations evaluated can be considered non-
cytotoxic. Notably, lower concentrations (1 mg/mL
and 3 mg/mL) significantly enhanced cell viability to
121.89% and 116.46%, respectively, indicating a
stimulatory effect on cellular metabolism and
suggesting potential neuroprotective activity. At 5
mg/mL, viability remained above baseline (105.65%),
further supporting its safety and functional
compatibility with cells.

Although a gradual decline in viability was observed
at higher concentrations (92.86% at 7 mg/mL and
81.60% at 10 mg/mL), the values remained within the
non-toxic range. However, this reduction indicates the
onset of cellular stress at elevated doses. Overall, these
findings suggest that p-Cymene is non-cytotoxic
across the tested range, with optimal neuroprotective
potential observed at lower concentrations (1-5
mg/mL), where enhanced cell viability reflects
improved cellular resilience and metabolic activity.

MTT of p-Cymene

Sampl

e Replica | Replica | Replica

Grou |tel te 2 te 3 Rlcas
P

Contr | 100.000 | 100.000 | 100.000 | 100.00
ol 0 0 0 00
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With increasing concentrations of p-Cymene, mild and
gradual morphological alterations were observed in the
treated cells, consistent with a dose-dependent response. In
the control group, cells exhibited a healthy, dense monolayer
with a typical elongated morphology. At 1 mg/mL, cells
appeared predominantly normal with intact morphology and
no noticeable signs of damage, supporting enhanced cell
viability. Similarly, at 3 mg/mL, the majority of cells retained
their structural integrity, with only minimal and early signs of
cellular stress, such as slight rounding or minor
discontinuities in the monolayer.

At 5 mg/mL, a modest reduction in cell density and
occasional cell detachment were observed; however, the
overall monolayer structure remained largely preserved,
indicating maintenance of cellular integrity. At higher
concentrations (7 mg/mL and 10 mg/mL), more evident
morphological changes such as increased cell rounding,
partial detachment, and mild loss of confluence were noted.
Despite these alterations, the overall cell population remained
largely intact, correlating with viability values remaining
above the non-cytotoxic threshold (>80%).
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Overall, the morphological observations suggest that p-
Cymene does not induce severe cytotoxic damage within the
tested concentration range. Lower concentrations (1-5
mg/mL) maintain normal cellular architecture and may
support cellular health, while higher concentrations (7-10
mg/mL) show early signs of cellular stress without extensive
structural damage, supporting its potential safety and
neuroprotective profile within an optimal concentration
range.

3.3. ICS0 Studies

The MTT assay results demonstrated a concentration-
dependent biphasic response of p-cymene in SH-
SYSY cells. Lower concentrations (1-5 mg/mL)
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enhanced cell viability above the control, indicating
potential neuroprotective activity through improved
mitochondrial function and cellular metabolism. In
contrast, higher concentrations (7-10 mg/mL) showed
a gradual decline in viability, reflecting the onset of
mild cytotoxic stress. However, since cell viability
remained above 80% at all tested concentrations, p-
cymene can be considered non-cytotoxic within the
investigated dose range. These findings suggest that p-
cymene  possesses ~ promising  neuroprotective
properties at lower doses while exhibiting minimal
cytotoxicity at elevated concentrations.

Concentr | Mean | % Interpretation of

ation Cell Inhibi | Neuroprotective/
(mg/mL) | Viabi | tion Cytotoxic Effect
lity
(%)
Control 100.0 | 0.00 Represents normal
0 healthy SH-SYSY
cells without
treatment.
I mg/mL | 121.8 | -21.89 | Significant
9 increase in cell
viability indicates
strong
neuroprotective

and proliferative
activity of  p-
cymene. Enhanced
mitochondrial
activity and
improved cellular
metabolism  may
contribute to this
effect.

3mg/mL | 1164 | -16.46 | Cells maintained
6 excellent viability
with mild
stimulatory
effects, suggesting
continued
neuroprotective
potential and
absence of
cytotoxicity.
5mg/mL | 105.6 | -5.66 Cell viability
6 remained  above
the control level,
demonstrating
good cellular
compatibility and
non-cytotoxic
behavior.

Slight reduction in
viability suggests
the onset of mild

7mg/mL | 92.86 | 7.14

cellular stress;
however, viability
remained  above
the accepted non-
cytotoxic threshold
(>80%), indicating
relative safety.
Moderate decline
in cell viability
indicates early
dose-dependent
cytotoxic effects.
Despite  reduced
viability, cells
remained  within
the non-cytotoxic
range, suggesting
limited toxicity at
higher
concentrations.

10 mg/mL | 81.60 | 18.40

Conclusion

The present study provides a comprehensive
evaluation of the cytotoxic profile of p-cymene
through an integrated in silico and in vitro approach.
Molecular docking analysis revealed favorable
binding affinities between selected phytochemicals
and the target protein, primarily mediated by non-
covalent interactions such as van der Waals and alkyl
forces. These interactions suggest a potential ability of
monoterpenes to modulate protein  function,
supporting their pharmacological relevance and
justifying further biological evaluation.

The in vitro cytotoxicity assessment using the MTT
assay in SH-SYS5Y cells demonstrated a clear
concentration-dependent cellular response to p-
cymene. At lower concentrations (1-3 mg/mL), p-
cymene did not induce toxicity and instead showed
enhanced cell viability compared to control, indicating
possible stimulation of mitochondrial activity or
adaptive cellular mechanisms. This observation
highlights the relative safety of low-dose exposure and
suggests that p-cymene may exert protective or
metabolic modulatory effects under controlled
conditions.

However, as the concentration increased, a gradual
reduction in cell viability was observed, with
pronounced cytotoxic effects at higher doses (7-10
mg/mL). Morphological changes such as cell
rounding, detachment, fragmentation, and loss of
confluence further confirmed dose-dependent cellular
stress and damage. These findings emphasize the
biphasic nature of p-cymene, where beneficial or
neutral effects at low concentrations transition into
cytotoxic outcomes at elevated doses.
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Overall, the results underscore the importance of dose
optimization when considering p-cymene for
therapeutic or pharmaceutical applications. While the
compound exhibits promising bioactivity and
acceptable safety at lower concentrations, its cytotoxic
potential at higher doses warrants careful evaluation.
Further mechanistic studies, along with in vivo
investigations, are essential to better define its
therapeutic window and clinical relevance.
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