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Editorial on the Research Topic
Targeting neuroinflammation for novel therapeutics in
neurodegenerative diseases

Introduction

Neuroinflammation has emerged as a pivotal driver in the initiation and advancement
of neurodegenerative disorders, including Alzheimer’s (AD) and Parkinson’s disease (PD).
Historically, anti-inflammatory therapies faced critical hurdles in clinical translation which
were limited by challenges such as blood-brain barrier (BBB) penetration, off-target effects,
and the complex, multi-faceted nature of neuroimmune signaling. However, recent
breakthroughs are reshaping this landscape. Advances in decoding inflammatory
cascades and innovations in drug delivery systems enable precise modulation of brain
immunity. Concurrently, the field is shifting from single-target drugs to integrative
strategies, e.g., repurposed immunomodulators, synergistic natural compounds, and
computational models that predict multi-target drug interactions. This Research Topic
reflects a transformative focus—moving beyond palliative care to address the root causes of
neurodegeneration. By harmonizing cutting-edge technology, cross-disciplinary research,
and patient-specific biomarker profiling, these approaches aim to achieve durable disease
modification, heralding a new era in neurodegenerative disease therapeutics.

Bridging acute and chronic neurological disorders
through non-invasive and metabolic interventions

The non-invasive neuromodulation has gained traction as an essential pillar for
neuroprotection, offering distinct yet complementary mechanisms to combat
neuroinflammation. In a pioneering study by Meng et al., the therapeutic potential
of short-chain fatty acids (SCFAs) is contrasted with intermittent theta burst
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stimulation (iTBS) in treating delayed encephalopathy following
acute carbon monoxide poisoning. Their work reveals a
temporal dichotomy—iTBS elicits immediate cognitive
improvements and synaptic plasticity, while SCFAs exert
sustained neuroprotection by dampening pro-inflammatory
cytokines and restoring glutamatergic/GABAergic balance.
This dichotomy provokes a critical hypothesis—Could
sequential or combined application of iTBS and SCFAs
harmonize acute functional recovery with long-term anti-
inflammatory resilience, optimizing outcomes in time-
sensitive neuropathologies? Shifting focus to chronic
neurodegeneration, Yang et al. explore the broad effects of a
traditional herbal formulation, Xixin Decoction (XXD) in AD.
Their findings extend beyond conventional amyloid-beta (Aβ)
targeting, demonstrating XXD efficacy to repair BBB integrity by
upregulating tight junction proteins (claudin-5, occludin)—and
rebalancing the RAGE/LRP1 axis. By concurrently mitigating
neurovascular dysfunction, suppressing NLRP3 inflammasome
activation, and enhancing glymphatic drainage, XXD addresses
AD multifactorial etiology. This polypharmacological approach
underscores the XXD value in tackling complex
neuroinflammatory cascades, positioning it as a viable adjunct
to monoclonal antibody therapies, which often lack BBB
penetrance or holistic immunomodulation.

Together, these studies highlight the evolving landscape of
neuroinflammation therapeutics, where metabolic interventions
and neuromodulation offer stratified benefits. Future research
may prioritize combinatorial trials—e.g., pairing iTBS with SCFA
supplementation in acute brain injury or integrating XXD with anti-
Aβ immunotherapies to test for synergistic efficacy in AD. As the
field advances, personalized sequencing of these modalities may
emerge as a paradigm for bridging acute recovery and chronic
disease modification.

Harnessing nature’s pharmacy:
innovations in bioactive compounds for
neuroprotection

The resurgence of natural compounds as multi-targeted
neurotherapeutics reflects a paradigm shift toward harmonizing
traditional medicine with cutting-edge delivery technologies.
Revankar et al. exemplifies this synergy by engineering an
intranasal quercetin-loaded niosomal gel to surmount the
flavonoid’s notorious bioavailability challenges in PD. The
formulation not only enhances brain delivery but also
demonstrates striking motor recovery and attenuation of
oxidative stress, underscoring how advanced drug delivery
systems can resurrect poorly bioavailable phytochemicals. In
cerebral ischemia-reperfusion injury, Zhou et al. redefine
neuroprotection with Jie-Du-Huo-Xue decoction (JDHXD). By
independently suppressing both pyroptosis and autophagy,
JDHXD uniquely disrupts the pathological interplay between
inflammatory cell death and dysregulated protein clearance. The
discovery of compartment-specific GSDMD localization in
infarcted tissue not only challenges dogma but also opens
avenues for spatially targeted stroke therapies. Next, epilepsy
research illustrates the transformative potential of

bioenhancement strategies. A review by Khatoon and Kalam
delineates curcumin dual blockade of NF-κB-driven
neuroinflammation and Nrf2-mediated antioxidant defenses, yet
its clinical utility has long been hamstrung by rapid hepatic
metabolism. Khatoon and Kalam further highlight nanocarriers
enhance curcumin brain bioavailability, positioning it as a viable
alternative to conventional antiepileptics. Parallel work by Li et al.
on (+)-borneol reveals a microglial reprogramming
mechanism—TLR4-NFκB axis inhibition coupled with M1-to-
M2 polarization shifts, mirroring Huang et al. findings with
Gastrodia elata Blume extract in ischemia. Both studies
highlight conserved anti-inflammatory pathways across distinct
neuropathologies, suggesting broad applicability for terpenoid-
rich botanicals. The frontier of neuroprotection embraces
polyherbal strategies that mimic nature’s combinatorial logic.
Next, Ren et al. pioneer a quadra-compound formulation
(borneol, gastrodin, catalpol, and puerarin) for AD, achieving
synergistic suppression of microglial hyperactivation and
amyloid burden via TLR4/MyD88/NF-κB silencing. This
phytochemical cocktail approach, leveraging additive
pharmacokinetics and complementary targets, outperforms
single-agent therapies and aligns with the multi-system etiology
of neurodegeneration.

These advances underscore three pillars of progress—(1)
Delivery innovation (intranasal niosomes, nanocarriers) to unlock
the potential of poorly soluble phytochemicals; (2) Pathway
convergence (NF-κB, Nrf2, TLR4) as a blueprint for target
selection; and (3) Polypharmacology through rational multi-
compound design. Future research may prioritize clinical
translation of these platforms while exploring artificial
intelligence-driven phytochemical screening and biomarker-
guided personalized herbal regimens. By bridging ancient
pharmacopeias with modern neurobiology, we may inch closer to
therapies that are as complex and adaptive as the diseases they aim
to treat.

Nanotechnology and biomaterial-based
approaches in neuroinflammation to
engineer spinal cord injury

The fusion of nanotechnology and neurobiology is redefining
regenerative medicine, offering precision-engineered solutions to
combat neuroinflammation and neural degeneration. Amirian et al.
pioneered this frontier with thymol-loaded poly (vinyl alcohol)/
chitosan nanofibrous scaffolds for spinal cord injury (SCI) and
strategically delivered Thymol via a biocompatible scaffold. The
electrospun nanofibers provided structural support to bridge lesion
gaps and also created a neurodegenerative niche. Their results
underscore how biomaterial design can synergize with bioactive
compounds to address SCI-related challenges such as physical
disruption and chronic inflammation. Next, Bavandpouri et al.
complement this approach by leveraging polydatin, to tackle its
biochemical cascade.

Together, these studies exemplify two pillars of next-gen
neurotherapy— (1) biomaterial scaffolds that remodel injury
sites, and (2) small-molecule bioactives that quell inflammation.
Future directions could integrate these strategies—e.g., embedding
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polydatin within nanofibrous matrices to achieve spatiotemporal
control over drug release and tissue remodeling. Additionally,
leveraging functionalized nanoparticles to target specific cell
populations (e.g., reactive microglia) could amplify therapeutic
precision. As the field evolves, combinatorial platforms that
merge material science with immunometabolic modulation may
hold the key to unlocking full functional recovery in SCI
and beyond.

Repurposing pharmaceuticals for
neurodegenerative disorders:
navigating promise and pitfalls

The repurposing of existing drugs for neurodegenerative
diseases offers a pragmatic yet intricate path forward, demanding
a balance between mechanistic insight and clinical nuance. A meta-
analysis by Badawoud et al. reveals a critical divide—non-aspirin
NSAIDs, with their COX-2 selectivity, may lower PD risk by
tempering neuroinflammation, while aspirin and
ibuprofen—agents with broader COX inhibition—fail to show
benefit. This divergence underscores the importance of dissecting
drug mechanisms beyond class-wide assumptions, emphasizing that
even subtle differences in molecular targeting (e.g., COX-2 vs COX-
1) can yield starkly divergent outcomes in neurodegeneration. A
review of controversy around statins in Amyotrophic Lateral
Sclerosis (ALS) is highlighted by Al-Kuraishy et al. to illustrate
the precarious nature of repurposing. Statins’ dual
role—neuroprotective in early stages via anti-inflammatory and
lipid-lowering effects, yet potentially detrimental in advanced
disease by impairing cholesterol-dependent repair—exposes the
temporal fragility of therapeutic interventions. This paradox calls
for a dynamic approach to treatment, where timing and genetic
context (e.g., SOD1 mutations) dictate therapeutic candidacy, rather
than a blanket application. Meanwhile, Dahalia et al. work with
pirfenidone in epilepsy exemplifies the strategic repurposing by
targeting the HMGB1/TLR4 axis (shared pathway in
neuroinflammation and fibrosis), pirfenidone bridges disparate
disease mechanisms, offering a blueprint for cross-disciplinary
drug discovery. Such efforts highlight the value of prioritizing
agents with pleiotropic anti-inflammatory or antioxidant
properties that intersect with neurodegeneration’s
multifactorial roots.

Here, the path forward lies in marrying mechanistic rigor with
clinical adaptability. First, agents like pirfenidone, which act on
convergent inflammatory nodes (e.g., DAMPs, TLR4), should be
prioritized for their ability to disrupt multiple disease pathways.
Second, therapies must be tailored to disease stages—statins may
stabilize early ALS but harm late-stage patients, necessitating
biomarker-guided timelines. Finally, patient stratification
through genetic, metabolic, or inflammatory profiling could
resolve conflicting trial outcomes, transforming repurposing
from a gamble into a precision tool. Future studies should
explore combinatorial regimens (e.g., COX-2 inhibitors paired
with HMGB1 blockers) and leverage artificial intelligence to
map off-target drug effects against neuroinflammatory
networks, ensuring repurposed therapies are as nuanced as the
diseases they aim to treat.

Computational and mechanistic insights
into targeted treatment

The integration of computational biology and mechanistic
studies may revolutionize our ability to dissect
neuroinflammatory cascades and pinpoint actionable therapeutic
nodes. Saeed et al. explore network pharmacology and molecular
dynamics simulations to unravel the fibro-inflammatory axis in
Duchenne muscular dystrophy, identifying SMAD3 (transcriptional
regulator of TGF-β signaling) as a central orchestrator of muscle-
brain crosstalk. Their multimodal approach not only maps fibrosis-
related pathways but also screens compounds for SMAD3 binding,
offering a blueprint for repurposing pleiotropic phytochemicals
against neuroinflammation-associated fibrosis. Further, in AD,
Alrouji et al. employ a hybrid in silico-in vitro strategy to decode
vanillin anti-inflammatory potential. Molecular docking and
spectroscopic analyses reveal vanillin efficacy in stabilizing
human transferrin by binding to its apically charged cleft. This
structural stabilization can mitigate iron-mediated neurotoxicity
and oxidative stress, while circular dichroism and in vitro assays
confirm vanillin role in preserving transferrin functionality.

These studies underscore the transformative potential of
merging computational rigor with mechanistic inquiry. Saeed
et al. systems-level mapping of SMAD3-driven networks
highlights the utility of multi-omics integration to identify
upstream regulators of neuroinflammation. Meanwhile, Alrouji
et al. focus on transferrin-vanillin interactions to illustrate how
atomistic simulations can guide the rational design of small
molecules to stabilize critical proteins in neurodegenerative
milieus. Future efforts may explore molecular generative
platforms to accelerate the discovery of SMAD3 inhibitors or
transferrin-stabilizing agents while advancing digital twin models
of neuroinflammatory cascades to predict therapeutic synergies. As
computational tools evolve, their seamless integration with wet lab
experimentation can be pivotal in translating mechanistic insights
into therapies that disrupt neuroinflammation at its roots.

Melatonin exerts neuroprotective effects by
regulating circadian rhythms and
neuroinflammation

Melatonin is emerging as a versatile modulator of
neuroinflammatory cascades, offering therapeutic promise across
neurodegenerative and environmental contexts. Gáll et al. illuminate
its potential in AD, demonstrating that melatonin not only rescues
cognitive deficits in rodent models but also dampens microglial
hyperactivation. Although the precise mechanisms remain elusive,
melatonin pleiotropic effects likely stem from its ability to scavenge
reactive oxygen species, inhibit NLRP3 inflammasome assembly,
and suppress pro-inflammatory cytokines. These actions position
melatonin as a compelling adjunct to amyloid- or tau-targeted
therapies by addressing both pathology and symptom burden.
Further, Song et al. extend this narrative into the realm of
environmental neurotoxicity, revealing how melatonin mitigates
dim blue light-induced neuroinflammation which is a growing
concern in our screen-saturated world. Their investigation
uncovers a receptor-dependent mechanism, i.e., activation of
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MT2 receptors with melatonin suppresses NF-κB translocation,
thereby blocking downstream inflammatory gene expression. This
finding not only underscores melatonin role as a circadian
synchronizer but also highlights its capacity to counteract
externally triggered neuroinflammatory insults (e.g., light
pollution). The study raises critical questions about modern
environmental exposures and their disruption of endogenous
neuroprotective rhythms.

Together, these studies reframe melatonin as a dual-axis
therapeutic by balancing intrinsic circadian rhythms with
extrinsic anti-inflammatory defenses. Findings from Gáll et al.
suggest its utility in chronic neurodegeneration, while Song et al.
emphasize its relevance in acute, environmentally driven
inflammation. Future research can explore receptor-specific
agonists (e.g., MT2-targeted compounds) to enhance precision,
minimizing off-target effects linked to broad receptor affinity.
Next, clinical trials may investigate melatonin synergy with
lifestyle interventions (e.g., light exposure regulation) to
amplify its circadian benefits. As the boundaries between
environmental stressors and neurodegenerative processes blur,
the multifaceted actions of melatonin offer a template for
therapies that harmonize biological rhythms with
neuroimmune resilience.

Convergent innovation in
neuroinflammation therapeutics

The rapidly expanding toolkit against
neuroinflammation—spanning phytochemical pool
bioenhancement, biomaterial engineering, drug repurposing,
computational deconvolution, and circadian modulation—reflects
a paradigm shift toward precision, synergy, and systems-level
intervention. Natural compounds like quercetin and curcumin,
once limited by bioavailability, now thrive through
nanotechnology, while repurposed agents such as pirfenidone
and statins are being recontextualized through biomarker-guided
stratification. Computational platforms, exemplified by network
mapping and compound(s)-protein(s) interaction modeling, are
no longer auxiliary tools but drivers of mechanistic discovery,
accelerating the transition from serendipity to rational design.
Yet challenges persist—the duality of therapies like statins in ALS
underscores the non-linear biology of neuroinflammation,
demanding temporal precision and patient-specific adaptation.
Similarly, the dual role of melatonin as a chronobiotic and NF-
κB antagonist highlights the underappreciated interplay between
environmental stressors and endogenous neuroprotection which is a
frontier ripe for exploration. Now, the path forward lies in
orchestrating these advances into context-aware therapeutic
ecosystems. Imagine artificial intelligence-optimized
polypharmacy regimens delivered via intranasal nanocarriers,

timed to circadian peaks in neuroinflammation, while biomaterial
scaffolds release polydatin at injury sites in response to real-time
inflammatory biosensors. Such integration of computation, material
science, and chronobiology could transform neuroprotection from
reactive to proactive, targeting diseases at their inflammatory roots.
Success will hinge on dismantling disciplinary silos, fostering
partnerships between pharmacologists, computational biologists,
and circadian neuroscientists to pioneer therapies as dynamic
and resilient as the brain itself.

Author contributions

PK: Writing – original draft, Writing – review and editing. RC:
Writing – review and editing. JM: Writing – review and editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Author Disclaimer

All the editors involved in this research topic was served in their
personal interest and do not represent the views/positions of their
affiliations.

Frontiers in Pharmacology frontiersin.org04

Khanal et al. 10.3389/fphar.2025.1602495

8

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1602495


Comprehensive spectroscopic
and computational insight into
the binding of vanillin with human
transferrin: targeting
neuroinflammation in Alzheimer’s
disease therapeutics

Mohammed Alrouji1, Sabina Yasmin2, Fahad A. Alhumaydhi3,
Sharaf E. Sharaf4, Moyad Shahwan5,6, Mohammad Furkan7,
Rizwan Hasan Khan8 and Anas Shamsi6*
1Department of Medical Laboratories, College of Applied Medical Sciences, Shaqra University, Shaqra,
Saudi Arabia, 2Department of Pharmaceutical Chemistry, College of Pharmacy, King Khalid University,
Abha, Saudi Arabia, 3Department of Medical Laboratories, College of Applied Medical Sciences, Qassim
University, Buraydah, Saudi Arabia, 4Pharmaceutical Sciences Department, College of Pharmacy, Umm
Al-Qura University, Makkah, Saudi Arabia, 5Department of Clinical Sciences, College of Pharmacy and
Health Sciences, Ajman University, Ajman, United Arab Emirates, 6Center of Medical and Bio-Allied
Health Sciences Research (CMBHSR), Ajman University, Ajman, United Arab Emirates, 7Department of
Biochemistry, Aligarh Muslim University, Aligarh, India, 8Interdisciplinary Biotechnology Unit, Aligarh
Muslim University, Aligarh, India

In present times, vanillin stands out as a promising therapeutic molecule that can
be implicated in the treatment of neurodegenerative disorders (NDs), notably
Alzheimer’s disease (AD). This can be attributed to the highly potent scavenging
activity of vanillin against reactive oxygen species (ROS). Oxidative stress leads to
generation of ROS that serves a critical role in AD’s pathological progression. It is
apparent from various studies that diets rich in polyphenols prevent oxidative
stress associated with AD development, implying the crucial role of vanillin in AD
therapeutics. It is crucial to maintain iron balance to manage AD associated
oxidative stress, unveiling the significance of human transferrin (hTf) that
maintains iron homeostasis. Here, we have performed an integrated study of
spectroscopic and computational approaches to get insight into the binding
mechanism of vanillin with hTf. In the preliminary study, molecular docking
deciphered that vanillin primarily occupies the hTf binding pocket, forming
multiple interactions with its key residues. Moreover, the binding mechanism
was evaluated at an atomistic level employing comprehensivemolecular dynamic
(MD) simulation. MD analysis demonstrated that binding of vanillin to hTf
stabilizes its structure, without inducing any significant alterations in its native
conformation. The docked complex was maintained throughout the simulations
without changing its original conformation. Essential dynamics analysis further
confirms that hTf achieved a stable conformation with vanillin. The outcomes
were further supplemented by fluorescence spectroscopy which confirms the
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formation of stable hTf-vanillin complex. Taken together, the current study unveils
the interaction mechanism of vanillin with hTf and providing a platform to use
vanillin in AD therapeutics in the context of iron homeostasis.

KEYWORDS

oxidative stress, molecular dynamic simulation, fluorescence spectroscopy, Alzheimer’s
disease, vanillin

1 Introduction

Presently, bioactive natural products are vital in drug development
due to their favorable safety profile and potent antioxidant capabilities
along with their broad therapeutic potentials and minimal side effects.
All these characteristics make them a vital cog in disease therapeutics,
highlighting their importance in the current disease era. Vanillin, a
natural phenolic compound plentiful in various vanilla beans, is
extensively employed in the food, cosmetic, and pharmaceutical
industries (Arya et al., 2021). Apart from its industrial usage,
vanillin offers several health benefits, namely, antioxidant properties,
anti-inflammatory, anti-mutagenic, anti-metastatic, and anti-
depressant effects (Bezerra-Filho et al., 2019; Costantini et al., 2021).
Vanillin serves as the principal and highly stable curcumin degradation
product, a natural polyphenol (Wang et al., 1997). In recent times,
studies have reported neuroprotective and anticancer effect of vanillin,
implying its therapeutic potential (Li et al., 2018; Rakoczy et al., 2021;
Yousuf et al., 2021; Iannuzzi et al., 2023). Neuroinflammation stands
out as a prevalent pathological process in various neurological diseases,
intricately linked to the fundamental mechanisms of neurodegenerative
disorders (NDs). The primary hallmarks of neurodegeneration are
Neuroinflammation and oxidative stress (Singh et al., 2019; Teleanu
et al., 2022). Alzheimer’s disease (AD), an age-related ND, is a complex
multifactorial disease (Lane et al., 2018). The primary neuropathological
indicators of AD encompass the development of “neurofibrillary
tangles” (NFTs) and accumulation of “amyloid beta” (Aβ) plaques
within the brain (Iannuzzi et al., 2023). Additionally, cholinergic deficit,
along with oxidative stress and neuroinflammation, plays a vital role in
processes that lead to neuronal death (Butterfield and Halliwell, 2019;
Guo et al., 2020). A recent study established that vanillin decreased the
Aβ effects on learning and memory by suppressing oxidative stress.
Another research stated that vanillin showed an acetylcholinesterase
inhibitory activity in vitro, implying vanillin to be safe and effective
natural drug candidate offering enormous promise for AD
management.

Presently, the precise cause of AD remains poorly understood
with age recognized as the primary risk factor for AD (Imtiaz et al.,
2014). The major problem associated with AD therapeutics is that
no disease-modifying drugs are currently available and moreover,
clinical trials have highest failure rates in any therapeutic area
(Yiannopoulou and Papageorgiou, 2013; Chen and Pan, 2015).
Oxidative stress plays a vital role in the pathological progression
of AD, along with various other diseases such as cancer, diabetes,
and neurological disorders (Markesbery, 1997). Many studies have
reported that consuming diets abundant in polyphenols prevent the
oxidative stress associated with the AD pathogenesis (Kundu and
Mitra, 2013; Cremonini et al., 2019; Salau et al., 2020; Ahammed
et al., 2021). Various studies have reported vanillin’s anti-
inflammatory effects and its anti-oxidant activity (Zhao et al.,

2017; Gu et al., 2019). Given its strong scavenging activity
against reactive oxygen species (ROS) and its ability to inhibit
inflammatory pathway activation, vanillin emerges as a promising
therapeutic molecule for the prevention of AD and other NDs.
Studies have reported that vanillin shows “AChE inhibitory
activity”, in vitro and in vivo, hinders amyloid aggregation, and
provides protection against neuronal oxidative damage (Ahammed
et al., 2021). Vanillin has been reported to not only inhibit AChE
activity but also restore oxidative balance in Fe2+−induced brain
tissue damage (Salau et al., 2020). All these studies highlight the
importance of vanillin in providing protection against neuronal
oxidative damage observed in AD and other NDs conditions.

Free iron serves as a potent neurotoxin capable of triggering the
generation of ROS, creating an environment of oxidative stress. In its
unbound state, iron functions as a formidable neurotoxin,
possessing the potential to induce oxidative stress (Shahwan
et al., 2023). The production of ROS and Reactive nitrogen
species (RNS), directly implicated in the inflammatory process,
can markedly impact iron metabolism by interacting with iron-
regulatory proteins (IRPs). Thus, maintaining proper iron levels is
vital and human transferrin (hTf) plays a key role in iron
homeostasis along with ferritin. Iron homeostasis plays a vital
role in AD associated oxidative stress, thus implying the
significant role played by hTf in AD therapeutics. Owing to
pivotal role of vanillin and hTf, the present study encompasses a
combination of experimental and computational approaches to
delineate the atomistic insights into the binding of vanillin with hTf.

2 Materials and Methods

2.1 Materials

Human transferrin (hTf) and vanillin were bought from Sigma
Aldrich (St. Louis, USA). For buffer preparations, all the chemicals
were of the best quality purchased from HiMedia. All the buffers
were filtered before use and for spectroscopic assays, corresponding
blanks were taken.

2.2 Molecular docking

Molecular docking studies were conducted on a DELL®

workstation to elucidate the interactions between Vanillin and
hTf. Computational tools were used to optimize visualization,
evaluation, and analysis of the docking results. We obtained
three-dimensional configuration of hTf (PDB ID: 3V83) and
PubChem database (PubChem CID: 1183) was used to obtain
vanillin structure. We prepared vanillin structure using MGL
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AutoDock tools (Huey et al., 2012). Further, docking simulations
were carried out using AutoDock Vina (Trott and Olson, 2010). We
employed PLIP to explore the intricate ligand-receptor interactions
between vanillin and hTf (Salentin et al., 2015). To gain an in-depth
understanding of the binding conformation and the nature of
interactions between vanillin and hTf, PyMOL (DeLano, 2002)
and Discovery Studio Visualizer (Biovia, 2017) were used.

2.3 MD simulations

MD simulations were conducted to explore the dynamic behavior of
hTf and hTf-vanillin complex. We performed a simulation at 300 K
temperature, using charmm36-jul2022 force field (Huang and
MacKerell, 2013), implemented within GROMACS version 2020
(Van Der Spoel et al., 2005). The topology for vanillin was generated
using CHARMMCGenFF program, using a Python script. hTf and hTf-
Vanillin were later solvated in cubic boxes with 1 nm dimensions in the
SPC216 water model using GROMACS gmx solvate tool (Glättli et al.,
2002). Both systems were neutralized by adding suitable quantities of
counterions to achieve a concentration of 0.15M. Equilibration
processes in the NVT and NPT ensembles were conducted, where
the systems were slowly heated to 300 K over 1000 ps. Subsequently,
solvent molecules were allowed to relax in the NPT ensemble for an
additional 1000 ps without any restraints, while maintaining a pressure
of 1 bar using the Berendsen Barostat method. To constrain bond
lengths, the LINCS algorithm was applied, while SETTLE restrained
water molecules. The system’s energy was minimized with
1500 iterations of the steepest descent approach. We employed a
range of tools provided by GROMACS to analyze trajectories
generated during MD simulations. The results obtained from the
MD simulations were presented graphically using the XMGrace
software (Turner, 2005). Graphs and figures were created to illustrate
key findings, aiding in a clear and concise explanation of the
obtained results.

2.4 Principal component analysis and free
energy landscapes

Principal component analysis (PCA) is an essential tool for
understanding the primary motions and conformational sampling
of proteins in MD simulations. The MD trajectories of hTf and hTf-
vanillin underwent PCA to explore their predominant modes of
motion. This involved diagonalizing the covariance matrix to derive
the first two eigenvectors (EVs), which depict the primary motions
of the protein or protein-ligand complex. Additionally, we generated
free energy landscapes (FELs) to assess the stability and folding
dynamics of hTf and its complex with vanillin. Conformational
sampling techniques were employed to construct FELs, enabling the
visualization of energy landscapes and the identification of stable
conformations or metastable states.

2.5 Fluorescence spectroscopy

We performed fluorescence spectroscopy on Shimadzu (RF
6000) spectrofluorometer. The concentration of hTf was fixed at

4 µM and vanillin was varied in a range of “0–5 µM”. The quenching
data was analyzed using “Modified Stern–Volmer” equation (MSV)
to compute binding parameters of hTf-vanillin complex.

3 Result and discussion

3.1 Molecular docking

Vanillin showed remarkable interactions towards hTf, resulting
in a highly favorable binding affinity in triplicate dodcking
experiments. Vanillin binds to hTf with an average binding
affinity of −5.8 kcal/mol, implying vanillin’s potential as a potent
hTf binding partner. Vanillin is predicted to primarily interact with
the hTf binding pocket (Figure 1A). Notably, vanillin forms three
hydrogen bonds with key residues, viz. Ser409, Arg475, and Leu649
(Figure 1B; Supplementary Table S1). Tyr536 is a vital active site
residue that plays a key role for iron (Fe3+) binding in hTf, which
plays a key role in forming these interactions (Noinaj et al., 2012).
Tyr536 forms a hydrophobic bond with vanillin, further stabilizing
the complex (Figure 1B). The 2D and surface plots further shed light
on other interactions playing a key role in stabilizing the hTf-vanillin
complex. Arg475 is another active site residuewhich is responsible to
bind with hydrogencarbonate. The surface representation of the
docked complex further revealed that vanillin fits into the internal
cavity of hTf (Figures 1C, D). Earlier studies have also reported iron
binding to hTf showing similar interactions, thereby validating our
findings (Noinaj et al., 2012; Ghanbari et al., 2017). Overall, it is
indicated that vanillin binds to the hTf binding pocket.

3.2 MD simulation analysis

MD simulations are a widely adopted computational technique
for unraveling the underlying dynamics and structural alterations of
proteins and protein-ligand complexes (Shukla and Tripathi, 2020).
MD simulation serves as a valuable tool for probing the
biomolecular interactions within a defined time frame
(Mohammad et al., 2020). In this specific investigation, we
conducted a comprehensive MD simulation spanning
200 nanoseconds, encompassing hTf and the hTf-vanillin docked
complex. Our key goal was to scrutinize changes in conformation,
assess stability, and unravel the fundamental mechanisms governing
the interaction between vanillin and hTf. First, to evaluate the
structural changes, we employed the root mean square deviation
(RMSD) on the simulated trajectory. Our findings reveal that
vanillin binding leads to the stabilization of hTf without inducing
any significant alterations in its inherent configuration, as clearly
depicted in Figure 2A. However, during the initial phase, the RMSD
showed intermittent fluctuations, primarily attributable to the
accommodation of vanillin within hTf’s binding site.

To delve into local structural changes and residue flexibility, we
calculated and visually represented the root-mean-square
fluctuation (RMSF) of the simulated systems (Figure 2B). The
RMSF plot highlights varying levels of residue fluctuations across
different zones of the hTf structure. Intriguingly, the overall average
RMSF of hTf and hTf-vanillin exhibited a consistent pattern.
Importantly, the introduction of vanillin resulted in heightened
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residue fluctuations, indicative of increased system dynamics. These
enhanced fluctuations may be attributed to residual vibrations
during the simulation process.

The radius of gyration (Rg) is a commonly utilized measure to
glean insights into the folding and structural conformation of the
proteins. A higher Rg typically implies a less condensed
conformation. In the case of the hTf-vanillin, our observations
indicate a minor decrease in Rg compared to the unbound hTf,
signifying that the structure maintains compactness throughout the
simulation, as illustrated in Figure 2C. Despite slight variations in
Rg, there are no significant alterations in the packing of hTf
following the binding of vanillin. These findings underscore that
vanillin induces minimal structural deviations in hTf.

The solvent-accessible surface area (SASA) represents the
fraction of a protein’s surface directly exposed to the adjacent

solvent and is closely associated with the Rg. We calculated and
visually depicted the average SASA for hTf and hTf-vanillin from the
simulated trajectory. In the instance of the hTf-vanillin complex, we
observed a minor decrease in SASA compared to the free hTf,
implying the maintenance of structural compactness during the
simulation. Despite minimal variations in SASA, no significant
alterations in the packing of hTf were discernible following the
binding of vanillin (Figure 2D).

Moreover, by employing MD simulation trajectories, we
have successfully depicted the conformational snapshots
showcasing the binding interactions between vanillin and
hTf. This analysis enabled us to monitor the temporal
evolution of the binding prototype. Structural assessments
were performed at five distinct time intervals: 1, 50, 100, 150,
and 200 ns, as illustrated in Figure 3. Notably, our investigation

FIGURE 1
Interaction analysis. (A) Illustration of vanillin binding with hTf. (B) Ribbon representation depicting the docking of vanillin. (C) Two-dimensional
interaction plot illustrating vanillin’s binding interactions with hTf. (D) Visualization of the surface potential in the hTf binding pocket occupied by vanillin.

FIGURE 2
Exploring the structural dynamics of hTf in the presence of vanillin (A) RMSD (B) RMSF (C) Rg, and (D) SASA plots.
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unveiled that vanillin maintained its initial docking positions
consistently throughout the simulation, indicating minimal
conformational alterations.

3.3 Stabilization of hTf-Vanillin complex

Evaluating the dynamics of hydrogen bonding is crucial for
assessing the stability of the proteins and protein-ligand complexes.
In this investigation, we quantified and explored the dynamics of
hydrogen bonds intramolecularly within hTf and intermolecularly

between hTf and vanillin (Figure 4). Upon the vanillin binding to
hTf, we observed a minor increase in the number of intramolecular
hydrogen bonds within hTf due to the higher compactness of the
protein (Figure 4A).We also calculated the intermolecular hydrogen
bonds formed between hTf and vanillin. Our analysis revealed the
presence of up to 4 hydrogen bonds within the protein-ligand
complex. We also observed that vanillin effectively nestled within
hTf’s iron-binding pocket, forming 3-4 hydrogen bonds with some
fluctuation and 1-2 hydrogen bonds with higher stability
(Figure 4B). This thorough analysis provides additional
supportive evidence for the stable binding of hTf and vanillin.

FIGURE 3
Conformational dynamics of the hTf-vanillin complex at different time intervals during 200 ns. The binding conformations showing hTf-vanillin
interactions at 1, 50, 100, 150, and 200 ns, respectively.

FIGURE 4
Temporal development of hydrogen bonds established (A) Within hTf, and (B) Hydrogen bonds between vanillin and hTf.
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3.4 Principal component analysis

Principal component analysis (PCA) offers valuable insights
into protein stability and conformational landscape (Stein et al.,
2006). Here, we employed PCA to investigate the conformational
dynamics of hTf and hTf-vanillin from the simulated trajectory.
Figure 5 demonstrates the conformational dynamics of these
systems along eigenvector 1 and eigenvector 2. The PCA plot
indicates that in the presence of vanillin, hTf explores a more
confined range of phase spaces (Figure 5A). We did not observe

any significant overarching transitions or major conformational
changes in the motion of hTf following vanillin binding
(Figure 5B). This implies that the vanillin binding does not cause
substantial conformational changes in hTf.

3.5 Free energy landscape analysis

To gain deeper insights into the folding landscape of the
systems, we delved into the free energy landscapes (FELs)

FIGURE 5
Principal component analysis. (A) Two-dimensional projections of hTf conformation, and (B) Temporal evolution of trajectory projections.

FIGURE 6
Free energy landscape plots for (A)Unbound hTf and (B) The hTf-Vanillin complex. Lower panels showed the global minima conformations of hTf in
comparison to the initial conformations.
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generated through the simulated trajectories. Figure 6 presents a
visual representation of the FELs for hTf and hTf-vanillin. In
hTf’s FEL, it is indicated that hTf explores two distinct energy
minima confined within 2-3 basins (Figure 6A). Conversely,
when vanillin is introduced, a noticeable feature is a
prominent single global minimum, mainly concentrated within
a single basin, as illustrated in Figure 6B. Importantly, no
significant or drastic conformational rearrangements are
observed due to this binding event. This observation implies
that vanillin binding introduces novel conformational states and
influences hTf’s energy landscape. Examining these FELs
provides valuable details about the conformational stability of
hTf and hTf-vanillin.

3.6 Fluorescence binding

After confirming hTf-vanillin complex formation through
computational approaches, we used fluorescence binding to
validate the obtained results. It is a powerful technique to
study protein-ligand interactions, ascertaining the actual
affinity of a ligand with the protein. Figure 7A shows the
fluorescence emission spectra of hTf without vanillin and in
the presence of varying vanillin concentrations (0–5 µM). It is
apparent that with increasing vanillin concentrations, a decrease
in the fluorescence intensity of hTf was apparent. The obtained
quenching data was fitted into MSV equation as per earlier
reports (Shamsi et al., 2020) with intercept of the obtained
MSV plot (Figure 7B) giving the binding constant (K) of hTf-
vanillin complex. Vanillin binds to hTf with a significant affinity
forming a stable hTf-vanillin complex; evident from the obtained
K of 1.92 × 105 M-1, suggestive of strong binding between
vanillin and hTf.

4 Conclusion

Collectively, this investigation implies that vanillin possesses
the capability to impede hTf’s function through strong and

persistent interactions, predominantly characterized by
hydrogen bonds with crucial amino acids. Our molecular
docking simulations unveiled strong and favorable interactions
between vanillin and hTf, with vanillin predominantly occupying
the hTf binding pocket. Notably, vanillin formed multiple
hydrogen bonds with key residues of hTf, indicative of stable
binding. MD simulations further corroborated these findings by
demonstrating that the binding of vanillin to hTf stabilizes the
protein structure without inducing significant conformational
alterations. Analysis of hydrogen bonding dynamics, radius of
gyration, and solvent-accessible surface area supported the
stability of the hTf-vanillin complex throughout the
simulation. Furthermore, fluorescence spectroscopy provided
experimental validation of the hTf-vanillin interaction,
confirming the formation of a stable complex with significant
binding affinity. The blend of molecular docking, MD
simulations, and diverse analytical approaches along with
spectroscopic approach yields a holistic comprehension of the
interaction between hTf and vanillin. While our study
contributes valuable insights into the potential therapeutic role
of vanillin in AD by targeting iron homeostasis through hTf
binding, it is not without limitations. Conducting longer
simulations, in vivo studies, elucidating high-resolution
structures, and exploring combination therapies represent
promising avenues for advancing the development of vanillin-
based interventions for AD and other NDs.
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Melatonin modulates
neuroinflammatory response and
microglial activation in mice
exposed to dim blue light at night
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Objectives: Dim light at night contributes to neurodegenerative diseases by
causing neuroinflammation. In the central nervous system, the activation of
microglia is a significant contributor to neuroinflammation. Therefore, there is
an urgent need to find an intervention to treat the neuroinflammatory response
caused by dim light at night. Melatonin is a rhythmic hormone whose synthesis is
suppressed during the day. In this study, we attempt to explore whether and how
melatonin improves hippocampal neuroinflammation in mice exposed to dim
blue light at night.

Materials andMethods: In vivo, a total of 36male C57BL6/Jmice that exposed to
no light at night, dim blue light at night, and dim blue light at night with melatonin
treatment. In vitro, the corticosterone-induced BV2 cells with or without
melatonin treatment were used.

Results: Both in vivo and in vitro experiments showed melatonin treatment
significantly reduced dim blue light -induced hippocampal microglial
activation and the expression of inflammatory factors IL-1β and TNF-α. This
improved effect of melatonin is related to its receptor MT2 rather than MT1. The
MT2 blockers significantly increased mRNA levels of M1-type activation marker
CD86 and inflammatory cytokines IL-1β and TNF-α in melatonin-treated
BV2 cells. Binding of melatonin to its receptor MT2 downregulated the
expression of inflammatory proteins P-P65 and NLRP3, consequently inhibited
the CD80 expression and M1-type activation in microglia. Furthermore,
consistent with the decrease in microglial activation and inflammatory
response after melatonin treatment, we also observed a reduction in
hippocampal neuron loss and damage to the HT22 cells.

Conclusion: Our findings suggested that melatonin may regulate microglial
polarization through MT2/NF-kB-NLRP3 pathway and improves dim blue light
-induced hippocampal neuroinflammation in mice.
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1 Introduction

The term “blue light” refers to the type of light emitted by mobile
phones, computers, and other electronic devices, which falls within a
potent spectrum on the light spectrum (Zhao et al., 2018; Calvo-Sanz
and Tapia-Ayuga, 2020). Despite its dim appearance in dark
environments or during nighttime use, screen light can
profoundly affect human health and wellbeing (Silvani et al.,
2022). As artificial lighting becomes increasingly prevalent,
extensive research has delved into its health implications,
especially focusing on the neurophysiological effects of dim blue
light at night (dBL). Liu et al. (2022) have highlighted the capacity of
dBL to induce spatial memory impairment in mice, an effect
mediated by neuroinflammation and oxidative stress within the
hippocampus, underscoring the vulnerability of this brain region to
light-induced perturbations. The significance of these findings is
echoed by González (2018) and Fonken et al. (2012; 2013b), who
have documented the broad physiological and cognitive disruptions
caused by dBL, including exacerbated inflammatory responses and
adverse metabolic effects, thus providing a compelling narrative on
the health risks associated with night-time exposure to
artificial lighting.

In this context, melatonin is highlighted as a compound with
significant potential for therapeutic applications due to its potent
antioxidative, anti-inflammatory, and neuroprotective properties.
Studies by Xu et al. (2020) and Ali et al. (2020) illustrate melatonin’s
efficacy in modulating immune responses, particularly in
attenuating neuroinflammation by regulating microglial activity, a
mechanism critical for mitigating the adverse effects of
environmental stressors like dBL. These investigations align with
broader research efforts, such as those by Zheng et al. (2021) and
Wang et al. (2021), which further elucidate melatonin’s role in
downregulating inflammatory pathways and protecting against
cognitive deficits.

The intricate interplay between melatonin and microglial
activation (Hardeland R, 2021; Guo er al., 2023). Through an
integrative analysis, we explore the neuroprotective effects of
melatonin against dBL-induced hippocampal inflammation and
microglial activation, drawing upon the foundational work of
Gao et al. (2023), which underscore the hormone’s capacity to
modulate neuroinflammatory responses. Moreover, the study by
Wongprayoon and Govitrapong (2015) highlights melatonin’s
ability to counteract neuroinflammation through receptor-
mediated pathways, providing a molecular basis for its
therapeutic potential. Our investigation provides a comprehensive
understanding of how melatonin interacts with the
neuroinflammatory cascade triggered by dBL and elucidates the
underlying mechanisms of its protective effects.

2 Materials and methods

2.1 Treatment of laboratory animals

In order to replicate a typical daytime environment, a total of
36 male C57BL6/J mice (Vitonglihua, Beijing) were exposed to white
LEDs (150 lux) during the day. The mice were exposed to low levels
of blue light (5 lux, peak wavelength: 444 nm) all night long

throughout the night phase. After the 10th week of exposure to
evening light, a 4-week intraperitoneal injection of melatonin
(20 mg/kg body weight with melatonin dissolved in anhydrous
ethanol) was given. After a 1-week adaptation period, the mice
were randomly divided into three groups: (1) LD group: n = 12; a
light (~150 lux)/dark (0 lux) cycle, (2) dBL group: n = 12; a light
(~150 lux)/dim blue light (~5 lux) cycle, (3) dBL +Melatonin group:
n = 12; a light (~150 lux)/dim blue light (~5 lux) cycle, melatonin:
20 mg/kg body weight. The experiment was conducted according to
the Guide for the Care and Use of Experimental Animals published
by the Animal Welfare Committee of the Agricultural Research
Organization of China Agricultural University (Approval number:
AW92303202-2-2).

2.2 Immunohistochemical staining

Iba1 antibody that was resistant to rabbits was incubated
overnight on paraffin slices of the mouse hippocampus (1:500,
ab178846, Abcam). On the second day, the sections were cleaned
with PBS and incubated for 2 hours with biotinylated goat anti-
rabbit immunoglobulin G (IgG, 1:100, A0277, Beyotime, Shanghai,
China). Following washing, the tissue would be processed for 1.5 h at
room temperature using streptavidin-horseradish peroxidase (1:300,
A0303. Beyotime in Shanghai, China). Finally, DAB was used to
observe the color development. A termination reaction was triggered
by a positive signal. The slide was then sealed and the nucleus
stained with hematoxylin. Utilizing a microscope (BX51, Olympus,
Tokyo, Japan), the location and distribution of immunoreactive
chemicals inside the hippocampal region were observed.

2.3 Real-time reverse transcription-
polymerase chain reaction (RT-PCR)

The TRIzol reagent (CW0580; Vazyme, Nanjing, China) was
used to extract total mRNA from liver tissues and HepG2. RevertAid
First Strand cDNA Synthesis Kit (R312-01; Vazyme, Nanjing,
China) was used to perform reverse transcription on the total
mRNA in order to produce cDNA. AceQ qPCR SYBR Green
premix (Q111-02, Vazyme, Nanjing, China) was used to perform
RT-PCR amplification with chosen gene primers. The relative
mRNA level of each sample was standardized to the expression
level of the reference gene Gapdh after each sample was examined in
triplicate. Table 1 contains a list of the RT-PCR primers.

2.4 Western blot assay

RIPA lysate (CW2333S, CWBIO) with 1% phosphatase
inhibitor (CW2383S, CWBIO) and 1% protease inhibitor
(CW2200S, CWBIO) was used to lyse the liver tissues and
BV2 cells. The lysate was centrifuged at 12,000 g for 15 min at
4°C. Using a protein assay kit (CW0014, CWBIO), the supernatant’s
protein concentration was measured. Subsequently, the proteins
were loaded onto an 8%–12% gradient polyacrylamide gel,
electrophoretically transferred to a PVDF membrane (Millipore,
Billerica, MA, United States), and primed for incubation with
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primary antibodies (P-P65, 1:1,000, TP56372, Abmart; CD80, 1:
1,000, 66406-1-Ig, Proteintech; NLRP3, 1:1,000, TD7438, Abmart;
β-actin, 1:8,000, 66009-1-Ig, Proteintech). The membranes were
rinsed with TBST and treated for 1.5 h with horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:8,000; CW0103,
COWIN) or goat anti-mouse IgG (1:8,000; CW0102, COWIN).
The embossed bands were scanned and examined, and the IOD was
calculated using ImageJ (Scion Corp., Frederick, MD, United States).
The relative protein level in the Ctrl group in vivo or in the control
cells in vitro was defined as 100%. The protein level was adjusted to
the density ratio of β-actin.

2.5 Double labeling immunofluorescence

Primary antibody against CD80 (1:500, 66406-1-IG,
Proteintech) was incubated overnight at 4°C on paraffin slices of
the hippocampus and BV2 cell slides. After rinsing the slices in PBS,
they were incubated for 2 hours at room temperature with anti-
mouse Alexa Fluor 488 (1:300, P0188, Beyotime). After 30 min of
room temperature incubation with 5% goat serum, sections were left
overnight at 4°C to be exposed to rabbit Iba1 primary antibody (1:
1,000, ab178846, Abcam). After that, the slices were cleaned in PBS
and left to incubate for 2 hours at room temperature with the anti-
rabbit Alexa Fluor 594 (1:300, P0179, Beyotime). Finally, DAPI
(1 μg/mL, C0065, Solarbio, Beijing, China) is used to stain the nuclei
for 15 min. Utilizing a microscope (BX51, Olympus, Tokyo, Japan),
the distribution and position of immunoreactive materials in
microglia were examined.

2.6 Cell culture and treatment

The BV2 cells were grown at 37°C with 5% CO2 in high-glucose
DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Prior to receiving medication, the cells were
cultured for 6 hours in complete culture medium (DMEM)
containing 10% FBS after being injected into either six- or 96-
well plates. Following that, the cells were cultured for 12 h in DMEM
(base medium) without FBS. The MT1-selective melatonin receptor

antagonist Luzindole (HY-101254; MCE, China), the MT2-selective
melatonin receptor antagonist 4P-PDOT (HY-100609; MCE,
China), and the corticosterone (HY-B1618; MCE, China) were all
individually dissolved in DMSO. Melatonin (M5250; Sigma,
United States) should be dissolved in anhydrous ethanol. The
cells were treated with corticosterone (5 μM) for 12 h, then
pretreated with Luzindole (1 μM) and 4P-PDOT (1 μM) for
30 min, respectively, and then treated with Melatonin (200 nM)
for 12 h. The protein content was evaluated on a 6-well plate.
HT22 cell activity was measured with CCK8. First, for a whole
day, BV2 cells were treated to 200 nM melatonin and 5 μM
corticosterone. After centrifuging the cells for 10 min at
1,000 rpm to eliminate cell precipitation, HT22 cells were treated
with the culture media that was left over. After being injected into
96-well plates, the HT22 cells were grown for 6 hours in complete
media and 12 hours in basic medium. The HT22 cells were then
given a 24-h treatment with BV2 media. Lastly, the CCK8 assay was
used to evaluate cell viability.

2.7 Statistical analysis

SPSS version 25.0 (IBM Corp., Armonk, NY, United States) was
used to analyze the data, and the results were presented as means ±
standard errors. To statistically analyze the group differences, One-
way ANOVA was employed. A criterion of p < 0.05 was established
for statistical significance.

3 Results

3.1 Melatonin can reduce hippocampal
neuroinflammation in mice exposed to dim
blue light at night

First, to examine the potential impact of melatonin on
hippocampal neuroinflammation induced by dim light at night,
we quantified the number of CA1, CA3, and DG microglia in the
hippocampus of mice across various groups (LD, dBL, and dBL +
Melatonin groups). The results showed that the number of microglia

TABLE 1 Primers used for real-time PCR analysis and expected product length.

Gene Accession no. Primer sequence (5′to 3′) Length (bp)

mIl-1β NM_008361.4 F: TGCCACCTTTTGACAGTGATG R: TGATGTGCTGCTGCGAGATT 138

mTnf-a NM_013693.3 F: CCACGTCGTAGCAAACCAC R: TTGAGATCCATGCCGTTGGC 90

mIl-4 NM_021283.2 F: CTCGAATGTACCAGGAGCCAT R: ACTCTCTGTGGTGTTCTTCGTT 153

mIl-10 NM_009716.3 F: GCATGGCCCAGAAATCAAGG R: ACACCTTGGTCTTGGAGCTTATTA 226

mCd86 NM_019388.3 F: ATGGACCCCAGATGCACCAT R: CCAGCTCACTCAGGCTTATGT 260

mCd206 NM_008625.2 F: TCAGCTATTGGACGCGAGG R: TGAGAATCTGACACCCAGCG 144

mCxcl1 NM_008176.3 F: ACTGCACCCAAACCGAAGTC R: TGGGGACACCTTTTAGCATCTT 114

mCxcl2 NM_009140.2 F: TGCCGGCTCCTCAGTGCT R: GCCTTGCCTTTGTTCAGTATCTTTTG 281

mGapdh NM_001289726.2 F: ACTCAGGAGAGTGTTTCCTCG R: TGAAGGGGTCGTTGATGGC 140

F = forward primer; R = reverse primer.
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in CA1 and CA3 regions of hippocampus in melatonin group was
significantly reduced by 23.87% (p = 0.002) and 19.40% (p = 0.023),
respectively, compared with dBL group (Figure 1B). The occurrence of
inflammation is often accompanied by the release of inflammatory
factors. Therefore, we detected changes in the mRNA levels of IL-1β,
TNF-α, IL-4, and IL-10 in the hippocampus ofmice. The results showed
that the mRNA expression levels of IL-1β, TNFα, and IL-10 were
significantly increased by 423% (p = 0.041), 118% (p = 0.001), and
39.3% (p = 0.008), respectively, compared with the LD group (Figures
1C–E). After melatonin treatment, the increase in inflammatory factors
induced by blue light was significantly inhibited. Specifically, IL-1β,
TNFα, and IL-10 were reduced by 75.7% (p = 0.044), 50.9% (p < 0.001),
and 40.7% (p< 0.001), respectively (Figures 1C–E). ThemRNA levels of
Cxcl1, Cxcl2, and IL4 did not show significant differences between the
groups (Figure 1F).

3.2 Melatonin improved the loss of
hippocampal neurons in mice exposed to
dim blue light

The hippocampus is a crucial structural component for learning
and memory functions in mice, and the decline in these functions is
frequently linked to neuronal loss. Overactivation of microglia
impairs the morphology and function of neurons. Next, we
examined the effects of melatonin on hippocampal neuron
density in mice. Mouse Nissl staining is shown in Figure 2A.
Compared with the LD group, the density of neurons in the
hippocampal CA3 region decreased by 10.60% (p = 0.001) in the
dBL group. The loss of hippocampal neurons in the dBL group may
be the result of overactivation of microglia. The neuronal density in
the CA1 and CA3 regions of the hippocampus in the melatonin

FIGURE 1
Melatonin can reduce hippocampal neuroinflammation in mice exposed to dim blue light at night. (A) Immunohistochemistry of mouse
hippocampal microglia in different groups. (B) The number of microglia in CA1, CA3 and DG regions of mouse hippocampus. (C–F) The mRNA levels of
IL-1β, TNF-α, Il-10, Cxcl1, Cxcl2, and Il-4 (n = 6). The outcome is the mean ± standard error of the mean. Values (a,b,c and d) without a common
superscript letter differ significantly at p < 0.05, but values (a,b and c) with the same letter do not differ significantly at p ≥ 0.05. LD, dark at night; dBL,
dim blue light at night; Mel, Melatonin.
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treatment group was significantly increased by 11.57% (p = 0.023)
and 13.53% (p = 0.016), respectively, compared with the dBL group.

3.3 Melatonin regulates hippocampal
inflammation by inhibiting the activation
of microglia

As the primary line of immune defense in the central nervous
system, microglia play a crucial role in the inflammatory response. The
activation of microglia in vivo is accompanied by significant
morphological changes. Our staining results revealed that the cell
bodies of hippocampal microglia in the dBL group were enlarged,

and the number of branches was significantly reduced. This suggests
that exposure to dark blue light at night significantly enhances the
activation of hippocampal microglia. However, melatonin
supplementation significantly mitigated the blue light-induced
morphological changes in microglia (Figure 3A). In addition, we
demonstrated the expression of the M1-type marker CD80 on
hippocampal microglia using dual immunofluorescence labeling.
Immunofluorescence results showed that the expression of CD80 in
the microglia of the mouse hippocampus was significantly increased in
the blue light group (Figure 3B). Melatonin supplementation reversed
the expression of CD80 on microglia, suggesting that melatonin could
effectively inhibit the activation of microglia caused by blue light,
thereby reducing the level of inflammation in the hippocampus of mice.

FIGURE 2
Melatonin improved the loss of hippocampal neurons inmice exposed to dim blue light. (A)Nith staining ofmouse hippocampus. (B)Neuron density
in the CA1 region of the mouse hippocampus. (C) Neuron density in the CA3 region of the mouse hippocampus. The outcome is the mean ± standard
error of themean. Values (a,b,c and d) without a common superscript letter differ significantly at p < 0.05, but values (a,b and c) with the same letter do not
differ significantly at p ≥ 0.05. LD, dark at night; dBL, dim blue light at night; Mel, Melatonin.
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FIGURE 3
Melatonin regulates hippocampal inflammation by inhibiting the activation of microglia. (A) Immunohistochemical diagram of microglia in different
groups. (B–G) Fluorescence colocalization of CD80 and Iba1 in themouse hippocampus. Red fluorescent label Iba1 (594 nm) and green fluorescent label
CD80 (488 nm). LD, dark at night; dBL, dim blue light at night; Mel, Melatonin.
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3.4 Melatonin inhibits the M1-type activation
of BV2 by inhibiting the activation of NF-kB
and NLRP3

After determining the regulatory effect of melatonin on
microglia in mice, we continued our investigation of melatonin’s
role using the BV2 cell line. We simulated the effects of blue light on
microglia by stimulating BV2 cells with corticosterone. Our previous
results showed that exposure to dim blue light at night significantly
increased plasma corticosterone levels and activated hippocampal
microglia (Liu et al., 2022). BV2 cells were labeled with Iba1, and
then the expression of CD80 was quantified after various treatments
(Figure 4A). The results showed that corticosterone and melatonin
treatment had no significant effect on the fluorescence intensity of
Iba1 in BV2 cells (Figure 4C). However, the fluorescence intensity of
CD80 was significantly enhanced after corticosterone treatment,
indicating that corticosterone promoted the activation of BV2 cells
to the M1 type (Figure 4B). After melatonin supplementation, the
expression of CD80 was significantly reduced. This suggests that
melatonin may regulate corticosterone-induced BV2 cell
inflammation by decreasing the M1-type activation of microglia.
We treated BV2 cells with corticosterone andmelatonin, as shown in
Figure 5A, and then detected the protein expression of CD80, p-P65,
and NLRP3. The results showed that the expression of CD80 (56%,

p = 0.018), PP65 (96.6%, p = 0.026), and NLRP3 (43.6%, p = 0.036) in
BV2 cells significantly increased after corticosterone stimulation
(Figures 5B–E). Melatonin can significantly inhibit the activation of
NF-kB/NLRP3. The protein levels of p-p65 and NLRP3 in BV2 cells
supplemented with melatonin are significantly downregulated
compared to the corticosterone group (Figures 5B–E).

3.5 The viability of HT22 cells was
significantly improved by adding BV2 culture
medium exposed to melatonin

The interaction between microglia and neurons plays a key
role in maintaining brain health. Therefore, we proceeded to
culture HT22 cells in BV2’s medium to investigate the various
effects of microglia on neurons (Figure 6A). First, the results of
the CCK-8 assay showed that the cell activity of HT22 was
significantly inhibited (29.16%, p < 0.001) in BV2 culture
containing corticosterone (Figure 6B). In addition, the
number of HT22 cells attached to the wall was significantly
reduced in the corticosterone group (Figure 6C). The activity of
HT22 cells in the melatonin treatment group significantly
increased by 30.27% (p < 0.001) compared to the cells in the
CORT group (Figure 6B).

FIGURE 4
Melatonin inhibits the M1-type activation of BV2 cells induced by corticosterone. (A) Immunofluorescence localization of Iba1 and CD80 in
BV2 cells, red fluorescence labeled Iba1 (594 nm), green fluorescence labeled CD80 (488 nm), and DAPI labeled nucleus. (B,C) Fluorescence intensity
analysis of CD80 and Iba1 (n = 3). The outcome is the mean ± standard error of the mean. Values (a,b,c and d) without a common superscript letter differ
significantly at p < 0.05, but values (a,b and c) with the same letter do not differ significantly at p ≥ 0.05. CORT, corticosterone; Mel, Melatonin.
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3.6Melatonin inhibits the activation of BV2 through
MT2 and reduces the occurrence of inflammation

To explore the pathway of melatonin action, we added
MT1 and MT2 receptor blockers, Luzindole and 4-P-PDOT,
to BV2 cells, respectively. First, mRNA levels of IL-1β, TNF-α,
and CD86 in BV2 cells were significantly reduced, and mRNA
expression of IL-10 was significantly increased after melatonin
treatment compared with the corticosterone-stimulated group
(IL-1β, 44.25%, p = 0.006; TNF-α, 27.54%, p < 0.001; Cd86,
47.56%, p = 0.001; IL-10, 36.05%, p = 0.018; Figures 7A–D). The
mRNA levels of IL-1β and Cd86 significantly increased after 4-P-
PDOT was added to BV2 cells compared to the melatonin
treatment group (IL-1β, 64.95%, p = 0.013; Cd86, 76.16%, p =
0.001). When luzindole was added to BV2 cells, there was no
significant effect on the action of melatonin. This suggests that
melatonin can influence the activation of microglia to M1 type
through MT2 receptors.

4 Discussion

Nighttime exposure to artificial lighting (Dim Light at Night)
and shift work have been shown to disrupt normal physiological
activities in the brain and body (González, 2018). The study
discovered that dLAN of 5 lux influences neuronal dendritic
shape in the CA1 and DG areas of the hippocampus, influencing
learning and memory function (Fonken et al., 2012). Recent studies
have shown that dim light at night can trigger an inflammatory
response in the central nervous system (Chen et al., 2021; Liu et al.,
2022). Microglia are a type of glial cell, which constitutes the central
nervous system’s most crucial immune defense line. Microglia
perform essential functions, such as environmental perception
and protection against internal and external stimuli. Thus,
microglia play an important role in maintaining brain
homeostasis and synaptic function, depending on the balance
between the M1 and M2 phenotypes of microglia (Rasia-Filho

FIGURE 5
Melatonin reduces M1-type activation of BV2 by inhibiting the activation of NF-kB and NLRP3. (A) Schematic diagram of in vitro test. (B–E) Relative
protein levels of CD80, P-P65, and NLRP3 in hippocampus (n = 6). The outcome is the mean ± standard error of the mean. Values (a,b,c and d) without a
common superscript letter differ significantly at p < 0.05, but values (a,b and c) with the same letter do not differ significantly at p ≥ 0.05. CORT,
corticosterone; Mel, Melatonin.
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et al., 2023). Overactivation of microglia can lead to dysregulation of
synaptic plasticity and neurotoxicity. Age and sex factors also appear
to influence the effects of nighttime dim light on the
neuroinflammation. Chen et al.’s study showed that adolescent
mice exposed to nighttime light exhibited higher levels of pro-
inflammatory factors in the hippocampus. Female mice were found
to be more susceptible to nighttime dim light than male mice (Chen
et al., 2021). Light information includes light intensity, duration, and
wavelength. Our previous studies demonstrated the influence of
light wavelength factors on the hippocampal inflammatory response
in mice. Under dWL and dBL conditions, the density of CA3 and
CA1 neurons in the mice hippocampus significantly decreased,
while the number and activation of microglia in the
hippocampus significantly increased, leading to oxidative stress
and neuroinflammation (Liu et al., 2022). Furthermore, several
studies have indicated that Dim Light at Night changes the
inflammatory response in mice, particularly by boosting the
expression of pro-inflammatory cytokines in microglia (Fonken
et al., 2013a; Fonken et al., 2013b). Given the exacerbating effect
of dim light on neuroinflammation at night, it is critical to find a
solution. Melatonin, which is secreted by the pineal gland, has anti-

inflammatory, antioxidant, and antidepressant effects, making it
thought to offer significant therapeutic potential for
neurodegenerative illnesses (Xu et al., 2020). Melatonin is an
essential regulator of neuroinflammation. Tahir Ali et al. found
that melatonin reduces LPS-induced activation of astrocytes and
microglia while improving neuroinflammation (Ali et al., 2020). Our
study discovered that melatonin can reduce the level of hippocampal
inflammation caused by dBL, diminish the expression of CD80 in
microglia, and block the activation of microglia.

Corticosterone is a hormone that is secreted rhythmically and is
easily influenced by light. The Dim Light at Night can affect
corticosterone secretion, and this effect is related to the species
and the lighting conditions used, such as light wavelength, light
intensity, etc (Rumanova et al., 2020). In previous studies, plasma
corticosterone levels in mice were significantly increased under
constant light at night with white light (dWL) and constant light
at night with blue light (dBL). Corticosterone was found to activate
BV2 cells, leading to the expression of pro-inflammatory cytokines
and proteins (Liu et al., 2022). Recent studies have confirmed that
corticosterone is involved in stress-induced neuroinflammatory
responses, thus playing a significant role in the pathogenesis of

FIGURE 6
The viability of HT22 cells was significantly improved by adding BV2 culturemedium exposed tomelatonin. (A) Schematic diagram of in vitro test. (B)
The CCK8 method was used to detect the activity of HT22 cells exposed to different BV2 medium (n = 20). (C) Photomicrograph of HT22 cells treated
with different BV2 medium. The outcome is the mean ± standard error of the mean. Values (a,b,c and d) without a common superscript letter differ
significantly at p < 0.05, but values (a,b and c) with the same letter do not differ significantly at p ≥ 0.05. CORT, corticosterone; Mel, Melatonin.
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diseases like depression and post-traumatic stress disorder. For
example, Bin Xu et al. demonstrated that corticosterone can
activate the MAPK signaling pathway in microglia in the dentate
gyrus (DG) region of the hippocampus in mice, promoting the pro-
inflammatory activation of microglia (Xu et al., 2019). Nod-like
receptor protein 3 (NLRP3) inflammasome is expressed in microglia
and plays a crucial role in the release of proinflammatory factors
from microglia. It is able to activate caspase-1 to produce
inflammatory factors such as IL-1β (Dong et al., 2020). Feng
et al. found that glucocorticoids can increase NF-kB nuclear
transcription in hippocampal microglia, which then activates the
NLRP3 inflammasome, disrupting the homeostasis of hippocampal
microglia (Feng et al., 2019). Therefore, in vitro experiments, we
used corticosterone to stimulate BV2 cells to mimic the effects of
dark blue light at night on hippocampal microglia. The results
showed that the expressions of CD80, pp65, and NLRP3 in
BV2 cells significantly increased after corticosterone treatment.
This indicates that corticosterone effectively stimulated the
activation of microglia by activating the NLRP3 inflammasome
through NF-kB signaling. This indicates that our method of
modeling BV2 cells with corticosterone stimulation in vitro is
feasible. It has been reported that microglial activation induces
neuronal cell death through the overexpression of pro-
inflammatory mediators, leading to neuronal disorder and death
(Jebelli et al., 2014). Melatonin regulates the state of microglia to
protect hippocampal neurons, a finding that was also confirmed in

our study. We found that treating the BV2 cell culture medium with
melatonin significantly increased the cell viability of HT22 cells.
Unfortunately, we did not detect the expression of inflammatory
factors in the BV2 cell culture.

The regulatory effect of melatonin on NF-kB and NLRP3 in
BV2 cells has been confirmed in several studies. For example,
melatonin preconditioning attenuates manganese and LPS-
induced NF-kB activation and reduces the expression of iNOS
and nitric oxide (NO) in BV2 cells (Park and Chun, 2017). Tang
et al. showed that melatonin therapy improved the activation of the
NLRP3 inflammasome in thrombine-induced activated BV2 cells,
and that this improvement was associated with a reduction in ROS
production (Tang et al., 2020). We investigated the impact of
melatonin on corticosterone-induced microglia activation and
observed that the inclusion of melatonin in BV2 cells
significantly decreased corticosterone-induced inflammation. This
reduction was evident in the decreased expression of inflammatory
proteins PP65, NLRP3, and the M1 marker CD80 in microglia. This
suggests that melatonin may reduce NF-kB transcription and
control the activation of the NLRP3 inflammasome to improve
the overactivation of microglia by corticosterone. In addition, Zheng
Ran et al. reported that melatonin can reduce MPTP-induced
microglial activation, inhibit the activity of the
NLRP3 inflammasome, and suppress IL-1β secretion (Zheng
et al., 2021). Melatonin treatment significantly inhibited sleep
deprivation (SD)-induced hippocampal NF-κB activation and the

FIGURE 7
Melatonin inhibits the activation of BV2 through MT2 and reduces the occurrence of inflammation. (A–E) The mRNA levels of IL-1β, TNF-α, IL-10,
Cd86, and Cd206 in BV2 cells treated with CORT, Meltonin, Luzindole, and 4-P-PDOT (n = 6). The outcome is the mean ± standard error of the mean.
Values (a,b,c and d) without a common superscript letter differ significantly at p < 0.05, but values (a,b and c) with the same letter do not differ significantly
at p ≥ 0.05. CORT, corticosterone, Mel, Melatonin; Luzindole, MT1 receptor blockers; 4-P-PDOT, MT2 receptor blockers.
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production of pro-inflammatory cytokines, demonstrating anti-
inflammatory effects (Wang et al., 2021). These studies suggest
that melatonin is involved in the activation of microglia NF-kB
signaling pathway and NLRP3, influencing microglia polarization to
control brain inflammation.

At present, there are few reports on how melatonin regulates
microglia. Melatonin is a pleiotropic molecule that exerts various
physiological effects primarily through receptor-dependent
signaling cascades. The main membrane receptors for melatonin
are MT1 and MT2, which are G-protein-coupled receptors. Gao
Yuan et al. indicated that melatonin alleviates inflammation-
mediated brain edema and neurological deficits by activating the
MT2/IL-33/Fth pathway (Gao et al., 2023). In another study,
pretreatment with 100 nM melatonin prevented the
overexpression of TNF-α induced by methamphetamine
exposure. Conversely, the anti-inflammatory effects of melatonin
were eliminated when MT2 was knocked down using siRNA
(Wongprayoon and Govitrapong, 2015). Our results showed that
melatonin could significantly improve the secretion of
corticosterone-induced inflammatory factors in BV2 cells.
However, the beneficial effect of melatonin was no longer
observed after the addition of the MT2 receptor blocker 4-P-
PDOT. This suggests that melatonin alleviated corticosterone-
induced activation of BV2 cells primarily through MT2 receptors.
A study has also shown that the effects of melatonin onmicroglia are
primarily receptor-mediated and partly dependent on
SIRT1 activation (Merlo et al., 2023). It can be seen that the
receptor action pathway of melatonin is crucial for regulating
microglia polarization.

In summary, this study showed that melatonin alleviates nocturnal
blue-induced hippocampal neuroinflammation by modifying
phenotypic markers of microglia, thereby reducing neuronal
damage. Melatonin regulates microglial activation towards the
M1 proinflammatory type through the NF-kB - NLRP3 pathway,
and MT2 plays a crucial role in the modulation of microglial
polarization. This finding reflects the beneficial role of Mel-MT2 in
regulating microglia polarization, offering new insights into the
management of nerve disorders triggered by light pollution, such as
dim light at night. However, there are also limitations in this study. First,
we only analyzed the role of melatonin from the perspective of the
receptor pathway.Whether the non-receptor pathway ofmelatonin also
has the ability to regulate microglia polarization remains to be clarified.
Second, this study only investigated the effects of melatonin on
microglia in the hippocampus. Studies have shown that light not
only affects the activation of microglia in the hippocampus but also
has an effect on microglia in the basolateral amygdala (BLA), anterior
cingulate cortex (ACC), and other brain regions (Costello A et al., 2023).
Therefore, whethermelatonin can improve neuroinflammation in these
brain regions remains to be studied. Third, this experiment uses rodents
as test models, and it is important to consider species differences when
translating in vivo and in vitro test results to humans.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Animal Welfare Committee
of the Agricultural Research Organization of China Agricultural
University (Approval number: AW92303202-2-2). The study was
conducted in accordance with the local legislation and institutional
requirements.

Author contributions

CS: Writing–original draft, Validation, Methodology, Data
curation, Conceptualization. ZS: Methodology, Writing–original
draft, Validation, Data curation, Conceptualization. ZW:
Supervision, Resources, Project administration,
Writing–original draft. JC: Writing–original draft, Supervision.
YD: Writing–original draft, Supervision. YC: Writing–original
draft, Validation, Funding acquisition, Data curation,
Conceptualization.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Chinese National Natural Science Foundation
(32372954, 32172801) and the Beijing Natural Science
Foundation (6222019).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ali, T., Rahman, S. U., Hao, Q., Li, W., Liu, Z., Ali Shah, F., et al. (2020). Melatonin
prevents neuroinflammation and relieves depression by attenuating autophagy
impairment through FOXO3a regulation. J. Pineal Res. 69, e12667. doi:10.1111/jpi.
12667

Calvo-Sanz, J. A., and Tapia-Ayuga, C. E. (2020). Blue light emission spectra of
popular mobile devices: the extent of user protection against melatonin suppression by
built-in screen technology and light filtering software systems. Chronobiol Int. 37,
1016–1022. doi:10.1080/07420528.2020.1781149

Frontiers in Pharmacology frontiersin.org11

Song et al. 10.3389/fphar.2024.1416350

28

https://doi.org/10.1111/jpi.12667
https://doi.org/10.1111/jpi.12667
https://doi.org/10.1080/07420528.2020.1781149
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1416350


Chen, R., Weitzner, A. S., McKennon, L. A., and Fonken, L. K. (2021). Light at night
during development in mice has modest effects on adulthood behavior and
neuroimmune activation. Behav. Brain Res. 405, 113171. doi:10.1016/j.bbr.2021.113171

Costello, A., Linning-Duffy, K., Vandenbrook, C., Lonstein, J. S., and Yan, L. (2023).
Daytime light deficiency leads to sex- and brain region-specific neuroinflammatory responses
in a diurnal rodent. Cell Mol. Neurobiol. 43, 1369–1384. doi:10.1007/s10571-022-01256-x

Dong, Y., Li, S., Lu, Y., Li, X., Liao, Y., Peng, Z., et al. (2020). Stress-induced
NLRP3 inflammasome activation negatively regulates fear memory in mice.
J. Neuroinflammation 17, 205. doi:10.1186/s12974-020-01842-0

Feng, X., Zhao, Y., Yang, T., Song,M.,Wang, C., Yao, Y., et al. (2019). Glucocorticoid-driven
NLRP3 inflammasome activation in hippocampal microglia mediates chronic stress-induced
depressive-like behaviors. Front. Mol. Neurosci. 12, 210. doi:10.3389/fnmol.2019.00210

Fonken, L. K., Kitsmiller, E., Smale, L., and Nelson, R. J. (2012). Dim nighttime light
impairs cognition and provokes depressive-like responses in a diurnal rodent. J. Biol.
Rhythms 27, 319–327. doi:10.1177/0748730412448324

Fonken, L. K., Lieberman, R. A., Weil, Z. M., and Nelson, R. J. (2013a). Dim light at
night exaggerates weight gain and inflammation associated with a high-fat diet in male
mice. Endocrinology 154, 3817–3825. doi:10.1210/en.2013-1121

Fonken, L. K., Weil, Z. M., and Nelson, R. J. (2013b). Mice exposed to dim light at
night exaggerate inflammatory responses to lipopolysaccharide. Brain Behav. Immun.
34, 159–163. doi:10.1016/j.bbi.2013.08.011

Gao, Y., Wang, T., Cheng, Y., Wu, Y., Zhu, L., Gu, Z., et al. (2023). Melatonin
ameliorates neurological deficits through MT2/IL-33/ferritin H signaling-mediated
inhibition of neuroinflammation and ferroptosis after traumatic brain injury. Free
Radic. Biol. Med. 199, 97–112. doi:10.1016/j.freeradbiomed.2023.02.014

González, M. M. C. (2018). Dim light at night and constant darkness: two frequently
used lighting conditions that jeopardize the health and well-being of laboratory rodents.
Front. Neurol. 9, 609. doi:10.3389/fneur.2018.00609

Guo, Y. L., Wei, X. J., Zhang, T., and Sun, T. (2023). Molecular mechanisms of
melatonin-induced alleviation of synaptic dysfunction and neuroinflammation in
Parkinson’s disease: a review. Eur. Rev. Med. Pharmacol. Sci. 27 (11), 5070–5082.
doi:10.26355/eurrev_202306_32624

Hardeland, R. (2021). Melatonin and microglia. Int. J. Mol. Sci. 22 (15), 8296. doi:10.
3390/ijms22158296

Jebelli, J., Hooper, C., and Pocock, J. M. (2014). Microglial p53 activation is detrimental to
neuronal synapses during activation-induced inflammation: implications for
neurodegeneration. Neurosci. Lett. 583, 92–97. doi:10.1016/j.neulet.2014.08.049

Liu, Q., Wang, Z., Cao, J., Dong, Y., and Chen, Y. (2022). Dim blue light at night
induces spatial memory impairment in mice by hippocampal neuroinflammation and
oxidative stress. Antioxidants (Basel) 11, 1218. doi:10.3390/antiox11071218

Merlo, S., Caruso, G. I., Korde, D. S., Khodorovska, A., Humpel, C., and Sortino, M. A.
(2023). Melatonin activates anti-inflammatory features in microglia in a multicellular
context: evidence from organotypic brain slices and HMC3 cells. Biomolecules 13, 373.
doi:10.3390/biom13020373

Park, E., and Chun, H. S. (2017). Melatonin attenuates manganese and
lipopolysaccharide-induced inflammatory activation of BV2 microglia. Neurochem.
Res. 42, 656–666. doi:10.1007/s11064-016-2122-7

Rasia-Filho, A. A., Calcagnotto, M. E., and von Bohlen Und Halbach, O. (2023). Glial
cell modulation of dendritic spine structure and synaptic function. Adv. Neurobiol. 34,
255–310. doi:10.1007/978-3-031-36159-3_6

Rumanova, V. S., Okuliarova, M., and Zeman, M. (2020). Differential effects of
constant light and dim light at night on the circadian control of metabolism and
behavior. Int. J. Mol. Sci. 21, 5478. doi:10.3390/ijms21155478

Silvani, M. I., Werder, R., and Perret, C. (2022). The influence of blue light on sleep,
performance and wellbeing in young adults: a systematic review. Front. Physiol. 13,
943108. doi:10.3389/fphys.2022.943108

Tang, J., Chen, R., Wang, L., Yu, L., Zuo, D., Cui, G., et al. (2020). Melatonin
attenuates thrombin-induced inflammation in BV2 cells and then protects HT22 cells
from apoptosis. Inflammation 43, 1959–1970. doi:10.1007/s10753-020-01270-5

Wang, X., Wang, Z., Cao, J., Dong, Y., and Chen, Y. (2021). Melatonin ameliorates
anxiety-like behaviors induced by sleep deprivation in mice: role of oxidative stress,
neuroinflammation, autophagy and apoptosis. Brain Res. Bull. 174, 161–172. doi:10.
1016/j.brainresbull.2021.06.010

Wongprayoon, P., and Govitrapong, P. (2015). Melatonin attenuates
methamphetamine-induced neuroinflammation through the melatonin receptor in
the SH-SY5Y cell line. Neurotoxicology 50, 122–130. doi:10.1016/j.neuro.2015.08.008

Xu, B., Lang, L. M., Li, S. Z., Guo, J. R.,Wang, J. F., Yang, H.M., et al. (2019). Microglia
activated by excess cortisol induce HMGB1 acetylation and neuroinflammation in the
hippocampal DG region of mice following cold exposure. Biomolecules 9, 426. doi:10.
3390/biom9090426

Xu, Y., Cui, K., Li, J., Tang, X., Lin, J., Lu, X., et al. (2020). Melatonin attenuates
choroidal neovascularization by regulating macrophage/microglia polarization via
inhibition of RhoA/ROCK signaling pathway. J. Pineal Res. 69, e12660. doi:10.1111/
jpi.12660

Zhao, Z. C., Zhou, Y., Tan, G., and Li, J. (2018). Research progress about the effect and
prevention of blue light on eyes. Int. J. Ophthalmol. 11, 1999–2003. doi:10.18240/ijo.
2018.12.20

Zheng, R., Ruan, Y., Yan, Y., Lin, Z., Xue, N., Yan, Y., et al. (2021). Melatonin
attenuates neuroinflammation by down-regulating NLRP3 inflammasome via a SIRT1-
dependent pathway in MPTP-induced models of Parkinson’s disease. J. Inflamm. Res.
14, 3063–3075. doi:10.2147/JIR.S317672

Frontiers in Pharmacology frontiersin.org12

Song et al. 10.3389/fphar.2024.1416350

29

https://doi.org/10.1016/j.bbr.2021.113171
https://doi.org/10.1007/s10571-022-01256-x
https://doi.org/10.1186/s12974-020-01842-0
https://doi.org/10.3389/fnmol.2019.00210
https://doi.org/10.1177/0748730412448324
https://doi.org/10.1210/en.2013-1121
https://doi.org/10.1016/j.bbi.2013.08.011
https://doi.org/10.1016/j.freeradbiomed.2023.02.014
https://doi.org/10.3389/fneur.2018.00609
https://doi.org/10.26355/eurrev_202306_32624
https://doi.org/10.3390/ijms22158296
https://doi.org/10.3390/ijms22158296
https://doi.org/10.1016/j.neulet.2014.08.049
https://doi.org/10.3390/antiox11071218
https://doi.org/10.3390/biom13020373
https://doi.org/10.1007/s11064-016-2122-7
https://doi.org/10.1007/978-3-031-36159-3_6
https://doi.org/10.3390/ijms21155478
https://doi.org/10.3389/fphys.2022.943108
https://doi.org/10.1007/s10753-020-01270-5
https://doi.org/10.1016/j.brainresbull.2021.06.010
https://doi.org/10.1016/j.brainresbull.2021.06.010
https://doi.org/10.1016/j.neuro.2015.08.008
https://doi.org/10.3390/biom9090426
https://doi.org/10.3390/biom9090426
https://doi.org/10.1111/jpi.12660
https://doi.org/10.1111/jpi.12660
https://doi.org/10.18240/ijo.2018.12.20
https://doi.org/10.18240/ijo.2018.12.20
https://doi.org/10.2147/JIR.S317672
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1416350


TYPE Review

PUBLISHED 05 June 2024

DOI 10.3389/fnins.2024.1422912

OPEN ACCESS

EDITED BY

Pukar Khanal,

Emory University, United States

REVIEWED BY

Prarambh S. R. Dwivedi,

Nitte Gulabi Shetty Memorial Institute of

Pharmaceutical Sciences, India

Raushan Kumar Chaudhary,

Nitte Gulabi Shetty Memorial Institute of

Pharmaceutical Sciences, India

*CORRESPONDENCE

Majid S. Jabir

100131@uotechnology.edu.iq

Ghassan M. Sulaiman

ghassan.m.sulaiman@uotechnology.edu.iq

RECEIVED 24 April 2024

ACCEPTED 23 May 2024

PUBLISHED 05 June 2024

CITATION

Al-kuraishy HM, Jabir MS, Sulaiman GM,

Mohammed HA, Al-Gareeb AI, Albuhadily AK,

Jawad SF, Swelum AA and Abomughaid MM

(2024) The role of statins in amyotrophic

lateral sclerosis: protective or not?

Front. Neurosci. 18:1422912.

doi: 10.3389/fnins.2024.1422912

COPYRIGHT

© 2024 Al-kuraishy, Jabir, Sulaiman,

Mohammed, Al-Gareeb, Albuhadily, Jawad,

Swelum and Abomughaid. This is an

open-access article distributed under the

terms of the Creative Commons Attribution

License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the

copyright owner(s) are credited and that the

original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

The role of statins in amyotrophic
lateral sclerosis: protective or
not?

Hayder M. Al-kuraishy1, Majid S. Jabir2*, Ghassan M. Sulaiman2*,

Hamdoon A. Mohammed3,4, Ali I. Al-Gareeb5, Ali K. Albuhadily1,

Sabrean F. Jawad6, Ayman A. Swelum7 and

Mosleh M. Abomughaid8

1Department of Clinical Pharmacology and Medicine, College of Medicine, Mustansiriyah University,

Baghdad, Iraq, 2Department of Applied Sciences, University of Technology, Baghdad, Iraq,
3Department of Medicinal Chemistry and Pharmacognosy, College of Pharmacy, Qassim University,

Qassim, Saudi Arabia, 4Department of Pharmacognosy and Medicinal Plants, Faculty of Pharmacy,

Al-Azhar University, Cairo, Egypt, 5Department of Clinical Pharmacology and Medicine, College of

Medicine, Jabir Ibn Hayyan Medical University, Kufa, Iraq, 6Department of Pharmacy, Al-Mustaqbal

University College, Hillah, Iraq, 7Department of Animal Production, King Saud University, Riyadh, Saudi

Arabia, 8Department of Medical Laboratory Sciences, College of Applied Medical Sciences, University

of Bisha, Bisha, Saudi Arabia

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease

of motor neurons characterized by muscle weakness, muscle twitching, and

muscle wasting. ALS is regarded as the third-most frequent neurodegenerative

disease, subsequent to Alzheimer’s disease (AD) and Parkinson’s disease (PD).

The World Health Organization (WHO) in 2007 declared that prolonged use of

statins may induce development of ALS-like syndrome and may increase ALS

risk. Subsequently, di�erent studies have implicated statins in the pathogenesis

of ALS. In contrast, results from preclinical and clinical studies highlighted the

protective role of statins against ALS neuropathology. Recently, meta-analyses

and systematic reviews illustrated no association between long-term use of

statins and ALS risk. These findings highlighted controversial points regarding

the e�ects of statins on ALS pathogenesis and risk. The neuroprotective e�ects

of statins against the development and progression of ALS may be mediated by

regulating dyslipidemia and inflammatory changes. However, themechanism for

induction of ALS neuropathology by statins may be related to the dysregulation

of liver X receptor signaling (LXR) signaling in the motor neurons and reduction

of cholesterol, which has a neuroprotective e�ect against ALS neuropathology.

Nevertheless, the exact role of statins on the pathogenesis of ALS was not fully

elucidated. Therefore, this narrative review aims to discuss the role of statins in

ALS neuropathology.

KEYWORDS

Amyotrophic lateral sclerosis, neurodegenerative diseases, pathogenesis, statins, aging

1 Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a

progressive neurodegenerative disease among motor neuron diseases (Verber et al., 2019;

Feldman et al., 2022). Other motor neuron diseases include primary lateral sclerosis,

progressive muscle atrophy, progressive bulbar palsy, monometic amyotrophy, and

pseudobulbar palsy (Verber et al., 2019). ALS was first described by Charles Bell in

1824; subsequently, in 1869, Jean-Martin Charcot explained the association between
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neurological disorders and the presenting feature of ALS; and the

term ALS was first used by Jean-Martin Charcot in 1874 (Cho and

Shukla, 2020).

ALS is the most common type of motor neuron diseases and

is the third-most frequent neurodegenerative disease subsequent

to Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Bennett

et al., 2019; Masrori and Van Damme, 2020). The incidence of ALS

is more common in men of White race and those with age >60

(Mehta et al., 2022). It has been reported that ALS prevalence is 50–

100 times higher in the Western Pacific regions than other regions

in the world (Mehta et al., 2022). ALS can occur at any age, but its

peak incidence is between 50 and 75 years and sharply decreases

after 80 years (Vinceti et al., 2019). Moreover, sporadic ALS is more

common in people aged 58–63 years. ALS cases are expected to

reach 300,000 in 2040 worldwide (Vinceti et al., 2019; Mehta et al.,

2022).

ALS is characterized bymuscle weakness, muscle twitching, and

muscle wasting. In limb-onset ALS, the muscle weakness starts in

the arms or legs in 50% of patients. The weakness most commonly

starts in the limb muscles, more often in distal muscles than in

proximal muscles (Bennett et al., 2019; Masrori and Van Damme,

2020). In bulbar-onset ALS, there are difficulties in swallowing

and speaking, which are present in 25%−30% of ALS patients

(Bennett et al., 2019). Approximately 50% of patients will suffer

from extra-motor manifestations to some degree in addition to

their motor problems (Masrori and Van Damme, 2020). It has

been observed that 15% of ALS patients develop frontotemporal

dementia and cognitive impairments (Masrori and Van Damme,

2020). According to the etiopathological factors, there are two types

of ALS: 95% is idiopathic (sporadic) ALS and 5% is familial ALS

(Delpont et al., 2019; Masrori and Van Damme, 2020).

Classical ALS involves both upper and lower motor neurons,

leading to spasticity and muscle weakness, respectively. Classical

ALS contributes to 70% of all ALS cases classified as limb-onset

ALS and bulbar-onset ALS. Some ALS variants present limited

symptoms due to localized neuronal injury that progresses slower

than classical ALS, such as flail arm syndrome, caused by damage

to motor neurons in arm muscles (Masrori and Van Damme,

2020). In addition, isolated bulbar palsy is caused by damage to

motor neurons in the bulbar region, leading to dysarthria and

dysphagia (Delpont et al., 2019; Masrori and Van Damme, 2020;

Goutman et al., 2022). The diagnosis of ALS is based on clinical

manifestations and neuroimaging findings (Goutman et al., 2022).

ALS is an incurable disease, and the treatment is mainly

symptomatic. Median survival time is 2–4 years from onset; only

5%−10% of patients survive beyond 10 years (Chiò et al., 2013).

The ALS mortality rate was 1.70 per 100,000 in the United States.

Similarly, other studies have also found lower ALS mortality rates

among Hispanics. Lower incidence and mortality among non-

Whites andHispanics may reflect less detection among non-Whites

or a genetic factor predisposing Whites to ALS (Goutman et al.,

2022). However, slowing the progression of the disease is the

main goal in ALS management by using riluzole and sodium

phenylbutyrate, which extend the life only by several months (Chiò

et al., 2013; Andrews et al., 2020).

The causes of ALS are not fully known; however, environmental

and genetic factors contribute equally to the pathogenesis of ALS

(Feldman et al., 2022; Hartmann et al., 2022). Genetic alterations,

together with environmental factors, promote the development of

ALS (Motataianu et al., 2022). ALS below the age of 70 is more

common inmen by 20%, but sex differences are not observed above

the age of 70 years (Borghero et al., 2023). ALS neuropathology

is characterized by neuronal lesions located in the brain motor

cortex for the upper motor neurons, the brain stem, and spinal

cord for the lower motor neurons (Del Tredici and Braak, 2022).

The pathognomonic pathological feature of ALS is the presence of

specific inclusion bodies called Bunina bodies in the cytoplasm of

motor neurons (Bede et al., 2021).

The constituents of Bunina bodies are TAR DNA-binding

protein 43 (TDP-43), which is present in 97% of ALS patients

(Mori et al., 2019). However, in ALS, superoxide dismutase 1

(SOD1) is the main constituent of Bunina bodies, which is due

to a gene mutation (Wright et al., 2019). These inclusion bodies

have the ability to transport from cell to cell in a prion disease-

like manner (Mori et al., 2019; Wright et al., 2019). Mutant SOD1

proteins have the ability to accumulate intracellularly and inhibit

protein degradation (Berdyński et al., 2022). Inclusion bodies in

ALS induce glutamate neurotransmission, leading to excessive

intracellular calcium accumulation and excitotoxicity (Diana and

Bongioanni, 2022). It has been shown that motor neurons are

highly sensitive to the effect of excitotoxicity due to their low

calcium buffering capacity (Tedeschi et al., 2021).

In ALS, excitatory amino acid transporter 2 (EAAT2),

which is responsible for the transport of synaptic glutamate, is

significantly downregulated (Fontana et al., 2023). Therefore,

dysregulation of glutamate neurotransmission is regarded

as the main pathophysiological mechanism intricate in ALS

neuropathology. Hence, riluzole, which inhibits presynaptic

glutamate release, can attenuate the pathogenesis of ALS (Chen

et al., 2020). Interestingly, environmental factors such as toxins,

viruses, and metals, together with SOD-1 mutation, trigger

excitotoxicity, mitochondrial dysfunction, oxidative stress,

neuroinflammation, and aggregation of abnormal proteins, leading

to impairment of axonal transport and neuronal apoptosis (Mori

et al., 2019; Bede et al., 2021; Del Tredici and Braak, 2022) .

According to the genetic base, TDP-43 and SOD-1 genetic

mutations are the main mutations involved in the pathogenesis of

ALS (Farina et al., 2021; Brenner and Freischmidt, 2022). Other

mutated genes involved in ALS are listed as follows (Renton et al.,

2014; Gregory et al., 2020) (Table 1).

The underlying causes of cell deaths in ALS are development

of mitochondrial dysfunction, impairment of nucleocytoplasmic

transport, and ROS production due to progressive accumulation

of mutant TDP-43 (Davis et al., 2018). TDP-43 interferes with

mitochondrial respiratory complex I proteins (Wang et al., 2016),

leading to mitochondrial dysfunction and loss of motor neurons in

ALS. Interestingly, loss of motor neurons in ALS is mainly through

induction of the apoptotic pathway (Vogt et al., 2018).

Originally, it was established that mutant TDP-43 triggers the

expression of pro-apoptotic proteins in a p53-dependent manner

(Vogt et al., 2018). However, neuronal death in ALS is independent

of caspase-3 activation, and inhibition of caspase-3 does not affect

the percentage of neuronal loss (Re et al., 2014). In addition,

co-cultured astrocytes derived from ALS patients with human
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TABLE 1 Genes involved in ALS.

Gene Location Inheritance Function % in familial ALS % in sporadic ALS

SQSTM1 1q35 AD Autophagy 1 <1

TARDBP 1p36 AD RNA metabolism 4 1

VCP 9p13 AD Proteasome 1 1

C9ORF72 9p21 AD DENN protein 40 1

OPTN 10p13 AD Vesicle trafficking <1 <1

FUS 16p11 AD RNA metabolism 4 1

PFN1 17p13 AD Cytoskeleton <1 <1

UBQLN2 Xp11 XD Proteasome <1 <1

AD, autosomal-dominant; XD, X-linked dominant.

motor neurons led to high neuronal loss. Similarly, necroptosis

is implicated in the progression of neuronal loss in ALS. The

application of the necroptosis inhibitor necrostatin-1 prevents

neuronal loss in ALS, which substantiates the aforementioned (Re

et al., 2014). Therefore, both apoptosis and necroptosis pathways

are intricately involved in neuronal loss in ALS.

Furthermore, derangement of RNA metabolism in ALS is

evident in the majority of familial ALS due to alteration of

RNA translocation, RNA degradation, pre-mRNA splicing, and

the formation of a ribonucleoprotein complex by mutant genes

(Strong, 2010). The mutant TDP-43 and SOD1 proteins can form

cytosolic aggregates, which affect the stability of mRNA through an

interaction with mRNA species in ALS (Strong, 2010). Therefore,

ALS is regarded as a disorder of RNA metabolism, and alteration

of RNA metabolism appears central to the pathogenesis of ALS.

In addition, microRNA (miRNA) is a noncoding RNA that is

involved in substantial control of gene expression and has a

critical role in cell death. Importantly, miRNA controls apoptosis,

programmed cell death, and necroptosis in ALS (Gagliardi et al.,

2019). Deregulation of miRNA has been observed in the brain,

spinal cord, blood, and CSF of ALS patients (Gagliardi et al., 2019).

Downregulation of miRNA was observed mainly in the motor

neurons (Gagliardi et al., 2019), suggesting the protective role of

miRNA against ALS neuropathology.

Moreover, noncoding genomes such as long noncoding RNA

(IncRNA) are highly expressed in spinal motor neurons in the

early stages of the ALS pathological process (Gagliardi et al., 2018a,

2019). IncRNA acts as an epigenetic regulator of the target gene

by controlling the interaction between miRNA and mRNA. It has

been observed that IncRNA is upregulated in the peripheral blood

mononuclear cells of sporadic ALS but deregulated in familial ALS

(Gagliardi et al., 2018b). Notably, degeneration of motor neurons

is caused by a combination of intrinsic neuronal defects and

extrinsic factors such as astrocyte-mediated toxicity (Del Tredici

and Braak, 2022). In ALS, the astrocytes are activated to release

pro-inflammatory cytokines and chemokines, causing sustained

neurotoxic effects and neuronal apoptosis (Bede et al., 2021), as

illustrated in Figure 1.

As ALS is more common in older age groups having

comorbidities such as diabetes, hypertension, and dyslipidemia,

the use of lipid-lowering agents such as statins is more frequent

in those patients (Hu and Ji, 2022). It has been demonstrated

that statins may have beneficial or detrimental effects on the

pathogenesis of ALS (Nabizadeh et al., 2022; Wang et al., 2023).

Thus, this review aims to discuss the potential effects of statins on

ALS neuropathology.

2 Method and search strategy

In this review, a systematic literature search of the Web

of Science, Scopus, PubMed, Cochrane Library, ProQuest,

ISI Processing, and OpenGray databases was performed to

recognize the relevant literature. Additional records were obtained

through a manual search. Two authors assessed the eligibility

by checking the title and abstract and checking the full

articles. The search was conducted by using relevant keywords

[Amyotrophic lateral sclerosis AND Statins], [Amyotrophic lateral

sclerosis AND Neuronal apoptosis], [Amyotrophic lateral sclerosis

AND Oxidative stress], [Amyotrophic lateral sclerosis AND

Neuroinflammation], [Statins AND Oxidative stress], and [Statins

AND Neuroinflammation]. The quality of the studies was

estimated by the authors for compatibility with the present review.

The included studies are original studies, retrospective studies,

and prospective studies. However, a case report study, a review

study, and articles published in languages other than English were

excluded from this review.

3 Pharmacology of statins

Statins are cholesterol-lowering drugs that inhibit de novo

hepatic cholesterol biosynthesis through suppression of a rate-

limiting hydroxyl-methyl-glutaryl Coenzyme A (HMG-CoA)

reductase (Al-Kuraishy et al., 2020b; Alromi et al., 2021). Figure 2

shows the mechanisms of statins.

Reduction of circulating cholesterol by statins triggers

the expression of low-density lipoprotein (LDL) receptors,

subsequently increasing the uptake of LDL-c (Al-Kuraishy and

Al-Gareeb, 2017). In addition, statins promote the expression

of high-density lipoprotein (HDL), which removes cholesterol

from the tissues to the liver (Al-Kuraishy et al., 2020b). In

addition, statins have potential pleiotropic effects, including

antioxidant, anti-inflammatory, antiatherogenic, and antiplatelet
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FIGURE 1

Pathophysiology of ALS. Exogenous factors such as toxins, viruses, and metals induce ALS neuropathology through the induction of microglia and

astrocytes that cause excitotoxicity and oxidative stress. In addition, genetic risk factors such as mutations in the SOD1 gene promote ALS

neuropathology by inducing mitochondrial dysfunction, abnormal protein aggregation, impaired abnormal axonal transport, and development of

neuroinflammation. These changes trigger the apoptosis of motor neurons.

FIGURE 2

Mechanisms of action of statins. Statins inhibit HMG-CoA reductase, leading to the formation of mevalonate, farnesyl pyrophosphate, and geranyl

pyrophosphate, which are essential for the synthesis of cholesterol and involved in protein prenylation.

effects (Kadhim et al., 2019; Al-Rubiay et al., 2021). Therefore,

statins are used in the management of hypercholesterolemia,

dyslipidemia, and as primary and secondary preventive therapy

against cardiovascular diseases. According to their lipid solubility,

statins are classified into lipophilic statins, such as simvastatin

and atorvastatin, and hydrophilic statins, such as rosuvastatin

Frontiers inNeuroscience 04 frontiersin.org33

https://doi.org/10.3389/fnins.2024.1422912
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Al-kuraishy et al. 10.3389/fnins.2024.1422912

(Al-Kuraishy et al., 2020c). Lipophilic statins can cross the

blood–brain barrier (BBB) causing inhibition of brain cholesterol

by suppressing the activity of brain HMG-CoA reductase

(Al-Kuraishy and Al-Gareeb, 2016; Al-Kuraishy et al., 2018a).

Lipophilic statins have more central effects compared to

hydrophilic statins (Simon et al., 2019; Climent et al., 2021);

therefore, lipophilic statins may affect neurocognitive functions in

a dual role that could be detrimental or beneficial (Jamshidnejad-

Tosaramandani et al., 2022). Regarding the pharmacokinetics of

statins, they are absorbed orally and may be affected by food.

For example, pravastatin absorption is reduced by 35% when

administrated with food, while food increases the absorption

of lovastatin by 50% (Al-Kuraishy et al., 2018b). However, the

absorption of rosuvastatin and pitavastatin is not affected by

food (Al-Kuraishy et al., 2019). Statins have a plasma protein-

binding capacity of 95%, with the exception of pravastatin, which

has a plasma protein-binding capacity of 50%. Some statins can

inhibit P-glycoprotein, leading to drug–drug interactions with P-

glycoprotein substrates such as verapamil (Al-Kuraishy et al., 2019).

Statins are mainly metabolized by CYP450 isoenzymes, though

pravastatin is metabolized by the cytosolic sulfation pathway

(Filppula et al., 2021). Enzyme inducer drugs such as rifampicin

increase statin metabolism, while enzyme inhibitors such as

macrolides increase the risk of statin toxicity (Filppula et al.,

2021). However, pitavastatin and rosuvastatin are less metabolized

by CYP450 isoenzymes, so they are less subjected to drug–drug

interactions (Hirota et al., 2020). In addition, P-glycoprotein

is concerned with the biliary and intestinal elimination of

rosuvastatin and pravastatin (Liu, 2019). Statins aremainly excreted

by urine, with the exception of atorvastatin, which is eliminated

through bile. The most common adverse effects linked with

prolonged use of statins are gastrointestinal discomfort, myopathy,

cognitive dysfunction, elevation of liver enzymes, an increased risk

of diabetes, and peripheral neuropathy (Deng et al., 2021). The

pharmacokinetic effects of statins are unique, intestinal SLCO2B1

protein mediates the absorption of statins, which, through the

intestinal CYP3A4 enzyme, are converted to active and inactive

metabolites. Statin metabolites produced by the hepatic CYP3A4

enzyme are processed and eliminated from the circulation (Hirota

et al., 2020; Filppula et al., 2021).

4 Statins role in neurodegenerative
diseases

Neurodegenerative diseases are a group of diseases caused by

progressive degeneration of neurons with subsequent neuronal

deaths (Hansson, 2021). Neuroinflammation, oxidative stress, and

mitochondrial dysfunction are the most common mechanisms

sharing an intricate link in the neurodegenerative process

(Elfawy and Das, 2019). The underlying causes for development

of neuroinflammation, oxidative stress, and mitochondrial

dysfunction are progressive accumulation of misfolded proteins

such as amyloid beta (Aβ) in Alzheimer’s disease (AD) and alpha

synuclein (α-Syn) in Parkinson’s disease (PD) (Kabir et al., 2020).

The etiopathological causes of neurodegenerative diseases are

chiefly unknown; however, environmental factors in genetically

susceptible subjects may be the most proposed mechanism (Al-

Kuraishy et al., 2020a). AD is the most common neurodegenerative

disease and represents two-thirds of dementia cases (Alromi

et al., 2021; Al-Kuraishy et al., 2023b). AD is characterized by

intracellular accumulation of neurofibrillary tangles (NFTs) and

extracellular accumulation of non-soluble Aβ (Alsubaie et al.,

2022). AD is most common in individuals aged >65 years, leading

to cognitive dysfunction and progressive memory loss (Ali et al.,

2024).

It has been shown that prolonged use of statins, mainly in

elderly patients, may adversely affect cognitive function. Statins can

induce cognitive decline in healthy subjects and in AD patients

(Alsubaie et al., 2022). However, observational and prospective

studies did not provide a clinical clue regarding the harmful

and beneficial effects of statins on AD neuropathology (Group,

2002; McGuinness et al., 2009). Interestingly, users of statins such

as simvastatin and atorvastatin experience reversible cognitive

impairment within 2 months (Wagstaff et al., 2003). It has

been illustrated that lipophilic statins trigger the development

of cognitive impairment through inhibition of brain cholesterol,

which is necessary for neuronal integrity and synaptic plasticity

(Schultz et al., 2018). Inhibition of brain cholesterol by lovastatin

promotes Aβ formation and development of AD in mice

(Strandberg et al., 1999). Inhibition of brain cholesterol by

statins attenuates neuronal myelination, causing worsening of AD

neuropathology (Alsubaie et al., 2022). In addition, prolonged

use of statins reduces the neuroprotective CQ10, leading to

mitochondrial dysfunction, oxidative stress, and enhancement in

Aβ formation (Alsubaie et al., 2022). Therefore, prolonged use

of statins is implicated in the pathogenesis of AD by different

mechanisms, as shown in Figure 3.

In contrast, long-term use of statins may have beneficial

effects on AD neuropathology through modulation of ApoE. Thus,

early treatment with statins could be therapeutically effective

against AD neuropathology (Prince et al., 2014). Evidence from

clinical studies confirmed the protective role of statins against

the development and progression of AD (Haag et al., 2009; Lin

et al., 2015). The fundamental mechanism for the protective effects

of statins against AD development is linked to the inhibition

of Aβ formation by suppressing ApoE4 (Bagheri et al., 2020).

In addition, statins improve α-secretase activity, which enhances

the production of neuroprotective soluble Aβ with subsequent

reduction in neurotoxic Aβ. Statins have direct neuroprotective

effects through inhibition of brain HMG-CoA reductase, reduction

of platelet activity in the cerebral vasculature, stabilization of

atherosclerotic plaques, and modulation of Rho GPTase activity. In

addition, statins have indirect neuroprotective effects against AD

neuropathology by targeting Aβ (Haag et al., 2009; Lin et al., 2015;

Bagheri et al., 2020), as shown in Figure 4. These findings indicated

a potential controversy regarding statin use and AD risk.

PD is the second-most common progressive neurodegenerative

disease caused by degeneration of dopaminergic neurons in the

substantia nigra (Al-Kuraishy et al., 2023c). PD is more frequent

in subjects aged >65 years with specific classical features including

bradykinesia, resting tremor, rigidity, and postural instability

(Alrouji et al., 2024). It has been reported that long-term use

of statins for prevention of primary and secondary outcomes in
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FIGURE 3

The detrimental e�ects of statins on AD neuropathology. Statins impair neuronal myelination through inhibition of neuronal cholesterol; therefore;

statins worsen preexistent cholesterol aberrations. In addition, statins inhibit mitochondrial CoQ10, leading to oxidative stress, neuronal injury, and

acceleration of Aβ aggregation. These changes induced by the use of statins exacerbate AD neuropathology.

FIGURE 4

The beneficial role of statins against AD neuropathology. Statins improve α-secretase activity, which enhances the production of neuroprotective

soluble Aβ with subsequent reduction in neurotoxic Aβ. Statins inhibit brain HMG-CoA reductase, reduce platelet activity in the cerebral vasculature,

stabilize atherosclerotic plaques, and modulate Rho GPTase activity. Statins have indirect neuroprotective e�ects against AD neuropathology by

targeting Aβ.

patients with cardiovascular diseases may affect the pathogenesis

of PD in a bidirectional way and could be advantageous or

disadvantageous (Al-Kuraishy et al., 2023a). These findings raise

a conflicting role for statins in PD neuropathology. Different

studies have highlighted that statins have protective effects against

PD incidence, independent of cholesterol-lowering effects (Roy

and Pahan, 2011). Findings from preclinical studies revealed that

lipophilic simvastatin attenuates PD development in mice (Tang

Frontiers inNeuroscience 06 frontiersin.org35

https://doi.org/10.3389/fnins.2024.1422912
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Al-kuraishy et al. 10.3389/fnins.2024.1422912

FIGURE 5

The protective role of statins in PD. Statins, through their anti-inflammatory and antioxidant e�ects, as well as by increasing sterol regulatory

element-binding protein (SREBP), improve the activity of dopaminergic neurons, can reduce the pathogenesis of PD.

et al., 2019). Clinically, prolonged use of statins reduces PD risk

(Wahner et al., 2008). It has been shown that statins through their

anti-inflammatory and antioxidant effects as well as by increasing

sterol regulatory element-binding protein (SREBP), improve the

activity of dopaminergic neurons (Wahner et al., 2008), as shown

in Figure 5.

In contrast, lipophilic statins may increase PD risk within

2.5 years by reducing the neuroprotective effect of cholesterol

(Liu et al., 2017). Interestingly, short-term use of statins for <1

year augments PD risk in a dose-dependent manner by inhibiting

dopamine transporters, though long-term use of statins did not

have this effect (Jeong et al., 2019). Therefore, the effects of statins

on and PD risk and neuropathology depend on the stage of PD and

the duration of statin therapy. In a similar manner, statins affect

other neurodegenerative diseases.

Taken together, the effects of statins on the most common

neurodegenerative diseases, including AD and PD, appear

conflicting. The underlying causes of the conflicting effects of

statins on AD and PD need to be addressed by prospective studies.

5 Role of statins in ALS

5.1 Protective e�ects

Many studies have highlighted the protective effects of statins

against ALS risk (Weisskopf et al., 2022; Kreple et al., 2023).

Lovastatin 40 mg/kg attenuates ALS risk in a mouse model by

28% (Kreple et al., 2023). Lovastatin has an inverse relationship in

a dose-dependent manner with the risk of motor neuron disease

and delays the onset of ALS in transgenic mice (Kreple et al.,

2023). A longitudinal case–control study observed that prolonged

use of statins >3 years reduces ALS risk (Weisskopf et al., 2022),

suggesting that long-term use of statins had a protective role against

the development and progression of ALS.

Preclinical findings showed that simvastatin can reduce the

activation of astrocytes and microglia and inhibit the release of

pro-inflammatory cytokines in C6 glioma cells subjected to the

effects of LPS (Zheng et al., 2018). Simvastatin regulates the

microglia immune response to ALS (Zheng et al., 2018). Inhibition

of microglia and development of neuroinflammation by statins

leads to a neuroprotective effect by attenuating the development of

different neurodegenerative diseases including ALS (Bagheri et al.,

2020). Interestingly, administration of atorvastatin 10 mg/kg/day

for 4 weeks attenuates the degeneration of motor neurons in mice

(Iwamoto et al., 2009). Atorvastatin inhibits denervation atrophy

and motor neuron loss by 30% (Iwamoto et al., 2009).

In a clinical setting, a case–control study on 948 ALS patients

and matched 1,000 healthy controls revealed that statin use

for 3 years before the onset of ALS symptoms was protective

against ALS neuropathology (Weisskopf et al., 2022). Numerous

studies have indicated the neuroprotective effects of statins against

various types of neurodegenerative diseases, including ALS, by

inhibiting neurotoxicity (Bösel et al., 2005; Wolozin et al., 2007;

Bagheri et al., 2020). A retrospective study on 650 ALS patients

and 365 matched healthy controls revealed that 65% of ALS
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patients have dyslipidemia, mainly hypercholesterolemia, that

is correlated with disease severity (Chełstowska et al., 2021).

Therefore, hypercholesterolemia followed by mixed dyslipidemia is

an important risk factor in the general population for increasedALS

risk, and treating these metabolic disorders with statins may reduce

the incidence of ALS. Dyslipidemia with increasing cholesterol and

LDL levels augments ALS risk (Mariosa et al., 2017).

A follow-up of dyslipidemic patients for >20 years showed

that elevation of one unit of LDL was linked with increased

ALS risk (Mariosa et al., 2017). Therefore, alterations in the

lipid profile are regarded as biomarkers before the onset of ALS.

In addition, hypercholesterolemia induces the development and

progression of ALS neuropathology (Chen et al., 2018; Bandres-

Ciga et al., 2019; Zeng and Zhou, 2019). Thus, total cholesterol

and LDL are potential risk factors involved in the pathogenesis of

ALS. A large prospective study on 502,409 ALS patients showed

that a high cholesterol/HDL ratio and high LDL and ApoA

serum levels were associated with increased ALS risk (Thompson

et al., 2022). Herein, the premorbid metabolic status may be

involved in the pathogenesis of ALS, and the use of statins may

improve the metabolic profile and reduce ALS risk. Furthermore,

lipid homeostasis is highly dysregulated in the spinal cord gray

matter, mainly in the motor neurons, leading to progressive

neuronal injury. An increase in cholesterol ester is linked with the

degeneration ofmotor neurons in ALS patients (Dodge et al., 2020).

A similar finding in the ALSmouse model revealed a significant

downregulation of cholesterol biosynthesis in the motor neurons

(Dodge et al., 2020). Therefore, dysregulation of lipid metabolism

in the spinal cord contributes to the pathogenesis of ALS. Hence,

restoration of lipid homeostasis by statins could prevent ALS

development.Moreover, the protective effects of statins against ALS

risk may be sex-dependent (Nefussy et al., 2011). A retrospective

study illustrated that the use of statins reduced ALS risk in women,

only signifying the sex-dependent effects of statins (Nefussy et al.,

2011). The protective role of statins against ALS is listed in Table 2.

These findings proposed the neuroprotective effects of statins

against the development and progression of ALS by regulating

dyslipidemia and inflammatory changes, as shown in Figure 6.

5.2 Hazardous e�ects

It has been observed that statins may adversely affect the

incidence and progression of ALS (Gaimari et al., 2022). A

population-based study revealed that long-term use of statins is

associated with the acceleration of ALS severity (Mariosa et al.,

2020). Evidence from previous studies indicated that prolonged

use of statins may be associated with the development of ALS-

like syndrome (Edwards et al., 2007; Colman et al., 2008).

Statins promote the progression of peripheral neuropathy and

rhabdomyolysis, though the association of statins with upper

motor lesions was disproportionate (Edwards et al., 2007). Data

obtained from a retrospective study proposed that statin use

increases ALS risk compared to placebo (Colman et al., 2008). A

population-based case–control study on 2,475 ALS patients and

12,375 healthy controls illustrated that statins increase ALS risk in

women (Mariosa et al., 2020). Small muscle mass and low-statin

TABLE 2 The protective e�ects of statins against ALS.

Type of the study Findings References

Preclinical Lovastatin 40 mg/kg

attenuates ALS risk in mouse

models by 28%

Kreple et al.,

2023

Preclinical Simvastatin reduces the

activation of astrocytes and

microglia and inhibits the

release of pro-inflammatory

cytokines in C6 glioma cells

Zheng et al.,

2018

Preclinical Administration of

atorvastatin 10 mg/kg/day for

4 weeks attenuates the

degeneration of motor

neurons in mice

Iwamoto et al.,

2009

Longitudinal study Prolonged use of statins >3

years reduces ALS risk

Weisskopf

et al., 2022

Clinical studies Statins have protective effects

against neurodegenerative

diseases including ALS by

inhibiting neurotoxicity

Bösel et al.,

2005; Wolozin

et al., 2007;

Bagheri et al.,

2020

metabolizing enzymes in women may explain the sex difference in

the effect of statins (Group, 2008). The neurotoxic effects of statins

may increase ALS risk in women mainly in the first year from

the onset of ALS (Skajaa et al., 2021). A recent population-based

cohort study revealed that genetic predisposition for statin therapy

is linked with augmentation of ALS risk (Wang et al., 2023). Thus,

statins may increase ALS, independent of cholesterol-lowering

effects, which gives an insight into a new avenue regarding the role

of statins in ALS.

It has been illustrated that not all statins produce detrimental

effects on motor neurons, though a class-dependent effect was

postulated. A previous in vitro study demonstrated that 7-day

exposure of motor neurons to fluvastatin has less effects on

spinal motor neurons in a dose-dependent manner (Murinson

et al., 2012). In comparison, much higher concentrations of other

statins are required to produce neurotoxic effects. However, this

neurotoxic effect was not observed on cortical neurons or Schwann

cells (Murinson et al., 2012). However, hydrophilic pravastatin,

which has a pharmacokinetic profile distinct from that of lipophilic

fluvastatin, produces less toxic effects on the spinal motor neurons

(Murinson et al., 2012). Therefore, class-dependent effects of statins

by specific mechanisms may be implicated in the pathogenesis of

ALS. Lipophilic statins have greater effects on the initiation of ALS

neuropathology compared to hydrophilic statins (Golomb et al.,

2018). However, statins affect ALS through cholesterol-dependent

and cholesterol-independent mechanisms. Inhibition of neuronal

cholesterol by statins interferes with the lipid raft, which mediates

the neuronal pro-survival pathway (Fracassi et al., 2019).

The cholesterol-independent mechanism of statins is through

the reduction of mevalonate, which is essential for neuronal

survival (Moutinho et al., 2017). Therefore, statins may attenuate

the survival of motor neurons through the suppression of pro-

survival signaling. In addition, statins induce the expression of pro-

apoptotic pathways such as Bcl-2 and FOXO3a, leading to neuronal

apoptosis (Wood et al., 2013). Of note, statins affect inflammatory

signaling that distorts G-protein and carnitine palmitoyl transferase
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FIGURE 6

The neuroprotective e�ects of statins against the development of ALS. Statins inhibit the activity of overactivated astrocytes and the release of

pro-inflammatory cytokines. Statins attenuate the progression of neurotoxicity, thereby preventing the degeneration of motor neurons. In addition,

statins attenuate the development of dyslipidemia, which is implicated in the degeneration of motor neurons.

in the mitochondrial membrane, leading to oxidative stress (Yanae

et al., 2011). In addition, statins decrease the binding of Rho and

Ras proteins to the cell membrane, which is intricately involved

in neuronal endocytosis. In addition, statins induce apoptosis in

glioma cell lines through Akt/ERKI/2 signaling (Yanae et al., 2011).

In addition, statins that interfere with musculoskeletal metabolism

may increase ALS risk (Gaimari et al., 2022). Therefore, ALS could

be a potential adverse effect of statin therapy.

Nakamura et al. (2022) observed that high HDL in ALS

patients predicts poor prognosis for all patients, though low

LDL augments ALS risk in women only. A retrospective study

on 78 ALS patients showed that high HDL levels and low

LDL levels are correlated with hypermetabolism in ALS patients

(Nakamura et al., 2022). High HDL activates the expression of

mechanistic target of rapamycin (mTOR) via phosphatidylinositol

3 kinase (PI3K), causing inhibition of autophagy and augmentation

of ALS neuropathology (Wang and Peng, 2012). Inhibition of

autophagy accelerates the accumulation of TDP-43, increasing the

pathogenesis of ALS (Tang et al., 2019). In ALS, muscle metabolism

is shifted toward the lipid rather than glycolytic pathway. However,

high HDL induces muscle glycolysis and reduces β-oxidation in

muscles, thereby producing a protective effect (Ferri et al., 2017).

In this state, the lipid-lowering effect of statins by increasing

HDL and reducing LDL may be implicated in the pathogenesis

of ALS.

Themechanism for induction of ALS neuropathology by statins

may be related to the dysregulation of liver X receptor signaling

(LXR) signaling in the motor neurons (Beltowski, 2010). Statins

suppress the synthesis of endogenous LXR agonist oxysterols

and reduce the expression of the LXR gene. Of note, mice

lacking the LXR gene experience an ALS phenotype. Statin-induced

inhibition of LXR gene expression promotes circulating sterols,

which are neurotoxics (Beltowski, 2010). Therefore, LXR agonists

may attenuate statin-induced ALS. In this state, statin therapy

might not be safe in ALS patients (Zinman et al., 2008), although an

observational study indicated that statin therapy is rarely associated

with ALS risk (Golomb et al., 2009).

Moreover, brain cholesterol and even dyslipidemia are

considered protective factors against ALS neuropathology (Dupuis

et al., 2008; Yoshii et al., 2010). A case–control study on 369

ALS patients and 286 healthy controls observed that dyslipidemia

and a high LDL/HDL ratio prolong the survival of ALS patients

by 12 months (Dupuis et al., 2008). It has been shown that

hypermetabolism is augmented in ALS patients; thus, reduction

of cholesterol by statin therapy may reduce the nutritional status

of muscles and neurons, leading to the progression of the

pathogenesis of ALS (Dupuis et al., 2008). Yoshii et al. proposed

that high energy demand in ALS can reduce the LDL/HDL ratio,

which correlated with respiratory complications in ALS patients

(Yoshii et al., 2010). The hazardous effects of statins are listed

in Table 3.

Taken together, statins may accelerate ALS neuropathology

by alteration of lipid profile and dysregulation of neuronal

inflammatory signaling (Figure 7).
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FIGURE 7

The detrimental e�ects of statins on ALS neuropathology. Statins induce the expression of pro-apoptotic pathways such as Bcl-2 and FOXO3a,

leading to neuronal apoptosis. Statins a�ect inflammatory signaling that distorts G-protein and carnitine palmitoyl transferase in the mitochondrial

membrane, leading to oxidative stress and mitochondrial dysfunction. Statin-induced high HDL activates the expression of the mechanistic target of

rapamycin (mTOR), causing inhibition of autophagy and augmentation of ALS neuropathology. Statins inhibit the expression of liver X receptor

signaling (LXR) signaling in the motor neurons. These changes induced by statin use trigger the degeneration of motor neurons and development of

ALS.

5.3 Neutral e�ects

It has been perceived that metabolic changes such as diabetes

and dyslipidemia are common in ALS patients due to a

derangement of energy balance and hypermetabolism (Schumacher

et al., 2020). A prospective cohort study showed that statin use did

not affect the overall survival of ALS patients (Schumacher et al.,

2020); thus, statin therapy for the management of dyslipidemia

should not be discontinued in ALS patients. A retrospective

study included 459 ALS patients, 72 of them were on treatment

with statins at the onset of the disease, and there was no

significant association between statins and increased ALS risk

(Drory et al., 2008). A pooled analysis of observational studies for

the association between statin use and ALS risk was inconclusive

(Macías Saint-Gerons and Castro, 2019). A systematic meta-

analysis found no association between statin use and ALS risk

(Chang et al., 2021). A recent meta-analysis and systematic

review of 13,890 ALS patients from eight clinical studies revealed

no significant association between prolonged use of statins and

ALS risk (Nabizadeh et al., 2022). Other systematic reviews and

meta-analyses illustrated that prolonged use of statins was not

linked with ALS risk (Hu and Ji, 2022). Therefore, most recent

studies and meta-analysis reviews indicated that statin use was not

associated with disease progression or amelioration of survival in

ALS patients.

6 Discussion

Statins as a risk factor for the development of ALS should

be explained with caution, as the increasing use of statins has

dramatically increased from 5% in 1991 to 40% in 1998 (Toft

Sørensen and Lash, 2009). Many adverse effects related to statin

medications are reported from uncontrolled clinical trials and non-

randomized studies (Cameron et al., 2015). The evidence for statin-

induced neurotoxic effects is highly limited (Samant and Gupta,

2021). ALS patients are commonly associated with dyslipidemia,

liver steatosis, and other metabolic disorders (Colman et al., 2008;

D’Amico et al., 2021). However, it is difficult to verify the causal

relationship between ALS and metabolic disorders as most of the

reported studies were observational. In 2007, the WHO declared

that prolonged use of statins may induce the development of

ALS-like syndrome and may increase ALS risk (Edwards et al.,

2007), and this was the first report to suggest the potential link

between statin use and ALS risk. The WHO database regarding

this association is called Vigibase, which contains 4,000,000 subjects

who reported the adverse effects of different medications, including

statins (Macías Saint-Gerons and Castro, 2019).

Initially, a cohort study involving 172 ALS patients revealed

that 25% of ALS neuropathologies is related to long-term use

of statins (Edwards et al., 2007). Colman et al. (2008) in 2008

described an identical association between statin use and ALS
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TABLE 3 The hazardous e�ects of statins on ALS.

Type of the study Findings References

Clinical Long-term use of statins is

associated with the

acceleration of the severity of

ALS

Mariosa et al.,

2020

Clinical Prolonged use of statins may

be associated with the

development of ALS-like

syndrome

Edwards et al.,

2007

A retrospective study Statin use increases ALS risk

compared to placebo

Colman et al.,

2008

A cohort study Statin use in women may

increase ALS risk mainly in

the first year from onset of

ALS

Skajaa et al.,

2021

Preclinical Fluvastatin reduces effects on

spinal motor neurons in a

dose-dependent effect

Murinson

et al., 2012

Preclinical Lipophilic statins have greater

effects on the initiation of ALS

neuropathology compared to

hydrophilic statins

Golomb et al.,

2018

A retrospective study High HDL level and low LDL

level due to prolonged use of

statins are correlated with

hypermetabolism in ALS

patients

Nakamura

et al., 2022

Preclinical Induction of ALS

neuropathology by statins

may be related to the

dysregulation of LXR

signaling in the motor

neurons

Beltowski,

2010

risk, depending on the Vigibase database. Despite of this evidence,

there is no valid and robust clinical evidence explaining the causal

relationship between statin therapy and ALS risk. In fact, the

surveillance databases give clues and provide an idea regarding

the connection between statin therapy and ALS that should be

confirmed by preclinical and clinical studies regarding the re-

analysis of databases. In addition, the analysis of databases should

be in relation to the incidence and prevalence of ALS in certain

regions worldwide regarding the prevalence of statin use. For

example, a pooled analysis of clinical trials showed an association

between statin use and risk for development of ALS. However, these

findings did not provide robust and strong clinical evidence for this

association due to improper description of study criteria (Rothman

et al., 2008). Moreover, misdiagnosis and misclassification of ALS

cases included in clinical trials and observational studies affect the

outcomes and validity of different studies (Sørensen et al., 2006).

The biased null-hypothesis in some studies could be an important

cause for the negative association between statin use and ALS risk

(Sørensen et al., 2006). Therefore, systematic reviews and meta-

analyses illustrated no association between long-term use of statins

and ALS risk (Chang et al., 2021; Hu and Ji, 2022; Nabizadeh

et al., 2022). Currently, small incidence of ALS despite the high

prevalence of statins use supports a null-hypothesis between long-

term use of statins and ALS risk (Colman et al., 2008).

Interestingly, measures of ALS progression should be evaluated

in patients with prolonged use of statins. Of note, magnetic

resonance tomography (MRI) of the CNS and CSF biomarkers can

predict the severity of ALS progression (Spinelli et al., 2020; Dreger

et al., 2022). Functional staging of ALS is commonly measured by

King’s clinical staging and Milano–Torino (MiToS). The MiToS

system uses six stages, from 0 to 5, and is based on functional ability,

as assessed by the ALS Functional Rating Scale-Revised (ALSFRS-

R), with stage 0 being normal function and stage 5 being death.

The King’s system uses five stages, from 1 to 5, and is based on

disease burden, as measured by clinical involvement and significant

feeding or respiratory failure, with stage 1 being symptom onset and

stage 5 being death (Fang et al., 2017). King’s clinical staging has

higher resolution in the early stage of ALS; however, MiToS staging

has a great resolution for the late stage of ALS (Fang et al., 2017).

Therefore, both staging systems are recommended to evaluate the

clinical staging of ALS patients.

In addition, the ALS-functional scale can measure clinical

motor deficits in ALS patients (Spinelli et al., 2020; Dreger et al.,

2022). Despite these measures, there is little agreement as to what

measures to use in a given clinical setting in ALS patients since

ALS is regarded as a protean disease that may progress rapidly or

slowly. In addition, the prognosis of ALS is poor, which should

be discussed with patients regarding survival and response to the

current treatments (van Eenennaam et al., 2020). The personalized

ENCALS survival prediction model dependably estimates the

personalized prognosis of ALS patients without destroying hope

and anxiety. The communication guide supports physicians in

discussing the personalized prognosis for ALS patients and their

families (van Eenennaam et al., 2020).

Taken together, these limitations in the explanation of data

result in controversial outcomes with opposing mechanisms

regarding the association between statin use and ALS

neuropathology. The present review had many limitations, such

as the limitation of prospective studies, and most of the published

studies were subjected to many limiting factors, such as bias and

heterogeneity. Therefore, reaching a final conclusion regarding the

exact role of statins in ALS remains difficult. Therefore, large-scale

prospective studies with proper ALS diagnostic criteria to elucidate

the connotation between statins use and ALS are recommended in

this regard.

7 Conclusions

ALS is a neurodegenerative disease characterized by muscle

weakness, muscle twitching, and muscle wasting due to progressive

neurodegeneration of motor neurons located in the brain, motor

cortex, and spinal cord. It has been shown that prolonged use of

statins may induce the development of ALS-like syndrome and

may increase ALS risk. Conversely, results from preclinical and

clinical studies highlighted the protective role of statins against ALS

neuropathology. Recently, meta-analyses and systematic Reviews

showed no association between long-term use of statins and

ALS risk. Therefore, there is a strong controversy regarding

this association. Statins as a risk factor for the development of

ALS should be explained with caution, as the use of statins

has significantly increased. At this time, the small incidence of
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ALS despite the high prevalence of statins use supports a null-

hypothesis between long-term statin use and ALS risk. Collectively,

these precincts in the explanation of data result in controversial

outcomes with contrasting mechanisms regarding the association

between statin use and ALS neuropathology. Consequently, large-

scale prospective studies involving patients with appropriate ALS

diagnostic criteria to explicate the association between statin use

and ALS are recommended in this regard.
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Gasdermin D could be lost in the
brain parenchyma infarct core
and a pyroptosis-autophagy
inhibition effect of
Jie-Du-Huo-Xue decoction after
stroke

Chang Zhou1,2,3, Shi-wei Qiu1,2, Feng-ming Wang1,
Yu-chen Liu1,2, Wei Hu1, Mei-lan Yang1, Wang-hua Liu1,2,4,5* and
Hua Li1,2*
1Hunan University of Chinese Medicine, Changsha, Hunan, China, 2Provincial Key Laboratory of TCM
Diagnostics, Hunan University of Chinese Medicine, Changsha, Hunan, China, 3Key Laboratory of Hunan
Province for Integrated Traditional Chinese and Western Medicine on Prevention and Treatment of
Cardio-Cerebral Diseases, Changsha, Hunan, China, 4Key Laboratory of TCM Heart and Lung Syndrome
Differentiation & Medicated Diet and Dietotherapy, University of Chinese Medicine, Changsha, Hunan,
China, 5Hunan Engineering Technology Research Center for Medicinal and Functional Food, Hunan
University of Chinese Medicine, Changsha, Hunan, China

Background: The Chinese ethnic medicine Jie-Du-Huo-Xue Decoction
(JDHXD) is used to alleviate neuroinflammation in cerebral ischemia (CI). Our
previous studies have confirmed that JDHXD can inhibit microglial pyroptosis in
CI. However, the pharmacological mechanism of JDHXD in alleviating
neuroinflammation and pyroptosis needs to be further elucidated. New
research points out that there is an interaction between autophagy and
inflammasome NLRP3, and autophagy can help clear NLRP3. The NLRP3 is a
key initiator of pyroptosis and autophagy. The effect of JDHXD promoting
autophagy to clear NLRP3 to inhibit pyroptosis on cerebral ischemia-
reperfusion inflammatory injury is currently unknown. We speculate that
JDHXD can inhibit pyroptosis in CI by promoting autophagy to clear NLRP3.

Methods: Chemical characterization of JDHXD was performed using LC-MS.
Model of middle cerebral artery occlusion/reperfusion (MCAO/R) was established
in SD rats. Neurological deficits, neuron damage, and cerebral infarct volume
were evaluated. Western Blot and immunofluorescence were used to detect
neuronal pyroptosis and autophagy.

Results: 30 possible substance metabolites in JDHXD medicated serum were
analyzed by LC-MS (Composite Score > 0.98). Furthermore, JDHXD protects rat
neurological function and cerebral infarct size after CI. JDHXD inhibited the
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expression of pyroptosis and autophagy after CI. Our western blot and
immunofluorescence results showed that JDHXD treatment can reduce the
expression of autophagy-related factors ULK1, beclin1, and LC3-Ⅱ. The
expression of NLRP3 protein was lower in the JDHXD group than in the I/R
group. Compared with the I/R group, the expressions of pyroptosis-related
factors caspase-1 P 10, GSDMD-NT, IL-18, and IL-1β decreased in the JDHXD
group. Furthermore, we observed an unexpected result: immunofluorescence
demonstrated that Gasdermin D (GSDMD) was significantly absent in the infarct
core, and highly expressed in the peri-infarct and contralateral cerebral
hemispheres. This finding challenges the prevailing view that GSDMD is elevated
in the ischemic cerebral hemisphere.

Conclusion: JDHXD inhibited pyroptosis and autophagy after MCAO/R. JDHXD
suppressed pyroptosis and autophagy by inhibiting NLRP3, thereby alleviating CI. In
addition, we present a different observation from previous studies that the
expression of GSDMD in the infarct core was lower than that in the peri-infarct
and contralateral non-ischemic hemispheres on day 3 of CI.

KEYWORDS

stroke, cerebral ischemia-reperfusion injury, pyroptosis, autophagy, NLRP3

Introduction

“To die or not to die, that is the question,” as Shakespeare said in
Hamlet. How neurons die is also a question in stroke research. Stroke
stands as the foremost cause of mortality and acquired physical
impairment worldwide. The range of available treatments remains
limited to recanalization therapies, which include systemic
thrombolysis and interventional thrombectomy (Haupt et al., 2023).
Recanalizing techniques, however, are restricted to short time frames
and a certain imaging profile of stroke. Therefore, the development of
neuroprotectants remains important. Multitude potential targets for
neuroprotection in the cascade of ischemic stroke have been identified,
encompassing neuroinflammation, blood-brain barrier (BBB)
permeability, and diverse cell death (Huang et al., 2020).
Management remains challenging because the pathophysiology of CI
is complex and involves multiple cascades. Until now, numerous
potential neuroprotective medications have exhibited encouraging
preclinical data. Regrettably, none have successfully transitioned into
routine clinical practice (Haupt et al., 2023). However, modulating
programmed cell death to rescue penumbra neurons remains important
in stroke research. In recent years, the newly discovered crosstalk
between cell death has stimulated our strong research interest.

Jie-Du-Huo-Xue decoction (JDHXD), was created by Qing-ren
Wang, a renowned physician of the Qing Dynasty and the author of
Correction of Errors in Medical Classics. JDHXD is a traditional
Chinese medicine formula utilized for reducing inflammation in CI,
comprising 10 botanical drugs (Table 1), and it is still a classic
prescription in botanical medicine today. The above plants are not
unique to the Chinese medical system and are used as ethnic
medicines in Russia, European countries, and Japan (Fiore et al.,
2005; Shikov et al., 2014; Nogami-Hara et al., 2018; Shikov et al.,
2021). Our previous study confirmed that JDHXD has a
neuroprotective effect on CIRI by inhibiting microglial pyroptosis
and promoting microglial M1-M2 phenotype transformation (Zhou
et al., 2023). Pyroptosis is triggered by a wide range of infectious and
non-infectious stimuli (Vercammen et al., 1998; Bergsbaken et al.,
2009; Gou et al., 2021). Upon the onset of CI, the body initiates the

pattern signal associated with damage-associated molecular patterns
(DAMPs) (Fricker et al., 2018). Subsequently, the intracellular promoter
protein nucleotide-binding oligomerization domain-like receptor pyrin
domain containing 3 (NLRP3) can recruit pro-caspase-1 (Sun et al.,
2020; Yang et al., 2022). When caspase-1 is formed, the active caspase-1
cleaves the protein GSDMD to activate it. Activated GSDMD
accumulates in the cell membrane and forms pores (Burdette et al.,
2021). Meanwhile, caspase-1 can additionally trigger the maturation of
pro-IL-1β and pro-IL-18. Upon maturation, IL-1β and IL-18 are
released into the extracellular space, consequently attracting
additional inflammasomes (Luan et al., 2020), following the
aggregation of inflammasomes, the inflammatory response escalates,
exacerbating tissue damage further. For example, IL-1β can damage the
BBB by inducing microglia-mediated inflammatory responses (Niu
et al., 2023).

Autophagy, an intracellular degradation process essential for
cellular homeostasis, occurs extensively in ischemic stroke through
autolysosome degradation of damaged or aged organelles and proteins
(Shen et al., 2021; Shi et al., 2021). The regulation of autophagy involves
damage sensors, often converging on the mechanistic target of
rapamycin complex 1 (MTORC1), a primary inhibitor of autophagy
(Plaza-Zabala et al., 2017). During classical autophagy,
MTORC1 inhibition promotes activation of the autophagy pre-
initiation complex comprising the unc-51-like autophagy activating
kinase 1 (ULK-1). phosphate, essential for forming the pre-
autophagosomal membrane or phagophore (Zhai et al., 2023). The
synchronized action of autophagy-related proteins (ATGs) regulates the
elongation of this structure, resulting in the development of the
autophagosome. Consequently, ATGs lipidate microtubule-associated
light chain 3 (LC3), leading to its accumulation in autophagosomal
membranes, where it aids in cargo engulfment by binding to autophagic
substrates (Hou et al., 2019; Zhang et al., 2020).

Interestingly, the NLRP3-mediated canonical pyroptosis
pathway is influenced by autophagy, because autophagy can
remove NLRP3, thereby inhibiting pyroptosis (Biasizzo and
Kopitar-Jerala, 2020; Liu et al., 2021; Ji et al., 2022). The
inhibition of pyroptosis by autophagy is primarily achieved
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through three mechanisms. Firstly, autophagy reduces apoptosis-
associated speck-like protein containing a card (ASC). Secondly, it
phosphorylates NLRP3. Thirdly, autophagy removes reactive
oxygen species (ROS) (Zhao S. et al., 2021). NLRP3, ASC, and
ROS, which are inhibited by autophagy, are all key initiators of
pyroptosis. The accumulation of ROS is one of the most important
pathophysiological processes of CIRI, and ROS can promote the
palmitoylation of GSDMD and aggravate pyroptosis (Du et al.,
2024). The inflammasome complex composed of NLRP3 and
ASC is the initiator of the classic NLRP3/caspase-1/GSDMD
pyroptosis pathway. Research on the interaction between
pyroptosis and autophagy based on the inflammasome
NLRP3 has been carried out in cardiovascular and metabolic
diseases (Liu et al., 2019; Hu et al., 2022).

The above inspired us to study the mechanism of JDHXD on
CIRI further. Based on our previous confirmation that JDHXD can
inhibit pyroptosis in rats on the third day of CI, we hypothesized that
JDHXD alleviates CI inflammatory damage by promoting
autophagy to inhibit NLRP3-mediated classical pyroptosis.
Therefore, the present study was conducted to confirm whether
JDHXD alleviates inflammatory damage following CI by promoting
autophagy to inhibit NLRP3-mediated pyroptosis.

Materials and methods

Composition and quality control for JDHXD

Our earlier research found that JDHXD has a significant
applicability value in ischemic stroke. Our previous studies have

described the specific composition, preparation method, and HPLC
spectrum of JDHXD (Zhou et al., 2023). All botanicals (listed in
Table 1) were obtained from the First Affiliated Hospital of Hunan
University of Chinese Medicine pharmacies. The purchased drugs
were identified in source, properties, physicochemical properties,
authenticity, purity, and quality. Samples of the drugs were stored in
the Key Laboratory of Chinese Medicine Diagnostics of Hunan
Province. The full standard names have been checked through the
following website, http://mpns.kew.org/mpns-portal/. The
preparation method of JDHXD decoction is as follows: mix the
required ten kinds of botanicals, add an appropriate amount of
water, soak for 2 h, and decoct in water. Use 6 times the water for the
first time and decoct for 1.5 h; use 3 times the water for the second
time and decoct for 1.5 h. Mix the two decoctions and concentrate
them to a crude drug concentration of 1 g/mL.

Animals

A total of 96 male SD rats were used in this experiment. After
excluding 24 rats that failed to establish the model, the remaining
72 rats were included in subsequent experiments. The reason for
using male rats in this study is that estrogen can protect against CI
(Niu et al., 2023). Efforts were also taken to reduce animal suffering
during the trial. The Hunan University of Chinese Medicine
Laboratory Animal Research Center provided specific pathogen-
free male Sprague-Dawley rats weighing 250–280 g (No:
430727221102014621 and 430727221102520668). The rats were
maintained in a standard SPF barrier environment at 23°C with a
light-dark cycle of 12:12 h. Three rats were housed in a single cage,

TABLE 1 Botanicals of Jie-Du-Huo-Xue decoction.

Standard name English name Chinese name Part used Grammage (g, %) Cat#

Pueraria edulis Pamp
[Fabaceae]

Pueraria lobata root Gegen Root 15 g (13.76%) CK22082901

Paeonia veitchii Lynch
[Paeoniaceae]

Red peony root Chishao Root 15 g (13.76%) SL22081501

Prunus persica (L.)
Batsch [Rosaceae]

Peach seed Taoren Seeds 12 g (11.01%) 2022070201

Anethum graveolens L.
[Apiaceae]

Chinese angelica Danggui Root 15 g (13.76%) TH22091903

Rehmannia glutinosa
(Gaertn.) DC.
[Orobanchaceae]

Rehmannia root Dihuang Root 15 g (13.76%) 2022090401

Carthamus tinctorius L.
[Asteraceae]

Safflower Honghua Flower 10 g (9.17%) 2022080504

Forsythia suspensa
(Thunb.) Vahl
[Oleaceae]

Forsythia suspensa Lianqiao Gains 15 g (13.76%) RS22080501

Bupleurum falcatum L.
[Apiaceae]

Chinese thorowax root Chaihu Root 10 g (9.17%) CK22091401

Citrus medica L.
[Rutaceae]

Immature trifoliate-orange fruit Zhiqiao Gains 6 g (5.5%) XZ22083002

Glycyrrhiza glabra L.
[Fabaceae]

Licorice Gancao Root 6 g (5.5%) NG22090503
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with the animals permitted to consume food and water at their
discretion. Before drug administration or surgery, rats were fed
adaptively for 3 days in advance, and feeding was stopped 1 day
before surgery, but drinking water was not restricted. If the
neurological function injury score of a rat exceeds three points
following modeling, or if it is predicted that the animal will not
survive until the conclusion of the experiment, such rats will be
euthanized by an overdose of anesthesia. Due to the limitations of
the MCAO/R model and the rats will be killed for sampling 3 days
after modeling, no special postoperative treatment will be performed
on rats with CI.

Drug administration and
experimental design

Briefly, the equivalent dose for rats is calculated as 10.71 g/kg/
day based on the ratio of body surface area between humans and
rats. Subsequently, we established the low, medium, and high dosage
JDHXD for the current experiment as 5.36, 10.71, and 21.42 g/kg/
day respectively. The volume for gavage administration was
calculated at 2 mL per 200 g body weight. Preparation of low,
medium, and high concentrations of JDHXD was done according to

the rat dosages. Edaravone 3.2 mg/kg/day was administered
intraperitoneally to rats in the positive drug group.

In the first stage of this study, 36 rats were randomly divided into
sham operation group (Sham), ischemia and reperfusion group (I/
R), JDHXD low-dosage group (JDHXD-L), JDHXDmedium-dosage
group (JDHXD-M), JDHXD high-dosage group (JDHXD-H) and
Edaravone group by random number table method. The number of
rats required in each group was calculated based on three rats for
each detection method. The rats in the JDHXD-treated groups were
orally administered the corresponding dosage of a concentrated
solution of JDHXD, and the other rats were given the same volume
of distilled water. The administration of the drug occurred twice
daily at 9:00 and 16:00 for 3 days before the surgery and continued
for 3 days after the surgery until the animals were sacrificed.
Following the assessment of neurological function and the
cerebral infarct area, the optimal dosage of JDHXD (JDHXD-M)
was chosen for subsequent experiments.

During the second stage of this trial, 36 rats were randomly
allocated to one of three groups: the sham group (Sham), the
ischemia and reperfusion group (I/R), and the JDHXD medium-
dosage group (JDHXD-M). For the JDHXD-M animal, drug
administration took place as previously reported 3 days before
the surgery and the last 3 days post-reperfusion. The rats were

FIGURE 1
This schematic diagram of the present study. (A) The first stage evaluates Jie-Du-Huo-Xue decoction’s (JDHXD) efficiency against ischemia-
reperfusion injury. (B) The second phase of this study aimed to investigate the interactive effects of JDHXD on pyroptosis and autophagy.
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beheaded 72 h after the surgeries. Figure 1 depicts the theoretical
diagram for the research.

Cerebral ischemia-reperfusion
injury models

The models of focal CIRI were built with the MCAO method
(Lyu et al., 2021; Huang et al., 2022). 4% isoflurane gives respiratory
induction rats anesthesia, and 2% isoflurane maintains euthanasia.
The left common carotid artery (CCA) was found and seen by
dissection from surrounding tissues after skin cleansing and
incision. The internal and external carotid arteries were then
carefully exposed. After occluding the internal carotid artery with

a microvascular clip and securing the distal end, the external carotid
artery was transected 1 cm from the site of separation of the external
carotid arteries (ECA) and internal carotid arteries (ICA). After
removing the microvascular clip, a nylon monofilament (cat# 2636-
A4, Beijing Cinontech, China) was introduced via the external
carotid artery incision into the internal carotid arteries. Finally,
when the monofilament was attached to the external carotid artery
stump, resistance was felt. The monofilament was severed after 1.5 h
of MCAO to accomplish reperfusion. In the current investigation,
rats in the I/R and JDHXD-treated groups received blinded MCAO/
R procedures, whereas rats in the sham group experienced simply
the identical method without monofilament insertion. Compared
with the previous method, we made detailed improvements in the
surgical operation this time to shorten the operation time and

FIGURE 2
(A) Steps diagram of the Middle cerebral artery occlusion model (MCAO) in this study. (A) Schematic diagram of the MCAO operation steps. (B) The
physical diagram of the operation steps of the MCAO. “①” in Figure 1B shows the first cotton thread, “②” shows the second cotton thread, and “③” shows
the third cotton thread. “Ⅰ” in Figure 1B shows the first arterial clip, and “Ⅱ” shows the second arterial clip.
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improve the stability of the model (Figure 2). In addition, this
modelingmethod is also helpful to avoidmistaken insertion of nylon
monofilament into the pterygopalatine artery (PPA).

Neurological function assessment

At 24 h and 72 h following brain infarction, the neurological deficit
was measured by the Zea Longa tests. To rule out the effect of surgical
failure, rats with MCAO/R but no obvious neurological abnormalities
were eliminated. As previously indicated, Zea Longa tests were graded
on a five-point scale (Longa et al., 1989). (0 = no deficiency, 1 = failure to
extend right forepaw, 2 = right circling, 3 = right falling, 4 = No
spontaneous walking with a low level of consciousness.) Before
commencing the blinded testing, assessments were carried out
without prior knowledge of the group allocation of the rats. Before
the blinded testing, the assessments were done without knowing which
group the rats were in.

2,3,5-Triphenyltetrazolium Chloride (TTC)

The brains were extracted, sliced into 3-mm-thick coronal sections,
arranged on amold, and then incubated at 37°C for 30min in a solution
comprising 2% TTC (cat# T8877-5G, Sigma, USA). Subsequently,
digital photographs of the brain slices were taken (cat# HUAWEI
Mate 30, HUAWEI, China), and the infarction percentage was
calculated using ImageJ software (National Institutes of Health,
USA). To ensure uniformity in the thickness of the slices, the brain
was cut into five slices. Photography was conducted under laboratory
fluorescent lighting, with no additional light sources or color processing.
During the image-taking process, the same distance and lighting
conditions were maintained as much as possible.

HE staining

The histological evaluation of exfoliated rat brain tissue is
conducted by hematoxylin-eosin (HE) staining. The initial step in
this process is the immersion of the tissue in a 4% paraformaldehyde
(PFA) solution for approximately 24 h. This is followed by the
sectioning of the brain tissue for observation and subsequent
dehydration through a graded ethanol series. After this procedure,
the embedded brain tissue is then sliced at a thickness of 3 μm.
Afterward, the tissue is subjected to dewaxing, which involves the
removal of wax from the sections through a series of ethanol solutions.
These slices were sequentially stained using hematoxylin and eosin
(cat# G1003, Servicebio). The stained samples were examined using
an upright optical microscope (NIKONECLIPSE E100, Nikon, Japan)
with an imaging system (NIKON DS-U3, Nikon, Japan).

Nissl staining

Nissl staining was used to measure neuronal damage. Similar to
the HE staining procedure, the tissue was initially placed in 4% PFA
overnight, after which it was dehydrated with a graded alcohol series.
It was then embedded in paraffin. The paraffin-embedded brain tissue

was sectioned at a thickness of 3 μm. Subsequently, the tissue was
incubated at 30°C for 5 minutes, during which it was stained with 1%
toluidine blue (cat# G1032, Servicebio). After incubation in xylene for
10 min, sections were rinsed in a graded ethanol series and mounted.
Finally, images of the same brain area were acquired using a light
microscope and blinded analysis. The region surrounding the infarct
core of the brain was selected as the site for quantifying the extent of
neuronal damage. The corresponding hippocampal field, designated
as CA-1, was identified for analysis. Efforts were made to maintain
consistent section positions across different experimental groups.

LC-MS analysis of JDHXD and
Medicinal serum

In our current study, we collected the abdominal aorta blood of
rats 30 min after administration of JDHXD and performed non-
targeted LC-MS component detection to analyze the drugmetabolites.
Under a low-temperature environment, extract JDHXD and blank
serum samples and JDHXD drug-containing serum samples. There
were three groups of rat samples: the blank serum group, the JDHXD
group, and the drug-containing serum group. The biological replicates
of each group were 3 cases. The metabolite extraction method is as
follows: the samples were thawed on ice, after 30 s vortex, the samples
were centrifuged at 12000 rpm (RCF = 13800 (×g), R = 8.6 cm) for
15 min at 4 °C. 300 μL of supernatant was transferred to a fresh tube
and 1,000 μL of extracted solution containing 10 μg/mL of internal
standard was added, then the samples were sonicated for 5 min in ice-
water. After placing 1 h in −40°C, the samples were centrifuged at
12000 rpm (RCF = 13800 (×g), R = 8.6 cm) for 15 min at 4°C. The
supernatant was carefully filtered through a 0.22 μm microporous
membrane, then 200 μL from each sample and pooled as QC samples.
Store at −80°C until the UHPLC- MS analysis. 400 μL of plasma
samples were added to 40 μL of hydrochloric acid (2 mol/L), then the
mixture was vortexed for 1min and followed by incubation for 15min
at 4°C. The vortex and incubated cycle were repeated for 4 times. Add
1.6 mL acetonitrile, then the mixture was vortexed for 5 min and the
samples were centrifuged at 12000 rpm (RCF = 13800 (×g), R =
8.6 cm) for 5 min at 4°C. 1800 μL of supernatant was transferred to a
fresh tube and nitrogen dried. The dried samples were reconstituted in
150 μL of 80% methyl alcohol containing 10 μg/mL of internal
standard by vortex for 5 min. The constitution was then
centrifuged at 12000 rpm (RCF = 13800 (×g), R = 8.6 cm) for
5 min at 4°C, and 120 μL of supernatant was transferred to a fresh
glass vial for LC/MS analysis. LC-MS/MS analysis was performed on a
UHPLC system (Vanquish, Thermo Fisher Scientific) with a Waters
UPLC BEH C18 column (1.7 μm 2.1*100 mm). The sample injection
volume was set at 5 μL. The flow rate was set at 0.5 mL/min. The
mobile phase consisted of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B). The multi-step linear elution gradient
program was as follows: 0–11 min, 85%–25% A; 11–12 min, 25%–2%
A; 12–14 min, 2%–2% A; 14–14.1 min, 2%–85% A; 14.1–15 min,
85%–85% A; 15–16 min, 85%–85% A. A Q Exactive Focus mass
spectrometer coupled with Xcalibur software was employed to obtain
the MS and MS/MS data based on the IDA acquisition mode. During
each acquisition cycle, the mass range was from 100 to 1,500, the top
three of every cycle were screened and the correspondingMS/MS data
were further acquired. Sheath gas flow rate: 45 Arb, Aux gas flow rate:
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15 Arb, Capillary temperature: 400°C, Full ms resolution: 70000, MS/
MS resolution: 17500, Collision energy: 15/30/45 in NCEmode, Spray
Voltage: 4.0 kV (positive) or −4.0 kV (negative).

Western blot analysis

Based on the BCA protein assay kit (cat# ABW0104, Abiowell,
China), theWestern blot was used to measure and assess the amount
of peri-infarcted protein levels. Briefly, proteins were transferred
onto PVDF membranes (cat# IPVH00010, Millipore, USA). After
the membranes were blocked with 4% nonfat milk for 2.5 h, the
membranes were then incubated for 8 h at 4°C with multiple
antibodies. Antibody information: NLRP3 (1:10,000, cat#
ET1610-93, HUABIO), ASC (1:10,000, cat# 340097, ZENBIO),
Caspase-1 (1:10,000, cat# ET1608-69, HUABIO), Gasdermin D (1:
10,000, cat# HA721144, HUABIO), IL-18 (1:5,000, cat# 60070-1-Ig,
Proteintech), IL-1β (1:5,000, cat# 511369, ZENBIO), IL-6 (1:5,000, cat#
R1412-2, HUABIO), ULK1 (1:10,000, cat# 20986-1-AP, Proteintech),
Beclin1 (1:10,000, cat#11306-1-AP, Proteintech), LC3 (Ⅰ/Ⅱ) (1:10,000,
cat#12741, Cell Signaling), ZO-1 (1:10,000, cat# 21773-1-AP,
Proteintech), P62 (1:5000, cat#HA721171, HUABIO), Beta Actin (1:
10,000, cat# 20536-1-AP, Proteintech). The membranes were further
incubated with horseradish peroxidase (HRP)-linked goat anti-rabbit
IgG (1:10, 000, cat# E-AB-1003, Elabscience) or goat anti-mouse IgG
secondary antibodies (1:10, 000, cat# E-AB-1001, Elabscience) for 1 h.
After ECL photography, wash the membrane with stripping buffer for
20 min, and recycle the membrane. The blocking step should be
conducted with 4% nonfat milk for 2.5 h, then incubated with
another primary antibody. Repeat the previous steps to detect the
expression level of another antibody. The amounts of proteins were
detected and assessed using Bio-Rad Laboratories (BIO-RAD, USA).
TheWestern blot imageswere analyzed by ImageJ software (NIH,USA).

Immunohistochemical Staining

In brief, paraffin-embedded brain tissue was cut into 3 mm thick
sections and dewaxed with xylene, then eluted with an ethanol gradient.
The sections were placed in a microwave oven and antigen retrieval was
conducted using sodium citrate. A blocking agent was then added, and
the sections were incubated at 4°C for 30 min with 5% goat serum. The
primary antibody, GSDMD (1:500, cat# 20770-1-AP, Proteintech), was
applied, and the sections were incubated at 4°C overnight. The
secondary antibody was applied at 37°C for 30 min. The DAB/DEC
color development solution was applied for a period of five minutes,
followed by a 3-minute incubation with hematoxylin staining solution.
Hydrochloric acid-ethanol differentiation was conducted for 20
seconds, lithium carbonate solution was used for blueing, and the
sections were then dehydrated and mounted. The sections were
photographed under a microscope, and Image J software was
employed to analyze the intensity of brown-yellow positive expression.

Immunofluorescence

Briefly, the 3-mm-thick sections of brain tissues were blocked for 1 h
with 5% goat serum. Thereafter, they were incubated for 24 h at 4°Cwith

multiple primary antibodies. Antibody information: GSDMD (1:500,
cat# 20770-1-AP, Proteintech), GSDMD (1:500, cat# 20770-1-AP,
Servicebio), NLRP3 (1:200, cat# GB114320-100, Servicebio), caspase-
1 (1:600, cat# GB11383-100, Servicebio), LC3 (Ⅰ/Ⅱ) (1:2000, cat#
GB11124, Servicebio), NLRP3 (1:500, cat# ET1610-93, HUABIO),
Caspase-1 (1:100, cat# 22915-1-AP, Proteintech), NeuN (1:1,000, cat#
GB11138, Servicebio), DAPI (1:500, cat# G1012, Servicebio). DAPI
glows blue by UV excitation wavelength 330–380 nm and emission
wavelength 420 nm; FITC glows green by excitation wavelength
465–495 nm and emission wavelength 515–555 nm; CY3 glows red
by excitationwavelength 510–560 nmand emissionwavelength 590 nm.
The figures were taken by fluorescence microscope (Nikon, Japan).

Analytical statistics

Continuous data were presented as mean ± standard deviation
(SD) using the GraphPad Prism software, and one-way ANOVA was
conducted to ascertain significant differences between groups
(GraphPad Prism Software Inc., San Diego, CA, USA). A
significance level of p < 0.05 was employed to determine statistical
significance. Data that significantly deviate from the mean will be
eliminated. Outliers are identified through the Grubbs test, and the
number of repeated tests is increased for values that deviate from the
norm or for different research personnel to verify the results. If a
significant deviation is confirmed, outliers are removed.

Results

Metabolites analysis of JDHXD
medicated serum

The Supplementary Material showed the untargeted LC-MS
positive/negative ion spectrum of JDHXD blood metabolites
(Supplementary Material S1). Because LC-MS yields total anion
and total cation maps, there is masking of the wave peaks of different
substances and does not facilitate direct labeling of the metabolite
peak spectra directly in the ion maps, the specific comparison of the
blood-entry metabolites is shown in Table 2. Table 2 illustrates the
comparison of the metabolites. Table 2 showed 30 possible
metabolites with a similarity score of >0.98 in the JDHXD
medicated serum component spectrum analyzed by LC-MS. Then
based on the ten plant combinations of JDHXD: Pueraria edulis
Pamp [Fabaceae], Paeonia veitchii Lynch [Paeoniaceae], Prunus
persica (L.) Batsch [Rosaceae], Anethum graveolens L. [Apiaceae],
Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae], Carthamus
tinctorius L. [Asteraceae], Forsythia suspensa (Thunb.) Vahl
[Oleaceae], Bupleurum falcatum L. [Apiaceae], Citrus medica L.
[Rutaceae], Glycyrrhiza glabra L. [Fabaceae]). A total of
1,174 possible metabolites derived from the JDHXD-containing
serum were selected (Composite Score >0.6). The closer the
spectrum similarity score is to 1, the higher the structural
similarity. The Table 2 shows the metabolites’ name, original
plant source, and metabolite spectrum composite score. In
addition, the table also showed the assay values for metabolites
with a composite score greater than 0.98 in blank serum, JDHXD
drug solution, and JDHXD-containing serum. It is important to
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TABLE 2 LC-MS/MS analysis of metabolites in JDHXD medicated serum (Composite Score >0.98).

No. Name Botanical drugs Compo-
site score

Blank
serum 1

Blank
serum 2

Blank
serum 3

JDHXD1 JDHXD2 JDHXD3 JDHXD
serum 1

JDHXD
serum 2

JDHXD
serum 3

1 2-Octenoic acid Bupleurum falcatum L.
[Apiaceae]

1 33526386.99 31918941.05 30366077.07 27679886.45 26047574.2 24637554.42 27034216.46 26327116.06 38194633.09

2 5-HYDROXYMETHYL-2-
FURANCARBOXYLIC ACID

Rehmannia glutinosa
(Gaertn.) DC.
[Orobanchaceae]

1 2295488.679 1450542.933 0 47674890.75 46527312.41 45174820.9 0 5855370.021 1755579.779

3 Baicalein Carthamus tinctorius L.
[Asteraceae]; Paeonia veitchii
Lynch [Paeoniaceae]

1 137603888.2 127435055.9 112581544.4 172283.2092 212336.696 156548.459 54268574.01 47023934.24 10016018.54

4 Indole-3-carboxylic acid Glycyrrhiza glabra L.
[Fabaceae]

1 13469142.89 13203008.53 1,3942008.28 938468.7319 948294.1136 1071481.947 10427139.83 10232425.35 3633702.402

5 Methylnissolin-3-O-glucoside Anethum graveolens L.
[Apiaceae]

1 0 0 0 24772478.77 23077088.44 22967588.59 0 116848.4373 0

6 p-Hydroxybenzaldehyde Pueraria edulis Pamp
[Fabaceae]

1 12749816.97 14434648.55 10935133.36 245007095.3 247008477 248652406 9160790.757 12444179.78 9300150.971

7 Quercetin Pueraria edulis Pamp
[Fabaceae]
Bupleurum falcatum L.
[Apiaceae]; Carthamus
tinctorius L. [Asteraceae]

1 0 103208.5123 44908.55502 24938053.79 25916371.08 24771563.58 155264.0965 41445.76569 572401.8785

8 Scutellarein Carthamus tinctorius L.
[Asteraceae]

1 24613.20225 44530.70708 36508.43751 39425330.14 44126473.96 42195209.75 895059.6164 1193062.241 1479907.622

9 Genistein Pueraria edulis Pamp
[Fabaceae]

0.999999 521618.1842 734657.2362 1015771.452 12448055.45 12604829.35 12234904.15 692576.0342 909797.7863 283964.5742

10 Pyrocatechol Carthamus tinctorius L.
[Asteraceae]; Prunus persica
(L.) Batsch [Rosaceae]

0.999979769 1792675.296 1384688.008 1105512.573 7269450.303 7389564.14 4310365.589 420742.8586 569956.6155 669592.9478

11 Adenine Anethum graveolens L.
[Apiaceae]

0.999903462 45080650.33 26234116.14 36324013.37 437433834.8 440172444.8 450436588.3 7527368.949 2353952.37 11944398.68

12 Liquiritigenin Pueraria edulis Pamp
[Fabaceae]; Glycyrrhiza glabra
L. [Fabaceae]

0.997646692 336233.2093 1520972.604 1332806.392 400249.906 347373.701 604859.6631 33012207.55 29884405.33 4889048.021

13 Daidzein Pueraria edulis Pamp
[Fabaceae]

0.997220308 2505838.863 2775918.922 2929516.206 1879687960 1892177727 1903152190 8916035.238 9355704.749 2074290.392

14 Xanthotoxol Citrus medica L. [Rutaceae];
Anethum graveolens L.
[Apiaceae]

0.995398154 36926.79674 46667.67757 67998.31834 7631357.438 7869663.346 8017132.314 33288.52626 23352.52818 0

15 Isorhamnetin Glycyrrhiza glabra L.
[Fabaceae]; Bupleurum
falcatum L. [Apiaceae]

0.995101077 0 0 0 16959827.81 16268316.34 17705896.29 718125.0212 786451.8819 930092.657

(Continued on following page)
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TABLE 2 (Continued) LC-MS/MS analysis of metabolites in JDHXD medicated serum (Composite Score >0.98).

No. Name Botanical drugs Compo-
site score

Blank
serum 1

Blank
serum 2

Blank
serum 3

JDHXD1 JDHXD2 JDHXD3 JDHXD
serum 1

JDHXD
serum 2

JDHXD
serum 3

16 Scopoletin Forsythia suspensa (Thunb.)
Vahl [Oleaceae]; Anethum
graveolens L. [Apiaceae];
Glycyrrhiza glabra L.
[Fabaceae]; Bupleurum
falcatum L. [Apiaceae]

0.994920231 3523516.481 8497248.766 10094242.82 6800668.766 13988634.03 5619104.177 9739483.531 9207170.189 7637459.356

17 (+/−)-Jasmonic acid Citrus medica L. [Rutaceae] 0.993650846 1753070.721 2265081.225 2082550.086 426540.3759 367005.5974 468690.1548 1348686.564 1554043.158 2145586.288

18 Biochanin A Pueraria edulis Pamp
[Fabaceae]

0.993143385 440662.2446 160976.2658 146674.3868 100822826.1 94854103.23 97635226.94 973690.2118 1295050.31 716833.6495

19 Methyl hexadecanoate Pueraria edulis Pamp
[Fabaceae]; Paeonia veitchii
Lynch [Paeoniaceae]; Prunus
persica (L.) Batsch [Rosaceae]

0.992738 7880680.801 8535370.148 8955699.694 34947.47829 11954.25219 31124.7922 13847800.96 13810169.31 4548178.284

20 Wogonin Forsythia suspensa (Thunb.)
Vahl [Oleaceae]

0.992622154 46158333.28 46449517.26 51646546.05 158776245.8 162275820.2 161536285.4 376697167.7 376936701 5645137.914

21 7-Hydroxycoumarin Citrus medica L. [Rutaceae];
Anethum graveolens L.
[Apiaceae]; Forsythia suspensa
(Thunb.) Vahl [Oleaceae]

0.992348385 1985240.076 1736999.464 1855661.178 396904414.6 419959144.6 423509537.4 1192292.781 1957527.618 2247232.647

22 Genkwanin Glycyrrhiza glabra L.
[Fabaceae]

0.991977154 2606722.886 2530362.482 2049485.537 68686232.5 69161039.5 67201769.7 26985912.45 24348705.02 5769563.191

23 magnolol Citrus medica L. [Rutaceae] 0.991036923 116667.3412 54730.46163 27195.76422 12225491.42 10810012.82 11666127.15 145676.0231 388400.8612 149898.6976

24 Kaempferide Carthamus tinctorius L.
[Asteraceae]

0.989199846 495096.6106 492660.8302 404650.9711 912147.3486 1114992.206 1188308.663 876900.6075 684449.6833 176742.502

25 alpha-Linolenic acid Bupleurum falcatum L.
[Apiaceae]; Carthamus
tinctorius L. [Asteraceae];
Prunus persica (L.) Batsch
[Rosaceae]

0.983700692 11457160.96 16259517.7 18252916.84 2128424.436 2185558.256 2164212.649 15802196.7 13628633.97 18885641.98

26 Nicotinic acid Anethum graveolens L.
[Apiaceae]

0.983485385 8732229.227 8962208.648 10506670.64 13565913.01 13326116.13 13092406.35 8996147.805 8554744.259 10736957.42

27 2-Ethylphenol Anethum graveolens L.
[Apiaceae]

0.982149 3018656.272 2265248.912 2895775.329 7723605.129 8139428.666 7543579.113 3220141.108 2092897.664 3386825.874

28 eriocitrin Citrus medica L. [Rutaceae] 0.980994231 0 0 0 2727903.033 3145598.286 2642769.072 0 0 0

29 Choline [M+] Anethum graveolens L.
[Apiaceae]; Forsythia suspensa
(Thunb.) Vahl [Oleaceae]

0.980813 837414910.2 974847415.3 952590406.2 2371366284 2309712551 2441160317 973100819.5 870448804.8 972883048.3

30 Palmatine Pueraria edulis Pamp
[Fabaceae]; Glycyrrhiza glabra
L. [Fabaceae]

0.980601769 55410.34584 59111.41605 145233.4135 240442449.3 226089832.4 230532979.3 116481.8016 209755.6923 248578.5025
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explain that since non-targeted LC-MS will detect a large number of
possible substances, only possible substances with a similarity
of >0.98 are shown in Table 2. This is why some theoretically
important active substances are not shown in Table 2.

JDHXD mitigated neurological impairments
and cerebral infarction

Compared with the I/R group, the JDHXD-M treated group
showed significantly lower neurological deficit scores at 24 and 72 h
after reperfusion (p < 0.05). The group administered the positive
drug exhibited a similar trend to that observed in the JDHXD-M
group. In the current experiment, we optimized the MCAO
modeling method, shortened the operation time, and made the
model more stable. Figure 3 illustrated that rats in the sham group
displayed no cerebral infarction, whereas those in the I/R group
showed evident cerebral ischemia (p < 0.01). JDHXD-M group
revealed significantly less cerebral infarct area than the I/R group
(p < 0.01). Different from the previous results, the JDHXD-H group

also exhibited significant statistical differences (p < 0.05). Based on
the findings from the initial stage of this study, the subsequent tests
selected the suitable dose of JDHXD (JDHXD-M) to assess its
potential effects on the interplay between neuroinflammation-
related pyroptosis and autophagy.

JDHXD reduced neuronal damage after CIRI
in rats

The above results demonstrated that JDHXD could reduce
neurological impairment and cerebral infarction induced by
CIRI. To further demonstrate the neuroprotective effect of
JDHXD, we evaluated the morphological changes of neurons
in the central-infarct zone, peri-infarct zone, hippocampus
CA-1, and corpus striatum (Figures 4A, B). Compared with the
sham group, the cells in the infarct core area were arranged
disorderly in the I/R group. Typical cell shrinkage and nuclear
pyknosis occur. Vacuoles surrounding cells indicate the
presence of tissue edema. As illustrated in Figures 4C, D,

FIGURE 3
JDHXD reduced neurological deficits and cerebral infarction following CIRI. (A) Test for neurological impairments 24 h after reperfusion. (B) Test for
neurological impairments 72 h after reperfusion. Both (A) and (B) demonstrated that a modest dosage of JDHXD decreased neurological deficits in rats
24 and 72 h after reperfusion, n = 6. (C) Typical pictures of TTC staining of rat brain tissue in each group. Non-infarcted tissue is stained red by the TTC
solution, while the infarcted area is white. (D)Comparison of the brain infarct area to different groups, n = 6. ##p < 0.01 vs. Sham group; **p < 0.01 vs.
I/R group. *p < 0.05 vs. I/R group. (JDHXD, Jie-Du-Huo-Xue decoction; CIRI, cerebral ischemia-reperfusion injury; TTC, 2,3,5-
Triphenyltetrazolium Chloride).
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JDHXD treatment reduced the number of morphologically
abnormal cells in the cortical penumbra compared with the
I/R group (p < 0.01). Furthermore, JDHXD treatment

reduced morphologically abnormal cell numbers in the
hippocampal CA-1 compared with the I/R group (p < 0.05).
However, the protective effect of JDHXD was not reflected in

FIGURE 4
JDHXD ameliorated neuronal injury 72 h post-CIRI in rats. (A) Representative images of HE staining in the ischemic cortex, hippocampus, and corpus
striatum. scale bars = 50μm, n = 3. (B) Panoramic scanwithNissl staining and partialmap of cortex and hippocampus-CA1. (C, D)Quantitative assessment
of neuronal damage in the cortex and hippocampus, n = 6. ##p < 0.01 vs. Sham group; *p < 0.05 vs. I/R group.. (The edge of the infarct core was selected
as the observation field for the purpose of counting the number of damaged neurons. This was because, in the infarct core, there was no significant
difference in the number of neurons with abnormalmorphology between the I/R group and the JDHXD group. The presence of damaged neurons can be
identified by the following characteristics: cell shrinkage, reduced synapses, obvious cell morphology collapse, disordered cell arrangement, and
widened tissue gaps around cells under Nissl staining.)
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FIGURE 5
Expression of pyroptosis-related molecules in the peri-infarct region following JDHXD-M therapy. (A, B) Western blot of the NLRP3, ASC, pro-
caspase-1, caspase-1 P10, GSDMD-FL, GSDMD-NT, IL-1β, IL-18 and β-actin proteins in peri-infarct tissues. (C–L) Statistical chart of relative expression of
NLRP3, ASC, Caspase-1 P10, GSDMD-NT, IL-1β, IL-18. Data are expressed as means ± SD, n = 3, ##p < 0.01 vs. Sham group; #p < 0.05 vs. Sham group;
**p < 0.01 vs. I/R group; *p < 0.05 vs. I/R group. (GSDMD, gasdermin D; GSDMD-FL, Gasdermin D full length; GSDMD-NT, Gasdermin D N terminal;
IL, interleukin; NLRP3, nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3; ASC, apoptosis-associated speck-like
protein containing a card; SD, standard deviation).
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the infarct center. There was no significant difference in the
infarct core between the I/R and JDHXD groups (p > 0.05).
These results are consistent with the indicative significance of
neurological function assessment and cerebral infarct area
measurement.

JDHXD reduces the neuronal pyroptosis in
the penumbra 3 Days following CI

Tobetter represent the expression of pyroptosis-related proteins, we
showed the Western blot image of the entire PVDF membrane. As
shown in Figures 5A–D, JDHXD-M inhibited the expression of
NLRP3 and ASC around the infarct on the third day after CI in
rats (p < 0.05). This indicates that JDHXD inhibits the expression of
inflammasomes that induce pyroptosis. Consistent with previous
findings, JDHXD-M markedly reduced the expression levels of

caspase-1 P10 (p < 0.01), and GSDMD-NT (p < 0.05) (Figures
5E–G). GSDMD-NT can oligomerize to form holes on the cell
membrane and is the direct executor of pyroptosis. Caspase-1 P10 is
one of the effector fragments after caspase-1 cleavage, which is upstream
of GSDMD and can cleave GSDMD-FL into GSDMD-NT. This
indicates that JDHXD-M inhibits the classical pathway pyroptosis
around the infarct on the third day after CI in rats. Similar results
have been observed with downstream signalingmolecules of pyroptosis,
including IL-18 and IL-1β (Figure 5I–L). Compared with the IR group,
the expression of IL-18 and IL-1β in the JDHXD-M group was
significantly reduced (p < 0.05). IL-1β and IL-18 are downstream
inflammatory factors released by pyroptotic GSDMD pores, causing
inflammatory damage to brain tissue.

We further examined the localization of pyroptosis markers such as
NLRP3, caspase-1, and GSDMD by immunofluorescence and
immunohistochemistry. The immunohistochemistry showed that
brown-yellow GSDMD positive expression can be observed around

FIGURE 6
Immunohistochemistry and immunofluorescence results of relative expression of pyroptosis-related proteins. (A) Immunohistochemistry results of
GSDMD in the penumbra on the third day after CI in rats. Brown represents the positive expression of GSDMD, and blue represents the nucleus. (B)
Immunofluorescence results of NLRP3 and caspase-1 in the penumbra zone on the third day after CI in rats, NLRP3 (red), caspase-1 (green), DAPI (blue).
(C) Relative expression of GSDMD in the penumbra of ischemic cortex in immunohistochemistry experiment. (D) Relative expression of GSDMD in
the ischemic hippocampus in immunohistochemistry experiment. (E) Expression area % of NLRP3 in ischemic cortical penumbra in immunofluorescence
experiment. (F) Expression area % of caspase-1 in the ischemic cortical penumbra in immunofluorescence experiment. Data are expressed as means ±
SD, n = 3, ##p <0.01 vs. Shamgroup; #p < 0.05 vs. Shamgroup; **p < 0.01 vs. I/R group; *p < 0.05 vs. I/R group. (GSDMD, gasderminD;NLRP3, nucleotide-
binding oligomerization domain-like receptor pyrin domain containing 3; DAPI, 4′,6-diamidino-2-phenylindole).

Frontiers in Pharmacology frontiersin.org13

Zhou et al. 10.3389/fphar.2024.1449452

57

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1449452


the infarction in the ischemic hemisphere (Figure 6A). We discovered
that the expression of NLRP3 and caspase-1 increased in the infarcted
hemisphere in I/R and JDHXD-M groups (Figure 6B). Three days after
CI in rats, NLRP3 could be observed in the infarct core, while the
expression of caspase-1 and GSDMD was mainly in the peri-infarct
penumbra. These findings align with our prior investigations and those
of other research teams. Compared with the I/R group, the relative
density of GSDMD in the ischemic hemisphere of the JDHXD-Mgroup
was significantly reduced. (Figure 6C, D, p < 0.05). Compared with the
IR group, the fluorescence area percentage of NLRP3 and caspase-1 in
the ischemic hemisphere of the JDHXD-M group was significantly
reduced (Figure 6E, F, p < 0.05). In summary, JDHXD inhibits the
expression of pyroptosis.

Loss of pyroptotic GSDMD protein May
contribute to adverse outcomes of CIRI

During performing GSDMD fluorescence staining, we observed
an intriguing phenomenon that, to the best of our knowledge, has
not been previously reported. In this preliminary report, we present
our observations on this phenomenon. Our findings indicate that
the green GSDMD fluorescence is distributed symmetrically in the
left and right cerebral hemispheres. In contrast, the green GSDMD
fluorescence is absent in the infarct core of the I/R group and
JDHXD-M group (Figure 7A). It is crucial to highlight that previous
studies have described this phenomenon as a high expression of
GSDMD in the penumbra. However, the results of our panoramic

FIGURE 7
The key pyroptosis execution protein GSDMD is lost in the infarct core area on the third day after CI in rats. (A) Immunofluorescence panoramic scan
of GSDMD and NeuN. GSDMD (green), NeuN (red), DAPI (blue). The white dotted line is the core area of infarction. (B) Relative expression of GSDMD
protein in the infarct core. n = 4, scale bar = 50 μm #p < 0.05 vs. Sham group; *p < 0.05 vs. I/R group. (C) Typical Western blot image of GSDMD protein in
the infarct core area. (GSDMD, gasdermin D; DAPI, 4′,6-diamidino-2-phenylindole; JDHXD, Jie-Du-Huo-Xue decoction; CIRI, cerebral ischemia-
reperfusion injury; NeuN, neuron-specific nuclear protein).
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scan demonstrate that the expression intensity of GSDMD
fluorescence in the non-infarcted hemisphere and penumbra is
nearly identical, and is significantly higher than that observed in
the infarct core area. To ensure the accuracy and reproducibility of
the results, we replaced the GSDMD antibodies with different
species antibodies and performed the procedures by different

personnel. The results remained consistent with those previously
described. Furthermore, western blot analysis of brain tissue from
the core of the infarction revealed a significant reduction in
GSDMD-FL expression in the I/R group (p < 0.05). However, the
protein bands of GSDMD-NT in the infarct core of the sham
operation group, I/R group, and JDHXD group were not visible

FIGURE 8
Expression levels of autophagy-related molecules in the peri-infarct region following treatment with JDHXD-M. (A) Western blot of the ULK-1. (B)
Western blot of beclin1. (C)Western blot of P62. (D)Western blot of LC3-Ⅰ/Ⅱ. (E–H) Relative expression of ULK1, beclin1, P62, LC3-Ⅰ/Ⅱ in the infarct core.
Data are expressed as means ± SD, n = 3, scale bar = 50 μm ##p < 0.01 vs. Sham group; **p < 0.01 vs. I/R group, *p < 0.05 vs. I/R group. (I) Double
immunofluorescence staining of the cortex with NeuN (green) and LC3 (red) on day 3 after MCAO. (J) Double immunofluorescence staining of the
hippocampus with NeuN (green) and LC3 (red) on day 3 after MCAO. (L) The histogram quantified the LC3+/NeuN+ cells of the cortex. (M) The histogram
quantified the LC3+/NeuN+ cells of the hippocampus. (K) Immunofluorescence results of NLRP3 in the penumbra on the third day after CIRI in rats, NLRP3
(red) and DAPI (blue). (N) Expression area % of NLRP3 in immunofluorescence experiment. Data are expressed as means ± SD, n = 3, scale bar = 50 μm
##p < 0.01 vs. Sham group; **p < 0.01 vs. I/R group; ns p > 0.05. (LC3, lipidation of microtubule-associated light chain 3; ULK1, unc-51-like autophagy
activating kinase 1; NLRP3, nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3; CIRI, cerebral ischemia-reperfusion
injury; NeuN, neuron-specific nuclear protein; JDHXD-M, Jie-Du-Huo-Xue decoction-medium dose).
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(Figures 7B, C). The results of Western blotting were aligned with
those of double immunofluorescence, thereby providing a basis for
proposing a phenomenon that was inconsistent with previous
findings. This may indicate that the loss of pyroptotic GSDMD
protein after CI may also contribute to the adverse outcomes of CI. It
is possible that excessive activation of GSDMD around the infarct
and massive loss of the infarct core may result in damage after CI.
Although further investigation is required to elucidate the
underlying mechanism, we have elected to present this valuable
finding for consideration.

JDHXD inhibited the expression of
NLRP3 protein of pyroptosis not by
promoting autophagy

Similar to pyroptosis, autophagy can also regulate cellular
inflammatory responses through the inflammasome (Wang et al.,
2020). Autophagy is a double-edged sword. Moderate autophagy
during CI is conducive to maintaining cell function under the low
energy supply state of ischemia and hypoxia (Wei et al., 2012).
Insufficient autophagy is not conducive to the clearance of
inflammatory products and stress in the early stage of ischemia,
but excessive autophagy can cause tissue damage (Wang et al., 2018).
The state of autophagy in CI is both an enemy and a friend, so there
is no conclusion on whether autophagy is good or bad in CI(Nabavi
et al., 2019; Orellana-Urzúa et al., 2020). Major studies suggested
that autophagy is enhanced after CI, and appropriate inhibition of
autophagy can reduce ischemia-reperfusion injury. Our study also
supported the above view. To explore the intervention effect of
JDHXD on neuronal autophagy during the initial phase of CIRI, we
assessed the expression of autophagy-related proteins. Our findings
revealed that on the third day following CI in rats, the level of
autophagy was higher than the normal level. Compared to the sham
group, the expression of the autophagy-initiating factor ULK1 was
found to be significantly elevated in the IR group (p < 0.01).
Furthermore, the expression of beclin1 demonstrated a significant
upregulation following CI (p < 0.01). Similarly, the level of LC3-II, a
marker of autophagy, was elevated in the ischemic hemisphere (p <
0.05). JDHXD downregulated the ULK1, beclin1, and LC3-Ⅱ in rats
with CIRI, which indicates that JDHXD inhibited autophagy in the
ischemic hemisphere (Figures 8A-H, p < 0.05).

We used immunofluorescence to label the autophagy protein
LC3 and NeuN to observe the level of neuronal autophagy, and the
results supported the above conclusions (Figure 8I, L, p < 0.01).
Interestingly, the expression of LC3 in the hippocampus was not
different between the IR and the JDHXD-M groups (Figure 8J, N,
p > 0.05). At the same time, the expression level of NLRP3 did not
increase due to the decrease in autophagy levels (Figure 8K, M, p <
0.01). The above results suggest that JDHXD suppressed the
excessively increased autophagy level after CI.

Discussion

Timely and reliable national stroke surveillance remains a
significant challenge (Ziaeian et al., 2022). Due to the strict
window period of treatment and the inpatient system to be

improved, acute ischemic stroke continues to be the primary
cause of mortality and disability (Mosconi and Paciaroni, 2022;
Ziaeian et al., 2022). The pathological mechanism of CI is very
complex, involving multiple disease stages such as the early and
recovery stages. Different cell death modes such as apoptosis,
autophagy, and pyroptosis crosstalk each other (Zhao S. et al.,
2021). Oxidative stress, immunity, inflammation, thrombosis, and
many other links are also involved (Yingze et al., 2022; Maïer et al.,
2023; Wang et al., 2023). Above all, developing drugs to treat CI
became much harder. New research confirms that inflammatory
response is the main thread during all stages of stroke (Maïer et al.,
2023). Emerging studies have shown that traditional medicine plays
an important role in attenuating the inflammatory damage caused
by CI, which undoubtedly suggests the importance of further
searching for ethnic medicine alternative therapies for CI.

In this work, we observed the regulatory effect of JDXHD on
programmed death in the acute phase of CI based on the previous
confirmation that JDHXD inhibits microglial pyroptosis in the acute
phase of CI. Before studying the mechanism of JDHXD’s protective
effect on CI, we detected the blood metabolites of JDHXD by LC-
MS. We detected and analyzed 30 possible metabolites (Composite
Score > 0.98). Previous studies have given some evidence that
JDHXD metabolites inhibit programmed cell death. For example,
Pueraria lobata root can dilate cerebral blood vessels, enhance
cerebral blood flow, ameliorate cerebral circulation, and stabilize
cerebral vascular function, thereby improving blood and oxygen
supply to brain tissue and cells, and reducing the occurrence of
neurological dysfunction (Hongyun et al., 2017). Chinese thorowax
root may enhance depression-like behavior and decrease
hippocampus neuron death following CI, probably by boosting
the expression of BDNF, p-CREB, and Bcl-2 while reducing the
levels of Bax and Caspase-3 (Wang A. R. et al., 2021). Licorice can
promote cell proliferation, migration, and angiogenesis, and reduce
mitochondrial membrane potential damage and apoptosis.
Simultaneously, liquiritigenin can decrease the expression of
associated adhesion molecules and mitigate the generation of
reactive oxygen species. Mechanistically, liquiritigenin can
activate the Keap1/Nrf2 antioxidant pathway, thereby preserving
the integrity of the BBB (Li et al., 2021). Ferulic acid, for example,
has been shown to encourage the development of new blood vessels
in vivo. Ferulic acid boosted the expression of VEGF and platelet-
derived growth factor (PDGF) (Lin et al., 2010). Rehmannia
glutinosa can improve the post-ischemic repair signaling pathway
(Fu et al., 2022). This investigation demonstrated that JDHXD exerts
an inhibitory effect on neuronal pyroptosis and autophagy following
CI in rats. JDHXD reduces the expression of NLRP3, caspase-1 P10,
GSDMD-NT, IL-1β, and IL-18. JDHXD also inhibited the
expression of autophagy-related factors, such as ULK1, beclin1,
and LC3-II on the third day after CI (Figure 9).

Pyroptosis and autophagy are both forms of programmed cell
death (Adhami et al., 2007; Xue et al., 2019). Among them,
pyroptosis is a pro-inflammatory cell death mode. The traditional
view is that autophagy has nothing to do with inflammatory
response, but the latest research shows that autophagy is also
involved in the regulation of inflammatory response (Su et al.,
2016). The conventional and the non-canonical pathways are the
two primary pathways of pyroptosis. In CI, pyroptosis is primarily
the conventional pathway (Yu et al., 2021). Pyroptosis signals in the
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canonical pathways activate several cytoplasmic sensor proteins and
encourage the formation of various inflammasomes (Gou et al.,
2021). CI causes a strong neuroinflammatory response in a strict
temporal and spatial order (Gelderblom et al., 2009). During the first
24 h of CIRI, the inflammation is mainly confined to the
intravascular compartment (Stoll et al., 2022). This may be
driven by local platelet and leukocyte-derived DAMPs and
chemokines (Kollikowski et al., 2022). During pyroptosis, the
NLRP3 inflammasome is activated by DAMPs produced in CIRI
(Chang et al., 2020). And then NLRP3 cleaves pro-caspase-1 into
activated caspase-1. Activated caspase-1 promotes the maturation of
IL-18 and IL-1β and activates GSDMD. GSDMD is one of the
gasdermin protein family (McKenzie et al., 2018; Van Opdenbosch
and Lamkanfi, 2019). It has an autoinhibitory domain. When
caspase-1 is cleaved, the active N-terminal is exposed, and the
N-terminal gathers on the cell membrane to form a ring-shaped
membrane hole, causing the cell to collapse (Burdette et al., 2021;

Wang J. et al., 2021). Small inflammatory molecules such as IL-18
and IL-1β can be released from the pores of GSDMD, and then
recruit more pro-inflammatory factors to gather, induce an
inflammatory cascade reaction, and aggravate cerebral ischemic
injury (Schneider et al., 2017; Evavold et al., 2018; Luan et al.,
2020). Our study proved that JDHXD can inhibit many links of
pyroptosis in the classical pathway in the rat MCAO model. It can
not only inhibit NLRP3 but also inhibit the active structure of
caspase-1 P10 and GSDMD-N terminal, as well as the downstream
inflammatory factors of pyroptosis. Inhibition of neuronal
pyroptosis by JDHXD can help relieve neuroinflammation in the
acute phase of CIRI, protect the brain parenchyma, and reduce
neurological impairment and cognitive impairment after CIRI.
JDHXD inhibits pyroptosis of the NLRP3/caspase-1/GSDMD
pathway, which is of great value in inhibiting CI. Because studies
have shown that preventive inhibition of NLRP3 inflammasome can
maintain its early therapeutic effect into the subacute phase,

FIGURE 9
JDHXD against CIRI in rats. JDHXD reduced pyroptosis and autophagy. JDHXD consists of 10 botanical drugs (Pueraria edulis Pamp [Fabaceae],
Paeonia veitchii Lynch [Paeoniaceae], Prunus persica (L.) Batsch [Rosaceae], Anethum graveolens L. [Apiaceae], Rehmannia glutinosa (Gaertn.) DC.
[Orobanchaceae], Carthamus tinctorius L. [Asteraceae], Forsythia suspensa (Thunb.) Vahl [Oleaceae], Bupleurum falcatum L. [Apiaceae], Citrus medica L.
[Rutaceae], Glycyrrhiza glabra L. [Fabaceae]). Our results showed that JDHXD inhibited both focal death and autophagy. On the one hand, JDHXD
inhibited the classical pyroptosis pathway, suppressed the expression of NLRP3/caspase-1/GSDMD, and reduced the production of IL-1β and IL-18. On
the other hand, JDHXD also inhibited the expression of ULK1/beclin1/LC3-II on the autophagy pathway. NLRP3 serves as a nexus linking focal death and
autophagy, and JDHXD inhibition of NLRP3 does not work by promoting autophagy. (LC3, lipidation of microtubule-associated light chain 3; ULK1, unc-
51-like autophagy activating kinase 1; NLRP3, nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3; GSDMD-CT,
gasdermin D C terminal; GSDMD-NT, Gasdermin D N terminal; IL, interleukin).
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inhibition of NLRP3 inflammasome in the acute phase of CI directly
affects inflammation in the ischemic penumbra after stroke (Bellut
et al., 2023). Early treatment effects tend to have long-term
immunomodulatory effects, ultimately leading to better
neurological outcomes. In addition, inhibition of NLRP3 can
reduce secondary infarct growth in small and medium-sized CI
(Bellut et al., 2023). Therefore, JDHXD may have a delayed
immunomodulatory effect by inhibiting NLRP3 during the
acute phase of CI, but further studies are needed. In addition,
JDHXD has an important protective effect on the prognosis of
stroke by inhibiting IL-1β and IL-18 produced downstream of
pyroptosis. IL-18 has been shown in multiple clinical studies to
be a potent proinflammatory cytokine with atherogenic
properties (Goldstein et al., 2006). In addition, higher plasma
IL-1β levels are associated with the most severe damage in
patients with ischemic stroke (Tirandi et al., 2023). JDHXD’s
inhibition of IL-1β and IL-18 may reduce the diffusion of
interleukins through the damaged BBB.

Interestingly, our study proposes a hypothesis that is different
from previous studies. The loss of the pyroptosis execution
protein GSDMD protein in the ischemic core area may lead to
adverse consequences of CI. Although many previous studies
have shown that GSDMD is lowly expressed in the core of
cerebral ischemic infarction and highly expressed in the
periphery of the infarction (Luo et al., 2022), to our
knowledge, we are the first to show that GSDMD is also
highly expressed in the healthy brain contralateral to the
ischemic brain. Our panoramic scanning results show that the
expression intensity of GSDMD fluorescence in the non-
infarcted hemisphere and penumbra is almost the same, and is
much higher than that in the infarct core area. Different GSDMD
antibodies were used and staining operations were performed by
different personnel, and the same results were obtained. In
addition, Western blot results also support the low expression
of GSDMD-FL in the core area of infarction. We are very excited
about this finding, which is contrary to previous findings. At the
same time, our previous results on microglial pyroptosis also
support the enhanced expression of GSDMD in the infarct penumbra.
We speculate that pyroptosis GSDMD may have a double-edged
sword effect like autophagy. Just like “Yin” and “Yang” in philosophy
are opposite and unified with each other. Excessive activation of
GSDMD at the infarct edge will aggravate post-ischemic brain injury,
and the loss of GSDMD protein in the core area of infarction after
cerebral ischemia may also lead to adverse outcomes of CIRI. We do
not rule out the possibility that the following bias may occur: the
fluorescent antibody cannot label GSDMD-NT very accurately but
instead displays GSDMD-FL. To eliminate the interference of the
above factors, we used antibodies of different species produced by two
different formulas in immunofluorescence. If our hypothesis that
GSDMD is lost in the infarct core is confirmed in subsequent studies,
it may provide new clues to the role of pyroptosis in CI. Pyroptosis
may not be entirely a pro-inflammatory injury during CIRI, and
GSDMD may also have a potential protective mechanism against CI.
Althoughwe have not yet studied themechanism of this phenomenon
in depth, we chose to report this valuable finding.

In comparison to pro-inflammatory pyroptosis, the regulation
of inflammation by autophagy and its role in CI is more confusing.
There has been debate over whether autophagy has a protective or

harmful effect (Plaza-Zabala et al., 2017). By far the most prevalent
description is that autophagy is a double-edged sword (Wei et al.,
2012). Both positive and negative autophagy regulation can improve
neuroprotection in vivomodels of CI (Wang et al., 2022; Zheng et al.,
2022; Zhai et al., 2023). Autophagy is a self-protective catabolic
mechanism in cells. Some misfolded proteins and damaged
organelles are destroyed and recycled via this mechanism to
preserve cellular equilibrium (Adhami et al., 2007). The
activation or inhibition of autophagy under ischemia and
hypoxia is still controversial, and there is no shortage of contrary
research results. Autophagy is commonly thought to be triggered in
reaction to nutrient deprivation or metabolic stress, aiming to
sustain tissue equilibrium by recycling dysfunctional proteins and
organelles (Zhao J. et al., 2021; Ji et al., 2022). Briefly, autolysosomes
arise as a result of the sequestration of cytoplasmic material into
autophagosomes and fusion with lysosomes. Under nutritional
shortage, AMPK is activated, inactivating mTORC1 or
phosphorylating different serine residues of ULK1 (Zhai et al.,
2023). However, some studies have also proved that autophagy is
inhibited under nutrient deprivation (Zheng et al., 2022). Our
research results indicate that neuronal autophagy is triggered by
CI and it can be inhibited by JDHXD. JDHXD suppressed the
expression of the autophagy promoter ULK1, as well as beclin1 and
LC3-II. In our current study, on day 3 after CI in rats, autophagy in
neurons in the cerebral ischemic penumbra was higher than normal,
suggesting that ischemia and hypoxia lead to excessive autophagy,
which causes excessive neuronal death. JDHXD-M intervention can
promote neuronal autophagy and reduce neuroinflammation.

Updated research changes the old view that autophagy is not
involved in inflammatory responses. Emerging research suggests
that autophagy may protect against inflammation (Wang et al.,
2020). The mechanisms by which autophagy inactivates the
inflammasome are diverse, including clearance of ASC and IL-1β,
and selective targeting of ROS to lysosomes for clearance by
mitophagy (Li et al., 2015; Shibutani et al., 2015). However, our
findings do not support the above view because autophagy
promoted the inflammatory damage of CI in our study. The
concurrent activation of LC3-II and beclin-1 proteins, along with
NLRP3, IL-1β, and caspase-1, is functionally implicated in the
progression and pathogenesis of CIRI, characterized by
concurrent activation of autophagy, pyroptosis, and
inflammation. These three processes are often triggered in a
sequential and interconnected order. Both pyroptosis and
autophagy are active in the cortical area of the ischemic
penumbra. On the one hand, NLRP3 is involved in the initiation
of pyroptosis, and on the other hand, NLRP3 is activated by the
acute and subacute injury signals after CI in rats, and
NLRP3 subsequently cleaves caspase-1 and GSDMD to induce
pyroptosis. At this time, the level of autophagy was activated due
to ischemia and hypoxia, and the activated autophagy did not inhibit
the phosphorylation of NLRP3 and ASC. This promotes the
inflammatory response following CI. The intervention of JDHXD
suppressed the expression of autophagy markers ULK1, Beclin1, and
LC3-II. On the third day after CI, the activation of autophagy did not
reduce NLRP3, and activated NLRP3 could activate pro-
inflammatory programmed cell death.

Our results support the widely accepted view that autophagy is
overactivated after CI and that inhibition of NLRP3 can suppress the
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expression of pyroptosis and autophagy (Liu et al., 2021).
Interestingly, some studies have suggested that enhancing
mitochondrial autophagy and reducing NLRP3 inflammasome
activation has a neuroprotective effect on rats after CI (Ji et al.,
2022). In addition, some reports promoting autophagy can inhibit
pyroptosis in myocardial ischemia (Zhang et al., 2023). The
inconsistency of pathophysiological mechanisms of the same cell
death pattern in different tissues has considerable research
prospects. It is postulated that this phenomenon may be
attributed to the specific effects of NLRP3 in diverse tissues,
degrees of ischemia, and cell types. The clearance ability of
autophagy on NLRP3 may be different in different tissues,
organs, and cells, thus affecting the interaction between
autophagy and pyroptosis. Although JDHXD did not activate
autophagy and inhibit pyroptosis as we speculated, it inhibited
pyroptosis and autophagy at the same time, indicating that
JDHXD inhibits pyroptosis possibly by directly inhibiting the
cleavage of NLRP3 and GSDMD-NT.

Our study confirmed that JDHXD inhibits pyroptosis and
autophagy and alleviates inflammatory damage. However, there
are some deficiencies and limitations in the experimental design.
First, in the western blot experiment, the housekeeping protein we
chose was β-actin. New studies suggested that in neurological
diseases, housekeeping proteins such as β-actin and GAPDH may
be changed after injury or in neuropathological states (Li and Shen,
2013). Our current experiments have not verified that the expression
of β-actin is constant in all samples of the CI model, so the possible
experimental bias caused by β-actin cannot be ruled out. Secondly,
due to the limitations of experimental conditions, our experiments
could not directly observe the pores formed by GSDMD
oligomerization but only observed the expression of GSDMD by
western blot and immunofluorescence. Future research can improve
the experimental design from the above perspectives.

Conclusion

In conclusion, our study demonstrated that JDHXD inhibited
the expression of pyroptosis and autophagy on the third day of CI.
Furthermore, JDHXD exhibited an anti-CI effect. Our findings also
indicated that the inhibitory effect of JDHXD on pyroptosis was not
mediated by the promotion of autophagy. In a surprising twist, our
findings revealed that GSDMD expression was low in the infarct
core but high in the peri-infarct and healthy brain regions, a result
that challenges previous assumptions.
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Introduction: Alzheimer’s disease (AD) and other forms of dementia have a
devastating effect on the community and healthcare system, as
neurodegenerative diseases are causing disability and dependency in older
population. Pharmacological treatment options are limited to symptomatic
alleviation of cholinergic deficit and accelerated clearance of β-amyloid
aggregates, but accessible disease-modifying interventions are needed especially
in the early phase of AD. Melatonin was previously demonstrated to improve
cognitive function in clinical setting and experimental studies also.

Methods: In this study, the influence of melatonin supplementation was studied on
behavioral parameters and morphological aspects of the hippocampus and
amygdala of rats. Streptozotocin (STZ) was injected intracerebroventricularly to
induce AD-like symptoms in male adult Wistar rats (n = 18) which were
compared to age-matched, sham-operated animals (n = 16). Melatonin was
administered once daily in a dose of 20 mg/kg body weight by oral route.
Behavioral analysis included open-field, novel object recognition, and radial-arm
maze tests. TNF-α andMMP-9 levels were determined fromblood samples to assess
the anti-inflammatory andneuroprotective effects ofmelatonin. Immunohistological
staining of brain sectionswas performed using anti-NeuN, anti-IBA-1, and anti-GFAP
primary antibodies to evaluate the cellular reorganization of hippocampus.

Results and Discussion: The results show that after 40 days of treatment,
melatonin improved the cognitive performance of STZ-induced rats and
reduced the activation of microglia in both CA1 and CA3 regions of the
hippocampus. STZ-injected animals had higher levels of GFAP-labeled
astrocytes in the CA1 region, but melatonin treatment reduced this to that of
the control group. In conclusion,melatoninmay be a potential therapeutic option
for treating AD-like cognitive decline and neuroinflammation.
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1 Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative
pathology, the most common type of dementia which affects around
50 million people worldwide and the exact cause remains unknown
(Livingston et al., 2017). Several hypotheses attempt to explain the
main features of AD, such as progressive cholinergic decline, β-
amyloid accumulation, and a series of metabolic alterations leading
to neurofibrillary tangle formation and insulin resistance in the
brain (Estrada and Contreras, 2019; Kang et al., 2020). Most drugs
developed to reduce amyloid synthesis failed to show clinically
relevant improvement and despite the vast amount of resources
invested in development and research only two new treatment
options have been registered for AD patients in the last decade
(Decourt et al., 2022; Cummings et al., 2024). Overall, there is an
obvious β-amyloid peptide accumulation in the nerve cells that leads
to early axonopathy, synaptic loss, neuronal destruction (Rosales-
Corral et al., 2012) and the phenomenon predominantly affects the
signaling pathways of memory-related molecular signatures
(Kaushik et al., 2022). Hippocampal dysfunction is a commonly
observed feature of Alzheimer’s disease, which can involve
metabolic disturbances (i.e., hypometabolism) and morphological
reorganization (Small et al., 2011; Klyubin et al., 2012; Padurariu
et al., 2012). The main symptom (i.e., memory disturbances) is
primarily caused by the destruction of cholinergic neurons, but
β-amyloid accumulation and oxidative stress can also reduce
acetylcholine synthesis by reducing choline acetyl transferase
activity or increasing acetylcholinesterase (AChE) activity
(Rosales-Corral et al., 2012).

Due to the progressive character of AD, prevention and early
diagnosis can be effective options in the symptomatic treatment of
the disease. Several risk factors, such as systemic inflammation
(i.e., autoimmune diseases), obesity, diabetes, and hypertension
were identified but effective and tolerable interventions are
sparse. Even though neuronal damage characterized by the
accumulation of toxic proteins, inflammation, and atrophy can
be slowed down by certain drugs, the efficacy of immune-
modulatory, anti-inflammatory, or neuroprotective agents
depends on early diagnosis (Munafò et al., 2020; Pais et al.,
2020). As a recent meta-analysis demonstrated, regular physical
activity was the only protective factor against dementia and
Alzheimer’s disease that all adults could benefit from (Iso-
Markku et al., 2022). It has also been shown that sleep disorders
can cause cognitive impairment, and impaired melatonin synthesis
has been found in Alzheimer’s patients (Cardinali D et al., 2010). In
addition, melatonin secretion might increase after moderate-
intensity exercises (Kaylee et al., 2020). Moreover, longer sleep
duration leads to reduced β-amyloid levels in older cognitively
unimpaired adults (Insel et al., 2021). Consequently, melatonin
might be the key mediator of the beneficial effects of sleep on the
clearance of β-amyloid from the brain (Li et al., 2020).

Melatonin (N-acetyl-5-methoxytryptamine) is the primary
secretory product of the pineal gland, but it is also produced in
the gastrointestinal tract, respiratory epithelium, pancreas, adrenal
glands, thyroid gland, thymus, urogenital tract, placenta and even in
non-endocrine cells (Kvetnoy et al., 2022). Indeed, it regulates
biorhythm and controls sleep, but at molecular levels it is
involved in the metabolism of free radicals due to its antioxidant

capacity. It modulates immune responses, cell proliferation and
differentiation, and also has neuroprotective effects in several
preclinical models (Rosales-Corral et al., 2012; Miranda-Riestra
et al., 2022; Tozihi et al., 2023). On the other hand, decreased
levels of melatonin were observed in the cerebrospinal fluid of
elderly subjects with early AD-like neuropathological changes
(Rosales-Corral et al., 2012). Interestingly, pinealectomy causes
pyramidal cell loss in the cornu Ammonis 1 (CA1) and cornu
Ammonis 3 (CA3) regions of rats, which can be reversed by
melatonin supplementation (De Butte and Pappas, 2007).

This study aimed to investigate whether melatonin treatment
would reverse the neuroinflammation and cellular reorganization in
the sporadic model of Alzheimer’s disease in rats induced by
intracerebroventricular (ICV) injection of streptozotocine (STZ).
Behavioral, biochemical, and histopathological tests were conducted
to assess the effect of subchronic melatonin treatment on cognitive
performance and neuronal damage, respectively.

2 Materials and methods

2.1 Drugs and administration

STZ was purchased from Cayman Chemicals. Rats in the STZ
group received an ICV injection of STZ (3 mg/kg body weight)
dissolved in 8 μL citrate buffer (0.05 M, pH = 4.5), and the rats in the
control (CTRL) group received an equal volume of vehicle.
Melatonin (Cayman Chemicals, Ann Arbor, MI, United States)
was dissolved in ethyl alcohol (50 mg/mL) and incorporated in
food pellets, followed by solvent evaporation. The pellets were
freshly prepared before drug administration, and the amount of
melatonin was calculated for each animal using a 20 mg/kg body
weight dose per day.

2.2 Animals and experimental groups

The experiment was carried out on 5–6-month-old male Wistar
rats (350–450 g). They were kept in a polypropylene cage (1291H
Eurostandard Type III H, 425 mm × 266 mm × 185 mm,
Techniplast, Milan, Italy) and maintained under standard
housing conditions (temperature 20°C ± 2°C and humidity 60% ±
10%) with a 12-h light-dark cycle. Animals were housed singly
7 days prior to the start of the experiments. No environmental
enrichment, including hiding spaces, was provided. Dry food pellets
(Cantacuzino Institute, Bucharest, Romania) and water were
available ad libitum. The rats were procured from the Biobase of
UMFST George Emil Palade of Targu Mures, Romania. The
experimental protocol was approved by the Ethics Committee of
George Emil Palade University of Medicine, Pharmacy, Science, and
Technology of Targu Mures (approval no. 366/2018) and the
National Authority (no. 123/2018).

Thirty-four rats were randomly divided into four groups, from
which two groups consisted of sham-operated animals (CTRL and
CTRL + MEL) and the other two received ICV-STZ injections (STZ
and STZ + MEL). The first group of animals (CTRL) was injected
with citrate buffer ICV and administered orally with pellets
containing vehicle used for melatonin dosing (n = 8); the second
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group (CTRL + MEL) was injected with citrate buffer ICV and
administered with pellets containing melatonin (n = 8); the third
group (STZ) was injected ICV with STZ and received vehicle
containing pellets (n = 9); the fourth group (STZ + MEL) was
injected ICV with STZ and received melatonin containing pellets
(n = 9). Melatonin (20 mg/kg) was administered daily, beginning on
the sixth day of the experiment until the end of the study. Total
treatment duration was 30 days, which corresponds to a subchronic
treatment regimen.

Briefly, animals were anesthetized with a mixture of ketamine
(100 mg/kg body weight) and xylazine (10 mg/kg body weight)
through intraperitoneal administration. Rats were then placed into a
stereotactic apparatus (Digital Stereotaxic with Manual Fine Drive,
Leica Biosystems, Buffalo Grove, IL, United States) and injected
bilaterally with STZ at a sub-diabetogenic total dose of 3 mg/kg
(dissolved in 0.05 M citrate buffer, pH 4.5, in one single dose on
day one) using a 10 μL Hamilton syringe (Hamilton® glass syringe
700 series RN, Hamilton syringe Hamilton syringe (Hamilton® glass
syringe 700 series RN), Hamilton, Bonaduz, Switzerland) with a 26-G
needle into each ventricle (4 µL/ventricle). The sham-operated animals
received an equal volume of vehicle (0.05 M citrate buffer, pH 4.5) by
the same procedure. Stereotactic coordinates relative to bregma, dura
mater and inter-hemispheric scissure: antero-posterior: −0.7 mm;
ventral: −3.6 mm; lateral: ±1.5 mm. The injection speed was set to
0.4 μL/min using a motorized programmable stereotaxic injector
(Stoelting QSI Model 5311, Stoelting Co., Wood Dale, IL,
United States), and the injection needle remained for at least 2 min
in place, to prevent backflow of the administered solution (Kraska et al.,
2012; Knezovic et al., 2015; Homolak et al., 2021). Postoperatively,
animals were hydrated intraperitoneally with 6 mL saline solution and
monitored for signs of pain.

After the ICV injection, animals were allowed a 5-day recovery
period during which they were kept in individual home cages and
their body weight, food, and water intake were monitored daily.
Although STZ exhibit specific pancreatic β-cell toxicity when
injected intraperitoneally, the STZ-ICV injection did not affect
peripheral blood glucose levels and body weight as demonstrated
previously (Song et al., 2018). Immediately after recovery, all
animals were randomly assigned to a control or treatment
group. Due to mortality observed in the STZ-injected groups
(5 animals died shortly after ICV injection) that could be
associated with STZ acute toxicity as described earlier (Chen
et al., 2014; Guardia de Souza e Silva et al., 2020; Gáspár et al.,
2022), 29 animals were included in the behavioral, biochemical, and
histological analysis. The number of animals/group at the end of the
experiment was as follows: CTRL n = 8, CTRL +MEL n = 8, STZ n =
7, STZ + MEL n = 6. In exceptional situations, where biological
samples obtained were not validated due to sampling procedure
errors, the number of samples used for those analyses was specified.

2.3 Behavioral studies

On the 20th day of the experiment counted from the day of STZ
injection, behavioral testing began with an open field test, followed
by novel object recognition and radial arm maze tests. The timeline
of the experiment is shown in Figure 1.

2.3.1 Open field test
To assess the exploratory and locomotor activity of the animals,

the first behavioral test implemented was an open field test on day
20. The open field apparatus consisted of a black floor (60 × 60 cm)
and transparent walls (60 cm). The intensity of the illumination was
controlled for and set to an average light intensity of 150 ± 10 lux.
The rats were placed in the center of the box and left undisturbed to
explore the apparatus for 5 min. The activity of rats was monitored
and recorded with a CMOS video camera (30 fps) and behavior
analysis software (Ethovision XT, version 11.5, Noldus IT,
Wageningen, Netherlands). The detection options were optimized
for each trial. Automatic analysis was used to detect the rat at three
points (head, body, tail) and record the distance moved, the number
of entries and the time spent in different zones of the apparatus. In
addition, rearing and grooming were measured by semi-automatic
analysis performed by two blinded observers.

2.3.2 Novel object recognition test
There is a wide range of uses for the NOR test, including the

assessment of memory deficits, anxiety, attention, novel object
preferences, exploratory patterns, and pharmacological therapy
(Antunes and Biala, 2012). The apparatus consisted of an open
box made of Plexiglas (60 × 60 cm) and transparent walls (60 cm)
positioned on the floor. The light intensity was set to 80 ± 10 lux.

The objects to be explored were made of plastic, glass, or wood. The
height of the objects was approximately the same (5 ± 2 cm), and they
were fixed to the base of the apparatus to prevent displacement by
animals.Objectswere positioned 10 cmaway from the boxwalls, allowing
animals tomove along thewalls undisturbed.After each trial, 70% alcohol
was used to clean the box and the objects, removing olfactory cues. The
familiar and novel objects were counterbalanced in the left and right
positions, to prevent bias towards a particular location. Object exploration
was quantified by EthovisionXT 11.5 software using the nose point of the
rats (touching or nomore than 0.5 cm away from the object) but activities
such as leaning against, turning around, standing, or sitting on the objects
were excluded.

Two inter-trial intervals were used to determine the short- or long-
termmemory of the rats, and all rats were subjected to three trials: one
acquisition trial and two retention trials. The first was the acquisition
trial, performed using two identical wood cuboid objects. Second, an
intertrial period of 2 h was followed by the first retention trial, where
one familiar object was replaced by a cylindrical transparent glass. The
third trial was another retention trial completed after a 24-h inter-trial
period. In this trial, the previously novel object was replaced with a
black, round plastic object. In every phase, the animals had 5 min to
explore the environment and the objects (Mathiasen and DiCamillo,
2010). Consequently, short-term memory was evaluated 2 h after the
presentation of identical objects, while long-term memory was
assessed 24 h after the acquisition trial. The main parameter of this
test was the discrimination index (DI), calculated using the time spent
with the novel (TN) and the familiar object (TF) as Eq. 1 shows:

DI � (TN − TF) / (TN + TF) (1)

The DI is a number between −1 and +1. If it is near −1, the
animal prefers the familiar object, if it is near +1, they prefer
the novel one.
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2.3.3 Radial arm maze test
The cognitive functions of the animals, such as spatial learning

and memory, were tested with the radial arm maze test (RAM). The
RAM test is an 8-arm radial maze used to observe visuospatial
learning ability and memory. The apparatus used for testing was
initially described by Olton and Samuelson (1976) and was
constructed in-house according to standard specifications: an
octagonal center platform surrounded by eight wooden arms
(50 cm long and 10 cm wide) with 20 cm high walls; at the end
of each arm there was a hole, which contained food that was not
visible from the central platform. To test both working and reference
memory of rats, two out of the eight arms did not contain food
pellets (the unbaited arm). The position of the baited and unbaited
arms was the same across all trials. Various environmental marks
and objects (pictures, doors, tables, windows) were available to assist
with spatial orientation.

After 2 days of acclimatization to testing conditions (apparatus,
laboratory conditions with controlled visual cues) and to food
restriction (5 days of food deprivation until reaching 80%–85%
of their ad libitum body weight) to ensure their motivation for task
completion, animals underwent a training phase that comprised one
daily test and lasted for 7 days. The diet restriction was necessary to
motivate the animals to explore the labyrinth.

The test phase was comprised of four trials conducted every
other day. All trials were terminated after 10 min or after all pellets
were found (Fole et al., 2017). Each animal was placed on the center
platform of the apparatus in random order and their activity was
observed and recorded with a camera (CMOS, 30 frame/sec)
mounted above the apparatus. Researchers observed the
experiment in the next room. The behavioral parameters were
recorded offline using Ethovision XT software (Noldus IT,
Netherlands). The following parameters were automatically
measured: the number of baits collected or target visits, the total
number of errors, which included the reentry into a previously
visited baited or unbaited arm (working memory error), the first
entry into an unbaited arm (reference memory error). To
standardize the olfactory background, a disinfectant solution
containing ethanol and isopropanol was used for cleaning before
the first and after each test.

2.4 Biochemistry

Based on serum samples obtained by cardiac puncture and
followed by centrifugation, TNF-α and MMP-9 levels were

determined using commercial test kits (St John’s Laboratory,
London, United Kingdom, catalog numbers STJ150174 and
STJ150078, respectively). Quantitation was performed using
optical density measurement on Luminex 200 instrument
(Luminex Corp., Austin, TX, United States). The results were
expressed as ng/mL.

2.5 Immunohistochemical procedures

2.5.1 Sample collection
Rats were transcardially perfused with ice-cold saline for 1.5 min

followed by an ice-cold fixative solution containing 4%
paraformaldehyde (Sigma Aldrich, St. Louis, MO, United States)
and 0.25% picric acid (Sigma Aldrich, St. Louis, MO, United States)
in phosphate buffer (pH = 7.4) for 20 min under anesthesia with
ketamine hydrochloride (100 mg/kg) and xylazine (10 mg/kg)
injected intraperitoneally on the 37th day after STZ injection. We
collected blood and brain samples. Blood was collected via cardiac
puncture before perfusion. After perfusion, the brain was carefully
removed, placed in fixative solution and after 48 h, placed into 0.1 M
phosphate buffer solution. 60 μm-thick coronal sections were cut
with a microtome (VT 1000S, Leica, Nussloch, Germany) and stored
at 4°C until immunohistochemistry was performed.

2.5.2 Fluorescent immunohistochemistry
Triple immunofluorescent staining was used to identify

neurons, astrocytes, and microglia (Gáll et al., 2022). Sections
were washed in 0.1 M phosphate buffer (PB, pH 7.4, Sigma
Aldrich, St. Louis, MO, United States) and transferred to a 24-
well tissue culture plate (TPP, Trasadingen, Switzerland). The plates
were placed on an orbital shaker (Heidolph, Germany) and
incubated at 37°C for 10 min for antigen retrieval. All samples
were stained in a free-floating manner in 24-well tissue culture plates
in 500 μL volume on an orbital shaker. After being washed 3 times
for 10 min in 0.1 M PB, sections were washed in tris buffered-saline
(TBS) (3 times 10 min), then incubated in a blocking solution of
TBS, containing 10% normal goat serum (NGS) (Vectro
Laboratories, Inc., Burlingame CA, United States, 94010),
followed by incubation with a mixture of primary guinea pig
polyclonal anti-NeuN antibody (guinea pig raised-polyclonal,
dilution 1:500; product no: 266004, Synaptics Systems GmbH,
Goettingen, Germany), primary rabbit polyclonal anti-IBA-
1 antibody (rabbit raised-polyclonal, dilution 1:500; product no:
HS234013, Synaptics Systems GmbH, Goettingen, Germany), and

FIGURE 1
Timeline of the study design. Legend: OF, open field test; NOR, novel object recognition test; RAM, radial arm maze test; ICV,
intracerebroventricular. Solid arrows represent behavioral tests, while striped arrows represent surgical interventions.
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primary mouse monoclonal anti-GFAP antibody (mouse raised-
monoclonal dilution 1:500; product no: 173211, Synaptics Systems
GmbH, Goettingen, Germany) diluted in TBS containing 2% NGS
and 0.1% Triton X-100 (Sigma Aldrich) for 24 h at room
temperature. Sections were washed three times in TBS, then
secondary antibodies made up in TBS, containing 2% NGS at
room temperature for 2 h were applied to label the NeuN
immunostaining with Alexa488-conjugated donkey anti-guinea
pig (1:500, Jackson ImmunoResearch Laboratories, West Grove,
PA, United States), the IBA1 immunostaining with Alexa594-
conjugated donkey anti-rabbit (1:500, Jackson ImmunoResearch
Laboratories, West Grove, PA, United States), and the GFAP
immunostaining with Alexa647-conjugated donkey anti-mouse
(1:500, Jackson ImmunoResearch Laboratories, West Grove, PA,
United States). The stained sections were washed 3 × 10 min in TBS
followed by 3 × 5 min in 0.1 PB, then mounted on slides and
coverslipped with mounting medium containing 4′,6-diamidino-2-
phenylindole (DAPI) for cell nuclei labeling (Vectashield with
DAPI, Vector Laboratories, Burlingame, CA, United States) and
sealed with nail polish. A negative control was prepared for all
immunostaining by omitting the primary antibodies.

The sections were analyzed using 3DHISTECH Pannoramic
MIDI II slide scanner collaborating with the Institute of
Experimental Medicine (Budapest, Hungary). Fluorescent images
were obtained with Zeiss, Plan-Apochromat ×20 dry objectives,
Cy3.5 SB, Cy5-Q, LED-FITC and DAPI-Q filters. Digitized images
were processed with ImageJ Fiji (v.1.5.3t with Java 1.8.0_322) and
Ilastik (v.1.4.0) softwares. In the first step, the supervised machine
learning process was facilitated by manually annotating the signal
and the background pixels. Then, the pixel classification workflow
was implemented as described by Berg et al. (2019). The resulting
images were used for quantitative analysis. The total cell count and
percent labelled area were determined using the “analyze particles”
command that counts and measures objects in threshold images in
ImageJ Fiji. Hippocampal regions and layers were differentiated
based on cell density and relative location using DAPI staining.
CA1 and CA3 regions of the hippocampus were quantified
individually in four hippocampal sections per animal. The final
value of each measurement presented is its group average (±
standard deviation, SD).

2.6 Statistical analysis

All data was checked for normal distribution and was treated
accordingly. The normality of raw data was ruled by Kolmogorov-
Smirnov test using GraphPad Prism eight software (GraphPad
Software, United States), the same software being used for figure
generation. Data with a normal distribution were presented as
mean ± SEM. A two-way ANOVA analysis was employed to
examine the main effects of ICV-STZ injection and melatonin
treatment. In the case of some parameters where repeated
measurements were performed (NOR and RAM tests) a three-
way ANOVA analysis was used. The post hoc Tukey’s test was
then performed for multiple comparisons. Where the sample sizes
were different, Sidak’s multiple comparison test was implemented.
Nonparametric distributed data were analyzed by a Kruskal-Wallis
test followed by Dunn’s post hoc test to detect the significant

differences between groups p < 0.05 was considered statistically
significant.

3 Results

3.1 Effects of melatonin supplementation
on behavior

3.1.1 Open-field test
All animals showed unaltered locomotor activity and

neophobia-induced anxiety when placed in the apparatus.
Analyzing the activity of rats during a 5-min testing session, two-
way ANOVA tests showed significant interaction between STZ
injection and melatonin treatment [F (1, 25) = 7.552, p = 0.0110]
for the distance travelled in the testing box. Post-hoc Tukey’s
multiple comparison test revealed significant increase in the
CTRL + MEL group compared to CTRL and STZ + MEL groups
(Figure 2A). Accordingly, the freezing time of CTRL + MEL group
was significantly reduced (Figure 2B). The number of entries and the
time spent in the center zone of the apparatus were increased by the
ICV-STZ injection, the intervention showing a significant main
effect in the two-way ANOVA test (F (1, 24) = 4.947, p = 0.0358; F (1,
24) = 22.00, p < 0.0001). Interestingly, melatonin treatment did not
influence these parameters (Figure 2C). Conversely, the vertical
exploratory activity expressed as the number of rearing was
increased by melatonin treatment [F (1, 25) = 10.73, p = 0.0031;
Figure 2D], the CTRL + MEL group showed significant increase
compared to CTRL and STZ + MEL groups. The self-grooming
activity of the animals was also studied, but no effect of ICV-STZ
injection or melatonin treatment was observed.

3.1.2 NOR test
In the familiarization phase, the two-way ANOVA analysis

revealed no significant effect of ICV-STZ injection or melatonin
treatment on the exploration of identical objects in the acquisition
trial [F (1, 22) = 1.344, p = 0.2587; F (1, 22) = 1.577, p = 0.2223]. This
means that there was no external influence on object preference. The
first retention trial was performed after a 2-h intertrial interval, when
a novel object replaced one of the familiar objects. One-way
ANOVA revealed no significant differences for the DI values
(Figure 3A) [F (3, 21) = 1.649, p = 0.21]. However, a high
dispersion of the data was observed, so it was not possible to
estimate the effect of melatonin treatment correctly. However,
there was a significant effect of melatonin treatment on DI values
observed during the second retention trial [F (3, 24) = 6.44, P =
0.002]. Post hoc Tukey’s multiple comparison test showed a
significant decrease in DI following STZ injection (p = 0.005)
when compared to the CTRL group. The other significant finding
is that melatonin treatment administered after STZ injection
increased the DI values significantly compared to the STZ group,
up to the level of the CTRL group (Figure 3B).

3.1.3 RAM test
For the evaluation of spatial learning and memory functions

animals were tested on RAM. A high level of variability was
observed, especially in the animals injected with ICV -STZ,
during the 7-day learning period. Concerning the target visits,
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all groups performed similarly during the four test trials that
comprised the test phase. This confirmed that all animals were
capable of learning to complete the task and no differences were
observed between the control and treated groups regarding the
time needed to complete the task (p > 0.05). To evaluate the
reference and working memory a three-way ANOVA analysis
was performed using ICV-STZ injection, melatonin treatment,
and trial number as main factors. The main effects of ICV-STZ
injection and melatonin treatment were significant in the case of
total errors [F (1, 92) = 3.954, p = 0.0497; F (1, 92) = 5.981, p =
0.0164, respectively] and working memory errors [F (1, 92) =
4.017, p = 0.0480; F (1, 92) = 4.952, p = 0.0285, respectively].

Moreover, an ICV-STZ × melatonin treatment interaction was
also observed in the case of both parameters [F (1, 92) = 15.75,
p = 0.0001; F (1, 92) = 13.59, p = 0.0004]. Interestingly, reference
memory errors were significantly influenced by melatonin
treatment [F (1, 92) = 5.027, p = 0.0274] only, but the
interaction between ICV-STZ injection and melatonin
treatment was also significant [F (1, 92) = 11.66, p = 0.0010].
The main effect of the trials and all interactions with the trials
were not significant. So, the data was analyzed further using
Tukey’s multiple comparison post hoc tests to find significant
differences between the groups. As shown in Figure 4, the total
number of errors [F (3, 23) = 7.290, p = 0.0013), Figure 4B], the

FIGURE 2
Open field test performance of melatonin treated rats underwent ICV-STZ injection. Quantified parameters: distance moved (A), freezing time (B),
number of entries in the center zone (C), and the number of rearings (D). Legend: *p < 0.05, **p < 0.01, ***p < 0.001, CTRL–control group icv injected
with buffer and treated with vehicle (n = 8), CTRL + MEL–group icv injected with buffer and treated with melatonin (n = 8), STZ–group icv injected with
streptozotocin and treated with vehicle (n = 7), STZ + MEL–group icv injected with streptozotocin and treated with melatonin (n = 6).

FIGURE 3
The discrimination index derived from novel object recognition task as ameasure of recognition memory. Two intertrial intervals were tested: (A) 2-
hrs and (B) 24-hrs. Data is expressed as mean ± SEM. Legend: *p < 0.05, CTRL–control group icv injected with buffer and treated with vehicle (n = 8),
CTRL + MEL–group icv injected with buffer and treated with melatonin (n = 8), STZ–group icv injected with streptozotocin and treated with vehicle (n =
7), STZ + MEL–group icv injected with streptozotocin and treated with melatonin (n = 6).
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number of reference memory errors [F (3, 23) = 6.543, p =
0.0023; Figure 4C], and the number of working memory errors
[F (3, 23) = 5.381, p = 0.0059; Figure 4D] were significantly
influenced by melatonin treatment. An increase in the number of
errors in the case of the ICV-STZ group was observed, whereas
melatonin treatment significantly decreased the STZ-induced
alteration in cognitive performance.

3.2 Effects of melatonin supplementation on
serum levels of TNF-α and MMP-9

In this study, the MMP-9 levels were determined using rat
serum collected at the end of the experiment. Overall, melatonin
treatment significantly influenced the MMP-9 levels as
confirmed by the one-way ANOVA test [F (1, 21] = 4.706,
p = 0.0417; Figure 5A). Post-hoc tests revealed that MMP-9
levels were reduced by melatonin treatment in the sham-
operated control group, only a slight decrease being observed
in the STZ-injected group. Similarly, TNF-α levels were
significantly lower in melatonin-treated sham-operated
animals than in sham-operated controls and STZ-injected
animals [F (1, 21) = 5.385, p = 0.031]. The post hoc analysis
with Sidak’s multiple comparisons tests revealed significant
differences between groups (Figure 5B).

3.3 Effects of melatonin supplementation on
cellular reorganization of the hippocampus

3.3.1 NeuN immunoreactive cells
Neuronal reorganization following STZ injection and melatonin

treatment was examined in the hippocampus via neuronal nuclei
antigen (NeuN) immunohistochemistry. NeuN-positive cells were
observed in the pyramidal layer of the CA1 and CA3 hippocampal
regions and the dentate gyrus’s granule cell layer. For STZ-injected
animals, the pyramidal layer of the hippocampus showed a loose layout
compared to those not injected with STZ (Figures 6A–D). Because of the
limitations of the automated cell counting method used in this study
(i.e., superposed cells or compact layers of cells could not be recognized and
counted), the absolute number of NeuN cells could not be determined
automatically. Instead, the percentage area% of the NeuN signal was
evaluated in eachCA1 andCA3 region. Therewere no differences between
the groups in response to melatonin treatment (Figures 6E, F). However,
STZ-injected groups showed decreased percentage area% of the NeuN
signal in bothCA1 andCA3 regions of the hippocampus [F (3, 54) = 15.95,
p < 0.0001 and F (3, 54) = 25.46, p < 0.0001, respectively].

3.3.2 GFAP immunoreactive cells
Astrogliosis associated with STZ induced neuroinflammation was

studied in the hippocampus by glial fibrillary acidic protein (GFAP)
immunohistochemistry (Figures 7A–D). The number of astrocytes was

FIGURE 4
Radial arm maze test performance of melatonin treated rats underwent ICV-STZ injec-tion. Quantified parameters: target visits (A), total errors (B),
working (C), and reference memory errors (D). Legend: *p < 0.05, CTRL–control group icv injected with buffer and treated with ve-hicle (n = 8), CTRL +
MEL–group icv injected with buffer and treated with melatonin (n = 8), STZ–group icv injected with streptozotocin and treated with vehicle (n = 7), STZ +
MEL–group icv in-jected with streptozotocin and treated with melatonin (n = 6).
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counted in the CA1 and CA3 regions of the hippocampus and the cell
density was calculated. On the other hand, themean astrocyte cell size was
determined. STZ-injected animals showed no difference in the density

and cell surface of GFAP-labeled astrocytes compared to CTRL
group. However, melatonin treatment significantly reduced the cell
density in the CA3, and the cell surface in theCA1 region (Figures 7E–H).

FIGURE 5
Serum levels of (A) MMP-9 and (B) TNF-α after melatonin treatment in ICV-STZ model of Alzheimer’s disease. Legend: *p < 0.05, CTRL–control
group icv injected with buffer and treated with vehicle (n = 7), CTRL + MEL–group icv injected with buffer and treated with melatonin (n = 8), STZ–group
icv injected with streptozotocin and treated with vehicle (n = 5), STZ + MEL–group icv injected with streptozotocin and treated with melatonin (n = 6).

FIGURE 6
Effects of chronic melatonin (20 mg/kg body weight) treatment on the hippocampal re-organization induced by ICV-STZ in rats. Representative
confocalmicroscopy images of the cornu Ammonis 3 (CA3) region (A) in the control group injected ICVwith citrate buffer; (B) in the control group treated
with melatonin; (C) in the ICV-STZ injected group; (D) in the ICV-STZ injected and melatonin treated group. The percentage area of neuron specific
nuclear protein (NeuN) immunostaining (expressed as percentage of the area covered by positive signal compared to the total area of a region)
revealed no effect of the melatonin treatment on STZ-induced cell loss in the (E) CA1 region and (F) CA3 region of the hippocampus. The magnification
was ×20. The scale bar indicates 50 μm. Legend: ***p < 0.001, CTRL–control group icv injected with buffer and treated with vehicle (n = 10 hippocampi
from n = 5 animals), CTRL + MEL–group icv injected with buffer and treated with melatonin (n = 16 hippocampi from n = 8 animals), STZ–group icv
injected with streptozotocin and treated with vehicle (n = 20 hippocampi from n = 7 animals), STZ + MEL–group icv injected with streptozotocin and
treated with melatonin (n = 12 hippocampi from n = 6 animals). The red rectangle indicates the region where significant modifications were observed.
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3.3.3 IBA-1 immunoreactive cells
Alterations involving microglia were studied in the CA1 and

CA3 regions of the hippocampus by ionized calcium-binding
adapter molecule 1 (IBA-1) immunohistochemistry. Microglia
cell density was significantly different between treatment groups
(Figures 8A–D). STZ injection increased the number of IBA-1
positive microglia compared to controls both in the CA1
(440.8 ± 20.8 vs. 376.1 ± 15 cell/mm2) and CA3 subregions
(446 ± 18.4 vs. 400.1 ± 15.8 cell/mm2). However, melatonin

treatment reduced it in the CA1 (373.5 ± 16.6 cell/mm2) and
CA3 (404.2 ± 16.5 cell/mm2) regions of the hippocampus to a
comparable level to controls (p < 0.05, Figures 8E, F).

4 Discussion

Alzheimer’s disease and dementia are associated with a decrease
in melatonin production (Bubenik and Konturek, 2011;

FIGURE 7
Effects of chronic melatonin (20 mg/kg body weight) treatment on the GFAP-positive astrocytes in the ICV-STZ sporadic model of Alzheimer’s
disease in rats. Representative confocal microscopy images of the cornu Ammonis 3 (CA3) region (A) in the control group injected ICVwith citrate buffer;
(B) in the control group treated with melatonin; (C) in the ICV-STZ injected group; (D) in the ICV-STZ injected and melatonin treated group. The
magnification was ×20. The scale bar indicates 50 μm. The astrocyte density (expressed as cell/mm2) revealed no effect of the melatonin treatment
in the CA1 region (E) but it did reduce astrocyte density in the CA3 region (F) of the hippocampus. The astrocyte dimension (expressed as mean cell
surface in μm2) showed significant decrease in both melatonin treated groups in the CA1 region (G), however, the modifications did not reach the limit of
significance in the CA3 region (H). Data in column graphs are expressed as mean ± SEM (n = 5–8).; Legend: *p < 0.05, CTRL–control group icv injected
with buffer and treated with vehicle (n = 10 hippocampi from n = 5 animals), CTRL + MEL–group icv injected with buffer and treated with melatonin (n =
16 hippocampi from n = 8 animals), STZ–group icv injected with streptozotocin and treated with vehicle (n = 20 hippocampi from n = 7 animals), STZ +
MEL–group icv injected with streptozotocin and treated with melatonin (n = 12 hippocampi from n = 6 animals). Red arrowheads indicate the regions
where significant differences were observed.
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Nous et al., 2021) and an age-dependent decline of melatonin
production was also demonstrated in rat models of AD, however,
supplementation can restore the normal levels in serum and pineal
gland (Rudnitskaya et al., 2015). During the last few years, melatonin
has been recognized as a promising tool for treating conditions with
inflammatory origins (Favero et al., 2017). It has also been
recognized as a neuroprotective agent (Tozihi et al., 2023).
Melatonin’s beneficial effects have already been reported in other
AD models (Cheng et al., 2006) and traumatic brain injury (Ikram
et al., 2021). Melatonin exerted antiapoptotic activity (Wang, 2009),
decreased tau hyperphosphorylation (Das et al., 2020), stimulated
neurotrophic factors (Miranda-Riestra et al., 2022), and reduced
neuroinflammation by affecting microglia and astrocytes
(Hardeland et al., 2015; Hardeland, 2021; Zhou et al., 2021). This
study was conducted to investigate the potential efficacy of
subchronic melatonin treatment in alleviating the cognitive
decline and neurodegeneration induced by ICV injected STZ.
The results presented here showed that melatonin treatment

improved cognitive performance of rats in both the novel object
recognition and radial arm maze tests, reduced the levels of TNF-α
and MMP-9 in the serum, and led to a reduction in astrogliosis and
microglia cell density in the hippocampus.

The progression of AD has previously been linked to
neuroinflammation, free radical formation and mitochondrial
dysfunction with consequent neuronal loss, as well as to increased
glutamatergic signaling (Rosales-Corral et al., 2012). Based on this
hypothesis, several animal models were used to elucidate the
pathophysiological features and behavioral manifestation of
neurodegeneration. STZ, a glucosamine-nitrosourea derivative,
causes diabetes by targeting GLUT-2 transporters in the pancreas
when administered intraperitoneally. But injected
intracerebroventricularly STZ induces lesions that resemble human
AD including metabolic, neuropathological, and behavioral
disturbances (Grieb, 2016; Kamat et al., 2016; Ravelli et al., 2017).
Although the exact mechanisms are not known, this animal model
became popular in the last decade because it can provide an insight into

FIGURE 8
Effects of chronic melatonin (20 mg/kg body weight) treatment on the IBA-1-positive microglia in the ICV-STZ sporadic model of Alzheimer’s
disease in rats. Representative confocal microscopy images of the cornu Ammonis 3 (CA3) region (A) in the control group injected ICVwith citrate buffer;
(B) in the control group treated with melatonin; (C) in the ICV-STZ injected group; (D) in the ICV-STZ injected and melatonin treated group. The
magnification was ×20. The scale bar indicates 50 μm. The microglia density (expressed as cell/mm2) showed significant increase due to ICV-STZ
injection in both CA1 and CA3 regions and melatonin treatment reduced this increase in the CA1 region (E), however it did not reach significance limit in
the CA3 region (F) of the hippocampus. Data in column graphs are expressed as mean ± SEM (n = 5–8).; Legend: *p < 0.05, **p < 0.01, CTRL–control
group icv injected with buffer and treated with vehicle (n = 10 hippocampi from n = 5 animals), CTRL + MEL–group icv injected with buffer and treated
withmelatonin (n = 16 hippocampi from n= 8 animals), STZ–group icv injected with streptozotocin and treatedwith vehicle (n = 20 hippocampi from n=
7 animals), STZ + MEL–group icv injected with streptozotocin and treated with melatonin (n = 12 hippocampi from n = 6 animals). Green arrowheads
indicate the regions where significant differences were observed.
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the temporal dynamics and the nature of the pathophysiological
processes (Homolak et al., 2021). Injection of STZ into the brain
results in neuroinflammation, oxidative stress, impaired orientation
and memory, reduced insulin receptor function, excitotoxicity,
increased tau phosphorylation, amyloid accumulation, and
synaptotoxicity. The presence of neuroinflammation was detected
1 week after the administration of 3 mg/kg of STZ, and information
processing, episodic, working, and reference memory problems were
noted (Kraska et al., 2012). Furthermore, this model can be used to
identify and observe cellular reorganization of key brain regions, since
activation of microglia and astrocytes is affected by inflammatory
cytokines, as well as oxidative stress (Mishra et al., 2018). In this
study, STZ-injected rats showed an increased number of microglia
and astrocytes in both CA1 and CA3 regions. Melatonin treatment
reduced the number of microglia and the surface area of astrocytes.

Cognitive impairment is a common feature of several pathological
conditions, including Alzheimer’s disease and traumatic brain injury.
Melatonin is an endogenous hormone that plays a role in circadian
rhythm regulation, sleep-wake cycles, and neuroprotection. Recent
studies have also suggested that melatonin may have cognitive
enhancing effects, although the underlying mechanisms are not fully
understood. Recently, Andrade et al. (2023) found that long-term
melatonin treatment reversed the cognitive impairment in the
Y-maze induced by ICV-STZ; however, it did not influence the
performance of rats in the object location test. These differences
could be associated with the different effects of melatonin on the
involved brain regions. Or melatonin may have a dose-dependent
effect on different learning tasks. For example, Madhu et al. (2021)
conducted a dose-response study assessing the cognitive improvement
caused by melatonin in a persistent cognitive and mood dysfunction
model in rats. Based on their findings, melatonin’s effects on cognition
were dose-dependent—in low doses, recognition memory is affected,
while in higher doses, more complex cognitive functions are improved.
The novel object recognition and radial arm maze tests are widely used
behavioral paradigms to evaluate cognitive function in rodents
(Antunes and Biala, 2012). The novel object recognition test assesses
recognition memory, while the radial arm maze test evaluates spatial
memory and learning. Our results demonstrate that melatonin
treatment improves performance in both tests. As a possible
explanation for cognitive enhancement, it should be noted that
melatonin increased cholinergic transmission by inhibiting AChE in
the neocortex and hippocampal regions (Rosales-Corral et al., 2012).
This could be a similar mechanism to the existing AChE inhibiting
drugs, such as rivastigmine, galantamine or donepezil. Nonetheless, this
study provides further evidence for a potential therapeutic application
of melatonin in the treatment of cognitive impairment.

TNF-α and MMP-9 are pro-inflammatory cytokines and proteases,
respectively, which have been implicated in the pathophysiology of
cognitive impairment. Elevated levels of these biomarkers have been
observed in various pathological conditions, including Alzheimer’s
disease and traumatic brain injury. The role of TNF -α in
Alzheimer’s disease has been recently reviewed by Plantone et al.
(2023). In astrocyte cell culture TNF-α induced amyloidogenic
processes including Aβ production (Zhao et al., 2011). In clinical
setting, it has been demonstrated that peripheral TNF-α elevation
enhances brain pro-inflammatory cytokine expression and
Alzheimer’s disease patients exhibit high level of serum TNF-α
concentrations (Culjak et al., 2021). Moreover, some evidence

suggests that serum TNF-α concentrations are negatively correlated
with cognitive function (Kim et al., 2017). Thus, any intervention that
decreases serum TNF-α levels might be protective for brain health and
cognitive status (Park et al., 2019; Li et al., 2022). On the other hand, an
elevatedMMP-9 level has also been reported in Alzheimer’s disease and
a variety of neurological and inflammatory diseases (Hernandes-
Alejandro et al., 2020). However, Ringland et al. (2021) showed that
MMP-9 inhibition alone did not improve spatial learning and memory
in mice, as measured by the radial arm water maze. As described earlier,
TNF-α levels increase to a maximum level after 6 h following STZ-
injection and remain elevated for a 1-week period (Souza et al., 2017).
This is in line with the results obtained by Rai et al. (2014), suggesting
that neuroinflammation and glial activation induced by STZ-injection
occur earlier (7–9 days after STZ-injection) than cognitive impairment,
which takes 14–16 days to become visible. However, there is no evidence
whether the chronic stage is characterized by elevated TNF-α and
MMP-9 levels. In the current work, no difference was observed
between sham-operated and STZ-injected animals at the end of the
experiment, 37-days after STZ-injection. On the other hand, melatonin
treatment significantly reduced the levels of TNF-α and MMP-9 in the
serum of sham-operated animals. However, the reduction did not
achieve statistical significance in STZ-injected animals Further
experiments with additional treatment groups are needed to clarify
the effects of melatonin treatment on TNF-α and MMP-9 levels in the
chronic phase.

Astrogliosis, a hallmark of Alzheimer’s disease, refers to the
hypertrophy and hyperplasia of astrocytes in response to various
insults, including neuroinflammation. Astrocytes play a key role in
the maintenance of the central nervous system and are involved in a
variety of physiological and pathological processes. However, excessive
astrogliosis can lead to the formation of a glial scar, which can impede
axonal regeneration and functional recovery following injury. STZ
injection was demonstrated to increase astrocyte density in some
brain regions, but not in the hippocampus (Humphrey et al., 2023).
This is in accordance with the results of the current study, where no
increase was observed due to STZ-injection. On the other hand, the
current work showed that melatonin decreased astrocyte density in the
CA3 at a dose of 20 mg/kg and reduced the astrocyte surface in the CA1
(i.e., reducing astrocyte ramifications without decreasing their number).
Although, Andrade et al. found no influence of melatonin treatment on
the GFAP protein expression in the hippocampus at a dose of 10 mg/kg
melatonin (Andrade et al., 2023), it might exert direct inhibition on cell
proliferation at higher doses (Estaras et al., 2023).

Similarly, microglia, the resident immune cells of the brain, play
an important role in the regulation of neuroinflammation. In
response to injury or infection, microglia become activated and
release pro-inflammatory cytokines and chemokines. While this
response is necessary for the clearance of pathogens and
damaged cells, excessive microglial activation can lead to chronic
inflammation and damage to healthy tissue. As microglia play a
critical role in β-amyloid induced synapse loss and cognitive decline
in AD, they might represent a potential therapeutic approach in AD
treatment (Miao et al., 2023). Melatonin was shown to reduce
microglial activation both in the scopolamine induced amnesia
rodent model (Muhammad et al., 2019) and the kainic-acid
model of hippocampal neurodegeneration and oxidative stress
(Chung and Han, 2003). Nasiri et al. (2019) described that
melatonin pretreated stem cells therapy significantly reduced
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IBA-1 positive glial cells number in a rat model of AD. The results of
this study provide further support that melatonin treatment may
reduce microglia cell numbers and activation in the injured brain.
Recently, one of the possible mechanisms by which melatonin could
ameliorate hippocampal damage, namely the inhibition of the
Cathepsin B/nucleotide-binding oligomerization domain-like
receptor pyrin domain-containing 3 (NLRP3) signaling pathway,
was revealed (Gao et al., 2024). To note, β-amyloid plaques and tau
aggregates stimulate microglia and astrocytes, which trigger the
chronic neuroinflammatory response, neuronal death and
pyroptosis through the activation of the intracellular
NLRP3 inflammasome (Liang et al., 2022). Therefore, the
potential inhibitory effect of melatonin on inflammatory
cytokines, astrogliosis and microglial function along with its
cognitive enhancing activity might confer an crucial role for
melatonin in treating AD.

Finally, the current study has some limitations which should be
acknowledged (Livingston et al., 2017): the experiment was performed
using male animals only, whereas AD affects more women than men
and sex differences could be found in disease progression and phenotype
(Estrada and Contreras, 2019); the effects of melatonin described here
were not supported by mechanistic investigations, the association
between improved cognitive performance and decreased activation of
microglia needs further investigations.

5 Conclusion

Melatonin treatment improved the cognitive performance of rats
and reduced the activation of microglia in both CA1 and CA3 regions of
the hippocampus. These findings support the existing evidence for
melatonin as a potential therapeutic option in neurodegenerative
diseases, such as Alzheimer’s disease. Further research is needed to
confirm these findings and probe the underlying mechanisms.
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Background: Parkinson’s disease (PD) is a neurological condition that typically
shows up with aging. It is characterized by generalized slowness of movement,
resting tremor or stiffness, and bradykinesia. PD patients’ brains mostly exhibit an
increase in inflammatory mediators and microglial response. Nevertheless, a
variety of non-steroidal anti-inflammatory medications (NSAIDS) offered
neuroprotection in animal models and preclinical trials.

Aim: The current systematic review and meta-analysis were designed to try to
resolve the debate over the association of NSAID usewith the development of PD
because the results of several studies were somehow contradictory.

Methods: An intense search was performed on Scopus, PubMed, and Web of
Science databases for articles relating the incidence of PD to the use of NSAIDs.
Statistical analysis of the included studies was carried out using Review Manager
version 5.4.1 by random effect model. The outcome was identified as the
development of PD in patients who were on NSAIDs, ibuprofen only, aspirin
only, and non-aspirin NSAIDs. This was analyzed using pooled analysis of odds
ratio (OR) at a significance level of ≤0.05 and a confidence level of 95%. A
statistically significant decreased risk of PD was observed in patients taking
NSAIDs, Ibuprofen, and non-aspirin NSAIDs.

Results: The ORs of PD occurrence in patients who took NSAIDs, Ibuprofen, and
non-aspirin NSAIDs were 0.88 [95% CI (0.8–0.97), p = 0.01], 0.73 [95% CI
(0.53–1), p = 0.05] and 0.85 [95% CI (0.75–0.97), p = 0.01]. Meanwhile, the
risk of PD in patients who took aspirin was not statistically significant.
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Conclusion: In conclusion, Ibuprofen, non-aspirin NSAIDs, and other types of
NSAIDs could be associated with a reduction in PD risk. However, there was no
association between aspirin intake and the development of PD.

KEYWORDS

NSAIDs (non-steroidal anti-inflammatory drugs), Parkinson’s disease, aspirin, ibuprofen,
neuroprotecion

1 Introduction

Parkinson’s disease (PD) is a neurological condition that
typically shows up with aging or longevity. In addition to
generalized slowness of movement (bradykinesia), there are at
least two other symptoms of resting tremor or stiffness. Other
signs include loss of smell, difficulty sleeping, mood swings,
excessive salivation, constipation, and irregular, frequent limb
movements during sleep (REM behavior disorder). The
prevalence of PD among those aged 60 years and older is 1%.
The disease is associated with the presence of Lewy bodies and the
degeneration of dopaminergic neurons in the substantia nigra. Most
of these diseases are idiopathic. Only 10% of cases especially in
children have a genetic component (Alexoudi et al., 2018; Kabra
et al., 2018; Mirpour et al., 2018; Zafar and Yaddanapudi, 2022).

Inflammation may play a role in the development of PD, as was
earlier mentioned, according to a considerable body of evidence
from both human samples and animal models. However, the precise
cause of this reaction is still unknown. It’s possible that continuing
neuronal cell death in PD leads to inflammation, but it’s also possible
that misfolded—synuclein (Syn) has a direct impact. Peripheral
inflammation and genes linked to PD risk suggest a crucial role in
the chronic inflammatory response at the onset of this
neurodegenerative condition, in addition to the well-known
microgliosis and astrogliosis in PD brains (Pajares et al., 2020).

Nonsteroidal anti-inflammatory medicines (NSAIDs) are
commonly used to alleviate pain, reduce swelling, relieve stiffness,
and treat inflammation in the limbs (Driver et al., 2011). These
drugs have extensive clinical usage. Besides their anti-inflammatory
properties, NSAIDs have also garnered interest for their potential in
preventing and treating Parkinson’s disease (Bornebroek et al., 2007).
The usage of NSAIDs is associated with Parkinson’s disease and can be
explained from a biological perspective. Neuroinflammation has been
found to be associated with the development of Parkinson’s disease, and
NSAIDs have been shown to offer neuroprotection in animal models
(Herna et al., 2006). In animal models, a variety of NSAIDS offer
neuroprotection, while PD patients’ brains exhibit an increase in
inflammatory mediators and microglial response. The relationship
between NSAID use and the risk of PD has gotten very little
attention in observational research, despite a plethora of
epidemiological evidence supporting their protective benefits in the
development of Alzheimer’s disease. A reduction in the risk of PD has
been linked by the majority of these studies to the use of non-aspirin
NSAIDs. However, studies on animal models have demonstrated that
mice can be protected fromMPTP-induced striatal dopamine depletion
by taking acetylsalicylic acid (aspirin) (Herna et al., 2006; Ton et al.,
2006; Bornebroek et al., 2007; Driver et al., 2011; Manthripragada
et al., 2011).

Contradictory findings were observed regarding the
association between NSAIDs and PD disease development. For
example, Gagne and Power (2010) showed that there was an
association between the use of non-aspirin NSAIDs and the
reduction of PD risk. This study also showed that there was no
association between aspirin use and PD development. On the other
hand, a study was conducted by Samii et al. (2009) on
11 observational studies and showed no effect of NSAIDs on
developing PD. Due to the conflicting literature and the gap of
knowledge, this systematic review/meta-analysis was designed to
try to resolve the debate over the association of NSAID use with the
development of PD as the results of several studies were somehow
contradictory.

2 Materials and methods

2.1 Search strategy

Scopus, PubMed, and Web of Science databases were employed
to search for articles relating to the risk of PD to the use of NSAIDs
from inception till February 2024. The search strategy was by title,
abstract, and keywords as follows: (non-steroidal anti-inflammatory
OR NSAIDS OR Aspirin OR Ibuprofen OR Naproxen OR
Diclofenac AND Parkinson*)

2.2 Eligibility criteria and screening

All studies describing the risk between NSAIDS and PD were
included. Randomized controlled trials, case-control, and
cohort studies were included in this study. We identified the
PICO of the study. We included a population of any age and any
follow-up time taking any NSAID as an intervention. We didn’t
put a restriction on the duration of aspirin intake, types of
NSAIDs, or language of the study. The comparison group was
the group who didn’t take any NSAID, and the outcome was the
incidence of PD. We excluded case reports, case series, narrative
or systematic reviews, and meta-analyses. In addition, we
excluded conference abstracts and unpublished manuscripts
to prevent the bias of results. We also excluded studies
describing the risk of neurodegenerative disease other than
PD or describing the risk of PD in drugs other than NSAIDs
because they didn’t fit into the outcome of interest. Screening
was done by 2 authors independently and any difference
between them was referred to a third author. Title and
abstract screening were done first, and eligible articles were
screened by full text thereafter.
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TABLE 1 Newcastle-Ottawa scale for quality assessment of case-control studies.

Study ID Is the case
definition
adequate?

Representativeness of
the cases

Selection of
the controls

Definition
of controls

Comparability of
cases and
controls

Ascertainment
of exposure

Same method of
ascertainment for
cases and controls

Nonresponse
rate

Wahner 2007 (Wahner
et al., 2007)

+ + + — ++ + — +

Starhof 2019 (Starhof
et al., 2020)

+ + + — ++ — — —

Powers 2008 (Powers
et al., 2008)

+ + + + + — — —

Manthripragada 2011
(Manthripragada et al.,
2011)

+ + + + ++ — — +

Hernan 2006 (Herna
et al., 2006)

+ + + + ++ + — —

Etminan and Suissa
2006 (Etminan and
Suissa, 2008)

+ + + — + + — —

Driver 2010 (Driver
et al., 2011)

+ + + — ++ — — —

Ton 2006 (Ton et al.,
2006)

+ + + — — + + +

Sung 2016 (Sung et al.,
2016)

+ + + + + + + +

Hancock 2007
(Hancock et al., 2007)

+ + + + ++ — — +

Becker 2011 (Becker
et al., 2011)

+ + + + + — — —
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2.3 Data extraction

Two authors carried out data extraction independently using
Excel sheets and any difference was resolved by a third author. We
extracted main baseline data as study design, sample size, age and
gender of cases and controls, duration of NSAID use, duration of
PD, type of NSAID, and effect sizes whether odds ratio or risk ratio.

2.4 Quality assessment

Quality assessment of the included studies was done
independently by 2 authors as well with a third author to revise
it. We carried out the process using the Newcastle-Ottawa Scale for
case-control, and cohort studies. It is a tool made of 8 questions as
presented in Tables 1, 2, each of them can take a star except one
question of comparability that can take 2 stars, so the maximum
score is 9. A score of 0–3 means low quality, 4–6 means moderate
quality and 7–9 means high quality.

2.5 Statistical analysis

We carried out statistical analysis of the included studies using
ReviewManager version 5.4.1 by random effect model. The outcome
was the PD onset in patients taking NSAIDs, ibuprofen only, aspirin
only, and non-aspirin NSAIDs. This was analyzed using pooled
analysis of odds ratio at a significance level of 0.05 and confidence
level of 95%. We assessed the heterogeneity using the I2 value and Q
statistics with the p-value assessing the significance of present
heterogeneity at 0.05.

2.6 Publication bias assessment

The publication bias assessment was checked for pooled studies
according to Egger et al. (1997) Funnel plots were constructed to
present the relationship between effect size and standard error.

3 Results

3.1 Database searching and screening

Our search methodology resulted in 287 articles from the
searched databases. After the removal of duplicates, 197 articles
entered the screening process. By title and abstract screening,
23 articles were eligible for full-text screening which resulted in
14 articles entering our systematic review and meta-
analysis (Figure 1).

3.2 Quality assessment

Of the 14 included studies, 11 were case-control, and 3 were
cohort studies. Five case controls were of high quality and 6 were of
moderate quality. Regarding cohort studies, 2 studies were of high
quality and 1 was of moderate quality. This is shown in Tables 1, 2.T
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3.3 Baseline characteristics

Baseline data related to the included studies are summarized in
the Table 3. We reported the adjustment done when calculating the
odds ratio of PD occurrence and the lag time between NSAID and
PD occurrence. We also reported the frequency of NSAID intake
if mentioned.

3.4 Statistical analysis

Statistical tests were classified into 4 categories: NSAIDs,
ibuprofen, Aspirin, and Non-aspirin NSAIDs. We calculated the
odds ratio of PD occurrence in each case using the random effect
model. Regarding NSAID use, the odds ratio of PD occurrence in
patients who took NSAIDs was 0.89 (95% CI: 0.82–0.97, p = 0.005)
(Figure 2). This shows a statistically significant decreased risk of PD
in patients taking NSAIDs.

Regarding the use of ibuprofen, it is shown in Figure 3 that there
was no statistically significant association between ibuprofen intake
and risk of PD [OR 0.9, 95% CI (0.7–1.17), p = 0.44] with
heterogeneity measured by I2 = 45%, p = 0.16.

Non-aspirin NSAIDs were associated with a lower risk of PD.
[OR 0.83, 95% CI (0.72–0.94), p = 0.005] Heterogeneity was of I2 =
58%, p = 0.01 (Figure 4). Sensitivity analysis by leave one out method

was done and heterogeneity became insignificant (I2 = 47%, p = 0.07)
after removing Becker et al. (2011). Odds ratio became 0.77, 95% CI
[0.66–0.91], p = 0.001 (Figure 5).

The association between aspirin and PD risk was null as shown
in the Figure 6.

3.5 Risk of publication bias assessment using
Egger’s test and funnel plots

Regarding the risk of publication bias assessed by Egger’s test
and funnel plots, it is seen to be low in NSAIDs and aspirin while
it is moderate in non-aspirin NSAIDs and ibuprofen. A low risk
of bias in NSAIDs and aspirin is associated with low
heterogeneity in both, while a moderate risk of bias in non-
aspirin NSAIDs is associated with moderate heterogeneity,
however, the funnel plot isn’t extremely accurate in the
ibuprofen analysis due to a low number of included studies
(Figures 7–10).

4 Discussion

Several studies including observational or systematic reviews
and meta-analyses addressed the association between NSAIDs

FIGURE 1
PRISMA flow diagram of database searching and screening.
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TABLE 3 Baseline Characteristics of the included studies.

Study ID Design Sample Size, N Age, mean (SD) Gender (M/F) Lag
time,
years

NSAID
duration

Adjustment Type of NSAID Follow
up

Cases Controls Cases Controls Cases Controls

Wahner 2007 (Wahner
et al., 2007)

Case-
control

293 286 70.0 (10.7) 69.0 (12.9) 157/136 146/140 5 Regularly Age at diagnosis, sex, race,
geographical location,
smoking, education

Aspirin, non-aspirin
NSAIDs

—

Starhof 2019 (Starhof
et al., 2020)

Case-
control

155 7750 63.8 (9.3) 63.8 (9.3) 77/78 3850/3900 5 >2 prescriptions Age, sex, place of residency,
and COPD status

Non-aspirin
NSAIDs

—

Powers 2008 (Powers
et al., 2008)

Case-
control

1,186 928 69.6 (30–97) 67.7 (25–94) 790/396 374/554 — Ever Age, race, sex and
geographical location

NSAIDS —

Manthripragada 2011
(Manthripragada et al.,
2011)

Case
control

1,931 9,651 72.2 (10.5) 72.2 (10.5) 1,121/
810

5603/4048 5 Ever Age, sex, comorbidities,
COPD

Aspirin, non-aspirin
NSAIDs

—

Hernan 2006 (Herna et al.,
2006)

Case-
control

1,258 6,638 70.7 68.7 765/493 3923/2715 — Ever Age, sex, treatment start date,
clinic, smoking status, MI,
arthritis

Aspirin, Non aspirin
NSAIDs

—

Etminan and Suissa 2006
(Etminan and Suissa,
2008)

Case-
control

1,259 12,590 73.9 (10.3) 73.9 (10.3) 692/567 5665/6925 1 Ever Age, sex, antipsychotics, anti-
RA medications

NSAIDs —

Etminan 2008 (Etminan
et al., 2008)

Cohort 5,010 692,068 — — — — — Ever age, sex, comorbidity (and use
of antipsychotic medications

NSAIDs 6 years

Driver 2010 (Driver et al.,
2011)

Case-
control

565 2458 58.57
(40.1–85.0)

58.55
(40.0–85.0)

— — 5 ever Smoking, alcohol, BMI,
exercise to sweat

Aspirin, Non aspirin
NSAIDs

—

Chen 2003 (Chen et al.,
2003)

Cohort 142,902 — — — — 2 Ever Age, smoking, caffeine and
alcohol intake

Aspirin, Non aspirin
NSAIDs

18 years

Ton 2006 (Ton et al.,
2006)

Case-
control

206 383 69.2 (9.0) 69.4 (8.6) 121/105 239/144 5 Ever Age, sex, smoking, duration of
enrolment, clinic

Aspirin, non aspirin
NSAIDs, Ibuprofen

—

Sung 2016 (Sung et al.,
2016)

Case-
control

— — — — — — — Ever sex, age, and comorbidities,
and NSAID use

NSAIDs —

Chen 2005 (Chen et al.,
2005)

Cohort — — — — — — — ≥1/day Age, sex, smoking, vitamin
use, coffee, arthritis, other
analgesics

Aspirin., ibuprofen,
other NSAIDs

9 years

Hancock 2007 (Hancock
et al., 2007)

Case-
control

356 317 66.1 (10.7) 58.1(11.6) 235/121 139/178 — Ever Age at examination, sex NSAIDs —

Becker 2011 (Becker et al.,
2011)

Case-
control

4,026 15,969 60–80 60–80 2364/
1662

9362/6607 — Ever BMI, smoking and
comorbidities

Aspirin, Non aspirin
NSAIDs, Ibuprofen,
other NSAIDs

—
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and the development of PD. Our study is considered among the
most comprehensive since we targeted all available recent
evidence and because of the categories we made. Our study
included 17 studies which will be published until January 2024.

Our findings showed that there is a statistically significant
reduction of PD risk in patients taking non-aspirin NSAIDs,

and NSAIDS other than aspirin and ibuprofen. However,
there was no statistically significant association between
aspirin, and ibuprofen and the development of PD. Our
findings are consistent with a meta-analysis conducted by
Gagne and Power (2010) which showed the association
between the use of non-aspirin NSAIDs and the reduction

FIGURE 2
Forest plot of PD risk in patients who took NSAIDs.

FIGURE 3
Forest plot of PD risk in patients who took Ibuprofen.

FIGURE 4
Forest plot of PD risk in patients who took Non-aspirin NSAIDs.
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FIGURE 5
Leave one out, a meta-analysis of PD risk in Non-aspirin NSAIDs use.

FIGURE 6
Forest plot of PD risk in patients who took Aspirin.

FIGURE 7
Funnel plot for risk of bias in NSAID users.

FIGURE 8
Funnel plot for risk of bias in ibuprofen users.
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of PD risk. This study also showed that there is no association
between aspirin use and PD development as shown by our
findings. This study was conducted on 6 observational studies,
so our study included more studies and in contrast to our
analysis method by odds ratio, it was conducted using risk
ratio. A similar inclusion of studies that observed the
occurrence of PD some years after NSAID use was applied
in this study as our inclusion criteria. This was done since it is
improbable that exposures discovered within a year of PD
diagnosis have an impact on disease incidence because PD
initiation likely occurs long before the onset of symptoms
(Rathore et al., 2009).

Another study done by Samii et al. (2009) on
11 observational studies showed that no effect of NSAIDs on
developing PD which is inconsistent with our studies. It was also
shown by 4 studies that risk reduction of PD had been observed
in 4 studies in men compared to women, however, this is not
enough to produce an evident protective role of NSAIDs from
PD. This study also showed that ibuprofen is associated with a
reduction of PD risk with a pooled risk ratio of 0.76 (95% CI
0.65, 0.89) through data from 3 studies. This study also showed
that there was no statistically significant association between

aspirin use and the development of PD through pooled analysis
of six studies with a risk ratio of 1.08 (95% CI 0.93, 1.26) (Samii
et al., 2009). This shows similar findings to our study as we
found no statistically significant association between aspirin
use and the development of PD. [OR 1.05. 95% CI
(0.93–1.18)], p = 0.42.

Another systematic review by Alharbi et al. (2020)
was conducted using 5 observational studies. It compared
PD risk in aspirin users and non-users in addition to a
comparison between PD risk in NSAID users and non-users.
Findings regarding aspirin were different from our findings
and those of other mentioned studies. A statistically significant
rise in PD prevalence was observed among aspirin users
compared to aspirin non-users with OR = 5.98 (95% CI =
1.743–20.547), p = 0.004. This is inconsistent with
our study which showed no association between aspirin
use and risk of PD. This study used the same effect estimate
used by us (odds ratio), however the difference in results
can be attributed to a greater number of studies involved
in our systematic review and meta-analysis as we used a
total of 10 studies to determine the relation between
aspirin and PD while Alharbi et al. (2020) used only
5 studies so we provide more comprehensive and more
up to date evidence. Alharbi et al. (2020) observed no
statistically significant association between NSAID use
and the development of PD using 5 studies as well
with OR = 1.18 (95% CI = 0.580–2.436), p > 0.05 (Alharbi
et al., 2020). This is inconsistent with our findings as we
observed a statistically significant association between the
use of NSAIDs and non-aspirin NSAIDs and the
development of PD with an odds ratio of 0.89 (95 CI:
0.82–0.97, p = 0.005) and OR 0.83, 95% CI [0.72–0.94],
p = 0.005 respectively.

The previous three meta-analyses had various limitations
that should be addressed, and this supports the need for a
further meta-analysis. Gagne and Power (2010) and Samii
et al. (2009) were published in 2010 and 2009, respectively so
they included a limited number of studies. Due to the recently
published articles, a new meta-analysis should be done to
include further findings.

Alharbi et al. (2020) showed an increased risk of PD in people
taking aspirin however, many limitations exist in this meta-
analysis such as incorrect OR estimates in addition to missing
the inclusion of many studies investigating the risk of PD in people
taking aspirin such as Chen et al. (2005), Driver et al. (2011),
Wahner et al. (2007), Manthripragada et al. (2011), and Ton
et al. (2006).

A study done by Poly et al. (2019) on 17 observational
studies found that no statistically significant association exists
between the use of NSAIDs and the development of PD with a
risk ratio of 0.95 (95% CI 0.860–1.048), p = 0.304. This is
inconsistent with our findings, and this can be attributed to
various reasons. Firstly, in our analysis, we included studies that
used adjusted effect estimates to lessen the risk of confounding
bias associated with various factors in the primary studies such
as age, gender, other comorbidities, disease duration, duration
of NSAID use, etc. Secondly, in the part of NSAIDs analysis, we
included studies that mentioned NSAIDs as a whole without the

FIGURE 9
Funnel plot for risk of bias in non-aspirin-NSAIDs users.

FIGURE 10
Funnel plot for risk of bias in aspirin users.
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inclusion of studies investigating aspirin alone, ibuprofen alone,
or non-aspirin NSAIDs alone. Thirdly, there is a major
limitation in Poly et al. (2019)’s analysis as they included the
hazard ratio and odds ratio in the same meta-analysis to
produce risk ratio which is not appropriate statistically and
could produce inaccurate results. Moreover, this study is
entitled with elderly population, however, it included
patients older than 18 years of age which is another major
limitation. Furthermore, there exist other factors that may
cause differences in results such as the difference in the used
effect estimate as they used risk ratio not odds ratio. In addition
to this, the risk ratio is less than 1 and the upper interval
approaches 1 (Poly et al., 2019).

This study also showed that aspirin use is slightly associated with an
increased risk of PDwith RR 1.10, 95%CI 1.004–1.218, p = 0.04 which is
inconsistent with our findings (no association) but consistent with the
findings of Alharbi et al. (2020); Poly et al. (2019). Different from Poly
et al. (2019), our study included a subgroup of non-aspirin NSAIDs
which was observed to be associated with a decreased risk of PD
exposure. Moreover, we included aspirin as a subgroup and the
association was null. However, Poly et al. (2019) found an increased
risk. Although the two studies included ten studies, we did n’t include
Bower et al. (2006) as we excluded conference abstracts to include the
high-quality peer-reviewed papers which increases the quality of the
meta-analysis as well as that the full-text of the abstract wasn’t accessible.
Moreover, there exist other factors that lead to differences in findings
between us and Poly et al. (2019) as mentioned earlier.

Our results come in agreement with in vitro and in vivo
studies. Several animal studies reported the efficacy of NSAIDs’
ability to reduce the risk of PD (Sánchez-pernaute et al., 2004;
Wang et al., 2005; Parepally et al., 2006). The mechanism of
NSAIDs regarding PD risk is not obvious till now. NSAIDs are
frequently employed as the initial therapy option for
inflammatory conditions and pain management. Recent
research has demonstrated that the pharmacological benefits
of NSAIDs are attributed to the inhibition of COX, and these
medications have positive impacts in managing several
neurological conditions (Sánchez-pernaute et al., 2004).
Indomethacin removes nitric oxide free radicals, fenamate
NSAIDs enhance GABA-A receptor function, and
acetylsalicylic acid prevents the movement of NF-kB.
Microglia, being a significant producer of prostaglandins
(PGs), are thus seen as a suitable focus for neurological
processes in the central nervous system (Terzi et al., 2018).
The activation of PGE2 takes place during inflammation.
Inflammatory activation by tumor necrosis factor (TNF)-α and
interleukin (IL)-1β induces the production of COX-2 and
membrane-associated PGES-1. Furthermore, cytosolic PGES is
consistently linked with COX-1 (Terzi et al., 2018). COX-2 is the
main factor responsible for the synthesis of PG in both acute and
chronic inflammation. Selective COX-2 inhibitors are frequently
employed to inhibit the production of PGE2 in microglial cells.
Furthermore, COX-2 is stimulated in excitatory forebrain
neurons within the brain. However, it is primarily increased in
microglial cells both in laboratory settings (in vitro) and in living
organisms (in vivo), and it is also influenced by the expression of
mPGES-1 by microglia. Peroxisome proliferator-activated
receptor-gamma (PPAR-γ) belongs to a set of nuclear

receptors that can be activated by synthetic agonists, including
NSAIDs such as indomethacin, ibuprofen, and diclofenac
(Parepally et al., 2006). PPAR-γ synthetic agonists regulate
brain inflammation and the viability of other neural cells.
Additionally, they are involved in many pathways related to
microglia, peripheral macrophages, and lymphocytes. Research
indicates that NSAIDs have neuroprotective properties via
inhibiting microglia in brain illnesses through a PPAR-γ-
dependent mechanism (Terzi et al., 2018).

Our study provides comprehensive evidence with a
large number of participants from different observational studies.
Adjustment to different factors such as age, gender, smoking, and
comorbidities was done so confounding is controlled with a large
percentage. We defined NSAIDs into different categories including
aspirin, ibuprofen, and non-aspirin NSAIDs.

Some limitations include the use of observational studies and the
absence of experimental ones due to limited available data. Some
studies reported a lag time of 5 years and some of less years between
PD and NSAID use so this can result in bias. Moreover, PD can
develop through a variety of mechanisms. But the focus of this study
is solely on the inflammation-related mechanism.

We recommend future experimental studies defining the period
between drug intake, its dose, and its type. Population should also be
defined to explain the main risk.

5 Conclusion

Ibuprofen, non-aspirin NSAIDs, and other types of NSAIDs are
associated with a reduction in PD risk, however, there was no
association between aspirin intake and the development of PD.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

AB: Funding acquisition, Software, Validation, Writing–original
draft, Writing–review and editing. LS: Data curation, Funding
acquisition, Methodology, Writing–review and editing. MA: Data
curation, Formal Analysis, Funding acquisition, Investigation,
Methodology, Validation, Writing–original draft, Writing–review
and editing. RE: Conceptualization, Writing–original draft. MB:
Project administration, Writing–original draft, Writing–review
and editing. TE: Methodology, Project administration,
Writing–original draft, Writing–review and editing. EW:
Investigation, Software, Writing–original draft, Writing–review
and editing. MY: Data curation, Resources, Validation,
Writing–original draft, Writing–review and editing. NE:
Conceptualization, Formal Analysis, Software, Writing–original
draft, Writing–review and editing. ME: Formal analysis, Funding
acquisition, Supervision, Software,Writing–review and editing. MH:
Conceptualization, Formal Analysis, Investigation,Writing–original
draft, Writing–review and editing.

Frontiers in Pharmacology frontiersin.org10

Badawoud et al. 10.3389/fphar.2024.1434512

89

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1434512


Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Thanks to
AlMaarefa University, Researchers Supporting Project number
(MHIRSP2024009), Almaarefa University, Riyadh, Saudi Arabia,
for supporting this research.

Acknowledgments

Thanks to AlMaarefa University, Researchers Supporting
Project number (MHIRSP2024009), Almaarefa University,
Riyadh, Saudi Arabia, for supporting this research.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the publisher.

References

Alexoudi, A., Alexoudi, I., and Gatzonis, S. (2018). Parkinson’s disease pathogenesis,
evolution and alternative pathways: a review. Rev. Neurol. Paris. 174 (10), 699–704.
doi:10.1016/J.NEUROL.2017.12.003

Alharbi, B. A., et al. (2020).Non-steroidal anti-inflammatory drugs and Parkinson’s disease:
a systematic review and meta-analysis. Ann. Med. Health Sci. Res. 10 (5), 1023–1028.

Becker, C., Jick, S. S., and Meier, C. R. (2011). NSAID use and risk of Parkinson
disease: a population-based case-control study. Eur. J. Neurol. 18 (11), 1336–1342.
doi:10.1111/j.1468-1331.2011.03399.x

Bornebroek, M., de Lau, L. M. L., Haag, M. D. M., Koudstaal, P. J., Hofman, A.,
Stricker, B. H. C., et al. (2007). Nonsteroidal anti-inflammatory drugs and the risk of
Parkinson disease. Neuroepidemiology 28 (4), 193–196. doi:10.1159/000108110

Bower, J. H., Maraganore, D. M., Peterson, B. J., et al. (2006). Immunologic diseases,
anti-inflammatory drugs, and Parkinson disease: a case-control study. Neurology. 67
(7109), 494–496.

Chen, H., Jacobs, E., Schwarzschild, M. A., McCullough, M. L., Calle, E. E., Thun, M.
J., et al. (2005). Nonsteroidal antiinflammatory drug use and the risk for Parkinson’s
disease. Ann. Neurol. 58 (6), 963–967. doi:10.1002/ana.20682

Chen, Z. F., Shi, S. M., Hu, R. X., Zhang, M., Liang, H., Zhou, Z. Y., et al. (2003).
Nonsteroidal anti-inflammatory drugs and the risk of Parkinson disease. Arch. Neurol.
60 (8), 1059–1064. doi:10.1001/ARCHNEUR.60.8.1059

Driver, J. A., Logroscino, G., Lu, L., Gaziano, J. M., and Kurth, T. (2011). Use of non-
steroidal anti-inflammatory drugs and risk of Parkinson’s disease: nested case-control
study. BMJ 342, d198. doi:10.1136/bmj.d198

Egger, M., Smith, G. D., Schneider, M., and Minder, C. (1997). Bias in meta-analysis
detected by a simple, graphical test. bmj. 315 (7109), 629–634.

Etminan, M., Carleton, B. C., and Samii, A. (2008). Non-steroidal anti-inflammatory
drug use and the risk of Parkinson disease: a retrospective cohort study. J. Clin. Neurosci.
Off. J. Neurosurg. Soc. Australas. 15 (5), 576–577. doi:10.1016/j.jocn.2007.02.095

Etminan, M., and Suissa, S. (2008). NSAID use and the risk of Parkinsons disease.
Curr. Drug Saf. 1 (3), 223–225. doi:10.2174/157488606777934404

Gagne, J. J., and Power, M. C. (2010). Anti-inflammatory drugs and risk of Parkinson
disease: a meta-analysis. Neurology 74 (12), 995–1002. doi:10.1212/WNL.
0b013e3181d5a4a3

Hancock, D. B., Martin, E. R., Stajich, J. M., Jewett, R., Stacy, M. A., Scott, B. L., et al.
(2007). Smoking, caffeine, and nonsteroidal anti-inflammatory drugs in families with
Parkinson disease. Arch. Neurol. 64 (4), 576–580. doi:10.1001/archneur.64.4.576

Herna, M. A., Logroscino, G., and Garcı, L. A. (2006). Inflammatory drugs and the
incidence of Parkinson disease. Neurology 34, 1097–1099.

Kabra, A., Sharma, R., Kabra, R., and Baghel, U. S. (2018). Emerging and alternative
therapies for Parkinson disease: an updated review. Curr. Pharm. Des. 24 (22),
2573–2582. doi:10.2174/1381612824666180820150150

Manthripragada, A. D., Schernhammer, E. S., Qiu, J., Friis, S., Wermuth, L., Olsen,
J. H., et al. (2011). Non-steroidal anti-inflammatory drug use and the risk of Parkinson’s
disease. Neuroepidemiology 36 (3), 155–161. doi:10.1159/000325653

Mirpour, S., Turkbey, E. B., Marashdeh, W., El Khouli, R., and Subramaniam, R. M.
(2018). Impact of DAT-SPECT on management of patients suspected of parkinsonism.
Clin. Nucl. Med. 43 (10), 710–714. doi:10.1097/RLU.0000000000002240

Pajares, M., I Rojo, A., Manda, G., Boscá, L., and Cuadrado, A. (2020). Inflammation
in Parkinson’s disease: mechanisms and therapeutic implications. Cells 9 (7), 1687.
doi:10.3390/CELLS9071687

Parepally, J. M. R., Mandula, H., and Smith, Q. R. (2006). Brain uptake of nonsteroidal
anti-inflammatory drugs: ibuprofen, flurbiprofen, and indomethacin. Pharm. Res. 23
(5), 873–881. doi:10.1007/s11095-006-9905-5

Poly, T. N., Islam, M. M. R., Yang, H.-C., and Li, Y.-C. J. (2019). Non-steroidal
anti-inflammatory drugs and risk of Parkinson’s disease in the elderly population:
a meta-analysis. Eur. J. Clin. Pharmacol. 75 (1), 99–108. doi:10.1007/s00228-018-
2561-y

Powers, K. M., Kay, D. M., Factor, S. A., Zabetian, C. P., Higgins, D. S., Samii, A., et al.
(2008). Combined effects of smoking, coffee, and NSAIDs on Parkinson’s disease risk.
Mov. Disord. 23 (1), 88–95. doi:10.1002/mds.21782

Rathore, C., Radhakrishnan, A., Nayak, S. D., and Radhakrishnan, K. (2009). Use of
antihypertensives and the risk of Parkinson disease. Neurology 72 (6), 578–579. doi:10.
1212/01.WNL.0000344171.22760.24

Samii, A., Etminan, M., Wiens, M. O., and Jafari, S. (2009). NSAID use and the risk of
Parkinson ’ s disease systematic review and meta-analysis of observational studies.
Drugs Aging 26 (9), 769–779. doi:10.2165/11316780-000000000-00000

Sánchez-pernaute, R., Ferree, A., Cooper, O., Yu, M., Brownell, A., and Isacson, O.
(2004) Selective COX-2 inhibition prevents progressive dopamine neuron degeneration
in a rat model of Parkinson ’ s disease, 11, 1–11.

Starhof, C., Hejl, A.-M., Korbo, L., Winge, K., and Friis, S. (2020). Risk of multiple
system atrophy and the use of anti-inflammatory drugs: a Danish register-based case-
control study. Neuroepidemiology 54 (1), 58–63. doi:10.1159/000503003

Sung, Y. F., Liu, F. C., Lee, J. T., Yang, F. C., Chou, Y. C., et al. (2016). Reduced risk of
Parkinson disease in patients with rheumatoid arthritis: a nationwide population-based
study. Mayo Clin. Proc. 91 (10), 1346–1353. doi:10.1016/j.mayocp.2016.06.023

Terzi, M., Altun, G., Şen, S., Kocaman, A., Kaplan, A. A., Yurt, K. K., et al. (2018). The
use of non-steroidal anti-inflammatory drugs in neurological diseases. J. Chem.
Neuroanat. 87, 12–24. doi:10.1016/j.jchemneu.2017.03.003

Ton, T. G., Heckbert, S. R., Longstreth, W. T., Rossing, M. A., Kukull, W. A., Franklin,
G. M., et al. (2006). Nonsteroidal anti-inflammatory drugs and risk of Parkinson’s
disease. Mov. Disord. 21 (7), 964–969. doi:10.1002/mds.20856

Wahner, A. D., Bronstein, J. M., Bordelon, Y. M., and Ritz, B. (2007). Nonsteroidal
anti-inflammatory drugs may protect against Parkinson disease. Neurology 69 (19),
1836–1842. doi:10.1212/01.wnl.0000279519.99344.ad

Wang, T., Pei, Z., Zhang, W., Liu, B., Langenbach, R., Lee, C., et al. (2005). “MPP +
-induced COX-2 activation and subsequent dopaminergic neurodegeneration,” vol. 18,
pp. 1134–1136. doi:10.1096/fj.04-2457fje

Zafar, S., and Yaddanapudi, S. S. (2022). Parkinson disease. StatPearls 8, 1–13.

Frontiers in Pharmacology frontiersin.org11

Badawoud et al. 10.3389/fphar.2024.1434512

90

https://doi.org/10.1016/J.NEUROL.2017.12.003
https://doi.org/10.1111/j.1468-1331.2011.03399.x
https://doi.org/10.1159/000108110
https://doi.org/10.1002/ana.20682
https://doi.org/10.1001/ARCHNEUR.60.8.1059
https://doi.org/10.1136/bmj.d198
https://doi.org/10.1016/j.jocn.2007.02.095
https://doi.org/10.2174/157488606777934404
https://doi.org/10.1212/WNL.0b013e3181d5a4a3
https://doi.org/10.1212/WNL.0b013e3181d5a4a3
https://doi.org/10.1001/archneur.64.4.576
https://doi.org/10.2174/1381612824666180820150150
https://doi.org/10.1159/000325653
https://doi.org/10.1097/RLU.0000000000002240
https://doi.org/10.3390/CELLS9071687
https://doi.org/10.1007/s11095-006-9905-5
https://doi.org/10.1007/s00228-018-2561-y
https://doi.org/10.1007/s00228-018-2561-y
https://doi.org/10.1002/mds.21782
https://doi.org/10.1212/01.WNL.0000344171.22760.24
https://doi.org/10.1212/01.WNL.0000344171.22760.24
https://doi.org/10.2165/11316780-000000000-00000
https://doi.org/10.1159/000503003
https://doi.org/10.1016/j.mayocp.2016.06.023
https://doi.org/10.1016/j.jchemneu.2017.03.003
https://doi.org/10.1002/mds.20856
https://doi.org/10.1212/01.wnl.0000279519.99344.ad
https://doi.org/10.1096/fj.04-2457fje
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1434512


Polydatin attenuated neuropathic
pain and motor dysfunction
following spinal cord injury in rats
by employing its
anti-inflammatory and
antioxidant effects
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Background: Considering the complex pathological mechanisms behind spinal
cord injury (SCI) and the adverse effects of present non-approved drugs against
SCI, new studies are needed to introduce novel multi-target active ingredients
with higher efficacy and lower side effects. Polydatin (PLD) is a naturally occurring
stilbenoid glucoside recognized for its antioxidative and anti-inflammatory
properties. This study aimed to assess the effects of PLD on sensory-motor
function following SCI in rats.

Methods: Following laminectomy and clip compression injury at the thoracic 8
(T8)-T9 level of the spinal cord, rats were randomly assigned to five groups: Sham,
SCI, and three groups receiving different doses of PLD treatment (1, 2, and
3 mg/kg). Over 4 weeks, behavioral tests were done such as von Frey,
acetone drop, hot plate, Basso-Beattie-Bresnahan, and inclined plane test. At
the end of the study, changes in catalase and glutathione activity, nitrite level,
activity of matrix metalloproteinase 2 (MMP2) and MMP9 as well as spinal tissue
remyelination/neurogenesis, were evaluated.

Results: The results revealed that PLD treatment significantly improved the
behavioral performance of the animals starting from the first week after SCI.
Additionally, PLD increased catalase, and glutathione levels, and MMP2 activity
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while reduced serum nitrite levels and MMP9. These positive effects were
accompanied by a reduction in the size of the lesion and preservation of
neuronal count.

Conclusion: In conclusion, PLD showed neuroprotective effects in SCI rats by
employing anti-inflammatory and antioxidant effects, through which improve
sensory and motor function.

KEYWORDS

spinal cord injury, polydatin, oxidative stress, inflammation, motor activity,
neuropathic pain

1 Introduction

Spinal cord injury (SCI) is a complex and multifaceted process that
involves both primary and secondary damage to the spinal cord.
Secondary injury refers to a series of biochemical and cellular
processes that occur after the initial injury, and further worsening
the harm to the spinal cord. Amongst thosemechanisms, inflammation,
oxidative stress, apoptosis, excitotoxicity, demyelination, and glial scar
formation play critical roles (Anjum et al., 2020). In this regard,
oxidative stress plays a significant role in causing neurological
injuries. This occurs through the excessive production of reactive
oxygen species (ROS), including free radicals and lipid peroxides.
Several studies have demonstrated that levels of oxidative stress
increase after SCI, leading to a decrease in the antioxidant defense
potential, including activities of glutathione and catalase (Jia et al., 2012;
Stewart et al., 2022a). Furthermore, SCI-induced oxidative stress also
leads to the modification of signaling pathways. Studies have revealed
that an increase in inducible nitric oxide synthase (iNOS), the crucial
enzyme responsible for the synthesis of nitric oxide (NO), increased
following SCI (Conti et al., 2007). NO has been found to inhibit the
expression of matrix metalloproteinase-2 (MMP2) (Chen and Wang,
2004). Hence, employing pharmacological intervention to protect
against these effects could be a promising therapeutic strategy.
Researchers have increasingly focused on exploring the
pharmacological effects of natural products on various diseases due
to their wide range of beneficial activities and minimal side effects.

Polydatin (PLD), 3,4,5-Trihydroxystilbene-3-beta-
monoglucoside or piceid, is a naturally occurring stilbenoid
glucoside and glycosided form of resveratrol. PLD is the main
bioactive ingredient extracted from the roots of the Reynoutria
japonica Houtt (Polygonaceae), bark of Picea sitchensis (Bong.)
Carrière (Pinaceae). In addition, PLD also can be found in
significant amounts in common botanical sources, as grapes, hop
cones, peanuts, and red wines. PLD is used as chemomarker to
characterize the quality of Reynoutria japonica in the
Pharmacopoeia of the People’s Republic of China where is
traditionally used for treatment of hyperlipemia, inflammation,
infection and cancer. PLD exhibits a range of beneficial
properties, including anti-inflammatory, immunoregulatory,
antioxidant, and anti-tumor activities (Karami et al., 2022). In a
comparative study, it was found that PLD has superior and higher
activity in inhibiting hydroxyl radicals than resveratrol (Wang et al.,
2015). As a potent stilbenoid polyphenol, PLD has the ability to
modulate crucial signaling pathways associated with inflammation,
oxidative stress, and apoptosis, thereby exhibiting potential
biological activities (Fakhri et al., 2021a). Additionally, PLD

exhibited greater antioxidant (Şöhretoğlu et al., 2018) and anti-
inflammatory (Lanzilli et al., 2012) effects compared to its glycoside
derivative, resveratrol. As well, PLD possesses superior
biodistribution and antioxidant activity. Moreover, PLD
demonstrates higher intestinal absorption due to the presence of
its sugar groups (Wang et al., 2015), distinguishing it from
resveratrol. Overall, considering the critical role of inflammation,
oxidative stress and apoptosis behind neurodegeneration and the
aforementioned multi-targeting potential of PD with more
bioavailability in the regulation of multiple dysregulated
pathways, in the present study, we examined the neuroprotective
benefits of intrathecal (i.t.) administration of PLD after SCI.

2 Materials and methods

2.1 Chemical and reagents

Polydatin and cefazolin was purchased from Sigma–Aldrich
(Sigma Chemical Co., St. Louis, MO, United States) and Exir
company (Exir company, Iran, i.p.), respectively. All the other
chemicals and reagents were of analytical reagent grade
purchased from commercial sources.

2.2 Experimental animals

In total, 35 male Wistar rats, aged 8–9 weeks, were obtained and
kept in controlled conditions with equal light/darkness (12 h) at the
animal house of Kermanshah University of Medical Sciences
(temperature 24°C ± 2°C, with fresh water and food ad libitum,
10 days prior to the beginning of study). The study was conducted
under the guidelines of this university’s animal care committee
(IR.KUMS.REC. 1400.388, Supplementary material). The male rats
were allocated into the following groups: Sham, SCI groups that
received distilled water as a solvent, and three treatment groups that
received doses of 1, 2, and 3 mg/kg of PLD, respectively. Male rats
included in ours research, since they have more consistent hormonal
levels in comparison to females, which could be influenced by their
estrous cycle specially in rat behavior (Zeng et al., 2023).

2.3 Spinal cord injury

At the start of surgery, rats were anesthetized with ketamine and
xylazine (80/10 mg/kg, intraperitoneal (i.p.). The thoracic vertebrae
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(T8-T9) were removed using a micro rongeur (Fine Science Tools,
United States. To create a compression model of SCI, rats in the SCI
and PLD groups were subjected to a force of 90 g for 1 min using an
aneurysm clip (Aesculap, Tuttlingen, Germany). The muscles and
skin were sutured after the surgery. 30 min after SCI, rats received
10 μL of doses of 1, 2, and 3 mg/kg PLD or distilled water
intrathecally. 40 mg/kg of cefazolin (i.p.) (Exir company, Iran,
i.p.) and 2 mL of normal saline (subcutaneous) and manual
bladder massage were performed as post-surgery care until the
return of normal bladder function (Fakhri et al., 2018; Fakhri
et al., 2019).

2.4 Behavioral test

Behavioral tests were conducted on all animals before surgery
(day 0) and weekly after surgery on days 7, 14, 21, and 28.

2.4.1 Cold allodynia
To assess cold sensitivity in rats, a few drops of acetone (100 μL)

were sprayed onto the soles of the animals from a distance of
200 mm. The response of the hind paw was observed and scored
as follows: no paw withdrawal (scored as 0), startle response without
paw withdrawal (scored as 1), partial withdrawal of the paw, 5–30 s
(scored as 2), prolonged withdrawal of the paw, >30 s (scored as 3),
and licking and jumping (scored as 4) (Kauppila, 2000; Fakhri
et al., 2018).

2.4.2 Heat hyperalgesia
To measure hyperalgesia, each animal was placed in a plexiglass

chamber on a hot plate device (Harvard device, United States, 50°C ±
2°C). The delay time for paw withdrawal, indicated by licking or
jumping, was recorded as paw withdrawal latency (PWL). To
prevent tissue damage, a cut-off time of 1 min was considered
(Fakhri et al., 2022b).

2.4.3 Mechanical allodynia
The assessment of mechanical allodynia was carried out by using

von Frey filaments. Both lateral plantar areas of the paw were tested
with a series of von Frey strings (10, 15, 26, 60, and 100 g). Each strand
was applied five times. 3 positive answers (leg dragging) out of 5 tests
were considered as the allodynia threshold (Fakhri et al., 2019).

2.4.4 Inclined plane test
The inclined plane test was used to evaluate the motor function

of rats after SCI. In this experiment, the rats were placed on an
inclined plane with a variable angle between 0 and 60. The
maximum angle at which the animal kept its balance for at least
5 s was taken as the response (Fakhri et al., 2018).

2.4.5 Basso-Beattie-Bresnahan (BBB) scores
The Basso-Beattie-Bresnahan (BBB) score test was another

locomotor test used to evaluate the motor function of rats. The
test involved observing the rat’s hind limbmovements for 4 min and
assigning a score based on the degree of movement and
coordination. The score ranges from 0 (no movement) to 21
(normal movement). The average score of both paws was
considered as the final response (Fakhri et al., 2021b).

2.5 Biochemical test

At the end of the behavioral evaluation (day 28), the rats were
sacrificed and their serum samples were used for
biochemical studies.

2.5.1 Nitrite assay
Nitric oxide levels in serum samples are assessed by the Griess

assay. Therefore, this test provides an indirect indication of NO
levels. Griess reagent was prepared from a solution of sulfonamide
(dissolved in 5% phosphoric acid) and naphthyl ethylenediamine
dihydrochloride (NEDD). In each of the wells of the plate, a mixture
of serum sample and sulfonamide solution was poured. After
minutes, 50 mL of NEDD solution was added. After a 5-minute
incubation, the optical density (OD) was measured at 540 nm. The
standard curve was plotted simultaneously using different
concentrations of sodium nitrite (Sun et al., 2003).

2.5.2 Glutathione/catalase assay
Changes in glutathione and catalase levels were evaluated to

determine antioxidant levels. For the evaluation of glutathione, we
employed Ellman’s reagent. To perform the test, we mixed 50 μL of
phosphate-buffered saline (PBS), 40 μL of the serum sample, and
100 μL of 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB). This mixture
was incubated for 10 min. Finally, we measured the optical density
(OD) of each well at 412 nm using a plate reader (Eyer and
Podhradský, 1986).

The catalase activity was measured with the Aebi method (Aebi,
1984). First, the combination of serum samples and hydrogen
peroxide (65 mM) was incubated in the plate well for 4 min at
25°C. In order to stop the reaction, 100 µL ammonium molybdate
(32.4 mM) was then added. Finally, an optical density reader was
used to measure OD at 405 nm (Fakhri et al., 2022b).

The percentage difference in concentration between the sham
group and other groups can be calculated as: (C_sham − C_samp)/
C_sham) × 100.

2.6 The activity of MMP2 and MMP9

To assess the activity of MMP-2 and MMP-9 gelatin zymography
was performed. Following doing Bradford protein assay, serum protein
was loaded at 100 μg per sample and electrophoresis was used with a
voltage of 150V. Gels were washed in a renaturation buffer (Triton™X-
100 in Tris-HCl, pH 7.5) on the shaker. In following, the gels were
incubated for 18 h at 37°C in an incubation buffer consisting of NaN3,
NaCl, and CaCl2 in Tris-HCl. Then, gels were stained with Coomassie
blue and destained in an acetic acid and methanol solution. Image j
software was used to evaluate the bands area and intensity (Fakhri
et al., 2021b).

2.7 Histological analysis

Rats were perfused transcardially with approximately 250 mL of
PBS (pH 7.3) and 300 mL of 4% paraformaldehyde (PFA) on days 7,
21, and 28. The tissue from the injury site of the spinal cord was
collected and prepared using a tissue processor. Subsequently, it was
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embedded in paraffin. The paraffinized tissue was then cut into
sequential sections and stained with hematoxylin and eosin (H&E).
These stained sections were observed under a light microscope at
both 10× and 40×magnification. To analyze the injury site, as well as
the number of neurons in the dorsal and ventral horns, Image J
software developed by National Institutes of Health (NIH) was
utilized for quantification (Fakhri et al., 2018; Fakhri et al., 2019;
Fakhri et al.,2021b).

2.8 Statistical analysis

The data has been presented in the form of mean ± standard
error of the mean (SEM), and it has been analyzed using GraphPad
Prism software (version 8.4.3). One-way and two-way analysis of
variance (ANOVA) have been applied, followed by Tukey’s and
Bonferroni’s post hoc analyses. A statistically significant difference
has been considered at p < 0.05.

3 Results

3.1 Behavioral result

3.1.1 Cold allodynia
Cold pain response threshold data were subjected to two-way

ANOVA analysis. It was found that during the 4-week follow-up,

rats in the sham group continued to have normal sensitivity to cold
on all the investigated days. However, rats in the SCI group showed
significant hypersensitivity to cold compared to the sham group (p <
0.001). Furthermore, animals treated with different doses of PLD
compared to the SCI group had a higher response threshold to cold
stimulation and the best results were obtained after 2 mg/kg
treatment (p < 0.01) (Figure 1A).

3.1.2 Heat hyperalgesia
The results of the threshold for responding to a thermal pain

stimulus are displayed in the Figure 1B. The findings indicate that
the paw-licking latency was consistently similar on all test days for
the control group (sham). However, the animals in the SCI group
became highly sensitive to the thermal pain stimulus.
Administration of PLD increased the response threshold to heat
stimulus in injured animals, and intrathecal injection of 2 mg/kg
PLD was more effective than the other two doses (p <
0.01). (Figure 1B).

3.1.3 Mechanical allodynia
The paw withdrawal responses to mechanical stimulation were

almost the same in the sham group after 4 weeks. However, SCI
caused a significant and sustained reduction in the paw withdrawal
threshold (p < 0.001), indicating the presence of mechanical
allodynia. Importantly, treatment with PLD, particularly at a dose
of 2 mg/kg, effectively reduced the symptoms induced by SCI from
day 7 onwards (p < 0.001) (Figure 1C).

FIGURE 1
The impact of PLD on behaviors related to pain after SCI. The paw response threshold to cold (A), thermal (B), and mechanical (C) stimuli were
measured and the data is presented as the mean ± SEM (n = 7). The statistical analysis was done using a two-way ANOVA. ***p < 0.001 vs. sham group;
+p < 0.05, ++p < 0.01, +++p < 0.001 vs. SCI group; ^p < 0.05 vs. PLD 2 mg/kg group.
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3.1.4 Motor activity
The motor behavior of rats following SCI was evaluated using

the BBB scale and inclined plane test. The sham group had a stable
score of 21, indicating that the laminectomy surgical did not cause
any functional impairments. In contrast, the SCI rats showed
significantly lower scores of 0 and 2 on the first day after the
injury, and this reduction in motor performance persisted until
day 28 post-SCI (p < 0.001). Interestingly, the administration of
various doses of PLD effectively improved the motor function of the
SCI rats, starting from day 1, when compared to the SCI group (p <
0.001) (Figure 2A).

The sham group maintained a consistent ability to stand and
balance on the ramp over 4 weeks, averaging at approximately 60°C.
However, the group with SCI experienced a significant decline in
average balance angle, compared to the sham group (p < 0.001). Rats
treated with various doses of PLD, especially the dose of 2 mg/kg
showed substantial improvement from the first week (p <
0.001) (Figure 2B).

3.2 Biochemical result

3.2.1 Nitrite assay
In comparison to the sham group, the SCI group showed a

significant increase in serum nitrite levels (p < 0.05). While
treatment with PLD 2 mg/kg resulted in a decrease in the
serum nitrite level (p < 0.05) in comparison to the SCI group
(p < 0.05). Although the other doses of PLD (1 mg/g and 3 mg/kg)
also decreased serum levels of nitrite, it was not
significant (Figure 3A)

3.2.2 Catalase and glutathione assay
According to the results, the SCI group showed a significant

reduction in the serum levels of catalase and glutathione compared
to the sham group (p < 0.001). However, treatment with PLD,
particularly at a dose of 2 mg/kg, was able to effectively compensate
for this decrease (p < 0.01). Figures 3B, C presents that the
administration of PLD 2 mg/kg decreased the differences
between the group and sham group (see formula in Section

2.5.2). Other doses of PLD (1 and 3 mg/kg) also decreased the
differences between groups and sham group, however those was not
significant (Figures 3B, C).

3.3 MMP2 and MMP9 activity

In day 28, the SCI group showed an elevation in MMP-9
activity while a reduction in MMP-2 in comparison to the sham
group (p < 0.001). However, with PLD treatment, those changes
reversed. The results showed that PLD 2 mg/kg potentially
elevated anti-inflammatory MMP2 (p < 0.05). However, PLD
made a non-significant reduction in the activity of MMP9
(Figures 4A, B).

3.4 Histological analysis

The histopathological analysis revealed that in the SCI group,
there was a notable increase in the lesion size (Figures 5A, B) and
a significant decrease in the number of neurons in both the dorsal
(Figures 6A, B) and ventral (Figures 6C, D) horns of the spinal
cord, as compared to the sham group (p < 0.001). On the
contrary, in the groups treated with PLD, there was a
remarkable decrease in the size of the lesion during 1 month.
This reduction in the size of the lesion was accompanied by an
increase in the number of neurons in both horns of the spinal
cord (p < 0.001).

4 Discussion

The results of this study showed that treatment with PLD can
significantly improve sensory and motor function and increase the
number of dorsal-ventral spinal cord neurons and lesion size. In
addition, PLD increased the level of catalase and glutathione, as well
as MMP2 activity while reducing nitrite levels and MMP9 activity to
protect the spinal cord tissue from secondary damages caused by
oxidative stress.

FIGURE 2
The impact of PLD onmotor ability after SCI. The BBB score (A), and inclined-plane (B) test were measured and the data is presented as the mean ±
SEM (n = 7). The statistical analysis was done using a two-way ANOVA. ***p < 0.001 vs. sham group; +p < 0.05, ++p < 0.01, +++p < 0.001 vs. SCI group;^p <
0.05 vs. PLD 2 mg/kg group.
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SCI can be divided into two primary components: mechanical
damage from temporary spinal cord compression and the
development of early post-injury lesions. Subsequently, a
series of additional damages can worsen nerve dysfunction
and result in irreversible harm (Hu et al., 2023). The
inflammatory response and apoptosis in the affected tissue are
triggered by oxidative stress (Chandra et al., 2000; Zhang et al.,

2012). Actually, after SCI, oxidative stress has been linked to the
development of neuropathic pain through its ability to promote
inflammation, nerve damage, and increased sensitivity to pain.
Reactive oxygen and nitrogen species (ROS and RNS) can cause
harm to DNA, lipids, and proteins, resulting in inflammation and
disruption of cellular and tissue function (Hassler et al., 2014;
Carrasco et al., 2018).

FIGURE 3
Effect of PLD on changes of oxidative stress. The level of nitrite (A), and percentage of activity changes of glutathione (B) and catalase (C) were
measured and the data is presented as the mean ± SEM (n = 3). The statistical analysis was done using a one-way ANOVA. *p < 0.05 and ***p < 0.001 vs.
sham group; +p < 0.05 vs. SCI group.
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Research has been conducted on PLD to explore its potential
health advantages, such as its antioxidant and anti-
inflammatory properties (Chen et al., 2021). PLD is a
resveratrol derivative (glucoside of resveratrol) with
improved bioavailability. PLD has been compared to
resveratrol in several studies, and it has been found to have a
higher activity of scavenging hydroxyl radicals than resveratrol
(Wang et al., 2015). Research has shown that PLD can modulate
nitric oxide levels, and improve catalase and glutathione
activity, thereby contributing to its antioxidant and anti-
inflammatory effects (Karami et al., 2022). Our findings also
confirmed these results (Increasing the level of catalase and
glutathione and decreasing the level of nitrite).

Arriving at the most effective dose is a critical key point in
combating neurodegeneration; though, this process would be
challenging considering interindividual variation affected by age,
gender, genetics, exercise, diet, and health status. Hormesis is a
biphasic dose-response relationship known by high-dose inhibition
and low-dose stimulation of biological responses, characterized by
either graphical J/U-shaped or an inverted U-shaped dose-response
curve. Hormetic responses are affected by several stimuli, including
chemical exposures, dietary restriction, thermal/light/electricity
extremes, hypoxia, ionizing radiation, and physical stress (Fakhri
et al., 2022a). Based on the hormesis dose-response relationship, our
study showed a better neuroprotective effect for PLD 2 mg/kg than
1 and 3 mg/kg in the regulation of motor dysfunction and
neuropathic pain by combating inflammation and oxidative

stress, as well as improving neuronal survival and spinal
tissue repair.

PLD has been found to inhibit the production of pro-
inflammatory molecules, such as cytokines and prostaglandins,
which are involved in the signaling of pain. By reducing
inflammation, PLD may help to alleviate pain associated with
inflammatory conditions, such as arthritis or muscle strain
(Karami et al., 2022; Zhang et al., 2024). Additionally, PLD has
been shown to have antioxidant properties, which can help to reduce
oxidative stress and damage in the body (Chen et al., 2015).
Oxidative stress has been linked to the development and
maintenance of chronic pain conditions, and by neutralizing free
radicals and reducing oxidative damage, PLD may help to alleviate
pain (Luo et al., 2022). Xi et al. reported that PLD attenuated
vincristine-induced neuropathic pain in rats by suppressing the
activation of inflammatory factors and inhibiting oxidative stress
(Xi et al., 2022). Another study demonstrated that PLD attenuated
experimental diabetic neuropathy in rats by suppressing the
activation of inflammatory factors and inhibiting oxidative stress
(Bheereddy et al., 2021). On the other hand, the reduction of pain
was linked to improved motor performance. Lv et al. found that
when rats were given intraperitoneal PLD, their locomotor activity
improved. This has been attributed to the suppression of oxidative
stress and apoptosis through the nuclear factor erythroid 2-related
factor 2 (Nrf2)/heme oxygenase 1 (HO-1) pathway (Lv et al., 2019b).
The mediators of oxidative stress has been found to inhibit the
expression of MMP2 and elevate the activity of MMP9 (Chen and

FIGURE 4
The impact of PLD onMMP-2 (A) andMMP-9 (B) activity after compression SCI. Data presented asmean± SEM. *p <0.05, ***p < 0.001 vs. sham, +p <
0.05 vs. SCI group.
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Wang, 2004). In our study, SCI made an increase in nitrite level,
while decreased in catalase and glutathione, thereby increased the
activity of MMP9 and decreased those of MMP2. These biochemical
and zymography results made increased lesion size and suppressed
numbers of sensory/motor neurons in rats. In terms of histology,
studies have shown that PLD can promote axonal regeneration,
improve histological damage, inhibit apoptosis levels, and reduce
tissue damage after SCI (Lv et al., 2019a; Zhan et al., 2022). In the
current study, PLD was also able to reduce the size of the lesion after
SCI and preserve the dorsal and ventral horn neurons.

We also found that SCI decreased the survival rate of sensory/
motor neurons in the ventral/dorsal horns of spinal cord,
respectively. These changes were reverted following PLD
administration, which were in line with the behavioral results.
Consistent with these results, we also found that PLD increased

the response to cold, heat, and mechanical stimuli as well as
maintaining limb movement following SCI by regulating
inflammation/oxidative stress and histological protection (Figure 7).

Amongst SCI experimental models regarding examining the
therapeutic effect and neuroprotective study following SCI, the
compression model is a better experimental choice. Moreover,
compression SCI is useful to evaluate the minimal loss of
neurons after SCI. Compression SCI is also beneficial to study
the secondary mechanisms and cell transplantation therapies
(Sun et al., 2017). On the other hand, some experimental models
of SCI possess minor limitations, however we used compression SCI
which is more suitable for translational research and similar to those
in SCI patients (Cregg et al., 2014). Regarding possible experimental
limitations in SCI research protocols, pre-clinical SCI models
commonly use young adult animals, while clinical models

FIGURE 5
The impact of PLD on the lesion size after SCI (A) and associate analysis (B). The data is presented as the mean ± SEM (n = 3). The statistical analysis
was done using a two-way ANOVA. ***p < 0.001 vs. sham group;+p < 0.05, ++ p < 0.01, +++ p < 0.001 vs. SCI group;^p < 0.05 vs. PLD 2 mg/kg group. The
scale bar (yellow line) shows 500 μm.
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engages human subjects with wide age ranges (Stewart et al., 2022b).
Other limitations include the inability to directly apply long-
distance axon regeneration, which is required in humans to treat
spinal injuries, to animal models. Larger volumes of reinnervation-
needed gray matter in humans makes slower recovery and reduces
spontaneous recovery in human after SCI (Kjell and Olson, 2016).
Another important limitation of the compression method is that
after SCI some neural tracts may not be well damaged leading to
undesired results in regeneration research. Furthermore, about
4–6 weeks post-injury, tissue sparing may increase, presenting
that the late subacute and early intermediate stages of the

secondary injury are related to limited neuroanatomical recovery
(Ahmed et al., 2019).

5 Conclusion

Our findings suggest that PLD can improve sensory-motor
dysfunction caused by SCI in rats. This is due to the effective
antioxidative properties of PLD, which reduced nitrite levels,
enhanced catalase, and glutathione activity, ultimately leading to
a reduction in histological damages. These results indicated that

FIGURE 6
The impact of PLD on the number of neurons in both horns of the spinal cord after SCI. The dorsal (A, B) and ventral (C, D) horns of the spinal cord
were measured and the data is presented as the mean ± SEM (n = 3). The statistical analysis was done using a two-way ANOVA. *** p < 0.001 vs. sham
group; +p < 0.05, ++ p < 0.01, +++ p < 0.001 vs. SCI group; ^ p < 0.05 vs. PLD 2 mg/kg group. The scale bar (yellow line) shows 50 μm.
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PLD has therapeutic potential for individuals experiencing SCI-
related dysfunction.
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FIGURE 7
A description of the research methodologies and the regulatory role of PLD in the treatment of neuropathic pain and motor dysfunction via anti-
inflammatory and antioxidant mechanisms.
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Shang-Chih Huang1, Hui-Chi Huang2, Wen-Ling Liao3,
Shung-Te Kao2 and Chin-Yi Cheng4,5*
1Department of Neurology, China Medical University Hospital, Taichung, Taiwan, 2School of Chinese
Medicine, College of Chinese Medicine, China Medical University, Taichung, Taiwan, 3Graduate Institute
of Integrated Medicine, College of Chinese Medicine, China Medical University, Taichung, Taiwan,
4School of Post-Baccalaureate Chinese Medicine, College of Chinese Medicine, China Medical
University, Taichung, Taiwan, 5Department of Chinese Medicine, Hui-Sheng Hospital, Taichung, Taiwan

Background: Gastrodia elata Blume, also called Tian Ma (TM), has been used to
treat stroke for centuries. However, its effects on inflammation in acute cerebral
ischemic injury and underlying mechanisms involved in microglial polarization
remain unknown. The present study explored the effects of the TM extract on the
modulation of microglial M1/M2 polarization 2 days after transient
cerebral ischemia.

Methods:Male Sprague Dawley rats were intracerebroventricularly administered
with 1% dimethyl sulfoxide 25 min before cerebral ischemia and subsequently
intraperitoneally administered 0.25 g/kg (DO + TM-0.25 g), 0.5 g/kg (DO + TM-
0.5 g), or 1 g/kg (DO + TM-1 g) of the TM extract after cerebral ischemia onset.

Results: DO + TM-0.5 g and DO + TM-1 g treatments downregulated the
following: phospho-c-Jun N-terminal kinase (p-JNK)/JNK, tumor necrosis
factor (TNF) receptor-associated factor 3 (TRAF3), TRAF3-interacting JNK-
activating modulator (T3JAM), p-nuclear factor-kappa B p65 (p-NF-κB p65)/
NF-κB p65, ionized calcium-binding adapter molecule 1 (Iba1), CD86, TNF-α,
interleukin (IL)-1β, and IL-6 expression and toll-like receptor 4 (TLR4)/Iba1, CD86/
Iba1, and p-NF-κB p65/Iba1 coexpression. These treatments also upregulated IL-
10, nerve growth factor, and vascular endothelial growth factor A expression and
YM-1/2/Iba1 and IL-10/neuronal nuclei coexpression in the cortical ischemic rim.
The JNK inhibitor SP600125 exerted similar treatment effects as the DO + TM-
0.5 g and DO + TM-1 g treatments.

Conclusion: DO + TM-0.5 g and DO + TM-1 g/kg treatments attenuate cerebral
infarction by inhibiting JNK-mediated signaling. TM likely exerts the
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neuroprotective effects of promoting M1 to M2microglial polarization by inhibiting
JNK/TLR4/T3JAM/NF-κB-mediated signaling in the cortical ischemic rim 2 days
after transient cerebral ischemia.

KEYWORDS

Gastrodia elata Blume, cerebral ischemia, C-Jun N-terminal kinase, toll-like receptor 4,
TRAF3-interacting JNK-activating modulator

Introduction

In acute cerebral ischemia, the major pathological mechanism
underlying neurological injury is the inflammatory response and the
involvement of resident microglia (Xiang et al., 2018; Song et al.,
2021). The neuroinflammation and immune reactions that occur
after cerebral ischemia/reperfusion (I/R) injury can exacerbate
cerebral infarction (Gan et al., 2020). Toll-like receptors (TLRs),
one of the transmembrane pattern recognition receptor families,
expressed on antigen-presenting cells, including microglia and
macrophages, can respond to damage-associated molecular
patterns (DAMPs), inducing inflammatory reaction (Ashayeri
et al., 2021). TLR4 triggers downstream inflammatory cascades
through myeloid differentiation primary response protein 88
(MyD88)/tumor necrosis factor (TNF) receptor-associated factor
(TRAF) 6- and TRAF3/TRAF3-interacting c-Jun N-terminal kinase
(JNK)-activating modulator (T3JAM)-mediated nuclear factor-
kappa B (NF-κB) activation. Studies reported that the TRAF3/
T3JAM signaling pathway is closely related to the activation of
JNK- and TLR4/NF-κB-mediated signaling (Dadgostar et al., 2003;
Li et al., 2019). Furthermore, TLR4-mediated signaling pathways
activate the downstream targets JNK and p38 mitogen-activated
protein kinase (MAPK), which in turn induce TLR4 upregulation,
amplifying TLR4/NF-κB-mediated signaling and exacerbating
infarct expansion in the acute stage of ischemic stroke (Cheng
et al., 2021; Dong et al., 2021). Thus, the interaction between
JNK (p38 MAPK) and TLR4 plays a crucial role in TLR4/
T3JAM/NF-κB-associated inflammatory cascades (Cheng et al.,
2021). NF-κB, a proinflammatory transcription factor, is
expressed in glial cells as a heterodimer of RelA (p65) and
p50 subunits; it binds to its endogenous inhibitor IκB in the
inactive state. The interaction of TLR4 with DAMPs triggers the
activation of IκB kinase, phosphorylating and degrading IκB and
resulting in the nuclear translocation of NF-κB and the
production of inflammation-related genes in cerebral ischemia
(Jover-Mengual et al., 2021). Moreover, the phosphorylation of
NF-κB p65 (S536) results in its decreased affinity for IκBα,
causing excessive activation and nuclear translocation of NF-
κB p65 (Christian et al., 2016). In response to cerebral ischemia,
the cytosolic multiprotein complexes of inflammasomes are
formed, leading to the secretion of proinflammatory mediators
(de Zoete et al., 2014). Among inflammasomes, nucleotide-
binding oligomerization domain and leucine-rich repeat
(NLR) family pyrin domain containing 3 (NLRP3) is one of
the best characterized components of the NLR family that
mediates caspase-1 activation and subsequently induces the
secretion of proinflammatory factors, such as interleukin-1β
(IL-1β) and IL-18, thereby initiating inflammatory cascades
(Kelley et al., 2019). By contrast, inhibition of inflammasome

components, such as NLRP3 and caspase-1, can alleviate cerebral
infarct expansion in acute ischemic stroke (Luo et al., 2022).

The TLR4/JNK (p38 MAPK)/NF-κB-mediated inflammatory
signaling pathway is positively correlated with glial
NLRP3 inflammasome activity and plays a vital role in microglial
activation and polarization (Dong et al., 2021; Jover-Mengual et al.,
2021). Microglia are involved in both central nervous system injury
and recovery, and these functions are linked to their ability for
polarization into the proinflammatory (M1) or anti-inflammatory
(M2) phenotype after activation (Ye et al., 2019). In the early stage of
cerebral ischemic insults, TLR4-induced microglia are rapidly
activated and polarized into M1 and M2 phenotypes in response
to the inflammatory cascade and M1 and M2 microglia are
characterized by the markers CD86 and YM-1/2, respectively
(Wen et al., 2018; Wang et al., 2020; Dong et al., 2021). Within
24 h after cerebral ischemia onset, activated microglia that migrate
or infiltrate into the ischemic area are mainly polarized into the
M2 phenotype, and they release neurotrophic factors and anti-
inflammatory mediators, promoting myelin regeneration, debris
clearance, and nerve repair in the ischemic core. Subsequently,
the activated microglia are polarized into the proinflammatory
M1 phenotype, initiating the release of proinflammatory factors
in the peri-infarct area, thereby aggravating ischemic stroke (Xiang
et al., 2018; Yusuying et al., 2022). Thus, the increased M1 to
M2 ratio is closely related to ischemic injury during transient
focal cerebral ischemia, whereas pharmacological interventions
for promoting M2 microglia protect against ischemic brain
damage (Dong et al., 2021; Wang et al., 2022).

Gastrodia elata Blume (also called Tian Ma [TM]), a well-known
traditional Chinese herbal medicine, has long been used for treating
convulsions, dizziness, headache, limb numbness, and stroke (Wang
et al., 2019). TM reduces cerebral infarct partly by inhibiting TNF-α
expression in the cortical ischemic rim in acute ischemic stroke (Seok
et al., 2019). Gastrodin and parishin C are the biologically active
compounds isolated from TM (Lin et al., 2021). Gastrodin
ameliorates ischemic stroke by downregulating TNF-α and IL-1β
expression in the ischemic area in the acute (Peng et al., 2015) and
subacute (Liu et al., 2016) stages of transient middle cerebral artery
(MCA) occlusion. Its anti-inflammatory effects are partly due to the
activation of nuclear factor erythroid 2-related factor 2-mediated
signaling in the ischemic region after transient MCA occlusion
(Peng et al., 2015). Parishin C exerts neuroprotective effects partly
by suppressing TNF-α, IL-1β, and IL-6 expression in the cortical
ischemic rim in the acute stage of transient MCA occlusion (Wang
et al., 2021). Anisalcohol derived from TM has been reported to exert
anti-neuroinflammatory effects by inhibiting M1 polarization and
promoting M2 polarization in lipopolysaccharide-stimulated
BV2 microglial cells (Xiang et al., 2018). Taken together, these
findings indicate that TM and its main ingredients might provide
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beneficial effects against ischemic stroke by inhibiting proinflammatory
factor expression during cerebral ischemia. However, the detailed
pathway involved in the modulation of microglial polarization of the
TM extract in acute ischemic stroke remains unclear. In this study, we
explored the anti-inflammatory effects of the TM extract on microglia
M1 and M2 polarization in the cortical ischemic rim 2 days after
transient MCA occlusion.

Materials and methods

TM extract preparation

TM extract powder (Batch Number A0418102) was obtained
from Kaohsiung Chuang Song Zong (KCSZ) Pharmaceutical Co.,
Ltd. (Taiwan). The dried rhizomes of TM were imported from
Sichuan Province, China, and their quality was evaluated in KCSZ
Ligang Laboratory (Taiwan). The data and voucher specimens from
KCSZ Ligang Laboratory were confirmed by Professor Jin-Pin Lin

(China Medical University, Taiwan) based on the Chinese
Pharmacopoeia (11th Edition). TM extract powder was produced
as follows: TM dry rhizomes were boiled in boiling water for 1.5 h,
and the aqueous extract of TM was obtained. The aqueous extract
and corn starch as an excipient were granulated and dried in a
fluidized bed dryer. Each gram of the TM extract powder comprised
0.5 g each of the TM extract and corn starch. The TM extract
solution was made by dissolving 2 g TM extract powder in 8 mL of
normal saline and then centrifuging at 1,000 g at 4°C for 10 min. The
supernatant fraction of the TM extract solution (0.125 g/mL) was
used for TM treatment.

Ultra-performance liquid chromatography
analysis of the TM extract marker

Gastrodin (>98% purity; Sunhank Technology, Tainan, Taiwan)
was dissolved in methanol (10 mg/mL) and used to make six
standard solutions (concentration ranging from 1.0 to

TABLE 1 Primary antibodies used in the present study.

Host Primary antibody Western blot (Dilution) IF (Dilution) Supplier/catalog No.

Rab p-JNK 1:1000 CST/#9251

Rab JNK 1:1000 CST/#9252

Rab p-p38 MAPK 1:1000 CST/#9211

Rab p38 MAPK 1:1000 CST/#9212

Rab TRAF6 1:1000 abcam/ab40675

Rab TRAF3 1:500 abcam/ab36988

Rab T3JAM 1:500 Merck/SAB4503206

Rab p-NF-κB p65 1:1000 1:200 CST/#3033

Rab NF-κB p65 1:1000 abcam/ab16502

Rab NLRP3 1:1000 abcam/ab263899

Rab Iba1 1:1000 1:100 abcam/ab178846

Rab Nrf2 1:1000 abcam/ab92946

Rab VEGF-A 1:1000 Proteintech/#19003-1-AP

Mou CD86 1:1000 1:100 abcam/ab220188

Rab TNF-α 1:1000 abcam/ab205587

Mou IL-6 1:2000 abcam/ab9324

Rab YM-1/2 1:10000 1:100 abcam/ab192029

Rab IL-10 1:1000 abcam/ab192271

Rab NGF 1:1000 abcam/ab6199

Mou Actin (loading control) 1:5000 Novus Biologicals/NB600-501

Mou TLR4 1:100 abcam/ab22048

Mou Iba1 1:100 abcam/ab283319

Rab Il-10 1:100 abcam/ab9969

Mou NeuN 1:100 Merck Millipore/MAB377

Rab, Rabbit; Mou, Mouse; CST, cell signaling technology; VEGF-A, vascular endothelial growth factor A; NGF, nerve growth factor; NeuN, neuronal nuclei.
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0.01562 mg/mL) for ultra-performance liquid chromatography
(UPLC). The sample solution of the TM extract was prepared by
dissolving it in methanol. A Shimadzu LC-2060C 3D UPLC system
(Kyoto, Japan) equipped with a Fortis C18 column (250 × 4.6 mm,
5 μm; maintained at 30°C) was used to screen and identify the
chemical marker. Next, 5 μL of a gastrodin standard or TM extract
solution was injected using a mobile phase of water (solvent A) and
methanol (solvent B) (v/v). The UPLC was programmed as follows:
0–10 min, 10% B; 10–30 min, 10% B to 70% B. The flow rate
(1.0 mL/min) and the photodiode array detector (220 nm) were set.

Animals and transient MCA occlusion

Male Sprague Dawley rats (300–320 g) were purchased from
Bio-LASCO (Taipei, Taiwan). The rats used in this study were

housed under standard laboratory conditions (room temperature
[RT]: 22°C ± 2°C; relative humidity: 55% ± 10%; light/dark cycle: 12/
12 h) with free access to water and food. The sample size used in this
study was determined based on our previous studies (Cheng et al.,
2021; Tsai et al., 2022) and that could offer sufficient statistical
power. All the animal experiments were conducted strictly in line
with the guidelines of the Institutional Animal Care and Use
Committee of China Medical University (No. CMUIACUC-2021-
318). The rat model of MCA occlusion was established as previously
described (Tsai et al., 2022). In brief, the rats were initially
anesthetized with 5% isoflurane and fixed to the stereotaxic
frame by the ear bars. Their skulls were exposed by cutting the
scalp skins transversely. A small hole was made in the skull (right
side, 1.5 mm posterior to the bregma and lateral to the midline). A
nylon monofilament (0.2 mm in diameter) was introduced into the
internal carotid artery for interrupting the blood flow to the MCA,

FIGURE 1
UPLC chromatograms of gastrodin in the TM extract. UPLC chromatograms (A, B) indicate the standard (gastrodin) and TM extract solutions,
respectively. mAU, milli-absorbance unit.
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causing MCA occlusion. After 2 h of MCA occlusion, the nylon
monofilament was carefully withdrawn to allow MCA reperfusion.
The establishment of the MCA occlusion model was verified
through changes in the MCA blood flow, which were monitored
using a laser Doppler blood flowmeter (DRT4; Moor Instruments,
Wilmington, DE, United States). Successful establishment of the
MCA occlusion model was defined as a reduction in the MCA blood
flow to 10%–20% of baseline during the ischemia period and an
increase in the MCA blood flow to 70% of baseline during the
reperfusion period. In the ischemia period, the rats were awake and
subjected to modified neurological severity score (mNSS) tests to
assess neurological function. Except in the DO + Sham group, the
rats with neurological function scores (NFSs) less than 7 revealed

incomplete MCA occlusion and were excluded from the study. All
the experimental animals were administered intramuscularly with
ketorolac, a non-steroidal anti-inflammatory drug, at 1 mg/kg after
surgery to reduce pain, suffering and distress.

Neurological evaluation

The rats were subjected to mNSS tests to evaluate neurological
function at 1 and 2 days after reperfusion for motor (muscle strength
and walking ability), sensory (placing and proprioception), balance,
and reflex (pinna reflex, corneal reflex, and startle reflex) testing, as
previously described (Cheng et al., 2021). NFSs were determined

FIGURE 2
Effects of DO + TM-0.5 g and DO + TM-1 g treatments on cerebral infarct. (A) Selected TTC-stained brain slices (S1–S6) of the DO + Sham, DO +
Saline, DO + TM-0.25 g, DO + TM-0.5 g, DO + TM-1 g, and SP groups (n = 6) reveal infarct areas (pale white) and normal tissues (dark red). (B) The bar
graph shows the infarct percentages in the experimental groups 2 days after reperfusion. *P < 0.05 vs. DO + Sham; #P < 0.05 vs. DO + Saline. Scale bar
indicates 1 cm.

TABLE 2 The NFSs in the experimental groups (n = 16).

Group DO + Sham DO + Saline DO + TM-025 g DO + TM-0.5 g DO + TM-1 g SP

Day 1 0.0 (0–0) 8.0 (7–9)* 8.0 (7–10) 4.5 (4–6)# 5.0 (3–6)# 5.0 (3–6)#

Day 2 0.0 (0–0) 8.0 (7–11)* 8.0 (7–11) 4.0 (3–6)# 4.0 (2–6)# 4.0 (3–5)#

Each value was expressed as median (range). NFSs, neurological function scores; *P < 0.05 vs. DO + Sham; #P < 0.05 vs. DO + Saline.
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based on the neurological examination results, which range from 0
(normal) to 18 (maximal neurological deficit). In this study, the
neurological evaluation and cell identification and counting were
performed by an experienced laboratory assistant who was blinded
to the grouping state.

Experiment A
Grouping

Thirty-six rats were randomly assigned to six groups (n = 6 each):
DO + Sham, DO + Saline, DO + TM-0.25 g, DO + TM-0.5 g, DO +
TM-1 g, and SP groups. The doses of the TM extract administered in
the TM treatment groups were determined through preliminary
experiments. The TM treatment groups were administered
intracerebroventricularly with 1% dimethyl sulfoxide (DMSO)
25 min before MCA occlusion; after MCA occlusion onset, the
rats were injected intraperitoneally with the TM extract at
0.25 g/kg for the DO + TM-0.25 g group, 0.5 g/kg for the DO +
TM-0.5 g group, and 1 g/kg for the DO + TM-1 g group. After 2 days
of reperfusion, the rats were subjected to neurological evaluation; they
were then killed through CO2 inhalation (flow rate: 5.5 L/min), and

their brains were harvested. The DO + Saline group was treated in the
same protocols as the DO + TM-1 g group, except normal saline was
administered instead of the TM extract. The DO + Sham group was
treated in the same protocols as the DO + Saline group; however, the
MCA was not blocked. The SP group was treated in the same
protocols as the DO + Saline group; however, the rats were
administered intracerebroventricularly with SP600125, a JNK
inhibitor, instead of 1% DMSO.

Intracerebroventricular administration of 1%
DMSO or SP600125

Twenty-five minutes before MCA occlusion, the rats were
administered intracerebroventricularly with 10 μL of 1% DMSO
or 10 μL of SP600125 solution (2 mM in 1% DMSO, ab120065,
Abcam, Waltham, MA, United States) through a burr hole in the
right side of the skull using a microsyringe (10 μL, Hamilton
Company, Reno, NV, United States), as previously described
(Cheng et al., 2021).

FIGURE 3
Protein expression of MAPKs, TRAF6, TRAF3, and T3JAM in the cortical ischemic rim. (A) Selected Western blot images reveal p-JNK, JNK, p-p38
MAPK, p38 MAPK, TRAF6, TRAF3, T3JAM, and actin expression in the cortical ischemic rim in the DO + Sham, DO + Saline, DO + TM-0.25 g, DO + TM-
0.5 g, DO + TM-1 g, and SP groups (n = 5) 2 days after reperfusion. Quantification of the ratios of (B) p-JNK to JNK, (C) p-p38 MAPK to p38 MAPK, (D)
TRAF6 to actin, (E) TRAF3 to actin, and (F) T3JAM to actin was performed in the experimental groups. *P < 0.05 vs. DO + Sham; #P < 0.05 vs. DO
+ Saline.
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Cerebral infarction assessment

The harvested rat brains were cut into six 2-mm-thick sections
for cerebral infarct assessment, as previously described (Cheng et al.,
2021). In brief, the sections were stained using 2% 2,3,5-
triphenyltetrazolium chloride (TTC; Merck, St. Louis, MO,
United States) at 37°C for 5 min. Quantification of the
percentage of cerebral infarct areas (divided by the total coronal
sectional area) was performed using ImageJ (NIH, Bethesda, MD,
United States).

Experiment B
Grouping

Thirty rats were randomly assigned to six groups (n = 5 each)—
DO + Sham, DO + Saline, DO + TM-0.25 g, DO + TM-0.5 g, DO +
TM-1 g, and SP groups—with the same procedures and protocols as
those described for Experiment A.

Western blot analysis

In the harvested rat brains, The MCA territory was separated
and removed. The right cortical ischemic rims (between 3 and 9 mm
from the ischemic core) that were cut from the separated ischemic
cortices were collected for Western blot analysis, as previously
described (Cheng et al., 2017). The homogenized protein samples
were separated based on size through sodium dodecyl
sulfate–polyacrylamide gel (10%) electrophoresis. After
electrophoresis, the separated proteins were transferred from the
gel onto a nitrocellulose (NC) membrane (Hybond-c Extra,

Amersham Biosciences, United Kingdom) in transfer buffer. The
NC membrane was incubated in 5% skim milk containing 0.1%
Tween 20 at RT for 60 min to block nonspecific binding. The target
proteins on NCmembranes were incubated with primary antibodies
diluted in phosphate buffered saline (PBS) containing 5% bovine
serum albumin (BSA) (Table 1) at 4°C overnight and then with goat
anti-rabbit (1:5000 in PBS/5% BSA, AB_2313567, Jackson, PA,
United States) or goat anti-mouse (1:5000 in PBS/5% BSA, AB_
10015289, Jackson, PA, United States) IgG secondary antibody at
RT for 1 h. Finally, the NC membranes were incubated with an
enhanced chemiluminescence reagent (ECL-plus GE Healthcare)
and then detected using the FUJIFILM luminescent image analyzer
(LAS-3000, Tokyo, Japan). Densitometric analysis of Western blots
was performed using ImageJ software.

Experiment C
Grouping

Thirty rats were randomly assigned to six groups (n = 5 each)—
DO + Sham, DO + Saline, DO + TM-0.25 g, DO + TM-0.5 g, DO +
TM-1 g, and SP groups—with the same procedures and protocols as
those described for Experiment A.

Double immunofluorescence staining

The harvested rat brains were embedded in tissue freezing
medium, frozen, and cut into 15-µm thick slices, which were
used for double immunofluorescence (IF) staining, as previously
described (Cheng et al., 2020). The brain slices were postfixed with
4% paraformaldehyde at RT for 15 min, stained with primary

TABLE 3 The ratios of target proteins in Western blot analysis in the experimental groups (n = 5).

Group DO + Sham DO + Saline DO + TM-0.25 g DO + TM-0.5 g DO + TM-1 g SP

p-JNK/JNK 1.07 ± 0.23 3.24 ± 1.08* 2.79 ± 1.23 1.19 ± 0.28# 0.97 ± 0.28# 1.19 ± 0.34#

p-p38/p38 1.16 ± 0.44 1.35 ± 0.30 1.14 ± 0.33 1.24 ± 0.34 1.16 ± 0.40 1.37 ± 0.50

TRAF6/actin 0.85 ± 0.17 0.65 ± 0.14 0.58 ± 0.11 0.76 ± 0.18 0.87 ± 0.14 0.84 ± 0.25

TRAF3/actin 0.42 ± 0.10 1.19 ± 0.26* 0.88 ± 0.28 0.39 ± 0.10# 0.41 ± 0.08# 0.42 ± 0.09#

T3JAM/actin 0.62 ± 0.10 1.25 ± 0.21* 1.14 ± 0.10 0.64 ± 0.14# 0.65 ± 0.09# 0.53 ± 0.10#

p-NF-κB/NF-κB 0.47 ± 0.05 1.77 ± 0.48* 1.52 ± 0.23 0.47 ± 0.07# 0.42 ± 0.05# 0.49 ± 0.06#

NLRP3/actin 0.65 ± 0.05 1.49 ± 0.21* 1.51 ± 0.24 0.64 ± 0.05# 0.70 ± 0.12# 0.63 ± 0.08#

Iba1/actin 0.79 ± 0.09 1.27 ± 0.16* 1.25 ± 0.10 0.80 ± 0.06# 0.72 ± 0.13# 0.75 ± 0.12#

VEGF-A/actin 1.42 ± 0.19 0.55 ± 0.18* 0.47 ± 0.11 0.95 ± 0.20# 1.35 ± 0.14# 1.02 ± 0.21#

CD86/actin 0.52 ± 0.03 1.08 ± 0.19* 1.01 ± 0.09 0.58 ± 0.07# 0.57 ± 0.09# 0.55 ± 0.06#

TNF-α/actin 0.37 ± 0.05 1.07 ± 0.04* 0.97 ± 0.12 0.40 ± 0.07# 0.41 ± 0.05# 0.42 ± 0.09#

IL-1β/actin 0.40 ± 0.03 0.72 ± 0.11* 0.72 ± 0.09 0.43 ± 0.04# 0.43 ± 0.05# 0.37 ± 0.06#

IL-6/actin 0.33 ± 0.07 0.67 ± 0.09* 0.65 ± 0.06 0.33 ± 0.04# 0.34 ± 0.05# 0.31 ± 0.03#

YM-1/2/actin 0.93 ± 0.14 0.29 ± 0.12* 0.28 ± 0.12 0.73 ± 0.09# 1.06 ± 0.28# 0.83 ± 0.17#

IL-10/actin 0.62 ± 0.04 0.46 ± 0.06* 0.53 ± 0.06 0.65 ± 0.04# 0.68 ± 0.05# 0.67 ± 0.09#

NGF/actin 0.82 ± 0.07 0.41 ± 0.03* 0.42 ± 0.06 0.74 ± 0.10# 0.92 ± 0.12# 0.74 ± 0.15#

Each value was expressed as mean ± standard deviation. p-p38/p38, p-p38 MAPK/p38 MAPK; p-NF-κB/NF-κB, p-NF-κB p65/NF-κB p65. *P < 0.05 vs. DO + Sham; #P < 0.05 vs. DO + Saline.
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antibodies diluted in PBS/5% BSA (revealed in Table 1) at 4°C
overnight, and simultaneously stained with DyLight 594-conjugated
AffiniPure goat anti-mouse (red, 1:100 in PBS/5% BSA, AB_
2338871, Jackson, PA, United States) and DyLight 488-
conjugated AffiniPure goat anti-rabbit (green, 1:100 in PBS/5%
BSA, AB_2338046, Jackson, PA, United States) IgG secondary
antibodies at 37°C for 1.5 h. The colocalization of IF signals of
two markers more than or equal to 50% in a cell was defined as
double-labeled positive. Immunopositive cells in the selected cortical
ischemic rim were counted in nine fields of view at 400 ×
magnification using fluorescence microscopic methods (CKX53;
Olympus, Tokyo, Japan). The double-labeled TLR4/Iba1, CD86/
Iba1, p-NF-κB p65/Iba1, YM-1/2/Iba1, and IL-10/NeuN cells were
counted and expressed as percentage of immunopositive cells in the
selected cortical ischemic rim.

Statistical analysis

All the experimental data, except the neurological examination,
were investigated using one-way ANOVA with post hoc Bonferroni
test and are presented as mean ± standard deviation. The data

obtained from the neurological examination were investigated using
one-way ANOVA with Mann-Whitney U test and are presented as
median (range). In these tests, p values <0.05 were deemed
statistically significant.

Results

UPLC analysis of the marker of the
TM extract

In UPLC analysis, gastrodin retention times from the standard
and TM extract solutions were 9.21 and 9.30 min, respectively.
Moreover, the gastrodin content in the TM extract was 0.21 mg/mL
(Figures 1A, B).

Effects of TM treatments on brain infarcts

TTC staining of coronal sections after 2 days of reperfusion
revealed no infarct area in the DO + Sham group. By contrast, the
infarct areas of the brain coronal sections were significantly higher in

FIGURE 4
Protein expression of p-NF-κB p65, NF-κB p65, NLRP3, Iba1, Nrf2, and VEGF-A in the cortical ischemic rim. (A) Selected Western blot images reveal
p-NF-κB p65, NF-κB p65, NLRP3, Iba1, Nrf2, VEGF-A, and actin expression in the cortical ischemic rim in the DO + Sham, DO + Saline, DO + TM-0.25 g,
DO + TM-0.5 g, DO + TM-1 g, and SP groups (n = 5) 2 days after reperfusion. Quantification of the ratios of (B) p-NF-κB p65 to NF-κB p65, (C) NLRP3 to
actin, (D) Iba1 to actin, and (E) VEGF-A to actin was performed in the experimental groups. *P < 0.05 vs. DO + Sham; #P < 0.05 vs. DO + Saline.
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the DO + Saline group than in the DO + Sham group (P < 0.05) and
were significantly lower in the DO+ TM-0.5 g, DO + TM-1 g, and SP
groups than in the DO + Saline group (all P < 0.05; Figures 2A, B).

Effects of TM treatments on
neurological deficits

The NFSs were markedly greater in the DO + Saline group
compared to those in the DO + Sham group (P < 0.05). In addition,
compared with the DO + Saline group, the NFSs were significantly
lower in the DO + TM-0.5 g, DO + TM-1 g, and SP groups (all P <
0.05; Table 2) at 1 and 2 days after ischemic stroke.

Effects of TM treatments on the levels of
MAPKs, TRAF6, TRAF3, and T3JAM

The ratios of p-JNK to JNK, TRAF3 to actin, and T3JAM to actin
in the cortical ischemic rim were significantly higher in the DO +

Saline group than in the DO + Sham group (all P < 0.05). In
addition, there were significantly lower in the ratios of the
aforementioned proteins in the DO + TM-0.5 g, DO + TM-1 g,
and SP groups than in the DO + Saline group 2 days after
reperfusion (all P < 0.05; Figures 3A, B, E, F and Table 3). The
ratios of p-p38 MAPK to p38 MAPK and TRAF6 to actin in the
cortical ischemic rim were not significantly different in the
experimental groups (P > 0.05; Figures 3A, C, D and Table 3).

Effects of TM treatments on the levels of
p-NF-κB p65, NF-κB p65, NLRP3, ionized
calcium-binding adapter molecule 1, and
vascular endothelial growth factor A

The ratios of p-NF-κB p65 to NF-κB p65, NLRP3 to actin, and
ionized calcium-binding adapter molecule 1 (Iba1) to actin in the
cortical ischemic rim were significantly higher in the DO + Saline
group than in the DO + Sham group (all P < 0.05). In addition, the
ratios of the aforementioned proteins were significantly lower in the

FIGURE 5
Protein expression of CD86, TNF-α, IL-1β, IL-6, YM-1/2, IL-10, and NGF in the cortical ischemic rim. (A) Selected Western blot images reveal CD86,
TNF-α, IL-1β, IL-6, YM-1/2, IL-10, NGF, and actin expression in the cortical ischemic rim in the DO+ Sham, DO+ Saline, DO + TM-0.25 g, DO + TM-0.5 g,
DO + TM-1 g, and SP groups (n = 5) 2 days after reperfusion. Quantification of the ratios of (B) CD86 to actin, (C) TNF-α to actin, (D) IL-1β to actin, (E) IL-6
to actin, (F) YM-1/2 to actin, (G) IL-10 to actin, and (H)NGF to actin was performed in the experimental groups. *P < 0.05 vs. DO+ Sham; #P < 0.05 vs.
DO + Saline.
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DO + TM-0.5 g, DO + TM-1 g, and SP groups compared to those in
the DO + Saline group 2 days after reperfusion (all P < 0.05; Figures
4A–D and Table 3). By contrast, the ratio of vascular endothelial
growth factor A (VEGF-A) to actin in the cortical ischemic rim was
significantly lower in the DO + Saline group than in the DO + Sham
group (P < 0.05) and was significantly higher in the DO + TM-0.5 g,
DO + TM-1 g, and SP groups than in the DO + Saline group (P <
0.05; Figures 4A, E and Table 3).

Effects of TM treatments on the levels of
CD86, TNF-α, IL-1β, IL-6, YM-1/2, IL-10, and
nerve growth factor

The ratios of CD86 to actin, TNF-α to actin, IL-1β to actin, and IL-6
to actin in the cortical ischemic rim were significantly higher in the DO
+ Saline group than in the DO + Sham group (all P < 0.05) and were
significantly lower in the DO+ TM-0.5 g, DO + TM-1 g, and SP groups
than in the DO + Saline group 2 days after reperfusion (all P < 0.05;
Figures 5A–E and Table 3). By contrast, the ratios of YM-1/2 to actin,
IL-10 to actin, and nerve growth factor (NGF) to actin in the cortical
ischemic rim were significantly lower in the DO + Saline group than in
the DO + Sham group (all P < 0.05) and were significantly higher in the
DO + TM-0.5 g, DO + TM-1 g, and SP groups than in the DO + Saline
group (all P < 0.05; Figures 5A, F–H and Table 3).

Effects of TM treatments on the levels of
TLR4/Iba1-, CD86/Iba1-, p-NF-κB p65/Iba1-,
YM-1/2/Iba1-, and IL-10/neuronal nuclei-
positive cells

TLR4-, CD86−, p-NF-κB p65-, and partial YM-1/2-positive cells
were colocalized with Iba1 in the cortical ischemic rim (Figures 6A,
B, 7A, B-1–B-3, 8A). In addition, p-NF-κB p65/Iba1 double-labeled
cells were examined in the nucleus (Figures 7B-4, B-5) and IL-10-
positive cells were colocalized with neuronal nuclei (NeuN) in the
cortical ischemic rim (Figure 8B). All the above-mentioned double-
labeled cells were examined in the selected cortical ischemic rim
(Figure 6C). The percentages of TLR4/Iba1-, CD86/Iba1-, and
p-NF-κB p65/Iba1-positive cells in the cortical ischemic rim were
significantly greater in the DO + Saline group compared to those in
the DO + Sham group. In addition, the percentages of above-
mentioned positive cells were significantly lower in the DO +
TM-0.5 g, DO + TM-1 g, and SP groups than in the DO +
Saline group 2 days after reperfusion (all P < 0.05; Figures 6A, B,
D, E, 7A, C). By contrast, the percentages of YM-1/2/Iba1-and IL-
10/NeuN-positive cells in the cortical ischemic rim were
significantly lower in the DO + Saline group compared to those
in the DO + Sham group and were significantly greater in the DO +
TM-0.5 g, DO + TM-1 g, and SP groups compared to those in the
DO + Saline group (all P < 0.05; Figures 8A–D).

FIGURE 6
The percentages of TLR4/Iba1-and CD86/Iba1-positive cells in the cortical ischemic rim. Representative IF images reveal (A) TLR4 (red)/Iba1 (green)
and (B)CD86 (red)/Iba1 (green) expression in the cortical ischemic rim in theDO+ Sham, DO+Saline, DO+TM-0.25 g, DO+TM-0.5 g, DO+ TM-1 g, and
SP groups (n = 5) 2 days after reperfusion. Arrows in (A, B) point to TLR4/Iba1 (yellow)- and CD86/Iba1 (yellow)-positive cells, respectively. (C) The dashed
line square in a representative coronal section shows the region where immunopositive cells were detected. CIR, cortical ischemic rim. Dashed line
square equals 1 mm2. Scale bar indicates (B) 50 μm and (C) 2 mm. Quantification of the percentages of (D) TLR4/Iba1-and (E) CD86/Iba1-positive cells
was performed in the experimental groups. *P < 0.05 vs. DO + Sham; #P < 0.05 vs. DO + Saline.
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Discussion

Post-ischemic inflammation plays a vital role in cerebral
infarction in the acute stage of transient cerebral ischemia
(Zhang et al., 2021). Furthermore, the interaction between TLR4-
and JNK (p38 MAPK)-mediated inflammatory signaling pathways
induces the downstream activation of the NF-κB pathway,
amplifying microglial activation and exacerbating I/R injury in
acute ischemic stroke (Cheng et al., 2021; Zhang et al., 2021).
UPLC analysis revealed that gastrodin (a marker of the TM
extract) contents were 0.42, 0.84, and 1.68 mg in 0.25, 0.5, and
1 g/kg of the TM extract solutions, respectively. Moreover, our
results revealed that cerebral infarction and neurological deficits
were predominantly created 2 days after transient MCA occlusion.
However, 0.5 and 1 g/kg, but not 0.25 g/kg, of the TM extract
significantly reduced infarct areas and promoted neurological
function recovery. Moreover, Western blotting and double IF
staining revealed that the levels of p-JNK/JNK and TLR4/Iba1
(microglia marker), but not of p-p38 MAPK/p38 MAPK, were
markedly increased in the cortical ischemic rim. However,
0.5 and 1 g/kg TM restored these levels of p-JNK and TLR4 in
the cortical ischemic rim, reducing the interaction between JNK-
and TLR4-mediated inflammatory cascades in microglia in the acute
stage after transient cerebral ischemia. Overall, the findings imply
that TM treatments protect against cerebral infarction at least partly

by suppressing the interaction between JNK and TLR4 in microglia
in the cortical ischemic rim 2 days after transient MCA occlusion.

TLR4 expressed on activated microglia recognizes DAMPs and
then triggers MyD88/TRAF6- and TRAF3/T3JAM-mediated
inflammatory signaling pathways (Wang et al., 2011; Cheng
et al., 2021). TLR4 expression plays a vital role in innate
immunity. Moreover, TLR4-induced neuroinflammation through
downstream NF-κB signaling activation is positively correlated with
ischemic stroke severity (Wang et al., 2015). The results of the
current study indicated that the expression of TRAF3, but not of
TRAF6, was markedly upregulated in the cortical ischemic rim,
whereas TM treatments reversed the increased expression of
TRAF3 and T3JAM in the acute stage of transient MCA
occlusion. TRAF3 is a central regulator of ischemic signaling
pathways, and it participates in apoptosis, inflammation, and
oxidative stress events in acute ischemic stroke (Gong et al.,
2015). T3JAM, a coiled-coil membrane protein, is predominantly
expressed in the immune system and interacts with TRAF3 (Li et al.,
2019). Their interaction in the cytosol amplifies JNK activation
(Dadgostar et al., 2003) and causes TLR4-induced nuclear
translocation of the NF-κB p65 subunit in acute cerebral
ischemia (Gong et al., 2015; Cheng et al., 2021). The NF-κB
family comprises five members: p50, P52, p65, c-Rel, and Rel-B.
In cerebral I/R injury, p65 phosphorylation enhances the stability of
the NF-κB complex, which is translocated to the nucleus for

FIGURE 7
The percentage of p-NF-κB p65/Iba1-positive cells in the cortical ischemic rim. (A) Representative IF images reveal p-NF-κB p65 (green)/Iba1 (red)
expression in the cortical ischemic rim in the DO + Sham, DO + Saline, DO + TM-0.25 g, DO + TM-0.5 g, DO + TM-1 g, and SP groups (n = 5) 2 days after
reperfusion. Arrows in (A), (B-1), (B-2), (B-3), (B-4), and (B-5) point to p-NF-κB p65/Iba1 (yellow)-, p-NF-κB p65 (green)-, Iba1 (red)-, p-NF-κB p65/Iba1
(yellow)-, DAPI (blue)-, and p-NF-κB p65/Iba1/DAPI (light pink)-positive cells, respectively. Scale bar indicates (A) 50 μm and (B) 10 μm.
Quantification of the percentage of (C) p-NF-κB p65/Iba1-positive cells was performed in the experimental groups. DAPI, 4′,6-diamidino-2-phenylindole
(used as a nuclear counterstain). *P < 0.05 vs. DO + Sham; #P < 0.05 vs. DO + Saline.
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inducing the expression of genes encoding proinflammatory factors.
Thus, p-NF-κB p65 is considered as an indicator of NF-κB activation
(Wang et al., 2018). NF-κB p65, an essential transcriptional
regulator, binds to IκB in the inactive state under normal
conditions, whereas the NF-κB p65/IκB complex is dissociated
through IκB degradation following cerebral I/R stimulation; the
free NF-κB p65 complex is translocated to the nucleus in the
activation (phosphorylation) state (Stephenson et al., 2000; Gong
et al., 2023). In addition, p65 phosphorylation is essential for the
nuclear translocation of NF-κB p65 and the transcription of its
inflammatory mediators, which induces microglial activation and
polarization toward the M1 phenotype, aggravating cerebral I/R
injury (Yang et al., 2021). NF-κB p65 translocation also promotes
polarization toward the M1 phenotype and inhibits conversion into
the M2 phenotype in activated microglia (Li et al., 2022). The
NLRP3 inflammasome, a critical component in the innate
immune system, participates the progression of microglial
polarization in the ischemic area in the acute stage of cerebral
ischemia (Bian et al., 2021). The NLRP3 inflammasome mainly
localized in the microglia is generated by the activation of the NF-κB
signaling pathway; it then upregulates IL-1β and IL-18 expression,
promoting M1 microglial polarization after MCA occlusion (Bian
et al., 2021; Xue et al., 2023). By contrast, the inhibition of
NLRP3 inflammasome activity suppresses microglial activation
and M1 polarization, thereby downregulating the inflammatory
response in the penumbra and reducing the infarct size in the

early stages of cerebral ischemia (Xue et al., 2023). Thus, the
pharmacological modulation of the NF-κB p65/NLRP3-mediated
pathway and subsequent promotion of M1 to M2 polarization can
reduce neurological deficits and cerebral infarct and is a promising
therapeutic strategy in the acute stage of transient cerebral ischemia
(Song et al., 2021; Li et al., 2022). Furthermore, studies have shown
that the promotion of the microglial polarization shift from M1 to
M2 phenotype in the ischemic area in the acute phase of cerebral
ischemia is critical for long-term neurological function recovery
(Gelosa et al., 2019; Suofu et al., 2023). In the present study, p-NF-κB
p65-positive cells were colocalized with Iba1 in the nuclei, and these
p-NF-κB p65/Iba1 double-labeled cells were predominantly
detected in the cortical ischemic rim. Western blotting results
further revealed markedly increased levels of p-NF-κB p65/NF-
κB p65, NLRP3, and Iba1 in the cortical ischemic rim. Elevated
Iba1 levels are commonly used as a marker of microglial activation
(Jurga et al., 2020). Taken together, these results revealed that p-NF-
κB p65 was translocated to the nucleus and induced the
transcription of the downstream target NLRP3, thereby
upregulating NF-κB p65/NLRP3 signaling in activated microglia.
However, TM treatments restored the increased levels of the
aforementioned proteins in the cortical ischemic rim 2 days after
transient MCA occlusion. According to these findings, we suggest
that TM treatments ameliorate cerebral infarction possibly by
downregulating JNK/TLR4/T3JAM-mediated signaling in
activated microglia. Furthermore, TM treatments exert

FIGURE 8
The percentages of YM-1/2/Iba1-and IL-10/NeuN-positive cells in the cortical ischemic rim. Representative IF images reveal (A) YM-1/2 (green)/Iba1
(red) and (B) IL-10 (green)/NeuN (red) expression in the cortical ischemic rim in the DO+ Sham, DO+ Saline, DO+ TM-0.25 g, DO+TM-0.5 g, DO+ TM-1
g, and SP groups (n = 5) 2 days after reperfusion. Arrows in (A) and (B) point to YM-1/2/Iba1 (yellow)- and IL-10/NeuN (yellow)-positive cells, respectively.
Scale bar indicates 50 μm. Quantification of the percentages of (C) YM-1/2/Iba1-and (D) IL-10/NeuN-positive cells was performed in the
experimental groups. *P < 0.05 vs. DO + Sham; #P < 0.05 vs. DO + Saline.
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neuroprotective effects by suppressing M1 microglial polarization at
least partly by downregulating JNK/TLR4/T3JAM-mediated NF-κB
p65/NLRP3 signaling in the cortical ischemic rim in the acute stage
of transient MCA occlusion.

Activated microglia are highly plastic cells and undergo
morphological transformation into either the proinflammatory
M1 or anti-inflammatory M2 phenotype (Jover-Mengual et al.,
2021). Microglia undergo polarization toward the M2 phenotype at
1–3 days after cerebral ischemia but gradually shift to theM1 phenotype
3–14 days after ischemia (Zhao et al., 2019; Ran et al., 2021).
M1 microglia (with TNF-α or CD86 as markers) generate pro-
inflammatory factors, such as TNF-α, IL-1β, IL-6, and interferon-γ,
which promote inflammation and exacerbate I/R injury and cerebral

infarction. By contrast, M2 microglia (with CD206 or YM-1/2 as
markers) generate anti-inflammatory factors, such as transforming
growth factor-β, IL-4, and IL-10, and neurotrophic factors, such as
NGF and VEGF, which promote neuronal proliferation, differentiation,
and survival and restoration of the blood–brain barrier, thereby
promoting tissue recovery (Wijaya et al., 2021; Guo et al., 2022; Li
et al., 2022; Wan et al., 2022). In our study, Western blotting and IF
revealed that in the cortical ischemic rim, CD86, CD86/Iba1, TNF-α, IL-
1β, and IL-6 levels weremarkedly upregulated, whereas YM-1/2, YM-1/
2/Iba1, IL-10, IL-10/NeuN (mature neuron marker), and NGF levels
were significantly downregulated. The level of VEGF-A, a member of
the VEGF family, also markedly reduced in the acute stage of transient
MCA occlusion. However, TM treatments reversed all these changes

FIGURE 9
Schematic representation of the possible mechanisms of the TM extract on promoting microglia M2 polarization by inhibiting JNK/TLR4/T3JAM/
NF-κB-mediated signaling after transient MCA occlusion. P, phosphorylated.

TABLE 4 Effects of the TM extract on neurological deficits in MCA occlusion models.

MCA occlusion
models

Treatments Neurological function tests NFSs References

2 h of ischemia followed by 24 h
of reperfusion

Pretreatment with the TM extract at
11.4 and 102.6 mg/kg

Bederson’s improving method including forelimb flexion, floor
walking, response to vibrissae touch, and body rotation tests

NFSs ↓ (Duan et al.,
2015)

2 h of ischemia followed by 24 h
of reperfusion

Pretreatment with the TM extract at
200 mg/kg

Longa’s scoring NFSs ↓ (Wang et al.,
2019)

1 h of ischemia followed by 24 h
of reperfusion

Pretreatment with the TM extract at
10 g/kg

Corner test
Adhesive removal test

NFSs ↓ (Seok et al., 2019)
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2 days after reperfusion. Accordingly, we infer that TM treatments
protect against M1 microglia-induced inflammation, possibly by
downregulating TNF-α, IL-1β, and IL-6 expression and upregulating
IL-10, NGF, and VEGF-A expression in the cortical ischemic rim.
Furthermore, the neuroprotective effects of TM treatments on
promoting the microglial polarization shift from M1 to M2 may be
partly due to the downregulation of JNK/TLR4/T3JAM/NF-κB-
mediated signaling in the cortical ischemic rim 2 days after reperfusion.

To identify the detailed reaction mechanisms underlying the
anti-infarct effects of TM treatments on the modulation of JNK-
related TLR4/T3JAM/NF-κB-mediated signaling 2 days after
transient MCA occlusion, we pretreated SP600125 in the SP
group. SP600125, a JNK inhibitor, effectively blocks JNK
activation in the acute stage of cerebral ischemia (Cheng et al.,
2021). TTC staining, Western blotting, and IF assays revealed that
the effects of SP treatment on the aforementioned proteins are
similar to those of TM treatments and those subsequently reduced
cerebral infarct areas and NFSs 2 days after reperfusion. Thus, TM
treatments ameliorate cerebral infarction and neurological deficits
by inhibiting the JNK signaling pathway in the peri-infarct cortex.
Moreover, the neuroprotective effects of TM treatments on
promoting microglial M1 to M2 polarization are due to the
inhibition of JNK/TLR4/T3JAM/NF-κB-mediated signaling in the
cortical ischemic rim 2 days after reperfusion (Figure 9). Previous
research showed that TM pretreatments attenuate neurological
deficits in the acute phase of transient MCA occlusion (Duan
et al., 2015; Seok et al., 2019; Wang et al., 2019) (Table 4). In the
present study, TM treatments at the onset of cerebral ischemia can
also improve neurological function recovery in the acute phase of
transient cerebral ischemia. Furthermore, other studies reported that
the bioactive ingredients of the TM extract include gastrodin, 4-
hydroxybenzyl alcohol, parishin, and 3,4-dihydroxybenzaldehyde,
which exert anti-inflammatory effects by modulating MAPK and
NF-κB activation in vitro and in vivomodels (Kim et al., 2012; Xiang
et al., 2018; Li et al., 2020; Lin et al., 2021; Ma et al., 2024). In
addition, the TM extract and its bioactive ingredients exert anti-
inflammatory effects by downregulating a variety of
proinflammatory mediators, such as TNF-α, IL-1β, and nitric
oxide, in various models of ischemia-induced injury (Li et al.,
2018; Seok et al., 2019; Wang et al., 2019; Kim et al., 2020).
Thus, we reasonably assume that gastrodin (0.84–1.68 mg/kg) in
the TM extract possibly interacts with other bioactive ingredients
and subsequently provides neuroprotective effects through
modulation of JNK-mediated NF-κB signaling during cerebral
ischemic injury. However, further investigation is warranted. In
the present study, we further provided evidence that the TM extract
protects against cerebral I/R-induced inflammatory responses by
inhibiting the JNK-related TLR4/T3JAM/NF-κB signaling pathway.
To the best of our knowledge, this is the first study to show that the
TM extract promotes microglial M2 polarization by inhibiting JNK-
mediated TLR4/T3JAM/NF-κB signaling in acute ischemic stroke.

In conclusion, our findings revealed that the 0.5 and 1 g/kg TM
extract reduced the cerebral infarct area and attenuated neurological
dysfunction in the acute stage of MCA occlusion. Furthermore, TM
treatments protected against cerebral infarction by inhibiting the
JNK signaling pathway in the cortical ischemic rim. The
neuroprotective effects of TM treatments on promoting
M2 microglial polarization are attributed to the inhibition of the

JNK/TLR4/T3JAM/NF-κB signaling pathway in the cortical
ischemic rim 2 days after reperfusion. Thus, these findings
suggest that G. elata Blume extract treatment is a potential
therapeutic strategy for reducing cerebral infarction by
downregulating the inflammatory response in the acute stage of
cerebral ischemia. However, there are still some limitations in this
study. First, we should do more exploration to find the better time
point of TM administration following cerebral I/R injury. Second,
we mainly focused on the anti-inflammatory effects of TM
treatments on inhibition of JNK-mediated TLR4/T3JAM/ NF-κB
signaling in acute ischemic stroke, but we could not exclude the
possibility of the interaction with other signaling pathways, such as
chemokine-mediated signaling. Third, the potential effects of the
TM extract on MCA occlusion in rodents may not adequately
simulate clinical stroke, which is influenced by a variety of
factors, including age, gender, and body conditions. Fourth, the
observation time point was short only 48 h and the findings of the
present study could not reflect the long-term effects of the TM
extract during cerebral ischemia. In addition, Paolicelli et al.
reported that microglia are often coexpressing M1 and
M2 markers and exist in dynamic and multidimensional states
depending on environmental stimuli. Thus, reactive microglia
should be focused on the specialized functions instead of simply
dividing into the dichotomous M1/M2 polarization paradigm
(Paolicelli et al., 2022). Thus, future studies should identify the
effects and detailed reaction mechanisms of G. elata Blume extract
on microglial functions in the subacute stage of transient
cerebral ischemia.
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Muscular dystrophies encompass a heterogeneous group of rare neuromuscular
diseases characterized by progressive muscle degeneration and weakness.
Among these, Duchenne muscular dystrophy (DMD) stands out as one of the
most severe forms. The present study employs an integrative approach
combining network pharmacology, quantitative structure-activity relationship
(QSAR) modeling, molecular dynamics (MD) simulations, and free energy
calculations to identify potential therapeutic targets and natural compounds
for DMD. Upon analyzing the GSE38417 dataset, it was found that individuals
with DMD exhibited 290 upregulated differentially expressed genes (DEGs)
compared to healthy controls. By utilizing gene ontology (GO) and protein-
protein interaction (PPI) network analysis, this study provides insights into the
functional roles of the identified DEGs, identifying ten hub genes that play a
critical role in the pathology of DMD. These key genes include DMD, TTN, PLEC,
DTNA, PKP2, SLC24A, FBXO32, SNTA1, SMAD3, and NOS1. Furthermore, through
the use of ligand-based pharmacophore modeling and virtual screening, three
natural compounds were identified as potential inhibitors. Among these,
compounds 3874518 and 12314417 have demonstrated significant promise as
an inhibitor of the SMAD3 protein, a crucial factor in the fibrotic and inflammatory
mechanisms associated with DMD. The therapeutic potential of the compounds
was further supported by molecular dynamics simulation and Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA) analysis. These findings
suggest that the compounds are viable candidates for experimental validation
against DMD.

KEYWORDS

Duchenne muscular dystrophy, network pharmacology, computational drug discovery,
pharmacophore modeling, molecular dynamics simulation, QSAR
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1 Introduction

Muscular dystrophies (MD) refer to a variety of inherited
conditions that cause progressive weakening and degeneration of
skeletal muscles. This group of disorders is known for its genetic and
clinical diversity, with symptoms appearing from birth to late
adulthood depending on the specific type. The most diverse
forms of MD include limb-girdle, facioscapulohumeral,
oculopharyngeal, emery-Dreifuss, distal, and Duchenne and
Becker muscular dystrophies (Angelini, 2010). MD encompass a
range of genetic disorders that can be X-linked, autosomal recessive,
or autosomal dominant. These conditions manifest as muscular
discomfort, weakness, and degeneration. Mutations in proteins
within the sarcomere, nucleus, basement, or outer membrane of
muscle cells and nonstructural enzymatic proteins are implicated in
the pathogenesis of MD (Amato and Griggs, 2011). Different genetic
deletions or mutations can lead to enzymatic or metabolic disorders,
resulting in a variety of MDs (Gao and McNally, 2015; Allen et al.,
2016). Variation in the X-lined gene DMD, where dystrophin is
mutated frequently, causes Duchenne muscular dystrophy (DMD),
which is the most severe form (Brinkmeyer-Langford and Kornegay,
2013). This condition affects around 1 in every 3,500 to 5,000 male
infants born globally (Hoffman et al., 1987). Downregulation of
protein expression during DMD or BMD is an outcome of
mutations associated with Dytrophin gene (Le Rumeur, 2015).
Limb-girdle muscular dystrophy (LGMD) is a progressive muscle
weakness affecting the pelvic and shoulder girdles, primarily caused
by mutations in proteins like myotilin, lamin, caveolin-3, calpain-3,
dysferlin, γ-sarcoglycan, TCAP, TRIM32, FKRP, and titin. These
mutations cause various subtypes of LGMD and are associated with
other forms of muscular dystrophies, including distal and congenital
dystrophies (Lovering et al., 2005).

Genetic profiling has revealed significant changes in gene
expression in DMD. These changes offer insights into the disease’s
molecular basis and highlight potential therapeutic targets. Altered
gene expression contributes to characteristic features of the disease.
These altered gene expression leads to inflammation, fibrosis, and
muscle degeneration. Studies have identifiedmultiple genes associated
with these biological processes, suggesting potential therapeutic
interventions. Wang et al. (2013) found several hub genes
associated with DMD, including C3AR1, TLR7, IRF8, and CD33,
which are linked to immune and inflammation responses.Wang et al.
(2021) identified proteins acting as hubs for DMD and BMD, finding
1,281 genes overexpressed and 189 downregulated. The informational
evolution underscores the complexity of DMD and the need for
ongoing research to understand its molecular intricacies.

Based on the immunomodulators of DMD pathology,
various drug targets were used in phase I and preclinical
trials (Malik et al., 2012; Tripodi et al., 2021). Inhibiting the
SMAD3 signaling pathway to help reduce inflammation and
fibrosis in DMD patients. SMAD3 is a protein with two domains,
MH1 and MH2, crucial for TGF-β-induced transcriptional
activation. The MH2 domain interacts with transcriptional
cofactors and the type I TGF-β receptor. It binds to various
proteins without a common sequence motif, making it essential
for activating TGF-β signals, as demonstrated by studies the
domain of SMAD3 in transforming growth factor-β signaling
(Imoto et al., 2005a).

Halofuginone was tested in the mouse model to inhibit
SMAD3 signaling, and it was observed that the inhibition of
SMAD3 reduced fibrosis and improved muscle function (Tripodi
et al., 2021). Osseni et al. (2022) found that tubastatin A can inhibit
HDAC6, thereby enabling the acetylation of SMAD3. It also
prevents nuclear translocation and Smad2/3 phosphorylation,
reducing muscle atrophy and fibrosis by downregulating TGF-β
signaling through Smad3 acetylation. Overall, both studies showed
that inhibiting SMAD3 restricts the progression of fibrosis improves
muscle movement.

This study aims to focus on the SMAD3 gene, which is a key
mediator in the TGF-β signaling pathway in DMD. The gene
expression data from the GEO database was used to identify
differentially expressed genes and to construct a Protein-Protein
Interaction network. Molecular docking was used to screen
2,569 natural compounds against SMAD3’s MH2 domain,
selecting three compounds with strong binding affinities. The
study validated these compounds’ potential as therapeutic
agents through molecular dynamics simulations, principal
component analysis (PCA), free energy landscape analysis
(FEL analysis), and MM/GBSA calculations. This approach
addresses a gap in current management strategies for DMD
and sets the stage for developing more targeted and effective
therapeutic options. The study’s integrative approach combines
high-throughput gene expression analysis, network-based
bioinformatics, and advanced computational docking and
simulation methods.

2 Methodology

2.1 Data collection, preprocessing and
differential gene expression analysis

In order to find the gene expression data, a search was performed
in the Gene Expression Omnibus (GEO) database using the keyword
“muscular dystrophy” (Clough and Barrett, 2016). The data was
filtered specifically for the species “Homo sapiens.” The microarray
dataset with the accession number GSE38417 was selected for further
examination based on the data processing. The selected dataset
contains the microarray datasets of healthy (control) and active
MD patients. The microarray gene expression data from the
selected groups were analysed using the GEO2R tool to determine
the DEGs (Rezaei and Jabbari, 2022). The GEO2R software was used
to obtain the p-value and false discovery rate (FDR) using the T-test
and the Benjamini and Hochberg technique (Aubert et al., 2004).
DEGs were selected by using a cut-off value of an absolute value of the
log(fold change) | > 2 and a significance threshold of p < 0.05. DEGs
were classified as upregulated or downregulated according to logFC ≥
2 and logFC ≤ −2, respectively.

2.2 Protein-protein interaction network
analysis, gene ontology and
pathway analysis

This study integrated GEO for expression data, STRING for
building interaction networks, and Cytoscape for network
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visualization (Menche et al., 2015). In order to examine the protein-
protein interaction (PPI) network of DEGs, the search Tool for the
Retrieval of Interacting Genes’ (STRING, version 12.0) (Szklarczyk
et al., 2021) was utilised. The PPI network was visualised using the web-
based software Cystoscope. The next step was to locate the hub genes in
Cytoscape (Shannon et al., 2003) by using the MCC method and the
CytoHubba plugin (Chin et al., 2014). Further, gene ontology was
employed to evaluate the roles of the genes.

Here, the GO approach was used to analyze the molecular
function of the gene. To perform GO analysis, the g:Profiler
server (Reimand et al., 2007) was used, and the GOST tool was
used to define the advanced parameters. Over-representation
analysis (ORA), also known as gene set enrichment analysis,
functional enrichment analysis, and other similar analyses, are all
services provided by the GOST programme (Raudvere et al., 2019).
This analysis is carried out on a list of input genes. Annotated genes
were the primary ones chosen in this case under the advanced
option. After that, g:SCS was selected as a significance threshold and
set the user threshold to 0.5. When determining the p-values, the
default parameter was used as the starting point, and a false
discovery rate (FDR) threshold of p < 0.05 was implemented in
order to analyze the data. A statistically significant p-value of less
than 0.05 was achieved by using the ShinyGO 0.80 programme to
carry out the route analysis (Ge et al., 2020). The pathway database
known as the Kyoto Encyclopaedia of Genes and Genomes (KEGG)
was used by this algorithm in order to discover the genes that were
implicated (Kanehisa and Goto, 2000). The KEGG pathway
representation predominantly focuses the intricate relationship of
gene products, primarily proteins, while additionally includes
functional RNAs (Kanehisa and Goto, 2000). The FDR cut-off in
the KEGG pathway has been set as 0.05. Consequently, relevant
genes were acquired, and among them, additional selection was
conducted based on the enrichment score (0.05).

2.3 Target preparation

The top hub genes were identified using information from the
literature to analyze their functions. Based on this data, a possible
target gene was selected. This selected gene was then queried in the
Uniprot database (UniProt Consortium, 2015), and the results were
refined by applying a filter for humans (H. sapiens). The data was
then examined and further analyzed based on family and domain
information. As a result, a specific domain was selected as the target
protein for further investigation.

2.4 Molecular docking

2.4.1 Protein preparation
The target protein SMAD3 (PDB: 1MJS) was downloaded from

the protein data bank (PDB) (UniProt Consortium, 2015). CASTp
server (Tian et al., 2018) was used to identify the residues, and the
CASTp server (Tian et al., 2018) was used associated with binding
sites. The protein was prepared using the Autodock tool. The grid
box with the following dimensions, 18 Å × 22 Å × 26 Å, was
generated to cover the binding site residues. The centre of the
grid box was situated at 28.39 Å × 5.22 Å × 4.37 Å along the x, y,

and z-axes Hydrogen atoms and Gasteiger charges are added, while
water molecules and heteroatoms are removed before docking.

2.4.2 Ligand preparation
The compound library preparation process began with a search

of the Selleckchem database for the desired natural substance.
(https://www.selleckchem.com/screening/natural-product-library.
html). The retrieved compounds were later converted into SMILES
for PubChem (Kim et al., 2023) CID using the “PubChem Identifier
Exchange Service.” By removing duplicate entries from both
conversion processes, distinct CIDs were obtained. Then, the
CIDs corresponding to the 3D-SDF structures were acquired
using the PubChem API. The other 2D-SDF structures were
Collected and converted retrieved and converted to 3D-SDF.
After that, the 3D-SDF files were optimized in size using the
MMFF94 force field, and Open-babel was used to convert these
to PDBQT (O’Boyle et al., 2011). Ligand was converted to PDB
from SDF using an open-babel tool. Similarly, open- Babel was
used to convert the PDB file to a PDBQT file. The addition of
hydrogen was also done by the open-Babel programme.

2.4.3 Ligand-protein docking
The AutoDock 4.2 software (Morris et al., 2009) and AutoDock

Vina 1.2.0 (Eberhardt et al., 2021) were used in order to carry out the
protein-ligand docking process. AutoDock Vina is a validated and
robust molecular docking tool favoured for its advanced scoring
function, efficient optimization algorithms, and multithreading
capabilities (Trott and Olson, 2010). These features enhance the
accuracy and speed of docking simulations, which is crucial for the
reliable prediction of binding energies and modes in protein-ligand
interactions. The tool’s development focuses on both empirical and
knowledge-based potentials, which ensures improved prediction
accuracy compared to its predecessors (Forli et al., 2016).
Additionally, in the process of conducting docking-based virtual
screening, the following characteristics were taken into
consideration: twenty binding modes, ten exhaustiveness, and a
maximum energy difference of four (kcal/mol).

2.4.4 Molecular dynamics (MD) simulation
The protein-ligand complex has been simulated employing the

poses were used for a 100 ns molecular dynamics simulation using
Gromacs 2022.4 (2022) (Bauer et al., 2022) (MD). The
CHARMM36 force field parameter was used to establish the
molecular topology (Huang and MacKerell, 2013). The CGneFF
server was used to build topologies and force-field parameters for
both the hit molecule and the control inhibitor (Vanommeslaeghe
et al., 2010). The Ewald particle mesh method was used to determine
the electrostatic force across a specific distance. The system was
hydrated using the TIP3P model after being placed into a solvation
box (cubic) with a distance of 1.0 nm from the wall (Harrach and
Drossel, 2014). The neutralisation process was then carried out using
Na+ and Cl− ions. After fifty thousand cycles of the steepest descent
(SD) method, the system was able to get rid of steric conflicts.
Afterwards, the LINCS approach was employed to attain system
stability and restrict the bonds (Hess et al., 1997). Furthermore,
during a 100 ps simulation period in the NVT ensemble, the
system’s temperature was raised to 310 K using a 2 fs
timestep. Furthermore, the system was exposed to continuous
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pressure (NPT ensemble) at 310 K and 1 atmosphere for 1 ns. The
simulation was run for 100 ns. The velocity-rescaling technique
(Hess et al., 1997) was used to include temperature coupling, while
the Parrinello-Rahman pressure method (Hess et al., 1997) was used
to provide constant pressure was employed to maintain constant
pressure. Hydrogen bonding, root mean square fluctuation (RMSF),
and root mean square deviation (RMSD) were evaluated with the use
of the GROMACS internal tool during a subsequent post-MD
examination.

2.4.5 Principal component analysis (PCA)
Prior to principal component analysis, the trajectory was cleaned

by eliminating the periodic boundary condition. For computing the
covariance matrix, the Gmx covar tool that is included in the
GROMACS package was used. It is possible to utilise the
covariance matrix in order to characterise the connection that
exists between the atomic variations that are present in the
protein-ligand complex. The eigenvalues and eigenvectors of the
covariance matrix were obtained via the gmx anaeig function. The
following step utilized the GROMACS software, specifically the
"gmx anaproj" function, to obtain the PC coordinates for each frame.

2.5 Free energy landscape (FEL)

The processes of biomolecule recognition, aggregation, and
folding are some of the processes that can be better understood
by examining the steady state, which is represented by the minima of
the Free Energy Landscape (FEL), and the transient state, which is
represented by the barriers of the FEL, in biological systems (Papaleo
et al., 2009). The FEL was calculated by calculating the energy
distribution according to Eq. 1a:

ΔG X( ) � −kBTln P X( ) (1a)

The variables X, G, kB, T, and P(X) represent the reaction
coordinate, Gibbs free energy, Boltzmann constant, absolute
temperature, and probability distribution of the system along the
reaction coordinate, respectively.

2.6 Binding-free energy

When estimating the binding free energy of the protein-ligand
complex, the GROMACS add-on tool gmx MM/PBSA was used as
the information source (Valdes-Tresanco et al., 2021). The
equations applied to compute the MM/GBSA are shown in Eqs 1–6.

ΔG � Gcomplex − Greceptor + Gligand[ ] (1b)
ΔGbinding � ΔH –TΔS (2)
ΔH � ΔGGAS + ΔGSOLV (3)

ΔGGAS � ΔEEL + ΔEVDWAALS (4)
ΔGSOLV � ΔEGB + ΔESURF (5)

ΔESURF � γ.SASA (6)
Here, ΔG is defined as the variation in the protein-ligand

formation’s Gibbs free energy in Eq. 1b. In the solvent, Gcomplex,
Greceptor, and Gligand denote the total free energies of the protein-

ligand complex, free enzyme, and ligand, respectively. ΔGbinding

signifies the modification in the Gibbs free energy corresponding
to the protein-ligand binding interaction, while ΔH stands for the
modification in enthalpy that incorporates both the gas-phase
energy (ΔGGAS) and the total solvation free energy (ΔGSOLV).
The binding free energy, shown as TΔS, is the cumulative sum of
the change in entropy. ΔEEL represents a change in electrostatic
energy, while ΔEVDWAALS signifies the change in van der Waals
energy. These two components combine to yield ΔGGAS.
Moreover, ΔEGB indicates the change in polar solvation energy
brought on by polar group interaction, while Δ,E-SURF. denotes a
change in solvation-free energy brought on by the non-polar
interaction. A variation of the solvent-accessible surface area
(SASA) was made using the solvent surface tension parameter (γ)
in order to compute the solvent-accessible surface area (SURF) of
the solvent.

3 Results

3.1 Healthy vs. active comparison for
Duchenne muscular dystrophy (DMD)

Using microarray datasets from healthy persons and those with
active DMD, the current research tried to discover the genes that are
expressed differently between the two groups of people. The
GSE38417 dataset was derived from the GEO database, which
served as its primary source. The GEO2R approach was used to
find DEGs in the dataset. A volcano plot is used to show the
differential gene expression analysis results (Figure 1A). The
x-axis displays the log2 fold change between healthy and DMD
conditions; each gene’s expression level varies from condition to
condition. The importance of the expression change is shown by
negative log10 of the p-value, displayed along the y-axis. The genes
thought to be more differently expressed are those with greater and
further to the left or right points. Following the requirements of an
adjusted p-value (P.adj) less than 0.05 and a logarithmic function
(logFC) more than 2, genes that are substantially upregulated are
represented by red dots, while genes that are significantly
downregulated are represented by blue points. Here, we observed
290 upregulated and 977 downregulated DEGs. Figure 1B) illustrates
a mean difference (MA) plot for gene expression data from DMD
versus control samples. The y-axis shows the log2FC, log2 Fold
change and the x-axis shows the log2Exp, log2 expression. The genes
with red dots show a highly differentially expressed gene set, whereas
genes with blue points may have modest expression levels but large
fold changes.

Figure 1C shows the box plot that compares the distribution of
gene expression levels between the healthy (green boxes) and the
active DMD (blue boxes) for a series of samples on a logarithmic
scale. The centre line in each box shows the median expression level,
while the height of the box shows the interquartile range (the middle
50% of data points). There were 1,267 genes found to have
differential expression between healthy and active DMD
conditions, out of a total of 53,408, with an adjusted p-value less
than 0.05. These plots were used to analyse and visualise the
microarray dataset data and understand the biological
significance of gene expression changes in diseases like Duchenne
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muscular dystrophy. There is a chance that the genes that are
elevated (290 DEGs) are responsible for the production of
proteins that play an important part in the development of DMD
disease. Therefore, the purpose of the research was to examine the
dataset GSE38417 in order to identify the DEGs that were elevated.

3.2 Protein-protein interaction

Using the STRING platform, the upregulated differentially
expressed genes (DEGs) were analysed for protein-protein
interactions (PPIs). The medium confidence level was set at 0.90,
which is the lowest needed interaction score. Figure 2 illustrates the
PPI, which represents the interaction network between DEGs.
Disconnected nodes were ignored in the analysis as shown in the
Figure 2. Multiple significant nodes and links were among the

290 upregulated DEGs identified from GSE38417. TTN had the
highest node degree, with a value of 11. The genes DMD and
SLC2A4 exhibited a node degree of 10, which was the second
highest among all genes. PLEC and SMAD3 followed this, which
was 8 node degree. FBXO32 and MAPT exhibited significant node
degree, with a value of 7. The genes were subjected to additional
analysis using the Cytohubba plugin of Cytoscape. Cytoscape
employed a colour gradient that spanned from red to yellow in
order to represent the hubs, thereby signifying their varied degrees
of importance within the network. Through this study, the most
notable hubs are identified, which are subsequently used in
constructing a PPI network. Figure 3 displayed the protein-
protein interaction (PPI) network of the top 10 hubs, and
Table 1 presented a ranking of the genes based on their scores.
Both of these figures were shown in the same document. Figure 3
shows the use of Maximal Clique Centrality (MCC) values to

FIGURE 1
Gene expression analysis in DMD: (A) volcano plot, (B)MAplots highlighting differential expression between control and DMDcases, with (C) Sample
distribution bar graphs.
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display the gene gradient. The top 10 hubs found by PPI network
analysis were DMD, TTN, PLEC, DTNA, PKP2, SLC24A,
FBXO32, SNTA1, SMAD3, and NOS1. The DMD gene
exhibited the highest MMC score of 29, while the TTN gene

scored 23. These two genes, DMD and TTN, are the most
significant differentially expressed genes (DEGs) that contribute
to the development of muscular dystrophy. The PLEC gene scored
17, the DTNA gene exhibited a score of 12, and the PKP2, SLC24A,

FIGURE 2
Protein-protein interaction network depicting upregulated genes with hidden disconnected nodes. Node colours indicate different entity
classifications, while edge colors represent the nature and source of interactions—ranging from experimentally determined (red) to predicted
connections (green) and associations identified through text mining (blue) and co-expression (purple).
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FBXO32, and SNTA1 genes exhibited scores of 10. SMAD3 and
NOS1 exhibited an MCC score of 9. The top 10 hubs were
subsequently used for a literature analysis to examine the
association between these genes and muscular dystrophy.

3.3 Gene ontology

Studies on the enrichment of pathways using Gene Ontology
(GO) and the Kyoto Encyclopaedia of Genes and Genomes (KEGG)
were carried out with the assistance of the g: Profiler tool. These
efforts enhanced the understanding of the biological significance of
the upregulated DEGs in the GSE38417 dataset. Examining the
functional and route links between these DEGs helped researchers
better understand their potential roles in biological systems. The
user’s threshold was set to 0.5 in this case, which used the g:SCS
threshold. The cellular components (CC), biological processes (BP),

and molecular functions (MF) domains were the primary areas of
concentration for the GO analysis as shown in Figure 4. Sodium
channel regulator activity, PDZ (PSD-95/Dlg/ZO-1) domain
binding, dystroglycan binding, nitric-oxide synthase binding, and
structural components of muscle were among the molecular
processes linked to the DEGs. It was shown that the top ten hub
proteins are linked to several biological processes, including those
involving the cardiovascular system, striated muscle contraction,
blood circulation, and cardiac muscle contraction. The top 10 hub
proteins were shown to be connected with several cellular
components, including the sarcolemma, Z disc, I band,
syntrophin complex, and sarcomere. Duchenne muscular
dystrophy (DMD) disrupts a complicated network of interactions
and activities, as shown by the association between DEGs and these
biological processes and cellular components. Hub proteins have
recently been identified, which raises the possibility that they are
therapeutic treatment targets due to their potential importance in
disease progression. Gaining insight into these connections aids in
understanding the underlying pathological processes of DMD and
has the potential to identify efficient therapies.

3.4 Pathway analysis

Further, pathway enrichment analysis using the top 10 hub
genes was performed. Figure 5 shows that each pathway has a
horizontal line ending in a dot, with the dot’s position indicating the
fold enrichment. The colour of the dot, which is a statistical metric
that is used when testing several hypotheses, correlates to the
-log10 of the false discovery rate (FDR). In terms of statistical
significance, a deeper shade indicates a greater enrichment than a
lighter shade does. The size of the dot is a representation of the
number of genes that are involved in the pathway; bigger dots will
indicate that there are more genes involved. The arrhythmogenic
right ventricular cardiomyopathy and dilated cardiomyopathy
pathways exhibit the highest fold enrichment, accompanied by a

FIGURE 3
A key regulatory protein interaction network highlights central hub proteins as identified by cytohubba analysis. Gene interaction network with a
gradient scale indicating Maximal Clique Centrality (MCC) values for each gene. The gradient bar on the right, ranging from dark orange to light yellow,
visually represents the MCC values from highest to lowest, facilitating an understanding of the hierarchical importance of these genes in the network.

TABLE 1 Top 10 hub proteins in network STRING network ranked by MCC
method.

Rank Name Score Gene symbol

1 ENSP00000354923 29 DMD

2 ENSP00000467141 23 TTN

3 ENSP00000323856 17 PLEC

4 ENSP00000470152 12 DTNA

5 ENSP00000070846 10 PKP2

5 ENSP00000320935 10 SLC24A

5 ENSP00000428205 10 FBXO32

5 ENSP00000217381 10 SNTA1

9 ENSP00000332973 9 SMAD3

9 ENSP00000477999 9 NOS1
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highly significant FDR (indicated by the red colour). Hypertrophic
cardiomyopathy shows a slightly lower fold enrichment but still
maintains a significant FDR. On the other hand, the FoxO signaling
pathway and Apelin signaling pathway display lower fold

enrichments and less significant FDRs (indicated by the blue
colour). The enrichment scores and the genes involved in the
pathway are listed in Table 2. It was observed that DMD, TTN,
and SMAD3 were involved in most of the pathways.

FIGURE 4
Gene Ontology insights into cellular components (CC), biological processes (BP), and molecular functions (MF) of the top 10 hub genes.

FIGURE 5
Pathway enrichment analysis of top hub genes identified from the PPI network analysis.
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3.5 SMAD3 a key target in Duchenne
muscular dystrophy

The target identified by reviewing various literatures, the
upregulation of specific genes in muscular dystrophies, including
DMD, might involve intricate interactions between compensatory
mechanisms, cellular stress responses, and pathogenic processes.
The therapeutic genes involved in DMD were discussed here. The
Dystrophin gene is generally not excessively expressed in DMD.
However, mutations result in a lack or substantial decrease of
dystrophin protein (Duan et al., 2021). Titin (TTN) could
potentially be up-regulated as a compensatory mechanism in
response to muscle injury. The function of titin in preserving
muscle flexibility and structural integrity is critical. In order to
preserve the structure and functionality of the muscles, the body
may respond to damage to the muscle fibers by up-regulating TTN
expression (Loescher et al., 2022). Plectin, or PLEC, serves as a link
between the cell membrane and the cytoskeleton, especially in
muscle cells. The overexpression of this gene may occur as a
reaction to heightened mechanical strain and cellular instability
in dystrophic muscles. The overexpression of DTNA may be a way
for the dystrophin-associated protein complex to compensate for
dystrophin’s loss or malfunction by stabilising the membrane of the
muscle cell (Wiche, 1998). The PKP2 gene, also known as
Plakophilin 2, has a role in cell adhesion and may be upregulated
in muscular dystrophies as a protective reaction to cellular stress and
damage, in an effort to preserve cellular integrity (Papaleo et al.,
2009). The SLC24A gene family is responsible for encoding sodium/
potassium/calcium exchangers. Overexpression may be associated
with disrupted ion homeostasis in dystrophic muscles, a prevalent
characteristic in muscular diseases.

The FBXO32 gene, also known as Atrogin-1, plays a role in the
development of muscular atrophy. Overexpression of this gene in
muscular dystrophy may serve as an indicator of continuous muscle
loss and atrophy, which are characteristic features of these disorders
(Ghasemi et al., 2022). The SNTA1 gene, also known as Syntrophin
Alpha 1, is a constituent of the dystrophin complex. Overexpression
may arise as a compensatory strategy to stabilise the muscular
membrane when functional dystrophin is lacking (Jimenez-
Vazquez et al., 2022). NOS1, also known as Nitric Oxide
Synthase 1, plays a role in the synthesis of nitric oxide, which
serves as a signaling molecule. The overexpression of this gene may
be associated with changes in blood circulation or inflammation in
muscles affected by dystrophy (Buchwalow et al., 2006).
SMAD3 overexpression, which is implicated in TGF-beta
signaling, may be associated with fibrosis, a prevalent

consequence in muscular dystrophies (Liu et al., 1997). The
upregulation of these genes is frequently a reaction to the
underlying muscle dysfunction and not a primary instigator of
the disease itself. These alterations can be involved in intricate
feedback loops where the body endeavors to counterbalance or
react to muscle injury, but they can also contribute to the
advancement of disease in certain instances. Comprehending
these alterations in gene expression is crucial for the
development of precise treatments for muscle dystrophies.

SMAD3 overexpression has been associated with muscular
dystrophies, according to research. The significance of this
discovery lies in the fact that SMAD3 is an essential component
of the TGF-β signaling pathway, which plays a role in the processes
of tissue remodeling, inflammation, and fibrosis. There are a total of
two domains that make up SMAD3. The N-terminus is the location
of one of the two, whereas the C-terminus is the location of the
other. Because the MH2 domain engages in interactions with a
multitude of transcriptional cofactors and the type I TGF-β receptor
(TβR-I), it is essential for the activation of transcription by TGF-β.
One of the earlier studies indicated that the four particular lysine
residues that make up the SMAD3 MH2 domain—Lys333, Lys341,
Lys378, and Lys409—were essential to the operation of the domain
(Imoto et al., 2005b). Therefore, the goal of targeting the
MH2 domain of SMAD3 was to impede the fibrosis process
associated with Duchenne muscular dystrophy (DMD).

The SMAD3 gene plays a critical role in DMD, primarily
through its involvement in the TGF-β signaling pathway, which
is instrumental in processes such as tissue remodeling,
inflammation, and fibrosis. These processes are central to the
pathology of DMD, where progressive muscle degeneration is
compounded by excessive fibrosis and chronic inflammation. The
activation of SMAD3 in TGF-β signaling leads to the upregulation of
extracellular matrix proteins, contributing significantly to the
muscle stiffness and fibrosis seen in DMD patients (Bernasconi
et al., 1999; Qin et al., 2011). By modulating SMAD3 activity, there is
potential to alter the course of tissue remodeling and inflammatory
responses that exacerbate muscle damage (Roberts et al., 2003).
Furthermore, the role of SMAD3 in DMD shares mechanistic
similarities with its function in cancer metastasis, where it
regulates cellular proliferation, migration, and
invasion—processes similarly detrimental in DMD albeit through
different pathological outcomes (Ismaeel et al., 2019). This crossover
highlights SMAD3 as a versatile target in both oncological and
muscular pathologies, underpinning its importance across different
disease contexts. Targeting the TGF-β/SMAD3 pathway in DMD
could therefore mitigate fibrotic tissue development and reduce

TABLE 2 Enrichment scores of key signalling pathways and their related genes.

Enrichment FDR Fold enrichment Pathway Genes

0.007792883 66.03463203 Arrhythmogenic right ventricular cardiomyopathy DMD, PKP2

0.007792883 56.4962963 Hypertrophic cardiomyopathy DMD, TTN

0.007792883 52.96527778 Dilated cardiomyopathy DMD, TTN

0.009610153 38.81424936 FoxO signalling pathway FBXO32, SMAD3

0.009610153 36.84541063 Apelin signalling pathway SMAD3, NOS1
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inflammation, potentially preserving muscle function and
improving patient outcomes (Flanders, 2004). Given this pivotal
role, targeting SMAD3 presents a promising therapeutic strategy for
managing DMD, as evidenced by research models showing reduced
fibrosis and improved muscle functions upon modulation of this
pathway (Zhou and Lu, 2010). These studies collectively advocate
for further exploration of SMAD3 inhibitors as potential therapeutic
agents in DMD treatment regimens.

3.6 Virtual screening

The MH2 domain of SMAD3 was tested against 2,569 natural
compounds. The binding site residues of the MH2 domain of
SMAD3 were GLN315, PRO317, ASN320, ALA328, ARG367,
THR370, ILE371 and ARG372, as predicted by CASTp server.
Top three hits were selected that showed a top binding
energy > −9 kcal/mol (Table 3). The three compounds were
12,314,417 (Ojv-VI), 3,874,518 (Hederacoside C), and 5,281,600
(Amentoflavone). These compounds had binding values
of −9.6 kcal/mol, −9.5 kcal/mol, and −9.5 kcal/mol, respectively.

Figure 6 shows the best-docked complexes had protein-ligand
interactions. It was observed that 5,281,600 forms five hydrogen
bonds with residues Pro87, Gln85, Glu152, Tyr153, and Thr136
(Figure 6A). 3,874,518 forms nine hydrogen bonds with the residues
Tyr7, Glu166, Gln85, Arg154, Glu152, Gln91, Pro87, Ala98, and
Arg142, (Figure 6B). 12,314,417 forms six hydrogen bonds with the
residues Arg142, Thr140, Glu166, His168, Tyr133, and Thr136. The
stability of interactions between proteins and ligands is dependent on
hydrogen bonds. The identification of the individual residues involved
in these interactions can offer valuable insights about the binding
mechanism of the compound to the protein and its impact on the
protein’s function (Salentin et al., 2014). Therefore, in order to facilitate
molecular-dynamic simulation, these three compounds were selected.

The 2D structure of the identified compounds are shown in the
Supplementary Figure S1 The Tanimoto similarity of compounds
12,314,417, 3,874,518, and 5,281,600 with SIS3, the known inhibitor
of SMAD3 phosphorylation, compared to study the fundamental
differences in their mechanisms of action. The values in
Supplementary Table S1 suggest that 5,281,600 has low to

moderate structural resemblance to SIS3, while 3,874,518 and
12,314,417 show very little similarity. The Tanimoto scores
indicate considerable structural differences from SIS3, suggesting
that similar biological effects can be achieved through entirely
different chemical structures and binding mechanisms.

3.7 Molecular dynamics simulation

The post-dynamics simulation study provides critical insights
into the flexibility of protein-ligand complexes. During the 100 ns
production run, only the best-docked complexes were analyzed. The
Root Mean Square Deviation (RMSD) of both the protein and
ligand, as shown in Figure 7, highlights the stability and
conformational changes over time. These RMSD values indicate
how closely the system maintains its initial structure, offering
valuable information about the dynamic behavior and potential
binding efficacy of the ligand within the active site of the protein.

3.7.1 RMSD
The RMSD is a statistical measure that evaluates the degree

toward which protein complexes deviate from their initial structure.
This allows for the determination of the overall stability of the
complexes. As can be seen in Figure 7A, the magnitude of the
protein varied from 0.2 nm to 0.37 nm. The protein in the
3,874,518 complex first showed a variance of between 0.2 and
0.3 nm. After that, the more significant fluctuation rose to a
range of 0.32–0.36 nm. With the exception of a single, more
notable deviation at 45 ps by 0.3 nm, the protein molecule in the
5,281,600-ligand complex changed consistently between 0.2 nm and
0.25 nm. A stable conformation between 0.25 and 0.24 nm was also
observed in the protein combination with 12,314,417. In general, the
prediction of a stable conformation in the simulation was supported
by the protein RMSD. Figure 7B displays the ligand’s Root Mean
Square Deviation (RMSD). At the initial stage, the ligand
3,874,518 exhibited significant fluctuation and reached 0.7 nm,
followed by a subsequent period of consistent configuration.
Similarly, during the early phase, 12,314,417 exhibited
fluctuations with variations reached 0.7 nm and 1.2 nm. On the
other side, after 70 ps, it arrived at a stable conformation with a

TABLE 3 Average and top binding scores of the ligands, along with the number of hydrogen bonds (selected compounds are shown in Bold).

Ligands Average binding energy (kcal/mol) Top binding energy Hydrogen bonds

5,281,600 −8.43 −9.6 5

72,950,887 −7.64 −9.6 1

3,874,518 −7.97 −9.5 9

12,314,417 −7.84 −9.5 6

4,485,132 −7.38 −9.4 4

4,463,283 −7.96 −9.3 6

437,080 −7.82 −9.3 6

5,281,847 −8.15 −9.2 3

4,441 −8.08 −9.2 6

328,441 −7.99 −9.2 0
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difference of 77 nm regarding the original docked stance.
Meanwhile, the 5,281,600 showed deviation ranging from 0.5 nm
to 0.4 nm and stability in the last 20 ps. Overall, in the last 20 ps all
ligands showed stability.

3.7.2 Conformation analysis
Figures 8A,B,C show the positions of the compounds at 0, 90,

and 100 ns during the molecular dynamics simulation, respectively.
It was noted that the 3,874,518 showed a deviation from its starting
state at 90 ns. However, from 90 to 100 ns, it maintained a similar
conformation. Similarly, compounds 5,281,600 and 12,314,417 pose
at 0, 90, and 100 ns, as shown in Figures 8D–J, showing a deviation
from their starting states at 90 ns. However, from 90 to 100 ns, it
maintained a stable conformation.

Despite some early spatial configurational deviations, all three
compounds were able to achieve stable conformations by the
conclusion of the simulation duration, as seen above. This
suggests that, during the course of 100 ns, these compounds’

molecular motions go through an adaptation phase and then
enter a stable state.

3.7.3 RMSF and SASA studies
Figure 9A displays the protein’s root mean square fluctuation. In

this case, it was shown that complexed protein residues with
compound 3,874,518 showed larger fluctuations of 0.3 nm than
residues with ASP31, PRO32, SER33, ASN34, and SER35. Protein
in the complex of compound 5,281,600 showed a higher fluctuation
of 0.3 nm, which appears in the residues VAL46 and ASN467.
Similarly, protein complexed with compound 12,314,417 showed
the maximum fluctuation of 0.3 nm that occurred in the residue
HIS96 and PRO97. In general, the complexed form did not exhibit
significant changes in protein residues. The SASA plot of SMAD3 is
shown in Figure 9B when it is coupled to the ligands 3,874,518,
5,281,600, and 12,314,417. The 3,874,518 complex was shown to
have a stable conformation at first, but in the last 20 ns, it diverged,
suggesting changes in the solvent-exposed surface area. Similarly, in

FIGURE 6
2D interaction representation of the top three docked complex (A) 5,281,600 (B) 3,874,518 (C) 12,314,417 (Green lines with residues indicate
hydrogen bonds).

FIGURE 7
Conformational analysis over the 100 ns molecular dynamics simulation (A) RMSD of the Protein (SMAD3) (B) RMSD of the ligands.
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FIGURE 8
Initial (0 ns), stable (90 ns), and final (100 ns) conformation of the protein-ligand complexes extracted from 100 ns molecular dynamics simulation
(A–C) 3,874,518 (D–F) 5,281,600 and (G–I) 12,314,417.

FIGURE 9
(A) RMSF of the complex (B) The SASA plot showed change in exposed surface area (on y-axis) with simulation time in picosecond (on x-axis).

Frontiers in Pharmacology frontiersin.org12

Saeed et al. 10.3389/fphar.2024.1395014

129

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1395014


the initial phase, 5,281,600 showed stable conformation, but at the
last 20 ns, it deviated downward from 105 nm2 to 110 nm2 which
indicated the extension of the molecule in the solvent. Additionally,
12,314,417 shows relatively stable SASA, suggesting a stable
structure in the solvent during the simulation period. Change in
SASA showed the conformational change, however, this change was
in the acceptable range.

3.7.4 Hydrogen bonds analysis
Hydrogen bonds are crucial in molecular dynamics simulations as

they significantly impact the structure, function, and interactions of
biomolecules within a simulated environment. This facilitates the
understanding of their behaviour within actual biological systems
(Salo-Ahen et al., 2020). Within the context of the actual case, an
estimation of the formation of hydrogen bonds was carried out
during the molecular dynamics simulation of the protein-ligand pair.
As the ligand 3,874,518 is attached to the protein, Figure 10A shows that it
forms 6–8 hydrogen bonds during the 20–60 ns simulation and then
progressively reduces to 3–6 hydrogen bonds after 60 ns until 100 ns.
Figure 10B depicts the formation of a hydrogen bond when ligand
5,281,600 binds to the protein. It was found that the compound
5,281,600 produced 4–5 bonds within the first 70 ns, however, after
that time period, the number of bonds rapidly decreased from 4 to 2.
Figure 10C shows the synthesis of hydrogen resulting from the binding of
the compound 12,314,417 to the protein. During the initial period of
20 ns, there was a downward trend of sloping down in the formation of
hydrogen bonds. However, the value shifted from 20 to 40 ns to 2 to 5. At
a time interval of 45 ns, it established a total of 7 hydrogen bonds. The
bond formation steadily dropped from 45 ns to of the range of 6 to 4.
Throughout the simulation, the amount of hydrogen bonds fluctuated,
creating an uneven pattern. However, it is noticeable that detection of
H-bonds is highly sensitive to the interatomic distance. These interatomic
distances changed marginally during the simulation that can affect the
detection of H-bonds. Moreover, the positive side of the observation
shown in Figure 10 is that compounds always shown presence of
minimum one hydrogen bond.

3.7.5 Principal component analysis (PCA) and free
energy landscape (FEL)

A scatter plot is used to display the trajectory that was generated
by the MD simulation. The Principal Component Analysis is used to
provide this plot (PCA). Figure 11A showed the formation of four

distinct clusters by molecule 3,874,518 during the MD run,
illustrating its transition from its initial to final state. Similarly,
the 12,314,417 formed three distinct clusters, but these clusters
exhibited a higher level of interconnection as shown
inFigure 11C. This suggests that for this compound complex,
there was a lower degree of transition compared to the 3,874,518.
The 5,281,600 complex formed two closely grouped clusters as
shown in Figure 11B, suggesting a higher level of stability
compared to other molecules. Additionally, the free energy
landscape (FEL) of the 3,874,518, 5,281,600, and 12,314,417,
respectively, is shown in Figures 11(D–F). Figures 11(D–F)
demonstrates the energy distribution across the conformational
landscape. The plot shows regions of low free energy basin in
blue, which correspond to more stable conformations or states
that the protein-ligand complex frequently occupies. The
surrounding areas in orange and yellow represent higher free
energy states. The plots represented the stability states of several
conformations for the aforementioned system that developed
throughout the simulation run. The x-axis showed PC1, while
the y-axis plotted PC2. These principal components served as
reaction coordinates to show various conformations and their
corresponding free energy. Here, in Figure 11C, the plot of
3,874,518 showed four energy basins with multiple energy
barriers that suggested an stable conformations of the system
separated in the space by barriers. Similarly, Figure 11E
12,314,417 showed three energy basins with multiple energy
barriers this suggested unstable system conformation during
simulation. However, the FEL of 5,281,600 showed two energy
basins with a single energy barrier, as observed in Figure 11D,
which indicated stable conformation of the system. Overall, PCA
and FEL results indicated that the 5,281,600 could be a strong binder
of SMAD3. Overall, complex 5,281,600 and 12,314,417 showed
more stable characteristics than 3,874,518 where the
conformations are distributed in wider space with few minimas.
The total portion occupied by the blue color in the plots were larger
for 5,281,600 and 12,314,417 that also suggests larger for
5,281,600 and 12,314,417, suggesting its higher chance of
reaching minima.

3.7.6 Binding free energy
Several different energetic components were used to determine

the binding-free energy of the protein-ligand combination.

FIGURE 10
Hydrogen bonds formed during the MD run of 100 ns for (A) 3,874,518 (B) 5,281,600 (C) 12,314,417.
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According to the data shown in Figure 12A, the 3,874,518 complex,
which is composed of the GGAS and GSOLV, has a total binding
energy of −36.34 kcal/mol overall. Moreover, in Figure 12B, total
binding free energy was observed as −21.46 kcal/mole for the
5,281,600 complex, and in Figure 12C, total binding energy of
the 12,314,417 complex observed as −36.51 kcal/mole. This
suggested that the 12,314,417 complex showed strongest binding
affinity with the protein molecule. Later, close observation on the
different energetic components were made, van der Waals
contributed most negatively (−64.07, −37.87, and −47.94 kcal/
mol) in all three complexes. This showed that steric clashes were
perfectly removed in all the complexes. Electrostatic interaction was
also favorable for all the three complexes, in the 12,314,417 complex

the electrostatic interaction was best. The complex 3,874,518 and
12,314,417 showed very similar binding energy and emerged as the
best ligand to bind with the target protein.

Additionally, the binding free energy of the compounds were
calculated using the MM/PBSA technique. Supplementary Figure S2
showed the binding free energy of the complexes. 12,314,417 had the
lowest binding free energy was 29.38 kcal/mol 3,874,518 also showed
similar binding free energy with 27.81 kcal/mole 5,281,600 had
binding free energy of 17.09 kcal/mol. The binding free energy
trend was similar in both MM/GBSA and MM/PBSA technique.
Morever, binding free energy was calculated for comparative analysis
of the three compounds. Among the three compounds, both
3,874,518 and 12,314,417 better binding free energy than 5,281,600.

FIGURE 11
The scatter plot representation of PCA for (A) 3,874,518 (B) 5,281,600 (C) 12,314,417 and FEL of (D) 3,874,518 (E) 5,281,600 (F) 12,314,417.

FIGURE 12
Binding Free Energy using MMGBSA technique representation for the complex of compound (A) 3,874,518 (B) 5,281,600 (C) 12,314,417.
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3.8 Discussion

Recent studies on DMD have highlighted gene-targeted medicines,
including exon skipping and gene editing, as effective methods to slow
down the disease’s advancement. The main goal of these therapies is to
repair or substitute the function of the faulty dystrophin gene, which
plays a crucial role in DMD pathogenesis (Chung Liang et al., 2022;
Moorwood et al., 2011). Advancements in comprehending the
interaction between the immune system and skeletal muscles have
revealed new possibilities for therapeutic targeting. Studies have
emphasised the significance of T-Cell profiling and transcriptome
analysis of circulating immune cells in DMD, indicating their
potential as new biomarkers or therapeutic targets. This
immunological analysis could assist in identifying specific groups of
cells that either worsen or can reduce muscle damage, allowing for a
more customised therapeutic approach (Molinaro et al., 2024). Research
on gene therapy and cell transplantation is ongoing. The procedures
entail directly introducing accurate copies of the dystrophin gene or
transplanting genetically repaired muscle stem cells into patients.
Although these technologies show promise, they also pose notable
technological and ethical obstacles such as delivery mechanisms, lasting
effectiveness, and possible unintended consequences (Sun et al., 2020).

DMD is characterised by abnormal gene expression, and this work
comprehensively evaluates those genes. The gene expression patterns of
healthy individuals, as well as those with active DMD, are compared to
achieve this. Specifically, the GSE38417 dataset from the Gene
Expression Omnibus is used for the study (GEO). In a prior study,
Lombardo et al. (2021) andWu et al. (2022) used a dataset that was quite
similar to GSE38417 in order to explore gene modules and their
relationships with DMD. Additionally, 290 differentially expressed
genes (DEGs) that were upregulated were discovered in the first
analysis, demonstrating that substantial gene expression changes
connected with DMD. The upregulation genes directly impact the
diseased condition. Controlling these upregulated genes would bring
down the physiopathology for a given disease, the investigation by
Moorwood et al. (2011) revealed that utrophin gene upregulationmay be
used as a treatment strategy for DMD. Additionally, Kemaladewi et al.
(2019) demonstrated that in pre-symptomatic MDC1A mice, up-
regulating Lama1 via the CRISPR/dCas9-based approach averted
muscle fibrosis and hindlimb paralysis when started early. According
to Kemaladewi et al. (2019), it partially reversed the course of the illness
and reduced dystrophic features when administered to symptomatic
mice with muscle fibrosis and hind limb paralysis that were already
evident. The enhancedDEGs were then constructed for PPI networks by
using the STRING database and a stringent interaction confidence score
threshold of 0.90. This was done in order to guarantee optimal analytical
accuracy. It was recognised that the expression of particular genes in
DMD might represent a compensatory response to cellular stress or a
manifestation of pathogenic processes. Hence, a thorough literature
study was used to identify gene targets strategically. The DMD gene
typically exhibits low expression in DMD due to mutations that result in
a marked reduction of dystrophin protein. Conversely, genes such as
TTN, SMAD3 and PLEC may be upregulated in response to muscle
injury or cellular instability. However, on the basis of enrichment scores,
SMAD3 is identified as the most connected gene. Likewise, Multiple
studies have demonstrated that TGFβ1/SMAD3 directly interact with
the muscular membrane and inhibits the progression of muscle
weakening (Goodman et al., 2013; Zhang et al., 2019). Moreover,

Pathway enrichment studies offer a valuable understanding of the
functional and pathway connections of these genes that are expressed
differently (DEGs), highlighting their involvement in immune-related
activities. Consequently, it becomes clear that it might be a great target
for the therapy of muscular dystrophy, especially Duchenne muscular
dystrophy. It was then tested against a library of naturally occurring
chemicals. Natural compound PGC-1 α have shown effective results in
DMD conditions by targeting PPARγ (Suntar et al., 2020). Another
study demonstrated that Isolecanoric acid (ILA), a natural product, was
used to explore its anti-inflammatory effect in DMD conditions (Matias-
Valiente et al., 2024). Three compounds in the presented study were
identified as themost promising candidates for targeting SMAD3 and its
desired domain. The protein molecule in the complex state showed a
minimum deviation from its native state, and RMSD was under 0.3 nm
during the complete simulation. Studies have shown that under 0.3 nm,
RMSD could be considered as minimum and acceptable deviation
(Sharma et al., 2021). This confirmed that the binding of the ligand
brought some change in the protein conformation, but these were
considered stable. However, the RMSD of the ligand molecule was
higher than that of the protein molecule. The deviation in the ligand
molecule in the protein-bound state is acceptable at the early stage of the
simulation, which also underline the limitation of the rigid
docking algorithm.

Themolecular interactions betweenmolecules 3,874,518, 5,281,600,
and 12,314,417, which target theMH2 domain of SMAD3, are essential
for influencing the TGF-β signaling pathway implicated in conditions
such as DMD, which is distinguished by an excessive accumulation of
fibrosis (Chen et al., 2014). These molecules exhibit a strong affinity for
the MH2 domain and a low free energy of binding, indicating that they
establish stable and energetically advantageous interactions. The
stability of these compounds is of the utmost importance for their
potential as therapeutic agents, as it indicates that they can consistently
and effectively disrupt the normal functioning of SMAD3 within the
TGF-β pathway, which is well-known for its substantial contribution to
the promotion of fibrosis (Budi et al., 2021). Based on the interaction
between these molecules and critical residues in the MH2 domain, it is
possible that they could alter the activity of SMAD3 by impeding its
normal signaling functions. This could involve impeding essential
phosphorylation processes that are required for the activation of
genes associated with fibrosis. Consequently, these molecules may
reduce the pathological signaling responsible for fibrotic tissue
formation, a primary component of DMD pathology, by inhibiting
SMAD3. This activity corresponds to the therapeutic objectives of
managing and alleviating fibrosis in muscular dystrophies,
presenting a potentially fruitful pathway for advancing treatments.
Extensive research has been conducted previously on the role of the
TGF-β/SMAD signaling pathway in fibrosis across various diseases,
underlining the therapeutic potential of modulating this pathway
(Bujak and Frangogiannis, 2007; Schiro et al., 2011; Piersma et al., 2015).

The suggested chemical interactions of these drugs with
SMAD3 present a potential therapeutic approach for treating
disorders marked by excessive fibrosis, such as DMD. Additional
empirical research, including thorough biochemical testing and
clinical studies, is necessary to validate these results and
guarantee the safety and effectiveness of these compounds for
human usage. The future applications of targeting the
SMAD3 pathway in fibrotic diseases such as DMD are promising
and diverse. Precision medicine initiatives could leverage genetic
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insights to tailor SMAD3 inhibitors to the unique genetic makeup of
individual patients, potentially enhancing treatment efficacy and
reducing side effects. Insights like these are crucial for creating
specific treatments that can control these pathways. The study’s
discussion on prospective treatment strategies, like using natural
chemicals that target specific genes or pathways critical in DMD,
emphasises the study’s translational potential. This component
shows promise by indicating potential pathways for translating
the findings of this study into clinical therapies. This thorough
method improves the comprehension of DMD on a molecular scale
and paves the way for future therapeutic advancements focused on
more efficient treatment or control of the condition.

4 Conclusion

The present study was performed to identify hit molecules
targeting the MH2 domain of SMAD3 that is involved in DMD.
SMAD3 upregulation showed a significant impact on DMD.
Screening of natural compounds found three most promising hit
compounds: (a) 3,874,518 (b) 5,281,600 (c) 12,314,417. In the
molecular dynamic study, 3,874,518 and 12,314,417 showed
stable conformation after initial conformational jump. Combined,
these two compounds a protein-ligand complex with a greater
binding free energy. The fact that these chemicals remain stable
at the protein’s binding site suggests that they may impose some
kind of inhibitory mechanism on the protein. Further, experimental
assays are required to validate the computational findings.
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Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder affecting
millions of people worldwide, with no effective treatment currently available. In
recent decades, various traditional Chinese medicines (TCMs) and their active
ingredients have shown the potential to attenuate the pathogenesis of AD in
cellular and animal models. However, the effects of TCM formulas, which are
typically administered in practice, have been less studied. This study aims to
investigate the therapeutic effects of several formulas consisting of
4 components herbal components: catalpol, puerarin, gastrodin, and borneol,
on streptozotocin (STZ)-induced AD models in cells and rats. The new object
recognition (NOR), elevated plusmaze (EMP), andMorris watermaze (MWM) tests
were used to evaluate the cognitive functions of rats. Golgi staining,
Haematoxylin and Eosin (HE) staining, and Nissl staining analyses were
employed assess the physiology of hippocampal tissues. Gene expression
profiles were analyzed used transcriptomics and reverse transcription
quantitative polymerase chain reaction analysis, while protein expression levels
were determined using immunoblotting, immunohistochemical, and
immunofluorescence. The production of cytokines was evaluated with
enzyme-linked immunosorbent assay. The results demonstrated that the
combined administration of these 4 components (CPGB) had superior
mitigating effects on AD cell model, as evidenced by the reduced pro-
inflammatory cytokine production and decreased deposition of Aβ protein.
Further in vivo and in vitro experiments confirmed that varying doses of CPGB
formula effectively ameliorated STZ-induced cognitive deficits, as shown by
NOR, MWM, and EMP tests, as well as pathological changes in hippocampal
tissues and a 3-dimensional brain neurovascular unit (3D-NVU) model, including
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decreased deposition of Aβ protein and formation of plaques. Transcriptome
sequencing and analysis identified 35 genes with significantly altered expression
levels due to STZ andCPGB treatment in hippocampal tissues, whichwere enriched
in the Tlr4/Myd88/NF-κB signaling pathway. Interference with this pathway
significantly influenced the therapeutic effects of CPGB in the 3D-NVU model.
Collectively, these findings suggest that the combined administration of catalpol,
puerarin, gastrodin, and borneol offers superior therapeutic effects on AD by
modulating the Tlr4/Myd88/NF-κB signaling pathway. This study strengthens
the theoretical foundation for using TCMs to treat AD, proving new insights and
references for alleviating and treating AD.
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Introduction

Alzheimer’s disease (AD) is a progressive neurological disorder
characterized by dementia, and it is considered one of the most
expensive, lethal, and burdensome diseases of this century
(Scheltens et al., 2021). According to Alzheimer Disease
International, the majority of the 10 million new cases of
dementia each year are attributed to AD (Prince et al., 2015).
Cohort studies have also reported that the median survival time
after an AD dementia diagnosis is less than 6 years (Mayeda et al.,
2017; Rhodius-Meester et al., 2019). In recent decades, significant
advancements have been made in understanding the pathology of
AD, including amyloid beta (Aβ) deposition and plaque (Depp et al.,
2023), neurofibrillary tangles of abnormally phosphorylated Tau
protein (Wegmann et al., 2021), neuroinflammation, oxidative
stress, neuronal loss, synaptic dysfunction (Jack et al., 2024;
Scheltens et al., 2021). At the cellular level, alterations in
neurons, microglia, and astroglia have been observed to drive the
gradual progression of AD before cognitive impairment becomes
apparent (De Strooper and Karran, 2016). For example,
neuroinflammation in microglia, a group of highly motile
phagocytes in the central nervous system frequently found near
Aβ deposits in AD patients (Merighi et al., 2022), is recognized as a
major component of AD pathology, contributing to disease
progression and neurodegeneration (Venegas et al., 2017; Xie
et al., 2022). This makes it a popular therapeutic target for AD
treatment (Lewcock et al., 2020; Venegas et al., 2017). Specifically,
Aβ binds to several innate immune receptors in microglia, including
toll-like receptor 2 (TLR2), TLR4, and TLR6, activating the
microglia (Liu et al., 2012). Activated microglia then produce
elevated levels of pro-inflammatory cytokines such as tumor
necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, nitric oxide
(NO), and reactive oxygen species (ROS) (Rani et al., 2023;
Thakur et al., 2023), leading to neuroinflammation and AD
progression.

Traditional Chinese medicine, including Chinese herbs and
their extracts, has been frequently used in the treatment of
dementia due to their multi-target and multi-pathway
mechanisms, offering promising therapeutical for complex
diseases like AD (Chen et al., 2020). Various active ingredients
extracted from Chinese herbs have shown beneficial effects on AD
through diverse mechanisms. For instance, catalpol, an active
compound from Rehmannia glutinos, has been reported to slow

AD progression by enhancing the expression of neural stem cell
exosome-released miR-138-5p (Chen et al., 2022; Meng et al., 2023).
Similarly, puerarin, derived from Puerariae Lobatae Radix,
demonstrates neuroprotective effects by targeting the PI3K/Akt
signaling pathway (Wang et al., 2022). Gastrodin, from Gastrodia
elata, reduces neuro-inflammation in AD models by inhibiting the
NF-κB signaling pathway (Yin et al., 2024). Lastly, borneol, extracted
from Blumea balsamifera DC or Cinnamomum camphora (L.) Presl,
has been found to effectively relieves AD-like symptoms in mice by
clearing Aβ aggregates (Ye et al., 2024). These studies highlight the
potential of individual herbal ingredients in targeting different
aspects of AD pathology.

However, most of these ingredients were administered as single
compounds, whereas combination therapies have been shown to
produce enhanced therapeutic effects in complex diseases like AD
(Cummings et al., 2024; Cummings et al., 2019). Given that TCM
traditionally involves the use of multi-ingredient formulations and
that AD is a multifactorial disease (Scheltens et al., 2021), it is
hypothesized that combining these plant-derived ingredients may
offer superior benefits in mitigating AD progression.

We hypothesize that the combined administration of catalpol,
puerarin, gastrodin, and borneol will demonstrate improved
mitigative effects on AD progression compared to their
individual use. To validate our hypothesis, we will formulate
these 4 ingredients into different combinations and evaluate their
therapeutic effects on AD progression in models. Subsequently, we
will further explore the underlying mechanisms of the formulation
with the most potent therapeutic effects. Our research aims to
further refine the theoretical foundation of using traditional
Chinese medicine to treat AD, providing new insights and
references for alleviating and treating the disease.

Materials and methods

Formulation preparation

In this study, we utilized 4 plant-derived compounds: catalpol
(CAS: 2415-24-9), puerarin (CAS: 3681-99-0), gastrodin (CAS:
62499-27-8) and borneol (CAS: 124-76-5). Catalpol, puerarin,
and gastrodin were sourced from Dierg Pharmaceutical
Technology Co., Ltd., Nanjing, China, while borneol was
obtained from Tongrentang, Chongqing, China. Supplementary
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Figure S1 presents the chemical structure diagrams of these
compounds. In our previous research, we discovered that a
combination of catalpol, puerarin, and borneol in a 1:4:2 ratio
maximized brain absorption and exhibited neuroprotection
effects in an ischemic model (Qiang et al., 2016; Tang et al.,
2016). Building on these findings, we incorporated gastrodin into
the formulation, using a 1:4:2:2 ratio for CPGB, which yielded
significantly improved results in AD models compared to other
ratios (data not shown). For this optimized ratio, we prepared
15 formulations: catalpol alone (C), puerarin alone (P), gastrodin
(G), borneol (B), catalpol + puerarin (CP), catalpol + gastrodin
(CG), catalpol +borneol (CB), puerarin +gastrodin (PG), puerarin +
borneol (PB), gastrodin + borneol (GB), catalpol + puerarin +
gastrodin (CPG), puerarin + gastrodin + borneol (PGB), catalpol
+ gastrodin + borneol (CGB), catalpol + puerarin + borneol (CPB),
catalpol + puerarin + gastrodin + borneol (CPGB). These
formulations were prepared using a 35% hydroxypropyl-beta-
cyclodextrin solution (Merck, Kenilworth, NJ, United States),
which was commonly used to solubilize poorly soluble drugs due
to its ability to form inclusion complexes with hydrophobic
molecules (Wang and Brusseau, 1993). Specifically, 800 mg of
puerarin and 400 mg of borneol were dissolved in 50 mL of the
solution, followed by the addition of 200 mg of catalpol and 400 mg
of gastrodin to create the high-dose CPGB solution (360 mg/kg).
The solution was subsequently diluted to obtain mild (180 mg/kg)
and low (90 mg/kg) doses. All these formulations were freshly
prepared and used immediately, and no changes in the physical
appearance of the solution were observed during the preparation or
usage process. As a result, a stability study on these formulations was
not conducted in this study. Additionally, we used donepezil
hydrochloride tablets (DPN; Zein Bio, Nanjing, China) as a
positive control to evaluate the therapeutic effects of these
formulations.

Cell culture and treatment

The pheochromocytoma cell line (PC12) and the BV2microglial
cell line (BV2) used in this study were kindly provided by Prof.
Hongyi Qi from the College of Pharmacy, Southwest University,
Chongqing, China. These cell lines were cultured in a complete
medium composed of 89% Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F12; Gibco, Waltham, MA,
United States), 10% fetal bovine serum (FBS; Gibco, Waltham,
MA, United States), and 1% penicillin-streptomycin (PS; Gibco,
Waltham, MA, United States) maintained at 37%°C in an incubator
with 5% CO2. Once the cells reached 90% confluence, they were
detached, collected, and resuspended in a complete medium for
subsequent experiments.

AD cell model establishment and treatment

Referencing previous studies (Gupta et al., 2018; Kamat, 2015; Li
et al., 2020), we established an AD cell model by treating PC12 and
BV2 cells with 0.5 mol/mL STZ. Briefly, PC12/BV2 cells were evenly
seeded into 6-well plates (ThermoFisher, Shanghai, China) at a
density of 2 × 105 cells each well. After 24 h of proliferation, the

supernatant was discarded, and a fresh complete medium
containing either no additives, 0.5 mol/mL streptozotocin (STZ;
Solarbio, Beijing, China) or 0.5 mol/mL STZ plus various
formulations was added for further culture. Each treatment was
performed with 3 replicates. Following cultivation, the supernatant
was collected for subsequent enzyme-linked immunosorbent assay
(ELISA) experiments, while cells from each well were collected for
total RNA or total protein extraction.

Alternatively, PC12/BV2 cells were seeded onto sterile coverslips
in 24-well plates (ThermoFisher, Shanghai, China) at a density of 5 ×
104 cells/mL, with 1 mL of cell suspension added to each well. After
24 h of proliferation, the supernatant was discarded, and a fresh
complete medium containing either no additives, 0.5 mol/L STZ, or
0.5 mol/L STZ plus various formulations was added for further
culture. Each treatment was performed with 3 replicates. After
cultivation, the coverslips were collected for subsequent
immunofluorescence analyses.

Three-dimensional brain neurovascular unit
(3D-NVU) model establishment
and treatment

To establish the 3D-NVUmodel, hippocampal neural stem cells
(NSCs) and brain microvascular endothelial cells (BMECS) were
harvested according to previous established methods (Liu et al.,
2013; Wang et al., 2021). Briefly, NSCs were isolated from the
hippocampi of 24-h-old SD rat pups. After anesthesia and
decapitation, the brains were quickly removed under sterile
conditions and placed in cold D-Hanks solution (Solarbio,
Beijing, China). The hippocampal region was dissected, minced,
and centrifuged at 800 rpm for 5 min. The resulting tissue was
digested with accutase (ThermoFisher, Shanghai, China) for 5 min
at 37°C. The cell suspension was filtered and centrifuged. The pellet
was resuspended in DMEM/F12 medium containing 20 ng/mL
epidermal growth factor (EGF), 10 ng/mL basic fibroblast growth
factor (bFGF), 2% B27, and 0.0002% heparin, then cultured at 37°C
with 5% CO2. Cells were passaged or used for experiments after 6-
7 days. BMECs were isolated from the cortex of 10-day-old SD rats.
After decapitation and removal of the brain, the cortex was
dissected, and large blood vessels and meninges were removed.
The tissue was homogenized, followed by centrifugation at
1,200 rpm for 5 min. The homogenate was treated with 25%
BSA and centrifuged at 2,500 rpm to collect the microvascular
fragments. The fragments were digested with 0.1% type II
collagenase for 5 min, then centrifuged and resuspended in
complete medium with 20% FBS. Cells were seeded into
collagen-coated flasks and cultured at 37°C with 5% CO2. Media
were changed every 2-3 days, and cells were used when 90%
confluence was reached.

NSCs and BMECs were mixed with Matrigel (Corning,
Corning, NY, United States) at a 1:10 density ratio. The
mixture was resuspended, and 150 μL of the cell/Matrigel
mixture was evenly distributed at the bottom of a laser confocal
dish and incubated to solidify. After 20 min of incubation, an
additional 50 μL of the cell/Matrigel mixture was spread over the
surface of the solidified layer and returned to the incubator for
another 20 min before adding the medium. The NSC/BMEC co-
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culture medium consisted of DMEM/F12 and Neurobasal
(ThermoFisher, Shanghai, China) in a 1:1 ratio, supplemented
with 2% B27, 20 ng/mL recombinant human EGF (rhEGF), and
10 mg/mL recombinant human basic fibroblast growth factor
(rhbFGF). On the 3rd day, the B27 supplement was switched to
a formulation containing vitamin A. After 7 days of culture, the
3D-NVU model was successfully replicated, as confirmed by the
positive expression of β-tubulin3, glial fibrillary acidic protein
(GFAP), and CD31 marker proteins (Wang et al., 2021). After
confirming the successful establishment of the 3D-NVU model, a
medium containing either no additives, 0.5 mol/L STZ, 0.5 mol/L
STZ plus various formulations, or 0.5 mol/L STZ + various
formulations + inhibitors were added for further culture. Each
treatment was performed with 3 replicates. Following cultivation,
the supernatant was collected for subsequent ELISA experiments,
while cells from each well were collected for total RNA or total
protein extraction.

BV2 conditioned medium collection
and treatment

Referencing a previous study (Qureshi et al., 2022), a
conditioned medium of microglia was employed to induce
cellular damage. Briefly, BV2 cells were evenly seeded into 6-
well plates at a density of 2 × 105 cells per well. After 24 h of
culture, the medium in each well was replaced with a fresh
complete medium containing either no additives, 0.5 mol/L
STZ, or 0.5 mol/L STZ plus various formulations. Following
another 24 h of culture, the medium was discarded, and the
cells were washed 3 times. Subsequently, 1 mL of completing
medium was added to each well for an additional 24 h of culture.
The medium in each well was then collected as a conditioned
medium. Additionally, PC12 cells were seeded into 96-well plates
at the density of 2 × 103 per well. After 24 h of culture, the
medium was discarded, and the collected conditioned medium
from BV2 cells was added to the wells for an additional 24 h of
culture. The viability of the PC12 cells was then assessed using the
Cell Count Kit-8 (CCK8) assay. Briefly, the supernatant was
discarded, and 100 μL of fresh complete medium containing
10% CCK-8 solution (Solarbio, Beijing, China) was added. After
2 h of incubation, the optical density at 450 nm (OD450) was
measured using a microplate reader (ThermoFisher,
Shanghai, China).

Animal housing and management

The rats used in this study were male Sprague-Dawley rats of
specific pathogen-free grade, aged 3–4 months with weights
ranging from 350 to 380 g. They were purchased from
Liaoning Changsheng Biotechnology Co., Ltd. (Shenyang,
China). The rats were maintained at the Experimental Animal
Center of the College of Pharmacy, Southwest University. They
were housed in standard cages at 22°C ± 2°C, on a 12-h light/dark
cycle, with a humidity level of 40%–60%. Throughout the
experimental period, all rats had free access to water and food,
and the bedding was refreshed every 2 days.

AD rat model establishment

Following a previous study (Moreira-Silva et al., 2018), an AD
rat model was established through intracerebroventricular (ICV)
injection of STZ. Briefly, after 1 week of adaptive feeding and a
subsequent 12-h fasting period, the rats were anesthetized with 5%
isoflurane. Their heads were then secured in a stereotaxic apparatus,
and anesthesia was maintained with 2% isoflurane. The fur on the
scalp was trimmed, and the skin was disinfected with iodine and
alcohol. A midline incision approximately 1.5 cm in length was
made along the sagittal suture to expose the skull. The periosteum
was washed with 3% hydrogen peroxide (Solarbio, Beijing, China)
and pushed aside to fully expose the cranial bone. Bilateral burr
holes were drilled based on coordinates referenced from the bregma:
−0.8 mm anteroposterior, ± 1.4 mm mediolateral, and −3.6 mm
dorsoventral, according to the rat brain atlas by Paxinos andWatson
(Paxinos and Watson, 2006). Small burr holes were carefully drilled
using a dental drill, thinning the skull without penetrating it. A
microsyringe (Hamilton, Reno, NV, United States) was then
carefully inserted vertically to a depth of 3.8 mm. Afterward,
both STZ and arachidonoylethanolamide (AEA; Sigma-Aldrich,
St. Louis, MO, United States) were prepared in citrate buffer
(Merck, Kenilworth, NJ, United States) and administered using
an automated microinjection system (Insight Equipment LTDA,
São Paulo, Brazil). This system included a polyethylene microtube
connected to an injection needle and the inserted microsyringe
coupled with an infusion pump. Each rat received 2 ICV bilateral
injections of 2 μL at a rate of 1 μL/min. The first injection consisted
of either citrate buffer (for sham procedure; 0.05 M) or AEA
(100 ng). Five minutes later, a second injection of either citrate
buffer or STZ (2 mg/kg) was administered. To prevent reflux, the
injection needle was left in place for at least 2 min following each
infusion. Post-surgery, the rats received an intraperitoneal injection
of ceftriaxone sodium (100 mg/kg; Merck, Kenilworth, NJ,
United States) once daily for 3 days to prevent infection, along
with analgesic carprofen (5 mg/kg; Merck, Kenilworth, NJ,
United States). Additionally, 2 mL of saline was administered
subcutaneously for rehydration. The rats were then kept on
thermal blankets with controlled temperature until full recovery.

Treatment of rats and sample collection

On the day following surgery, rats in both the sham and model
groups were orally administered a 35% hydroxypropyl β-
cyclodextrin solution. Meanwhile, those in the treatment groups
received DPN and CPGB at doses of 90, 180, and 360 mg/kg for low,
medium, and high doses, respectively, via gavage at a rate of
1 mL/kg. Each group consisted of 16 rats. The treatment was
administered daily for 42 consecutive days. The doses of CPGB
were determined referencing to our previous research (Tang et al.,
2016). An earlier acute toxicity study confirmed that these doses did
not produce any observable toxic effects on the major organs of the
rats. In summary, rats administered 5.12 g/kg of CPGB exhibited no
abnormal reactions compared to normal rats. In contrast, rats given
6.4 g/kg of CPGB exhibited mild symptoms, such as reduced activity
and partial paralysis, which resolved within 24 h. Furthermore, a 14-
days treatment with CPGB at doses of 5.12 g/kg or lower did not
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result in any signs of toxicity, mortality, or significant changes in
behavior, body weight, or organ function. Behavioral assessments
were performed using the Novel Objective Recognition (NOR) test
from days 31–33, the Elevated Plus Maze (EPM) test from days
34–35, and the Morris Water Maze (MWM) test from days 46 to 36.
Upon completing the MWM test on the 42nd day, 3 rats from each
group were euthanized to collect hippocampal electrical signals. The
remaining rats were anesthetized and euthanized by cervical
dislocation, after which their brains were collected for further
experiments.

New object recognition

To evaluate the hippocampus-dependent non-emotional
memory in rats, the NOR test was conducted from days 31–33,
as referenced in a previous study (Leger et al., 2013). The
experimental setup consisted of a cylindrical enclosure made of
black Plexiglas plastic, measuring 50 cm in both diameter and
height. To minimize anxiety due to unfamiliarity, rats were
allowed to acclimate to the environment by being placed in the
apparatus for 5 min, 24 h before the test. During the familiarization
phase, 2 identical objects, labeled A1 and A2, were positioned at
opposite corners of the enclosure, each 5 cm from the corner. Each
rat was gently placed in the enclosure and allowed to explore the
objects for 5 min. After a 24-h interval, object A2 was replaced with a
new object for the test session, and the rat was reintroduced to the
enclosure to explore the objects for another 5 min. Exploratory
behavior was defined as orienting the nose towards an object at a
distance of less than 2 cm or making physical contact with the object
using the nose. The exploration time for each object during both the
familiarization and test sessions was recorded. The Discrimination
Index (DI) was calculated using the following formula: DI = Time
spent in exploring the novel object/(Time spent in exploring old
object + Time spent in exploring the novel object).

Elevated plus maze

To investigate anxiety-related behavior in rats, the EMP test was
conducted, referencing a previous study (Walf and Frye, 2007). The
maze consisted of 1 open arm and 1 closed arm. On the 34th after
surgery, each rat was placed facing outwards on the open arm for
free exploration. The time taken for the rat transition from the open
arm to its initial entry into the closed arm was recorded by a camera
and noted as the initial escape latency (EL1). If this time exceeded
90 s, it was recorded as 90 s. On the 35th day, the same test method
was used to obtain the ultimate escape latency (EL2). The relative
escape latency (REL) was calculated using the following formula:
REL = EL2/EL1 × 100%.

Morris water maze test

The spatial learning and memory abilities of rats were assessed
using the Morris Water Maze (MWM) experiment (Vorhees and
Williams, 2006). The procedure involved a series of acquisition trials
conducted over 5 consecutive days. Each day, the rats underwent

4 trials with a minimum inter-trial interval of 15 s. In each trial, rats
were released from a randomly selected starting point and given up
to 120 s to locate the platform. Upon finding the platform, they were
allowed to remain on it for 5 s. If a rat failed to find the platform
independently, it was manually guided to the platform and held
there for 15 s. The latency times for all trials were recorded. On the
6th day, a probe trial was conducted to evaluate spatial memory
without the platform. During this trial, the frequency of platform
crossings, as well as the duration and distance traveled within the
target quadrant, were measured. The EthoVisionXT 8.5 software
(Noldus, Wageningen, Netherlands) was used to analyze the
frequency of each rat passing through the location of the original
platform, the swimming distance within the quadrant, and the time
spent in the platform area. More crossings and longer routes
indicated better learning and memory retention, as did longer
durations spent in the quadrant containing the original platform.

Hippocampal electrical signal
acquisition test

After the MWM test, 3 randomly selected rats were anesthesia
with 5% isoflurane, and their heads were secured on a brain
stereotaxic instrument (Insight Equipment LTDA, São Paulo,
Brazil). Recordings were made using a NeurLynx 32-channel
electrophysiological recorder. An 8-channel recording electrode
was implanted with coordinates relative to the brain Bregma
point as the zero point: dorsoventral at −3.6 mm and lateral
ventricle at 2.5 mm. Following a 30-min baseline recording, the
spike peak potential was recorded for an additional 30-min.

ELISA

ELISA was employed to determine the concentrations of Aβ1-
42, TNF-α, IL-1β, and IL-6 in the hippocampal tissue homogenate or
collected supernatant using commercialized ELISA kits (Nanjing
Jiancheng, Nanjing, China) according to their instructions. In brief,
100 μL of supernatant was added to each well of the reaction plate,
which was then sealed with a membrane and incubated at room
temperature for 2 h. Subsequently, biotinylated antibody,
horseradish peroxidase-labeled streptavidin, and
tetramethylbenzidine solution were added to each well. The plate
was incubated overnight at room temperature in the dark. Finally,
50 μL of stop solution was added to terminate the reaction, and the
OD450 was measured using a microplate reader.

RNA extraction and reverse transcription
quantitative polymerase chain reaction (TR-
qPCR) analysis

Total RNA from collected hippocampal tissue and cells was
extracted using Trizol Reagent (TransGen, Beijing, China) following
the manufacturer’s protocol. The concentration and purity of
extracted RNA were measured using a NanoDrop ND-2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, NC,
United States), and its integrity was confirmed through 1%
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agarose gel electrophoresis. Following this, the total RNA samples
were reverse transcribed to complementary DNA (cDNA) using the
RevertAid First Strand cDNA Synthesis Kit (ThermoFisher,
Shanghai, China) following the manufacturer’s instructions. RT-
qPCR was then conducted under the following conditions: initial
denaturation at 95°C for 30 s, followed by 40 cycles of denaturation
at 95°C for 5 s, and annealing and extension at 60°C for 30 s. The
primer sequences used in this study are listed in Supplementary
Table S1, and the data was analyzed using the 2ΔΔC method in Excel.

Total protein extraction and
immunoblotting analysis

Proteins were extracted from collected hippocampal tissue and
cells using RIPA lysis buffer (Solarbio, Beijing). The protein
concentrations were determined with a BCA kit (Beyond,
Shanghai, China). Subsequently, the proteins were denatured at
100°C for 10 min. And 30 μg of the extracted total protein from each
sample were loaded onto a 12% sodium dodecyl sulfate-
polyacrylamide for electrophoresis. After electrophoresis, the
proteins were transferred onto a polyvinylidene fluoride
membrane. The membrane was blocked with 5% skim milk in
TBST for 2 h. Following blocking, the membranes were
incubated overnight at 4°C with primary antibodies. On the
following day, the membranes were treated with a secondary
antibody and enhanced chemiluminescent reagents to visualize
the protein bands. The antibodies used in this study are listed in
Supplementary Table S2. The intensity of the protein bands was
analyzed using ImageJ software.

Histological analysis

For Golgi staining, a Golgi staining kit (Servicebio, Chengdu,
China) was employed. Briefly, the brain tissues collected were first
washed and fixed with 4% paraformaldehyde (Life iLab Bio,
Shanghai, China) at −20°C for 24 h. Following fixation, the
tissues were immersed in a dark A + B mixture at room
temperature for 14 days, then soaked in C solution for an
additional 5 days. The tissues were subsequently sectioned using
a freezing microtome set to a thickness of 180 μm. These sections
were stained with D solution and observed under a microscope
for imaging.

The remaining freshly collected brain tissues were fixed in 4%
paraformaldehyde for 48 h. After fixation, the tissues were rinsed
several times with tap water, dehydrated through a gradient alcohol
series, soaked in paraffin, and then embedded. For Haematoxylin
and Eosin (HE) staining analysis, the paraffin sections (5 μm thick)
were incubated at 80°C for 20 min, de-paraffinized, and then soaked
in haematoxylin solution (Solarbio, Beijing, China) for 15 min. The
sections were rinsed with tap water for re-bluing, stained in eosin,
hydrated through a gradient alcohol series, cleared with xylene, and
mounted with neutral resin before being air-dried, observed, and
photographed under a microscope.

For Nissl staining, a Nissl staining kit (Beyotime, Shanghai,
China) was employed. Briefly, brain sections were dewaxed, stained
with methylene blue solution for 10 min, differentiated for 1 min,

treated with ammonium molybdate solution for 5 min, and sealed
using a neutral gum. The Nissl bodies were then visualized and
imaged using a fluorescence microscope (Olympus, Tokyo, Japan)
and quantified with ImageJ software.

For Immunohistochemical staining, the sections were dewaxed,
washed 3 times, immersed with 3% H2O2 at room temperature for
10 min, and incubated with antigen retrieval solution at 37°C for
20 min. The sections were blocked with 5% bovine serum albumin
(ThermoFisher, Shanghai, China) at room temperature for 2 h.
Following blocking, sections were incubated with primary antibody
at 4°C for 16 h, followed by 3 times washes. The sections were then
incubated with a secondary antibody at 37°C for 30 min. DAB
coloration was applied, and the nucleus was counterstained with
hematoxylin. After dehydration, sections were sealed with neutral
resin. The antibodies used in this study are listed in Supplementary
Table S2. The Aβ-16 was visualized and imaged using a fluorescence
microscope and quantified with ImageJ software.

Immunofluorescence

The collected brain tissues and cell slices were dewaxed and fixed
with 4% paraformaldehyde at −20°C for 10 min. Following fixation,
the tissues and cells were permeabilized with 0.1% Triton X-100
(Solarbio, Beijing, China) at room temperature for 10 min. They
were then blocked with 10 g/L bovine serum albumin (Solarbio,
Beijing, China) for another 10 min and incubated overnight at 4°C
with primary antibodies. After 3 washing, the secondary antibody
was applied and incubated at room temperature for 4 h. The
antibodies used in this study are listed in Supplementary Table
S2. The cell nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI; Solarbio, Beijing, China) for 5 min at room temperature.
Finally, the brain tissues and cells were observed and digitally
captured using a fluorescence microscope.

Transcriptome sequencing and analysis

Total RNA was extracted from the collected hippocampus
tissues using Trizol Reagent, following the standard phenol/
chloroform phase separation method. The RNA concentration
and integrity were measured with a NanoDrop ND-2000
spectrophotometer and an Agilent Bioanalyzer 2100 (Agilent
Technologies; Santa Clara, CA, United States). Only samples with
an RNA integrity number (RIN) above 0.8 were selected for
subsequent sequencing. Complementary DNA libraries were
constructed using the Illumina TruSeq RNA Sample Prep Kit
(Illumina; San Diego, CA, United States), resulting in an average
fragment size of 150 bp, excluding adaptors. The quality and
integrity of these libraries were assessed with an Agilent
2100 Bioanalyzer and an ABI StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific; Waltham, MA, United States).
The RNA-Seq FASTQ files were aligned to the rat genome using the
Hisat2 algorithm (Kim et al., 2019), referencing data from the
Ensembl Rat Genome Database (https://ftp.ensembl.org/pub/
release-112/fasta/rattus_norvegicus/). Cufflinks (Trapnell et al.,
2012) were used to process the resulting binary alignment/map
(BAM) files to evaluate transcript abundance and identify potential
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FIGURE 1
Evaluation of formulations for optimal therapeutic effects and their impact on cognitive behaviors in Alzheimer’s disease rats. (A): Bar chart with dots
showing the concentration of tumor necrosis factor-α in the supernatant of PC12 cells treated with various additives (n = 3); (B): Representative
microscopy images showing the p-Tau231in PC12 cells treated with various additives (n = 3); (C, D, J, K): Bar charts with dots illustrating the counts of
exploratory behaviors ((C, K); n = 8) and discrimination indexes ((D, J); n = 8–10) of rats in the new object recognition test; (E, L): Bar charts with dots
of the relative escape latency of rats (n = 10); (F, M): Dot-line plots presenting the latencies of rats over the 5 days of Morris watermaze tests (n = 10); (G–I,
N–P): Bar charts with dots representing the ratios of distance ((G, N); n = 10) and duration ((H, O); n = 10) of rats in the target quadrant, along with the
platform crossing counts of rats ((I, P); n = 10) in the Morris water maze tests; and (Q): Swim paths illustrating the representative trajectories of rats in the
Morris water maze test. In (A, C–P), data are expressed as mean ± standard error. Statistical analyses were performed using one-way analysis of variance

(Continued )
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mRNA isoforms. Additionally, StringTie (v1.3.3b) (Pertea et al.,
2015) was used to assemble the mapped reads from each sample
using a reference-based approach. Transcript expression levels were
quantified in terms of fragments per kilobase million (FPKM), and
Principal Component Analysis (PCA) was conducted based on these
FPKM values. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) and gene ontology (GO) enrichment analyses of
differentially expressed genes (DEGs) were performed using
DESeq2 software (Love et al., 2014) and the ClusterProfiler R
package (Wu et al., 2021). The Benjamini-Hochberg method was
applied to control the false discovery rate.

Statistical analysis

Unless specified otherwise, all data were expressed as mean ±
standard error and analyzed statistically using SPSS and RStudio
software. Initially, continuous variables were tested for normal
distribution and variance homogeneity. If the data satisfied both
conditions, an independent samples analysis of variance (ANOVA)
was employed for preliminary hypothesis testing, followed by the
LSD method for post hoc analysis. For data not meeting these
criteria, the Kruskal-Wallis test was used, with the Tukey method
for post hoc testing. For repeated-measures data (e.g., escape
latency), a repeated measures ANOVA method was applied to
assess differences across groups and time points. A P value less
than 0.05 was considered indicative of statistical significance in all
hypothesis tests. In transcriptomics analysis, the similarity of gene
expression profiles among different groups was evaluated using the
permutational multivariate analysis of variance (PERMANOVA)
method. In differential expression analysis, genes with |Log2
(FoldChange)| ≥ 1 and p-value < 0.05 were deemed significantly
differentially expressed genes (DEGs). In KEGG and GO
enrichment analysis signaling pathways with p values < 0.05 were
considered significantly enriched. Data plots were created using
OriginPro software (v2024), while all schematic diagrams and
microscope images were illustrated or enhanced using Adobe
Illustrator and Adobe Photoshop unless otherwise noted.

Results

Evaluation of formulations for optimal
therapeutic effects

To investigate the therapeutic effects of the 15 formulations on
AD, we first measured concentrations of proinflammatory cytokines
in the supernatant of PC12 cells treated with STZ and various
formulations. The results indicated that STZ treatment significantly
elevated the levels of TNF-α, IL-1β, IL-6, and Aβ1-42 (p < 0.001;

Figure 1A; Supplementary Figures S2A–C) in the supernatant, as
well as the expression of p-Tau231 (p < 0.001; Figure 1B;
Supplementary Figure S2D) in PC12 cells. These increases were
significantly mitigated by the positive drug DPN and 4 formulations:
C, G, CPG, and CPGB (p < 0.01), while other treatments did not
show significant effects (p > 0.05) (Figures 1A, B; Supplementary
Figures S2A–D).

Next, we examined the therapeutic effects of these
4 formulations in an AD rat model. Rats in each group exhibited
similar probe times and exploration speeds in the test phase of the
NOR test and swimming speeds in the MWM test (p > 0.05;
Supplementary Figures S2E–G). However, AD rats demonstrated
significant reductions in exploratory behavior counts and
discrimination index in the NOR test, as well as in the ratios of
distance and duration of swimming in the target quadrant, and
platform crossing counts in theMWM test (p < 0.001; Figures 1C, D,
G–I). They also showed significant increases in relative escape
latency in the EMP test and latency in the MWM test (p < 0.001;
Figures 1E, F). These changes were significantly ameliorated by
CPGB treatment (p < 0.05), but not by C or G treatments (p > 0.05;
Figures 1C–I). Although CPG treatment exhibited some mitigating
effects, its therapeutic impact was notably less than that of CPGB
treatment (p < 0.05; Figures 1C–I). Hence, we chose CPGB as our
formulation in the following experiments.

CPGB mitigated STZ-induced AD-related
cognitive behaviors in rats

After confirming that CPGB exhibits greater therapeutic effects
on AD rats, we further explored the impacts of low (90 mg/kg), mild
(180 mg/kg), and high (360 mg/kg) doses of CPGB on the cognitive
behaviors of AD rats. In the familiarization phase of the NOR test
and MWM test, rats across all groups displayed similar exploratory
behavior counts, probe times, and swimming speeds (p > 0.05;
Supplementary Figures S1H–J). However, during the test phase of
the NOR test, DPN and all 3 doses of CPGB significantly improved
the STZ-induced reductions in exploratory behavior counts and
discrimination index, independent of dose (p < 0.01; Figures 1J, K).
STZ treatment significantly increased the relative escape latency and
latency in EMP and MWM tests (p < 0.001; Figures 1L, M). Both
DPN and CPGB treatments significantly reduced these increases
(p < 0.01), with the mild dose of CPGB resulting in significantly
lower relative escape latency and latency compared to the low or
high doses (p < 0.05; Figures 1L, M). In the MWM test, DPN and
CPGB treatments also significantly mitigated the STZ-induced
reductions in the ratios of distance and duration of swimming in
the target quadrant, as well as in platform crossing counts (p < 0.05;
Figures 1N–P). Rats treated with the mild dose of CPGB showed
significantly higher ratios of distance and duration of swimming in

FIGURE 1 (Continued)

(A, D, E, G, H, J, L, N–P), the Kruskal-Wallis test (C, I, K), and repeated measures one-way analysis of variance (F, M): ###, p < 0.001 compared to the
Control/Sham group; *, p < 0.05, **, p < 0.01, ***, p < 0.001 compared to the STZ/Model group. STZ, streptozotocin; DPN, donepezil hydrochloride
tablets; p-Tua231, phosphorylated Tau protein at threonine 231; DAPI, 6-diamidino-2-phenylindole.
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the target quadrant and platform crossing counts compared to those
treated with low or high doses (p < 0.05; Figures 1N–P). Detailed
trajectories of rats in the MWM test are visualized in Figure 1Q.

CPGB ameliorated STZ-induced AD-related
pathological changes in rats

To further validate the therapeutic effects of CPGB on AD in rats,
we evaluated the pathological changes in the lateral ventricle and
hippocampus, as well as the electrophysiological dysfunction of
hippocampal neurons. HE staining results showed that STZ
treatment significantly enlarged the lateral ventricles in rats (p <
0.01). This enlargement was significantly reduced by treatments with

mild and high doses of CPGB, as well as DPN (p < 0.05), but not by a
low dose of CPGB (p > 0.05) (Figures 2A, B). Additionally, most
hippocampal neurons in theModel group were degenerated, displaying
blurred cell contours, ruptured cell bodies, and irregular arrangements
compared to the Sham group. In contrast, neurons in rats treated with
DPN or CPGB were intact and well-organized with clear outlines
(Figure 2C). Nissl staining and immunofluorescence results indicated
that the nuclear structure in the hippocampus of the Model group was
unclear, with indistinct surrounding Nissl bodies. The number of
neurons with intact membranes and NeuN+ cells in the
hippocampus was significantly decreased in the Model group
compared to the Sham group (p < 0.05). Rats treated with DPN
and CPGB exhibited distinct Nissl bodies around the nucleus and a
significantly increased number of neurons with intact membrane and

FIGURE 2
CPGB attenuated streptozotocin-induced pathological changes in rats. (A, C, D, F, H): Representativemicroscopy images of hematoxylin and eosin-
stained brain sections (A) and hippocampal tissue sections (C), Nissl-stained bodies in hippocampal tissue sections (D), NeuN staining in hippocampal
tissue section (F), and Golgi staining in hippocampal tissue sections (H); (B, E, G, I, K, L): Bar charts with dots representing the areas of lateral ventricles (n =
6–7; (B)), number of neurons with intactmembranes (n = 9; (E)), number of NeuN+ cells (n = 9; (G)), density of dendritic spines (n = 9; (I)), relative gray
values of Spy protein (n = 3; (K)), and number of neurons with firing peak potential (n = 21; (L)) in rats across different groups; and (J): Representative gel
images showing the expression level of Syp protein. In (B, E, G, I, K, L), data are expressed as mean ± standard error. Statistical analyses were conducted
using one-way analysis of variance (B, I, K) and the Kruskal-Wallis test (E, G, L): #, p < 0.05, ##, p < 0.01, ###, p < 0.001 compared to the Sham group; *, p <
0.05, **, p < 0.01, ***, p < 0.001 compared to the Model group. DPN, donepezil hydrochloride tablets; DAPI, 6-diamidino-2-phenylindole.
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NeuN+ cells compared to the Model group (p < 0.05) (Figures 2D–G).
Golgi staining results demonstrated that the density, branch number,
and total length of dendritic spines in hippocampal neurons were
significantly lower in the Model group compared to the Sham group
(p < 0.001). Treatments with DPN and CPGB significantly mitigated
these decreases (p < 0.01), with a mild dose of CPGB exhibiting a better
mitigative effect than the low and high doses (p < 0.05) (Figures 2H, I).
Immunoblotting results showed that DPN and CPGB treatments
significantly reversed the STZ-induced downregulation of Syp
protein in hippocampal neurons (p < 0.05) (Figures 2J, K). Finally,
the electrophysiological test identified a significantly decreased number
of neurons with firing peak potentials in the hippocampal of the Model
group (p < 0.01), which was significantly lower than in those treated
with DPN and CPGB (p < 0.05) (Figure 2L).

CPGB attenuated STZ-induced increases of
AD-related markers in rats

In the meanwhile, we also investigated the effects of CPGB on
AD-related markers in rats, including Aβ protein deposition, Tau
protein hyperphosphorylation, hippocampal glial cell activation,
and pro-inflammatory cytokine production.
Immunohistochemistry results demonstrated a significantly
higher level of Aβ1-16 in the Model group compared to the
Sham group (p < 0.001). This increase was significantly inhibited
by treatments with DPN and CPGB (p < 0.001), with the mild
dose of CPGB resulting in a lower Aβ1-16 level compared to the
low and high doses (p < 0.05) (Figures 3A, B). ELISA results
indicated that treatments with DPN and CPGB significantly

FIGURE 3
CPGB Mitigated increases in Alzheimer’s disease-related markers induced by streptozotocin in rats. (A, J): Representative microscopy images
showing stained amyloid β1-16 protein (A), Iba-1, and GFAP (J) in hippocampal tissue sections; (B–F, H, I, K, L): Bar charts with dots representing the
expression level of amyloid β1-16 protein (n = 6; (B)), concentrations of amyloid β1-42 (n = 7; (C)), tumor necrosis factor-α (n = 7; (D)), interlukin-1β (n = 7;
(E)), and interlukin-6 (n = 7; (F)), the relative expression level of App (n = 3; (H)), the ratio of pTau396 to Tau (n = 3; (I)), as well as the numbers of cells
expressing Iba-1 (n = 6; (K)) and GFAP (n = 20; (L)); and (G) Representative gel images showing the expression levels of App, Tau, and pTau396, in the
hippocampus of rats. In (B–F, H, I, K, L), data are expressed as mean ± standard error. Statistical analyses were conducted using one-way analysis of
variance (B–F, H, I) and the Kruskal-Wallis test (K, L): #, p < 0.05, ##, p < 0.01, ###, p < 0.001 compared to the Sham group; *, p < 0.05, **, p < 0.01, ***, p <
0.001 compared to the Model group. DPN, donepezil hydrochloride tablets; DAPI, 6-diamidino-2-phenylindole; App, amyloid precursor protein; Iba-1,
ionized calcium-binding adaptor molecule 1; GFAP, glial fibrillary acidic protein.
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reversed the STZ-induced increases of Aβ1-42, TNF-α, IL-1β,
and IL-6 concentrations in the Model group (p < 0.05; Figures
3C–F). Immunoblotting analysis revealed a significantly higher
relative expression of amyloid precursor protein (App) and a
higher pTau396 to Tau ratio (p < 0.01), both of which were
significantly inhibited by CPGB treatments (p < 0.05) (Figures
3G–I). Finally, immunofluorescence analysis showed a
significant increase in the number of microglia expressing
ionized calcium-binding adaptor molecule 1 (Iba-1) and
astrocytes expressing GFAP in the Model group compared to
the Sham group (p < 0.001). These increases were also

significantly ameliorated by treatments with DPN and CPGB
(p < 0.001) (Figures 3J–L).

Investigating the underlying mechanism
behind the therapeutic effects of CPGB on
AD in rats

To uncover the underlying mechanisms of CPGB’s therapeutic
effects on AD rats, we randomly collected hippocampus samples
from the 3 groups of rats: Sham (n = 4), Model (n = 4), andMild (n =

FIGURE 4
Investigating the underlying mechanisms behind the therapeutic effects of CPGB on Alzheimer’s disease in rats. (A): Principal coordinate analysis
plot based on unweighted unifrac distances, showing the variance in gene expression profiles among groups (n = 4); (B, C): Volcano plots representing
the differentially expressed genes (DEGs) between the Sham and Model groups (B) and between the Model and CPGB groups (C); (D): Venn diagram
illustrating the shared and unique DEGs between the 2 comparisons; (E): Bubble chart showing the significantly enriched KEGG pathways by the
shared DEGs in (D); (F–H, J–L): Bar charts with dot showing the relative expression levels of mRNA Tlr4 (F), Myd88 (G), as well as Nfkb1 (H), proteins
Tlr4 (J) andMyd88 (K),and the ratio of p-p65 to p65 (L) (n = 3); and (I): Representative gel images showing the expression levels of Tlr4, Myd88, p-p65, and
p65, in the hippocampus of rats. In A, a permutational multivariate analysis of variance algorithm was used to calculate the similarity of gene expression
profiles among groups. In (E), the size of bubbles indicates the count of genes enriched into that KEGG pathway; “Gene Ratio” represents the ratio of the
count of enriched genes to the total number of genes; the label alongside each bubble indicates the counts of genes in that KEGG pathway relative to
total number of genes in the category. In (F–H, J–L), data are expressed as mean ± standard error. Statistical analyses were conducted using one-way
analysis of variance: #, p < 0.05, ##, p < 0.01, ###, p < 0.001 compared to the Sham group; *, p < 0.05, **, p < 0.01, ***, p < 0.001 compared to the Model
group. DPN, donepezil hydrochloride tablets.
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4) groups. Then, we analyzed their mRNA expression profiles using
transcriptome sequencing. This process generated a total of
141.93 Gbp of raw bases and 946.16 million raw reads, averaging
11.83 Gbp raw bases and 78.85 million raw reads per sample
(Supplementary Table S3). After quality control and assembly, we
annotated and quantified 20057 genes across the 12 hippocampal
samples (Supplementary Table S4). PCA and PERMANOVA
demonstrated no significant differences in gene expression
profiles among groups (p = 0.264; Figure 4A). In the model
group, compared to the Sham group, we identified 75 down-
regulated and 143 up-regulated DEGs (Figure 4B; Supplementary
Table S5). Similarly, in the CPGB group, compared to the Model
group, there were 46 down-regulated and 86 up-regulated DEGs
(Figure 4C; Supplementary Table S5). We further identified
35 DEGs common to both comparisons, including Pkib, Hif3a,
SNORD115, AABR07049688.1, Clec3a, LOC690082,
AABR07036007.1, Ccr3, Ros1, Fndc9, AABR07053635.2, Wnt10b,
Nod2, AABR07037487.1, U4, Tmem71, LOC100363125, Cdk1,
Phex, PVR, AABR07047576.1, Ramp3, Cyp11b2, Spats1, Clec12b,
AABR07043510.1, Aspg, AABR07019663.1, C7, Ccl5, Fam110d,
Mcm3, AABR07028036.1, Vsig8, and Metazoa_SRP (Figure 4D).
These genes were enriched in 40 GO terms, primarily related to
immune-inflammatory response regulation (Supplementary Table
S6), and in 10 KEGG signaling pathways, including Viral protein
interaction with cytokine and cytokine receptor, TNF signaling
pathway, Cell cycle, Cushing syndrome, Chemokine signaling
pathway, Toll-like receptor signaling pathway, Viral
carcinogenesis, Human cytomegalovirus infection, Cytokine-
cytokine receptor interaction, and DNA replication
(Supplementary Table S6; Figure 4E).

Given the elevated pro-inflammatory responses in the
hippocampus and the critical roles of the TLR and NF-κB
pathways in neural inflammatory regulation (Squillace and
Salvemini, 2022), we hypothesized that CPGB exerts its
therapeutic effects on AD in rats by modulating the TLR4/
Myd88/NF-κB signaling pathway. To test this hypothesis, we
measured the relative expression levels of the Tlr4, Myd88, and
Nfkb1 genes compared to the housekeeping gene β-actin using the
RT-qPCR method. The results showed significantly higher relative
expression levels of Tlr4, Myd88, and Nfkb1 in the Model group
compared to the Sham group (p < 0.01). These increases were
significantly reduced by treatments with DPN and CPGB (p < 0.05)
(Figures 4F–H). Similarly, immunoblotting analysis also revealed
significant increases in the relative express levels of Tlr4 and
Myd88 proteins, as well as an increased ratio of p-p65 to p65
(p < 0.05). These increases were also significantly mitigated by
DPN and CPGB treatments (p < 0.05) (Figures 4I–L).

CPGB down-regulated the TLR4/Myd88/
NF-κB signaling pathway and inhibited STZ-
induced microglia neurotoxicity

To confirm the involvement of the TLR4/Myd88/NF-κB
signaling pathway in the mitigating effects of CPGB on AD, we
assessed pro-inflammatory responses and the activity of this
signaling pathway in BV2 cells treated with STZ and 90 μg/mL
(Low), 180 μg/mL (Mild), and 360 μg/mL (High) doses of CPGB. It

was observed that the STZ challenge significantly increased the
concentrations of pro-inflammatory cytokines TNF-α, IL-1β, and
IL-6 in the supernatant of BV2 cells (p < 0.05; Figures 5A–C), as well
as the expression levels Tlr4, Myd88 (p < 0.01; Figures 5D–F), and
Iba-1 proteins, and the ratio of p-p65 to p65 (p < 0.01; Figures 5G,
H) in BV cells. All these increases were significantly reduced by
treatments with DPN and CPGB (p < 0.05; Figures 5A–H).

Additionally, PC12 cells treated with conditioned medium from
BV2 cells in the STZ group demonstrated significantly lower
viability compared to those treated with conditioned medium
from BV2 in the Control group (p < 0.05; Figure 5I). In contrast,
PC12 cells treated with conditioned medium from BV2 in the DPN
and CPGB groups demonstrated significantly higher viability
compared to those treated with conditioned medium from
BV2 cells in the STZ group (p < 0.05; Figure 5I).

CPGB attenuated STZ-induced
pathogenesis of AD in a 3D-NVU model by
inhibiting the TLR4/Myd88/NF-κB
signaling pathway

We also developed a 3D-NVU AD model, representing the core
structure of AD pathological damage (Hongjin et al., 2020), and
treated this model STZ and varying doses of CPGB: 90 μg/mL (Low),
180 μg/mL (Mild), and 360 μg/mL (High). We then assessed
indicators related to AD and inflammatory response. As shown
in Figures 6A–D, STZ treatment significantly increases the
concentrations of TNF-α, IL-1β, IL-6, and Aβ1-42 in the
supernatant (p < 0.01). These increases were significantly
inhibited by treatments with DPN and CPGB (p < 0.05).
Immunoblotting analysis confirmed that STZ treatment
significantly elevated the relative expression level of APP and the
ratio of p-Tau396 to Tau (p < 0.01). These elevations were also
significantly reduced by treatments with DPN and CPGB (p < 0.05;
Figures 6E–G). Additionally, immunofluorescence analysis showed
that DPN and CPGB treatments reduced the expression level of
GFAP in the model (Figure 6H). As expected, STZ treatment
significantly increased the relative expression levels of Tlr4 and
Myd88 proteins and the ratio of p-p65 to p65 (p < 0.01). These
increases were significantly mitigated by treatments with DPN and
CPGB (p < 0.05; Figures 6I–L).

To confirm the necessity of the TLR4/Myd88/NF-κB
signaling pathway, we interfered with this pathway by
inhibiting the Tlr4 protein using Tak242 (MilloporeSigma,
Burlington, MA, United States) and activating the NF-κB
complex with phorbol 12-myristate 13-acetate (PMA;
MilloporeSigma, Burlington, MA, United States) in the 3D-
NVU model treated with STZ and 180 mg/mL of CPGB. As
shown in Figures 6M–O, Tak242 treatment did not enhance the
inhibitory effects of CPGB on the STZ-induced increases in the
relative expression level of App or the ratio of pTau396 to Tau
(p > 0.05). In contrast, PMA treatment significantly blocked these
increases (p < 0.05). Similarly, Tak242 treatment did not enhance
the inhibitory effects of CPGB on the STZ-induced increases in
the concentrations of TNF-α, IL-1β, IL-6, and Aβ1-42 (p > 0.05),
whereas PMA treatment significantly blocked these increases (p <
0.05) (Figures 6P–S).
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Discussion

AD is one of the most expensive, lethal, and burdensome
diseases of this century, affecting millions of people worldwide
(Prince et al., 2015; Scheltens et al., 2021; Selkoe, 2021). In recent
decades, multiple Chinese herbs and their extracts have been shown
to attenuate the pathogenesis of AD (Han et al., 2020; Li et al., 2021).
However, few studies have reported the therapeutic effects of a
compound prescription in Chinese medicine. In this study, we
investigated the therapeutic effects of CPGB, a formulation
comprising 4 ingredients extracted from 4 different Chinese
herbs, on AD employing cellular, organoid, and animal models.

Several models are available for studying AD, each with distinct
advantages and limitations. Transgenic ADmodels, while accurately

mimicking key features like Aβ deposition and Tau
hyperphosphorylation, have significant drawbacks, including a
long latency for the appearance of pathology (6–9 months) and
complex, time-consuming breeding processes. Additionally, the
limited number of animals with consistent pathological and
cognitive symptoms further complicates their use in large-scale
studies. Aβ or Tau protein injection models, which involve direct
brain injections, often result in localized damage due to poor
diffusion of the proteins, leading to inconsistent cognitive
deficits. These models primarily simulate specific aspects of AD
pathology but fail to represent the broader, multifactorial nature of
the disease. The aluminum-induced model is another simple and
cost-effective approach, but it only reproduces single pathological
features, typically focusing on cognitive deficits rather than the full

FIGURE 5
CPGB downregulated the TLR4/Myd88/NF-κB signaling pathway and inhibited STZ-induced microglia neurotoxicity. (A–C, E, F): Bar charts with
dots presenting the concentrations of pro-inflammatory cytokines tumor necrosis factor-α (n = 3; (A)), interleukin-1β (n = 3; (B)), and interleukin-6 (n = 3;
(C)) in the supernatant of BV2 cells, as well as the average fluorescence intensity of stained Tlr4 (n = 3; (E)) and Myd88 (n = 3; (F)) proteins expressed in
BV2 cells; (D): Representativemicroscopy images showing the stained Iba-1, Tlr4, andMyd88 proteins expressed in BV2 cells; (G): Representative gel
images showing the expression levels of p-p65 and p65 proteins expressed in BV2 cells; (H): Bar chart showing the relative gray values of pp65 and
p65 proteins expressed in BV2 cells (n = 3); and (I): Bar chart showing illustrating the viabilities of PC12 cells treated with conditioned medium from
BV2 cells in each group (n = 3). In (A–C, E, F, H, I): data are expressed as mean ± standard error. Statistical analyses were conducted using one-way
analysis of variance: #, p < 0.05, ##, p < 0.01, ###, p < 0.001 compared to the Control group; *, p < 0.05, **, p < 0.01, ***, p < 0.001 compared to the STZ
group. STZ, streptozotocin; DPN, donepezil hydrochloride tablets; DAPI, 6-diamidino-2-phenylindole; Iba-1, ionized calcium-binding adaptor
molecule 1.
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FIGURE 6
CPGB attenuated STZ-induced pathogenesis of Alzheimer’s disease in a 3-dimensional brain neurovascular unit model. (A–D, P–S): Bar charts with
dots representing the concentrations of tumor necrosis factor-α (A, P), interleukin-1β (B, Q), interleukin-6 (C, R), and amyloid β1-42 protein (D, S) in the
supernatant across different groups (n = 3); (F, G, J–L, N,O): Bar charts showing the relative expression levels of App (F, N), Tlr4 (J), andMyd88 (K) proteins, as
well as the ratio of pTau396 to Tau (G,O) and p-p65 to p65 (L) across different groups (n= 3); (E, I,M): Representative gel images showing the expression
levels of App, pTau396, and Tau proteins (E,M), aswell as Tlr4,Myd88, p-p65, and p65proteins (I) across different groups; and (H): Representativemicroscopy
images showing the stained β-tubulin and CFAP across groups. In (A–D, F, G, J–L, N–P), data are expressed as mean ± standard error. Statistical analyses
were conducted using one-way analysis of variance: #, p < 0.05, ##, p < 0.01, ###, p < 0.001 compared to the Control group; *, p < 0.05, **, p < 0.01, ***, p <
0.001 compared to the STZ group; ns: non-significant, &, p <0.05, &&, p <0.01. STZ, streptozotocin; DPN, donepezil hydrochloride tablets; DAPI, 6-diamidino-
2-phenylindole; App, amyloid precursor protein; GFAP, glial fibrillary acidic protein; PMA, phorbol 12-myristate 13-acetate.
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spectrum of AD-related pathology. Aging models, though relevant
to AD pathogenesis, require long experimental periods and are often
too expensive for routine use. Moreover, neuroinflammation
models, such as those induced by lipopolysaccharide (LPS), can
mimic inflammation-related cognitive deficits but lack the hallmark
pathologies of AD, including Aβ accumulation. In contrast, the STZ-
induced AD model offers several advantages. It reproduces a wide
range of AD-like features, including ventricular enlargement,
neuroinflammation, Aβ deposition, Tau hyperphosphorylation,
oxidative stress, and synaptic dysfunction. Additionally, the STZ
model is economically feasible and allows for rapid induction of AD-
like pathology, making it well-suited for studies requiring timely
results. Given its ability to mimic the complex, multifactorial nature
of AD, particularly the sporadic form, it provides a robust model for
investigating therapeutic interventions like CPGB (Drummond and
Wisniewski, 2017; Yokoyama et al., 2022). Hence, we chose this
model to explore the therapeutic effects of CPGB on AD.

Firstly, we selected 4 active ingredients, namely catalpol,
puerarin, gastrodin, and borneol (Supplementary Figure S1), and
developed 15 formulations through permutations and
combinations. To identify a formulation with optimal therapeutic
effects on AD, we established an AD cell model according to
previous studies (Gupta et al., 2018; Kamat, 2015; Li et al., 2020),
and evaluated the mitigative effects of these 15 formulations. The
results showed that 4 formulations, including catalpol, gastrodin,
CPG, and CPGB, significantly reduced concentrations of pro-
inflammatory cytokines TNF-α, IL-1β, and IL-6 in the
supernatant, as well as Aβ1-42 and the pTua231/Tau ratio
(Figures 1A, B; Supplementary Figures S2A–D), which are
considered AD-related indicators in cellular models (Lista et al.,
2014). Subsequently, referencing our previous studies, we further
evaluated the therapeutic effects of these formulations on AD using
an STZ-induced AD rat model. The results demonstrated that CPGB
produced greater improvements in STZ-induced Aβ protein
deposition, pTua231 plaque formation, and cognitive deficits in
the NOR and MWM tests, which are commonly used in AD rat
models (Leger et al., 2013; Vorhees and Williams, 2006) (Figures
1C–I, 2). All these findings confirmed that CPGB was more effective
in treating STZ-induced AD than other formulations, especially
these monotherapy, suggesting that the great potential of CPGB in
treating AD compared (Moreira-Silva et al., 2018).

Afterwards, we examined the therapeutic effects of low, mild,
and high doses of CPGB, which were confirmed to show no
significant toxicities on rats in our previous studies, on the
behavioral, pathological, and molecular alterations induced by
STZ. As anticipated, all doses of CPGB significantly alleviated
STZ-induced cognitive deficits, AD-related pathological
progressions, and molecular depositions in the hippocampus of
rats (Figures 2, 3). The hippocampus, a core structure affected by
AD, is composed of blood vessels (including endothelial cells,
pericytes, and basement membrane), neurons, a variety of glial
cells, and the extracellular matrix. Hence, to further explore
CPGB’s effects, we established a 3D-NVU model, which reflects
the dynamic integrity of brain structure and functions (Bhalerao
et al., 2020; Caffrey et al., 2021), and validated the therapeutic effects
of CPGB on AD at the organoid level. Similarly, CPGB significantly
mitigated STZ-induced AD-related pathological progression and
molecular deposition in this model (Figure 5). Together, these

findings further confirm the efficacy of CPGB in preventing the
pathogenesis of AD. Notably, we observed no significant differences
in the AD-preventing efficacy of CPGB across different doses
(Figures 2, 3, 5), suggesting a dose-independent therapeutic
effect. However, this observation requires validation over a wider
range of concentrations.

After confirming the effects, we further explored the underlying
mechanisms. Through transcriptome sequencing and analysis, we
identified 35 genes affected by both STZ and CPGB in the
hippocampal tissues (Figures 4A–D). These genes were
significantly enriched into 10 KEGG pathways (Figure 4E).
Notably, the Toll-like receptor signaling pathway and NF-κB
signaling pathway have been previously proven to play crucial
roles in the pathogenesis of AD by regulating microglia-derived
proinflammatory responses (Jha et al., 2019; Su et al., 2016).
Therefore, we examined the activity of the Tlr4/Myd88/NF-κB
signaling pathway by assessing the expression levels of its
checkpoints in cellular and organoid models. As anticipated,
CPGB significantly ameliorated STZ-induced increases in the
relative expression levels of Tlr4, Myd88, and p65 proteins
(Figures 4F–L, 5, 6A–L). Furthermore, inhibiting the Tlr4 protein
did not enhance the therapeutic effects of CPGB, whereas activating
the Myd88 protein significantly blocked these effects (Figures
6M–S). These findings suggest that the Tlr4/Myd88/NF-κB
signaling pathway is essential for CPGB to exert its therapeutic
effects on AD. It should be noted that we identified approximately
200 DEGs in each comparison, whereas a previous transcriptomic
study identified thousands of DEGs (Mathys et al., 2019). This
discrepancy suggests that other cells in the tissue, unaffected by STZ,
might have influenced our transcriptome analysis results, explaining
the lack of significant difference in gene expression profiles across
groups (Figure 4A). Consequently, conducting a single-cell
sequencing on rat hippocampal tissue or transcriptome
sequencing on PC12 cells may reveal more DEGs and enrich
additional signaling pathways, thus providing a broader
understanding of potential mechanisms behind CPGB’s
therapeutic effects on AD.

Our study is the first to combine 4 known bioactive compounds
from TCMs with therapeutic potential for AD, demonstrating that
this combination therapy is more effective than single-agent
treatments. We have also preliminarily identified the molecular
mechanisms by which this formulation affects microglial cells.
Future experiments could further explore the pharmacological
properties of this combination to provide theoretical support for
its clinical application. However, our research has certain
limitations. Notably, we did not investigate the compatibility of
these 4 compounds or whether they interact with each other in ways
that could impact the polypharmacological effect of this
formulation, potentially influencing its therapeutic outcomes.
This aspect warrants further investigation in future studies.

Conclusion

In summary, our study demonstrated that the CPGB formula
has superior mitigating effects on STZ-induced production of pro-
inflammatory cytokines, as well as the deposition of Aβ proteins and
hyperphosphorylated Tau proteins in PC12 cells. It also showed
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improvements in cognitive deficits in an AD rat model, compared to
its components or other formulas. We further confirmed that
varying doses of CPGB effectively prevented STZ-induced
pathogenesis of AD, including cognitive deficits in rats,
pathological changes in hippocampal tissues, and the production
and deposition of AD-related markers in hippocampal tissues, 3D-
NVU model, and BV2 cells. Additionally, our findings revealed that
the Tlr4/Myd88/NF-κB signaling pathway is essential for the
therapeutic effects of CPGB on AD pathogenesis. Our study
enhances the theoretical foundation for using traditional Chinese
medicine to treat AD, providing new insights and references for
alleviating and treating AD.
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(n = 8–10) in the new object recognition tests; and (G, J): Bar charts with
dot representing the swimming speed of rats in the Morris water maze tests
(n = 8–10). Data are expressed as mean ± standard error. Statistical
analyses were performed using one-way analysis of variance (A–G, I, J)

and the Kruskal-Wallis test (H): ###, p < 0.001 compared to the Control/
Sham group; *, p < 0.05, **, p < 0.01 compared to the STZ/Model
group. STZ, streptozotocin; DPN, donepezil hydrochloride tablets;
p-Tua231, phosphorylated Tau protein at threonine 231.
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Glossary
AD Alzheimer’s Disease

3D-NVU 3-dimensional brain neurovascular unit

AEA arachidonoylethanolamide

ANOVA analysis of variance

App amyloid precursor protein

Aβ amyloid beta

BMSCs brain microvascular endothelial cells

DAPI 4′,6-diamidino-2-phenylindole

DI Discrimination index

DMEM/F12 Dulbecco’s modified eagle medium: Nutrient mixture F-12

DPN donepezil hydrochloride tablets

ELISA enzyme-linked immunosorbent assay

EMP elevated plus maze

FBS fetal bovine serum

FPKM fragments per kilobase million

GFAP glial fibrillary acidic protein

GO gene ontology

HE Haematoxylin and Eosin

ICV intracerebroventricular

IL interleukin

Iba-1 adaptor molecule 1

KEGG Kyoto Encyclopedia of Genes and Genomes

MWM Morris water maze

NO nitric oxide

NOR new object recognition

NSCs neural stem cells

PC12 pheochromocytoma cell line

PCA principal component analysis

PERMANOVA permutational multivariate analysis of variance

PS penicillin-streptomycin

ROS reactive oxygen species

RT-qPCR reverse transcription quantitative polymerase chain reaction

STZ streptozotocin

TCMs traditional Chinese medicine

TLR toll-like receptor

TNF-α tumor necrosis factor-α

cDNA complementary DNA

rhEGF recombinant human epidermal growth factor

rhbFGF recombinant human basic fibroblast growth factor
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(+)-Borneol inhibits 
neuroinflammation and M1 
phenotype polarization of 
microglia in epileptogenesis 
through the TLR4-NFκB signaling 
pathway
Shuo Li 1, Alhamdu Adamu 1, Yucai Ye 2, Fankai Gao 3, Rulin Mi 3, 
Guofang Xue 3* and Zhaojun Wang 2*
1 Second Clinical Medical School, Shanxi Medical University, Taiyuan, China, 2 Department of 
Physiology, Shanxi Medical University, Taiyuan, China, 3 Department of Neurology, Second Hospital of 
Shanxi Medical University, Taiyuan, China

Objective: To investigate the effect of (+)-borneol on neuroinflammation and 
microglia phenotype polarization in epileptogenesis and its possible mechanism.

Methods: Based on mouse models of status epilepticus (SE) induced by 
pilocarpine, and treated with 15  mg/kg (+)-borneol, western-blot was used to 
detect the expressions of NeuN, Iba-1, TLR4, p65 and p-p65 in the hippocampus. 
Immunofluorescence was used to detect the expression of apoptosis-related 
proteins Bax and Bcl-2. To explore the effect of (+)-borneol on microglia in 
vitro, we used the kainic acid-induced microglia model and the concentration 
of (+)-borneol was 25  μM according to CCK-8 results. The levels of tumor 
necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-10 (IL-10) in the 
supernatant of each group was detected by ELISA. The nitric oxide (NO) content 
in the supernatant was detected by Griess method. The expressions of Iba-1 
and TLR4-NFκB signaling pathway-related proteins (TLR4, p65, p-p65) were 
detected by Western-Blot. Immunofluorescence was used to detect microglia’s 
M1 and M2 phenotype polarization and the expression of Iba-1 and TLR4.

Results: (+)-borneol reduced hippocampal neuronal injury, apoptosis, and 
microglia activation by inhibiting the TLR-NFκB signaling pathway in SE mice. 
TLR4 agonist LPS partially reversed the neuroprotective effect of (+)-borneol. In 
the KA-induced microglia model, (+)-borneol inhibited microglia activation, M1 
phenotype polarization, and secretion of pro-inflammatory cytokines through 
the TLR4-NFκB signaling pathway. LPS treatment inhibited the therapeutic 
effects of (+)-borneol.

Conclusion: (+)-borneol inhibits microglial neuroinflammation and M1 
phenotype polarization through TLR4-NFκB signaling pathway and reduces 
neuronal damage and apoptosis in SE mice. Therefore, (+)-borneol may be a 
potential drug for epilepsy modification therapy.
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1 Introduction

Epilepsy is a chronic brain disease characterized by recurrent 
seizures (Beghi, 2020). The causes of the epilepsy mainly include 
malformtion of cortical development, cerebrovascular diseases, brain 
tumors, traumatic brain injury, and central nervous system infection 
(Pitkänen et al., 2015). At present, epilepsy has become the second 
most common disease of the nervous system, affecting about 70 
million people around the world (Thijs et al., 2019). Comorbidities 
such as anxiety, depression and stigma bring great pressure on patients 
and a heavy burden to families and society (Trinka et al., 2019; Beghi, 
2020). Antiseizure medications (ASMs) are currently the main means 
of controlling seizures, such as sodiumvalproate, lamotrigine, 
levetiracetam, carbamazepine (Manford, 2017). However, they can 
only reduce the frequency and/or severity of seizures, cannot interfere 
with the process of the disease or change the prognosis and one-third 
of patients are resistant to existing drugs (Thijs et al., 2019).

Disease-modifying therapy (DMT) is a treatment that modifies 
the course of disease through medical intervention, which has been 
widely used in various neurological diseases (Chiò et al., 2020; Liu 
et al., 2021a; Tabrizi et al., 2022). In the existing studies on epilepsy 
modifying therapy, the frequency and duration of hippocampal 
paroxysmal discharges in epileptic mice can be reduced by inhibiting 
neuroinflammation (Gong et al., 2022), or the comorbidities such as 
learning and memory deficits of rats post-status epilepticus (SE) can 
be improved (Casillas-Espinosa et al., 2023). Both of them can achieve 
the purpose of disease modification. It has become the main research 
direction of epilepsy to search for new therapeutic targets and more 
effective drugs to delay the development of epilepsy, improve the 
pathological damage after seizures, and achieve the purpose of 
epilepsy modification therapy (Galanopoulou et al., 2021).

Epileptogenesis refers to the chronic process of the formation of 
epileptic pathological foci (Pitkänen et al., 2015).In other words, the 
brain undergoes molecular cellular changes caused by epileptogenic 
factors, then the excitability of neurons increases and leads to 
spontaneous recurrent seizures (SRS) (Pitkänen et  al., 2007). The 
whole process is called epileptogenesis, which is the main target of 
epilepsy modification therapy. In this process, a series of 
pathophysiological changes occur, including abnormal 
neuroinflammation, excessive activation of glia, massive secretion of 
inflammatory factors, active plasticity of abnormal neuronal networks 
and dendritic spines, dysregulation of voltage-gated ion channels, 
neuronal damage, apoptosis, blood–brain barrier damage, and 
infiltration of peripheral immune cells into the brain (Li et al., 2023; 
Jean et al., 2023; Issa et al., 2023). Recent studies have shown that 
neuroinflammation and its coupled activation of glia and release of 
inflammatory factors are the initiating factors of epilepsy and run 
through the whole process (Mukhtar, 2020; Soltani Khaboushan et al., 
2022).Neuroinflammation and its related pathways have become 
important targets for drug development, and drugs targeting 
neuroinflammation are also considered promising drugs and put into 
basic or clinical research (Clossen and Reddy, 2017).

Microglia are the resident immune cells in the nervous system, 
which are involved in maintaining the homeostasis of the central 
nervous system (Borst et  al., 2021). According to the different 
proinflammatory or anti-inflammatory functions, microglia are 
generally divided into M1 phenotype (neurotoxic) and M2 phenotype 
(neuroprotective), and the two phenotypes can transform into each 

other (Kwon and Koh, 2020). In the early stage of epilepsy, microglia 
can be activated and respond to neuroinflammation first (Sano et al., 
2021). and the M1 phenotype is significantly increased, accompanied 
by a large number of inflammatory factors (Benson et  al., 2015). 
Activated microglia are involved in subsequent astrocyte activation 
and can contribute to astrocyte dysfunction and acute seizures 
(Henning et  al., 2023). A variety of drugs can inhibit 
neuroinflammation by regulating the phenotype polarization of 
microglia (Yang et al., 2017; Zhang et al., 2019; Liu et al., 2021b). In 
addition to participating in neuroinflammation to increase neuronal 
excitability, microglia can also cause non-inflammatory changes 
through enhanced mTOR signaling, which disrupts central nervous 
system homeostasis and eventually leads to SRS (Zhao et al., 2018). 
The inhibition of microglia after SE reduced the frequency of SRS, the 
duration and severity of seizures (Wang et  al., 2015). Therefore, 
microglia play an important role in epileptogenesis and may be a 
potential target for epilepsy modification therapy.

(+)-Borneol (C10H18O) is the main component of natural 
borneol. It is believed to have the functions of “medicinal guide” (Ren 
et al., 2024) and “clearing heat” (Zou et al., 2017; Zhong et al., 2023) 
in traditional Chinese medicine, so it is widely used in prescriptions 
for the treatment of mental disorders. Recent studies have shown that 
(+)-borneol can inhibit oxidative stress (Hua et al., 2021; Chen et al., 
2022), neuroinflammation (Liu et al., 2011) and apoptosis (Liu et al., 
2011), and it can cross the blood–brain barrier (Liu et al., 2021) to play 
a neuroprotective role in a variety of nervous system diseases (Wang 
et al., 2019; Xie et al., 2022; Ma et al., 2023). Our previous studies have 
shown that (+)-borneol can inhibit neuroinflammation and apoptosis 
in the hippocampus of rats with status epilepticus (SE) (Gao et al., 
2023). However, the effects of (+)-borneol on neuroinflammation and 
phenotype polarization of microglia in epilepsy are still unclear. In the 
present study, we examined the expression of inflammatory cytokines, 
microglia phenotypic markers, neuronal markers, apoptosis-related 
proteins and TLR4-NFκB signaling pathway-related proteins to 
evaluate whether (+)-borneol could play a neuroprotective role by 
regulating microglial neuroinflammation and phenotypic polarization 
in vitro and in vivo through TLR4-NFκB signaling pathway.

2 Methods

2.1 Chemicals

(+)-Borneol was gifted to Simcere Pharmaceuticals. LPS was 
purchased from Beijing Solarbio Science & Technology Co., Ltd. (Cat 
No:L8880). Lithium chloride was purchased from Sigam (United 
States). Atropine and Pilocarpine was purchased from Shanghai 
Aladdin Biochemical Technology Co., Ltd. Diazepam was purchased 
from Jinyao Pharmaceutical. KA was purchased from Yuanye 
(Shanghai, China, Cat No:S30773).

2.2 Animals

C57BL/6 male mice, aged 8 weeks, 18-22 g, were purchased from 
the Animal Center of Shanxi Medical University and raised in the 
tertiary SPF animal facility of the Animal Experimental Center of 
Shanxi Medical University. The average room temperature was 
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20–25°C, the relative humidity was 30–50%, and the light and dark 
cycles were alternating for 12 h. They had free access to water and 
food. After 1 week of acclimatization, the mice were randomly divided 
into 4 groups: normal Control group (Control group), epilepsy model 
group (SE group), (+)-borneol group (SE + Borneol group), and TLR4 
agonist group (SE + Borneol+LPS group), with 12 mice in each group. 
All experimental protocols were in accordance with NIH guidelines 
and have been reviewed by the Ethics Committee of the Second 
Hospital of Shanxi Medical University. The ethics record number 
was DW2023018.

2.3 Preparation of (+)-borneol solution

(+)-Borneol was dissolved in dimethyl sulfoxide (DMSO) in 
100 mg/mL, diluted to 2 mg/mL in normal saline for intraperitoneal 
injection in vivo, or diluted to 1 mM solution in PBS for 
cell experiments.

2.4 Animal model preparation and 
grouping treatment

The mice in the SE group, SE + Borneol group and 
SE + Borneol+LPS group were intraperitoneally injected with lithium 
chloride (127 mg/kg) for pretreatment and were intraperitoneally 
injected with atropine (1 mg/kg) 20 h later. Pilocarpine (200 mg/kg) 
was injected intraperitoneally 30 min later. About 20–30 min later, 
seizures were observed. Thirty minutes after successful modeling, 
diazepam (10 mg/kg) was injected intraperitoneally to terminate the 
seizure. The mice in the Control group were intraperitoneally injected 
with the same volume of normal saline. Animal behavior was assessed 
according to the Racine grade (Racine, 1972). The criteria for 
successful modeling were Racine grade IV (generalized tonic–clonic 
standing on the hind limbs) or grade V (generalized tonic–clonic 
standing even unable to maintain balance) lasting more than 30 min, 
or failure to restore normal behavior between seizures.

The mice in the SE + Borneol group were intraperitoneally injected 
with (+)-borneol solution (15 mg/kg) daily for 7 days, and those in the 
SE + Borneol+LPS group were intraperitoneally injected with LPS 
solution (0.5 mg/kg) 6 h before (+)-borneol injection. The other 
groups were injected with the same volume of solvent at the same 
time point.

2.5 Immunofluorescence

After 7 days of drug administration, brains were removed by heart 
perfusion, fixed and dehydrated, snap-frozen in liquid nitrogen, and 
stored in a cryogenic refrigerator at −80°C. Frozen sections were 
20 μm brain slices. After 1 h of equilibrium at room temperature, the 
surrounding embedding agent was washed off with PBS and fixed with 
4% paraformaldehyde. Brain slices were fixed with 4% 
paraformaldehyde for 30 min at room temperature, incubated with 
0.5%TritonX-100 for 15 min at room temperature, blocked with BSA 
for 1 h, and incubated with the next primary antibody drop at 4°C 
overnight: Bax (1:50, Bioworld, USA), Bcl-2 (1:50, Bioworld, USA). 
The next day, after rewarming at room temperature for 1 h, fluorescent 

secondary antibody (1:150, Bioss, China) was incubated in the dark 
for 1 h, and DAPI was incubated in the dark for 10 min after washing. 
Anti-fluorescence quencher was added to seal the slides, and the slides 
were observed under the fluorescence microscope (Olympus, BX51, 
Japan) and photographed under 10x objective lens with the same 
parameters as the control group. Finally, Image-J was used for analysis.

2.6 Cell culture

The BV2 microglia cell line was purchased from Wuhan Pricella 
Biotechnology Co., LTD.

BV2 microglia cells were cultured in the complete medium (DMEM/
F12, 10% fetal bovine serum, 1% penicillin–streptomycin solution) at 
37°C and 5%CO2 incubator (Thermo, Germany). The culture medium 
was discarded, washed twice with phosphate-buffered saline (PBS), and 
digested with 0.25% trypsin in the incubator for 5 min. The digestion was 
terminated with 2 times the amount of trypsin in complete medium, 
centrifuged at 1000 rpm for 5 min, and the supernatant was discarded 
and the complete medium was resuspended and passaged at a ratio of 1:3.

2.7 CCK-8

Cells in the logarithmic phase were collected and seeded in 
96-well plates at 50000 /mL cell concentration and 100 μL per well. 
The cells were treated with 600 μM KA (Source, Shanghai, China). 
After 12 h, (+)-borneol solution of 6 μM, 12.5 μM, 25 μM, 50 μM, 
100 μM and 200 μM was added, respectively. After 12 h, the culture 
medium was discarded, and the culture medium containing 10 μL 
CCK-8 solution was added to each well. After incubation at 37°C for 
1 h, the absorbance was measured by the microplate reader (Bio-Tek, 
United  States) at 450 nm. Cell survival rate = [(experimental well-
blank well)/ (control well-blank well)] × 100%. The CCK-8 kit was 
purchased from Boster, China (Cat No:AR1160).

2.8 Groups and treatment of cells

Microglia were seeded in 6-well or 12-well plates at a density of 
50,000 cells /ml. The cells were divided into 4 groups: Control group 
(Control group), model group (KA group), (+)-borneol group 
(KA + Borneol group), and TLR4 agonist group (KA + Borneol+LPS 
group). After 24 h, the cells adhered to the culture dishes, the medium 
of each group was discarded and the cells were washed twice with 
PBS. The complete medium containing 600 μM KA was added in the 
KA group, KA + Borneol group and KA + Borneol+LPS group. In the 
KA + Borneol group and KA + TLR4 agonist group, (+)-borneol 
solution with a final concentration of 25 μM was added after 12 h of KA 
treatment. In the KA + Borneol+LPS group, LPS solution with a final 
concentration of 50 ng/mL was added 1 h before (+)-borneol was added.

2.9 Elisa

After the cells were grouped and cultured, the cell culture 
supernatant of each group was collected and centrifuged at 1000 rpm 
for 5 min, and the supernatant was removed and placed at −20°C for 
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later use, which were tested within 1 week of collection According to 
the instructions of ELISA, the absorbance was measured at 450 nm 
using a microplate reader and the contents of TNF-α (Boster, China), 
IL-1β (Boster, China) and IL-10 (Bioswamp, China) in the cell 
supernatant of each group were calculated.

2.10 Griess

Using Griess kit (Beyotime, S0021S, China), Griess Reagent I and 
II reagents in the kit were equilibrated to room temperature. 
According to the instructions, the complete medium same as the cell 
culture was used to dilute standards (0, 1, 2, 5, 10, 20, 40, 60, 100 μM). 
In a 96-well plate, 50 μL of standard or cell supernatant from each 
group was added to each well. 50 μL of Griess Reagent I and II reagents 
that had equilibrated to room temperature were successively added to 
each well. Stir gently and mix well. The absorbance was measured at 
540 nm using a microplate reader. The concentration of nitric oxide in 
the supernatant of each group was calculated by drawing a standard 
curve based on the results of the standard.

2.11 Western blot

After 7 days of drug administration, the animals were sacrificed by 
neck removal, and the hippocampus was removed from the whole brain, 
weighed, cut into pieces on ice, and thoroughly blown after adding 
precooled RIPA (the ratio of tissue weight and RIPA was 1 g:10 mL) and 
1% protease inhibitors. The tissues were crushed by an ultrasonic 
morcellator (QSONICA, United  States) for 2 s ultrasound and 2 s 
intervals. The time of morcellation was determined according to the 
situation of the tissue. Then the tissue was centrifuged at 13000 rpm for 
25 min at 4°C, and the protein concentration was determined by BCA 
method and quantified to 35 μg/10 μL. The appropriate concentration 
of separation gel was selected according to the molecular weight, and 
the proteins were separated by electrophoresis and transferred to the 
PVDF membrane. The protein was blocked with protein-free rapid 
blocking solution (Boster, China) at room temperature for 15 min, and 
incubated in the following primary antibody solution at 4°C overnight: 
NeuN (1:500, Abclonal, China), Iba-1 (1:1000, Bioworld, United States), 
TLR4 (1:1000, Proteintech, China), p65 (1:2000, Bioss, China), p-p65 
(1:1000, Bioss, China), GAPDH (1:1000, Bioworld, United  States), 
β-actin (1:1000, Bioworld, China). Secondary antibody (1:10000, 
Servicebio, China) incubation and exposure were performed the next 
day. Finally, the grayscale was analyzed by Image- J.

The cells were grouped and treated as described in section 2.8. The 
cells in each group were added with precooled RIPA and protease 
inhibitors, then the cells were fully lysed, centrifuged at 12000 rpm for 
20 min at 4°C, and the protein concentration was determined by BCA 
method and quantified to 15 μg/10 μL. The latter steps were the same 
as above.

2.12 Cell immunofluorescence

Cells were uniformly seeded in 12-well plates with cell-specific 
slides placed in advance, and cells were grouped and treated as 
described in section 2.8. The cells were fixed with 4% paraformaldehyde 

for 30 min at room temperature and then incubated with 0.25%TritonX-
100 for 10 min (membrane proteins) or 15 min (nuclear and cytoplasmic 
proteins) at room temperature. After that, the cells were blocked with 
BSA for 1 h, and the cells were covered with the next primary antibody 
solution and incubated at 4°C overnight: Iba-1 (1:100, Proteintech, 
China), CD86 (1:50, Boster, China), CD206 (1:400, Proteintech, China), 
TLR4 (1:50, Abclonal, China), p65 (1:100, Bioss, China), p-p65 (1:100, 
Bioss, China). The next day, the fluorescent secondary antibody (1:150, 
Bioss, China) was incubated in the dark for 1 h after rewarming at room 
temperature, and DAPI was incubated in the dark for 10 min after 
washing. Anti-fluorescence quencher was added to seal the slides, and 
the slides were observed under the fluorescence microscope and 
photographed under 20x objective lens with the same parameters as the 
control group. Finally, Image-J was used for analysis.

2.13 Statistical analysis

The results were compared using GraphPad Prism V8.0.2. The 
experimental data were represented as mean ± SEM. The data were 
analyzed by one-way ANOVA followed by Tukey’s post-hoc tests for 
multiple comparisons. p < 0.05 was considered statistically significant.

3 Results

3.1 (+)-Borneol reduced hippocampal 
neuronal damage and apoptosis in SE mice

The expression of neuronal marker NeuN, pro-apoptotic protein 
Bax and anti-apoptotic protein Bcl-2 were examined in the 
hippocampus of SE mice.

The results of Western Blot showed that the expression of NeuN 
in the SE group was significantly lower than that in the Control group 
(p < 0.001). (+)-Borneol treatment reduced hippocampal neuronal 
damage after SE (p < 0.01) and TLR4 activated by LPS partially 
reversed the effect (p < 0.05; Figures 1A,B).

The results of immunofluorescence of Bax (Figure 2) and Bcl-2 
(Figure  3) showed that the expression of Bax was increased 
(p < 0.001) and the expression of Bcl-2 was decreased (p < 0.001) in 
each brain region in the SE group compared with the Control group. 
Treatment with (+)-borneol reduced the expression of Bax 
(p < 0.001) and increased Bcl-2 (CA1, p < 0.01, CA3, DG p < 0.001). 
Activation of TLR4 reversed the anti-apoptosis effect of (+)-borneol 
(Bax, CA1 p < 0.001, CA3 p < 0.05, DG p < 0.01 and Bcl-2, CA1, CA3 
p < 0.05, DG p < 0.01).

3.2 (+)-Borneol reduced microglia 
activation in the hippocampus of SE mice

The expression of microglia marker Iba-1 in the hippocampus of 
epileptic mice was detected.

The results of Western Blot showed that the expression of Iba-1 in 
the SE group has a higher level than that in the Control group 
(p < 0.001). (+)-Borneol treatment reduced Iba-1 expression (p < 0.01) 
and TLR4 agonist LPS increased the Iba-1 expression compared with 
the SE + Borneol group (p < 0.05) (Figures 4A,B).
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3.3 (+)-Borneol inhibited the activation of 
TLR4-NFκB signaling pathway in the 
hippocampus of SE mice

The expression of TLR4, p65/NFκB and p-p65/NFκB in the 
hippocampus of SE mice was detected.

Western Blot results showed that the expression of TLR4 and p-p65/
p65 in the hippocampus of the SE group was significantly higher than 
that of the Control group (p < 0.001). After the treatment of (+)-borneol, 
the expression of TLR4 and pp65/p65 was decreased (p < 0.01). 
Compared with the SE + Borneol group, the SE + Borneol+LPS group 
had significant increases in the expression of TLR4 and p-p65/p65 
(p < 0.05) (Figures 5A–C).

3.4 The optimal concentration of (+)-borneol 
in KA-induced BV2 microglia was 25  μM

To determine the optimal concentration of (+)-borneol on 
KA-induced microglia, microglia were treated with different 
concentrations of (+)-borneol after 12 h of KA-induced, then 
co-cultured with KA for another 12 h. Cell viability was detected by 
CCK-8 (Figure 6). The results showed that treatment with 600 μM KA 
significantly decreased the viability of microglia (p < 0.001). The toxic 
effect of KA was counteracted by treatment with 25 μM (+)-borneol 
(p < 0.01).When the concentration increased to 200 μM, (+)-borneol 
produced toxic effects (p < 0.05). The concentration of (+)-borneol, 
which can antagonize the toxicity of KA and has high cell activity, was 
selected as the optimal concentration in this experiment, so it was 
determined to be  25 μM. (+)-Borneol inhibited KA-induced 
pro-inflammatory cytokines secretion in BV2 microglia.

3.5 (+)-Borneol inhibited KA-induced 
pro-inflammatory cytokines secretion in 
BV2 microglia

The levels of proinflammatory cytokines TNFα, IL-1β and anti-
inflammatory cytokine IL-10  in the culture supernatant of BV2 
microglia were detected by ELISA. The level of NO in the culture 
supernatant was detected by the Griess method.

Compared with the Control group, the secretion of three 
pro-inflammatory cytokines (TNFα, IL-1β and NO) was increased, 
and the secretion of anti-inflammatory cytokine (IL-10) was decreased 
in the KA group (p < 0.001). Compared with the KA group, the 
secretion of proinflammatory cytokines in the KA + Borneol group 
decreased (p < 0.001), and there was no significant difference in the 
secretion of anti-inflammatory cytokines (p > 0.05). Compared with 
the KA + Borneol group, the KA + Borneol+LPS group showed 
increased secretion of pro-inflammatory cytokines (TNFα p < 0.01, 
IL-1β and NO p < 0.05), but no significant difference in anti-
inflammatory cytokines (p > 0.05) (Figure 7).

3.6 (+)-Borneol inhibited KA-induced 
activation of BV2 microglia and inhibited 
microglial polarization to M1 phenotype

Western Blot was used to detect the expression of Iba-1 in BV2 
microglia. Immunofluorescence assay was used to detect the expression 
of Iba-1, M1 marker CD86 and M2 marker CD206 in BV2 microglia.

The expression of Iba-1 was detected by Western Blot 
(Figures 8A,B). Compared with the Control group, the expression of 
Iba-1 in the KA group increased (p < 0.001). Compared with the KA 
group, the KA + Borneol group had a significant reduction in the 
expression of Iba-1 (p < 0.001). Compared with the KA + Borneol 
group, the KA + Borneol+LPS group had a significant increase in the 
expression of Iba-1 (p < 0.05).

The results of immunofluorescence detection of Iba-1 showed that 
the average fluorescence intensity of Iba-1 in the KA group was higher 
than that in the Control group (p < 0.001). The average fluorescence 
intensity of Iba-1 in the KA + Borneol group was lower than that in the 
KA group (p < 0.001). Compared with the KA+ Borneol group, the 
KA + Borneol+LPS group had a significantly increased mean 
fluorescence intensity of Iba-1 (p < 0.05). The immunofluorescence 
results were identical to Western-Blot’s (Figures 8C,D).

The results of immunofluorescence detection of CD86 and 
CD206 showed that, compared with the Control group, the 
average fluorescence intensity of CD86  in the KA group was 
increased (p < 0.001), and the average fluorescence intensity of 
CD206 was decreased (p < 0.001). Compared with the KA group, 
the average fluorescence intensity of CD86 in the KA + Borneol 

FIGURE 1

Effect of (+)-borneol on the NeuN expression in SE mice hippocampus. (A) Western-Blot representative diagrams of NeuN in each group of mice. 
(B) Analysis and statistics of Western-Blot results. ***p  <  0.001; **p  <  0.01; *p  <  0.05; n =  6.
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group was decreased (p < 0.001), and there was no significant 
difference in the average fluorescence intensity of CD206 
(p > 0.05). Compared with the KA + Borneol group, the mean 
fluorescence intensity of CD86 was increased in the 
KA + Borneol+LPS group (p < 0.05), but there was no significant 
difference in CD206 (Figures 9A–D).

3.7 (+)-Borneol inhibited KA-induced 
activation of TLR4-NFκB signaling pathway 
in BV2 microglia

The expression of TLR4, p65/NFκB and p-p65/NFκB in each 
group were detected.

FIGURE 2

Effect of (+)-borneol on the Bax expression in SE mice hippocampus. (A–C) Immunofluorescence representative diagrams of Bax in CA1 (A), CA3 (B), 
and DG (C) region. (D–F) Analysis and statistics of immunofluorescence in each region. Bar  =  200  μm. ***p  <  0.001; **p  <  0.01; *p  <  0.05; n =  6.
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Western Blot results showed that the expression of 
TLR4 and p-p65/p65  in the KA group was significantly 
higher than that in the Control group (p < 0.001). The expression 
of TLR4 and pp65/p65  in KA + Borneol group decreased 
(TLR4 p < 0.05, p-p65/p65 p < 0.001). Compared with the 
KA + Borneol group, the KA + Borneol+LPS group had 
significantly increased expressions of TLR4 and p-p65/p65 
(p < 0.05) (Figures 10A–C).

The results of TLR4 immunofluorescence showed that the mean 
fluorescence intensity of TLR4 in the KA group was increased compared 
with the Control group (p < 0.001). Compared with the KA group, the 
average fluorescence intensity of TLR4 in the KA + Borneol group was 
decreased (p < 0.001). Compared with the KA+ Borneol group, the 
KA + Borneol+LPS group had a significantly increased mean 
fluorescence intensity of TLR4 (p < 0.05). The immunofluorescence 
results were identical to those of Western Blot (Figures 10D,E).

FIGURE 3

Effect of (+)-borneol on the Bcl-2 expression in SE mice hippocampus. (A–C), Immunofluorescence representative diagrams of Bcl-2 in CA1 (A), CA3 
(B), and DG (C) region. (D–F) Analysis and statistics of immunofluorescence in each region. Bar  =  200  μm. ***p  <  0.001; **p  <  0.01; *p  <  0.05; n =  6.
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4 Discussion

Our study demonstrated that (+)-borneol was neuroprotective in 
a pilocarpine-induced status epilepticus (SE) mouse model and 
inhibited KA-induced BV2 microglial neuroinflammation and M1 
phenotype polarization.

According to the results, administration of (+)-borneol after 
SE reduced hippocampal neuronal damage and apoptosis, and 
inhibited microglial activation. TLR4 activation reversed the 
neuroprotective effects of (+)-borneol. In the microglia model 
induced by KA, (+)-borneol treatment reduced the secretion of 
pro-inflammatory cytokines, inhibited microglial activation and 
M1 phenotype polarization, and TLR4 agonist inhibited the 

anti-inflammatory effects of (+)-borneol. Moreover, (+)-borneol 
inhibited the activation of the TLR4-NFκB signaling pathway both 
in vitro and in vivo.

Currently, the most common clinically drug-resistant epilepsy to 
existing ASMs is mesial temporal lobe epilepsy (MTLE), which is also 
the most common type of focal epilepsy in adults (Vega-García et al., 
2022; Panina et al., 2023). Studies on the mechanism of MTLE are 
based on animal models, and the pilocarpine-induced SE model is the 
most commonly used of these, which can produce similar pathological 
changes to human MTLE (Lévesque et al., 2021).

KA is an excitatory neurotransmitter glutamate analog that 
acts on α-amino3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptors to cause excessive Ca2+ influx. It can cause 

FIGURE 4

Effect of (+)-borneol on the Iba-1 expression in SE mice hippocampus. (A) Western-Blot representative diagrams of Iba-1 in each group of mice. 
(B) Analysis and statistics of Western-Blot results. ***p  <  0.001; **p  <  0.01; *p  <  0.05; n =  6.

FIGURE 5

Effect of (+)-borneol on the TLR4, p65 and p-p65 expression in SE mice hippocampus. (A) Western-Blot representative diagrams of TLR4, p65 and 
p-p65 in each group of mice. (B) Analysis and statistics of TLR4 Western-Blot results. (C) Analysis and statistics of p-p65/p65 Western-Blot results. 
***p  <  0.001; **p  <  0.01; *p  <  0.05; n =  6.
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intracellular calcium overload and neuronal damage, resulting in 
epileptogenic effects (Zhang and Zhu, 2011). By acting on 
microglia, KA can simulate the epilepsy microenvironment, 
induce the proliferation and activation of microglia, and produce 
pro-inflammatory cytokines. Our previous experiment explored 
that the optimal injury concentration of KA on BV2 microglia was 
600 μM, which was used as the model concentration for BV2 cells 
in this study.

Pathological changes such as abnormal increase of neuronal 
excitability in seizures and SE, neuroinflammation, oxidative stress, 
and mitochondrial dysfunction in epilepsy can lead to neuronal 
damage (Madireddy and Madireddy, 2023). The hippocampal neuron 
loss is the most obvious, which may develop into hippocampal 
damage, atrophy and sclerosis (Thompson, 2023). The loss of neurons 
and the resulting brain damage can lead to serious long-term 
consequences, such as impaired learning and memory, cognitive 
function, or the development of chronic epilepsy (Chepurnov 
et al., 2012).

Apoptosis is a form of programmed cell death which is closely 
related to neuronal damage in epilepsy (Henshall and Simon, 
2005). Seizures can also activate the intrinsic apoptotic pathway of 
cells (Henshall, 2007). Bcl-2 family proteins regulate pro- and anti-
apoptotic intracellular signals and are an important class of 
proteins that regulate apoptosis (Ashkenazi et al., 2017). Among 
them, anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax 
are important members. The anti-apoptotic and pro-apoptotic 
proteins of the Bcl-2 family maintain a dynamic balance under 
physiological effects, and promoting the positive or negative 
balance of apoptosis may become a new opportunity to intervene 
in diseases (Singh et  al., 2019). In the present study, we  also 
observed that (+)-borneol treatment increased the expression of 
NeuN and Bcl-2 and decreased the expression of Bax in the 
hippocampus. (+)-Borneol treatment reduced neuronal damage 
and apoptosis after SE, and TLR4 activation partially reversed the 
therapeutic effects of (+)-borneol.

Neuroinflammation mainly includes excessive activation of 
glia and excessive secretion of pro-inflammatory cytokines. 
Microglia can be  activated in the early stage of epilepsy, 
phagocytose apoptotic cells, secrete appropriate amounts of 
inflammatory factors, and play a neuroprotective role (Hiragi et al., 
2018). Subsequently, microglia secrete a large number of 
inflammatory cytokines, and excessive neuroinflammation induces 
astrocyte activation and dysfunction, reduces the seizure threshold, 
and mediates neuronal damage (Patel et al., 2019; Shen et al., 2023; 
Henning et  al., 2023). Seizures further aggravate 
neuroinflammation, forming a vicious cycle and accelerating the 
process of epilepsy (Pracucci et al., 2021).

Our previous study has shown that microglia and astrocytes 
are rapidly activated and the secretion of inflammatory cytokines 
is increased after SE in rats (Gao et al., 2023; Tian et al., 2019). 
(+)-Borneol reduces the secretion of pro-inflammatory cytokines 
in the hippocampus of rats with SE. However, the effect of 
(+)-borneol on the secretion of pro-inflammatory and anti-
inflammatory cytokines in microglia has not been investigated in 
vitro. Our results suggest that (+)-borneol inhibits microglia 
overactivation both in vivo and in vitro. In vitro, (+)-borneol 

FIGURE 6

Different (+)-borneol concentration and microglia activity. 
***p <  0.001; **p <  0.01; *p <  0.05; n =  3.

FIGURE 7

Effect of (+)-borneol on KA-induced inflammatory cytokine secretion in BV2 microglia. Statistical results of TNF-α (A), IL-1β (B), NO (C), and IL-10 (D) of 
BV2 microglia supernatant in each group. ***p<0.001; **p <  0.01; *p <  0.05; ns p >  0.05; n =  6.
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treatment reduced KA-induced secretion of pro-inflammatory 
cytokines but had no significant effect on anti-inflammatory 
cytokines in BV2 microglia. TLR4 agonist treatment could 
partially reverse the anti-inflammatory effects of (+)-borneol. In 
addition, (+)-borneol has been reported to ameliorate epileptic 
seizures by inhibiting the excitability of glutamatergic synaptic 
transmission. These results suggest that (+)-borneol, as an anti-
inflammatory agent, may have a therapeutic effect on 
epilepsy modification.

In recent years, microglia have been divided into two 
phenotypes according to their functions: the pro-inflammatory 
neurotoxic M1 and the anti-inflammatory neuroprotective M2. 
These two phenotypes are in dynamic changes and can 
be  transformed into each other (Kwon and Koh, 2020). The 
regulation of M1 and M2 phenotype polarization has become an 
effective target for a variety of drugs to inhibit neuroinflammation 
and a potential direction for the treatment of nervous system 
diseases (Zhang et al., 2019; Jiang et al., 2021; Long et al., 2024). 

Previous studies have reported that targeting microglial 
phenotype polarization in epilepsy can reduce neuronal 
damage (Peng et al., 2019), and activation of M1 microglia can 
promote SE-induced neuroinflammation (Liang et al., 2023). The 
results of our study showed that (+)-borneol inhibited KA-induced 
M1 but not M2 polarization of BV2 microglia, suggesting that 
(+)-borneol inhibits the proinflammatory phenotype of 
microglia polarization.

TLR4 is a transmembrane protein that recognizes exogenous 
ligand LPS and endogenous ligands produced by stress and cell 
injury (Paudel et  al., 2020). After binding to the ligand, it can 
activate the downstream NF-κB signaling pathway, secrete and 
release inflammatory factors, and activate the inflammatory 
cascade (Shi et al., 2018). TLR4 inhibitors can effectively improve 
the symptoms of epilepsy in mice (Dong et al., 2022).

NF-κB is a widely expressed transcription factor that is 
associated with biological processes of neuroinflammation and 
apoptosis (Dresselhaus and Meffert, 2019; Shih et al., 2015). P65 

FIGURE 8

Effect of (+)-borneol on Iba-1 in KA-induced BV2 microglia. (A) Western-Blot representative diagrams of Iba-1 in each group of BV2 microglia. 
(B) Analysis and statistics of Western-Blot results. (C) Immunofluorescence representative diagrams of Iba-1 in each group of BV2 microglia. 
(D) Analysis and statistics of immunofluorescence results. Bar  =  100  μm. ***p<0.001; **p <  0.01; *p <  0.05; ns p >  0.05; n =  6.
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(Rel A) is a member of the NF-κB family. Under physiological 
conditions, p65 is mainly distributed in the cytoplasm in the form 
of p50-p65 heterodimers, which bind to IκB inhibitory proteins. 
Under pathological stimulation, IκB undergoes phosphorylation 
and degradation, releasing p65 into the nucleus. The 
phosphorylation of P65 can promote the binding of p65 to the 
nucleus, initiate the transcription of inflammation-related genes, 
and promote the occurrence of neuroinflammation (Aloor 
et al., 2015).

After binding to ligands, TLR4 distributed on the membrane 
of microglia can activate the downstream NF-κB, promote its 
nuclear translocation, promote the polarization of microglia to M1 
phenotype, and secrete a large number of proinflammatory 
cytokines (Li et al., 2022; Younger et al., 2019). Previous studies 
have shown that (+)-borneol inhibits the activation of the NF-κB 
signaling pathway in mice with sepsis and in microglia and 
ischemic stroke models (Wang et al., 2019; Chang et al., 2017), but 
the effect of (+)-borneol on its upstream TLR4 has not been 
investigated. The present study found that (+)-borneol reduced 
TLR4 expression and p-p65/p65 ratio in the hippocampus of SE 
mice and KA-induced BV2 microglia. The effect of (+)-borneol 

was partially reversed by administration of TLR4 agonist LPS, 
suggesting that the effects of (+)-borneol on microglia 
neuroinflammation and phenotype polarization may be mediated 
by targeting TLR4 and inhibiting TLR4-NFκB signaling pathway.

The results of this study suggest that (+)-borneol can inhibit 
neuroinflammation in epilepsy and may be used as a potential anti-
epileptogenesis drug for epilepsy modifying therapy, delaying the 
progression of epilepsy and improving the long-term prognosis 
of epilepsy.

However, the present study only investigated the 
pathophysiological changes of (+)-borneol in SE mice within 
7 days and the possible mechanisms, but not the role of (+)-borneol 
in chronic epilepsy. Further studies are needed to investigate the 
electrophysiological effects of (+)-borneol on SE by monitoring the 
frequency and duration of chronic and recurrent seizures with 
electroencephalogram. It should be mentioned that as the data of 
this study represents the results in male mice only, conclusions are 
limited to males.

Overall, data from our study suggests that (+)-borneol alleviates 
neuroinflammation and inhibits microglia M1 phenotype polarization 
during epilepsy both in vitro and in vivo.

FIGURE 9

Effect of (+)-borneol on CD86 and CD206 in KA-induced BV2 microglia. (A,B) Immunofluorescence representative diagrams of CD86 (A) and CD206 
(B) in each group of BV2 microglia. (C,D) Analysis and statistics of immunofluorescence results. Bar  =  100  μm; ***p<0.001; **p <  0.01; *p <  0.05; ns 
p >  0.05; n =  6.

165

https://doi.org/10.3389/fnins.2024.1497102
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Li et al. 10.3389/fnins.2024.1497102

Frontiers in Neuroscience 12 frontiersin.org

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Ethics Committee of the 
Second Hospital of Shanxi Medical University. The ethics record 
number was DW2023018. The study was conducted in accordance 
with the local legislation and institutional requirements.

Author contributions

SL: Conceptualization, Formal analysis, Investigation, 
Methodology, Visualization, Writing – original draft, Writing – review 

& editing. AA: Visualization, Writing – review & editing. YY: 
Conceptualization, Investigation, Methodology, Writing – review & 
editing. FG: Supervision, Visualization, Writing – review & editing. 
RM: Project administration, Writing – review & editing. GX: 
Conceptualization, Funding acquisition, Methodology, Project 
administration, Resources, Supervision, Writing – review & editing. 
ZW: Conceptualization, Methodology, Project administration, 
Resources, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the Scientific research project of Shanxi Traditional 
Chinese Medicine Administration (Grant: 2023ZYYC2035) and 
Research Project Supported by Shanxi Scholarship Council of China 
(Grant: 2024–150).

FIGURE 10

Effect of (+)-borneol on the TLR4, p65 and p-p65 expression KA-induced BV2 microglia. (A) Western-Blot representative diagrams of TLR4, p65 and 
p-p65 in each group of mice. (B) Analysis and statistics of TLR4 Western-Blot results. (C) Analysis and statistics of p-p65/p65 Western-Blot results. 
(D) Immunofluorescence representative diagrams of TLR4. (E) Analysis and statistics of immunofluorescence results. Bar=100 μm. ***p < 0.001, 
**p < 0.01, *p < 0.05, n = 6.
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Xixin Decoction’s novel
mechanism for alleviating
Alzheimer’s disease cognitive
dysfunction by modulating
amyloid-β transport across the
blood–brain barrier to reduce
neuroinflammation

Chaokai Yang1†, Enlong Zhao1, Hu Zhang1, Liqi Duan1,
Xinyue Han1, Hongli Ding1, Yan Cheng1, Dengkun Wang1,2,3,
Xiaojing Lei2,3,4 and Yongchang Diwu2,3,4*†

1The First Clinical Medical College of Shaanxi University of Chinese Medicine, Xianyang, China, 2Key
Research Laboratory for Prevention and Treatment of Cerebrospinal diseases, Shaanxi Provincial
Administration of Traditional Chinese Medicine, Xianyang, China, 3Discipline Innovation Team for
Neurodegenerative Diseases of Shaanxi University of Chinese Medicine, Xianyang, China, 4College of
Basic Medicine, Shaanxi University of Chinese Medicine, Xianyang, China

Purpose: Xixin Decoction (XXD) is a classical formula that has been used to
effectively treat dementia for over 300 years. Modern clinical studies have
demonstrated its significant therapeutic effects in treating Alzheimer’s disease
(AD) without notable adverse reactions. Nevertheless, the specific mechanisms
underlying its efficacy remain to be elucidated. This investigation sought to
elucidate XXD’s impact on various aspects of AD pathology, including blood-
brain barrier (BBB) impairment, neuroinflammatory processes, and amyloid-β (Aβ)
deposition, as well as the molecular pathways involved in these effects.

Methods: In vitro experiments were conducted using hCMEC/D3 and HBVP cell
coculture to establish an in vitro blood-brain barrier (BBB) model. BBB damage
was induced in this model by 24-h exposure to 1 μg/mL lipopolysaccharide (LPS).
After 24, 48, and 72 h of treatment with 10% XXD-medicated serum, the effects of
XXDwere assessed throughWestern blotting, RT-PCR, and immunofluorescence
techniques. In vivo, SAMP8 mice were administered various doses of XXD via
gavage for 8 weeks, including high-dose XXD group (H-XXD) at 5.07 g kg-1·d-1,
medium-dose XXD group (M-XXD) at 2.535 g kg-1·d-1, and low-dose XXD group
(L-XXD) at 1.2675 g kg-1·d-1. Cognitive function was subsequently evaluated using
the Morris water maze test. BBB integrity was evaluated using Evans blue staining,
and protein expression levels were analyzed via ELISA, Western blotting, and
immunofluorescence.

Results: In vitro experiments revealed that XXD-containing serum, when cultured
for 24, 48, and 72 h, could upregulate the expression of P-gp mRNA and protein,
downregulate CB1 protein expression, and upregulate CB2 and Mfsd2a protein
expression. In vivo studies demonstrated that XXD improved spatial learning and
memory abilities in SAMP8mice, reduced the amount of Evans blue extravasation
in brain tissues, modulated the BBB-associated P-gp/ECS axis, RAGE/
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LRP1 receptor system, as well as MRP2 and Mfsd2a proteins, and decreased the
accumulation of Aβ in the brains of SAMP8mice. Additionally, XXD upregulated the
expression of TREM2, downregulated IBA1, TLR1, TLR2, andCMPK2 expression, and
reduced the levels of pro-inflammatory factors NLRP3, NF-κB p65, COX-2, TNF-α,
and IL-1β in the hippocampal tissues.

Conclusion: XXD may exert its effects by regulating the P-gp/ECS axis, the RAGE/
LRP1 receptor system, and the expression of MRP2 and Mfsd2a proteins, thereby
modulating the transport function of the BBB to expedite the clearance of Aβ,
reduce cerebral Aβ accumulation, and consequently inhibit the activation of
microglia induced by Aβ aggregation. This process may suppress the activation
of the CMPK2/NLRP3 and TLRs/NF-κB pathways, diminish the production of
inflammatory cytokines and chemokines, alleviate neuroinflammation associated
with microglia in the brain of AD, and ultimately improve AD pathology.

KEYWORDS

Alzheimer’s disease, Xixin Decoction, blood-brain barrier, amyloid-beta,
neuroinflammation

1 Introduction

Alzheimer’s disease (AD) is the primary type of dementia among
the elderly and ranks as the fifth most common cause of death
globally, impacting an estimated 50 million individuals around the
world. Owing to the acceleration of population aging, the prevalence
of AD is projected to double by the year 2050 (Dumurgier and Sabia,
2020). The blood-brain barrier (BBB) is a complex vascular structure
composed of multiple cell types. It isolates the central nervous
system (CNS) from the peripheral bloodstream, tightly
controlling the movement of molecules and ions to protect the
brain from toxins and pathogens and maintain an environment
conducive to normal neuronal function (Peng et al., 2021).
Currently, the amyloid-β (Aβ) plaque deposition and
neurofibrillary tangles resulting from tau protein
hyperphosphorylation are considered typical pathological features
of AD. The BBB is integral to the clearance of cerebral metabolic
waste and is crucial in facilitating Aβ transport across the brain. The
typical movement of Aβ across the blood-brain barrier is facilitated
by numerous transporters, including LRP1, RAGE, and P-gp (Van
Gool et al., 2019; Kim and Priefer, 2020; Vulin et al., 2023; Xing et al.,
2023). As Alzheimer’s disease progresses, these transporters show
dysregulation in expression and function, resulting in aberrant Aβ
transport and deposition (Hanafy et al., 2023; Wang et al., 2021).
Neuroinflammation is an inflammatory response in the central
nervous system (CNS) triggered by pathological damage in either
the periphery or the CNS, leading to the production of
proinflammatory cytokines such as interleukin-1beta (IL-1β), IL-
6, IL-8, and tumor necrosis factor (TNF), as well as chemokines,
complement proteins, and various small molecule messengers,
including prostaglandins, nitric oxide (NO), and reactive oxygen
species (ROS) (Leng and Edison, 2021). Microglia, the central
nervous system’s equivalent of macrophages, are crucial for
maintaining CNS homeostasis and are widely regarded as the
primary drivers of neuroinflammation in AD (Eshraghi et al.,
2021; Chen et al., 2021). In the early stages of AD, activated by
Aβ plaque accumulation, microglia produce inflammatory
mediators such as cytokines and chemokines, facilitating Aβ
clearance and further microglial recruitment (Wang et al., 2023).

However, as the disease advances, excessive Aβ accumulation can
result in overactivation of microglia, leading to the production of
excessive proinflammatory cytokines such as IL-1β, IL-6, and TNF-
α. This leads to chronic and sustained neuroinflammation, causing
increased neuronal cell death (Huang et al., 2022). Consequently, a
vicious cycle is established among Aβ accumulation, activated
microglia, and proinflammatory factors (Wei et al., 2022).
Simultaneously, neuroinflammation driven by microglial
activation further disrupts BBB integrity and transport function
(Hussain et al., 2021; Lai et al., 2021; Chaves et al., 2017; Barabási
et al., 2023) (Figure 1). Thus, regulating and repairing BBB integrity
and transport dysfunction, reducing pathological brain Aβ
accumulation, inhibiting microglial activation, and alleviating
neuroinflammation may be important approaches to improving
AD development.

Presently, five drugs approved by the US Food and Drug
Administration (FDA) for treating Alzheimer’s disease include
memantine, aducanumab, and three acetylcholinesterase
inhibitors (Argueta et al., 2022). These medications only
temporarily treat Alzheimer’s symptoms, but fail to control or
reverse its underlying pathology (Long et al., 2021). Traditional
Chinese medicine (TCM), known for its multi-component, multi-
pathway, and multi-target effects, provides unique advantages and
significant potential for the prevention and treatment of Alzheimer’s
disease (Ding et al., 2022; Chiu et al., 2021; Liu et al., 2024). Based on
long-term clinical practice and research of ancient and modern
literature, Professor Yongchang Diwu from our research team has
innovatively proposed that “marrow deficiency and turbid phlegm”

is the pathological foundation for the development of AD, and the
traditional famous formula “Xixin Decoction” is chosen for clinical
treatment (Diwu, 2016).

Xixin decoction (XXD) originates from the “Syndrome
Differentiation Records” by Chen Shiduo, a famous Chinese
physician in the Qing Dynasty. The seminal work was written
circa 1,687, over three centuries ago. XXD has the efficacy of
benefiting qi, producing sperm, nourishing marrow, dissipating
phlegm for resuscitation, and enhancing intelligence (Wang and
Yan, 2009). It is a well-established prescription for dementia that has
been clinically verified many times (Xiong et al., 2017; Zeng and
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Zhou, 2018), and it is also a representative formula for the treatment
of dementia with marrow deficiency and turbid phlegm in
traditional Chinese medicine (Wang and Yan, 2009).
Pharmacological research indicates that XXD and its active
metabolites exert anti-AD effects (Yang et al., 2017; Wu et al.,
2022; Wang et al., 2022; Hajialyani et al., 2019; Kong et al., 2017).

Furthermore, previous research has found that XXD can affect
mouse hippocampal synaptic ultrastructure, protect synaptic
integrity (Gao et al., 2018), influence the levels of synaptic
function-related proteins, reduce neuronal and synaptic damage,
and participate in synaptic plasticity (Lei et al., 2020; Qu et al., 2019).
Additionally, evidence indicates that XXD can lower toxic Aβ levels
in the brain and promote cholinergic nerve repair (Chen et al.,
2020). However, the specific pathways through which XXD affects
pathological brain Aβ accumulation and inflammatory toxicity
require further research.

Therefore, this study utilized in vitro BBB models (hCMEC/
D3 and HBVP cell coculture) and SAMP8 mouse models to
demonstrate the key role of BBB damage in AD, conduct an in-
depth investigation of the relationship between BBB transport
dysfunction, neuroinflammation, and pathological brain Aβ
accumulation in AD, and reveal the possible pathways involved.
Furthermore, XXD-medicated serum and granules were used to

intervene in both the in vitro BBB models and the animal models to
detect relevant indicators to verify whether XXD can regulate and
repair BBB integrity and transport dysfunction, reduce pathological
brain Aβ accumulation, and inhibit microglia-related
neuroinflammation, thereby improving AD. The findings are
expected to provide a scientific foundation for the clinical
application of XXD.

2 Materials and methods

2.1 Cells and animals

Immortalized human brain microvascular endothelial cells
(hCMEC/D3) and immortalized human brain pericytes (HBVP)
were obtained from Shanghai Zhongqiao Xinzhou Biotechnology
Co., Ltd. (Shanghai, China).

Male SAMP8 mice (60, SPF grade) and male SAMR1 mice (12,
SPF grade), 14 weeks old, weighing (30 ± 5) g, were purchased from
Zhishan (Beijing) Health and Medical Research Institute Co., Ltd.
(Beijing, China), with animal production license number SCXK
(Beijing) 2016-0010. Additionally, 20 male SPF-grade SD rats,
6 weeks old, weighing (200 ± 20) g, were obtained from

FIGURE 1
Schematic diagram of the mechanism by which BBB damage in the AD brain aggravates Aβ accumulation and promotes neuroinflammation.
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Chengdu Dashuo Biotechnology Co., Ltd. (Chengdu, China), license
number SCXK (Sichuan) 2020-030. All animals were housed in the
SPF-grade facility of the Shaanxi Collaborative Innovation Center of
Chinese Medicinal Resources Industrialization. They were
maintained in individually ventilated cages (IVC) under
controlled environmental conditions: 12-h light/dark cycle,
ambient temperature of 20°C–25°C, relative humidity of 45%–
55%, and noise levels ≤60 dB. Standard laboratory chow and
water were provided ad libitum. This study was conducted in
accordance with the guidelines of the Animal Experimental
Ethics Committee of Shaanxi University of Chinese Medicine. All
experimental protocols were approved by the university’s Animal
Ethics Committee (approval numbers: SUCMDL20220110001 and
SUCMDL20211001001).

2.2 Antibodies and reagents

Fetal bovine serum (FBS, FBS00321-1) was purchased from
AusGeneX (Australia). Sodium pentobarbital (Lot No.
3G223G27) was obtained from Shengxing Biotechnology Co.,
Ltd. (China). Antibodies against cannabinoid receptor 1 (CB1,
AI10227475) and P-glycoprotein (P-gp, BA07303498) were
purchased from Bioss (Beijing, China). The antibody against
cannabinoid receptor 2 (CB2, 218402) was purchased from
Lifespan Biosciences (United States). Rat IL-1β ELISA Kit (Lot
No. 20220714-20174A), Rat COX-2 ELISA Kit (Lot No.
20220714-20359A), Rat Aβ1-42 ELISA Kit (Lot No. 20220714-
20127A), Rat NF-κBp65 ELISA Kit (Lot No. 20220714-21622A),
Rat NLRP3 ELISA Kit (Lot No. 20220714-20810A), and Rat TNF-α
ELISA Kit (Lot No. 20220714-20852A) were purchased from
Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). Anti-
TLR1 antibody (AA07135689), Anti-TLR2 antibody (BA06081077),
and Anti-TREM2 antibody (BA08065558) were purchased from
Bioss (Beijing, China). The antibody against IBA1 (8525-1904) was
purchased from Cell Signaling Technology (CST, United States).
Anti-CMPK2 antibody (8525-1904) was purchased from Arigo
Biolaboratories Corporation (Taiwan, China). Antibodies against
AGER (GR3402053-12) and TLR2 (GR3359428-10) were purchased
from Abcam (UK). BCA Protein Assay Kit (P0010) was obtained
from Beyotime Biotechnology (Shanghai, China). Anti-Mfsd2a
(724A041) and Anti-LRP1 (722A022) antibodies were purchased
from Absin Bioscience (Shanghai, China). Anti-MRP2 antibody
(BA02187624) was purchased from Bioss (Beijing, China). Anti-
GAPDH antibody (AB-PR-001) was obtained from Xianzhi
Bioscience (Hangzhou, China). HRP-conjugated goat anti-rabbit
IgG secondary antibody (A0208) and anti-fluorescence quenching
mounting medium (G1401) were purchased from Beyotime
Biotechnology (Shanghai, China). Cy3-conjugated goat anti-rabbit
IgG (GB21303) and DAPI (G1012) were purchased from Servicebio
(Wuhan, China).

2.3 Composition and quantitative analysis of
the major metabolites of XXD

The XXD was composed of Panax ginseng C. A. Mey.
[Araliaceae; Ginseng Radix et Rhizoma] 30 g, Poria cocos (Schw.)

Wolf [Polyporaceae; Poria cocos sclerotium] 30 g, Ziziphus jujuba
Mill. [Rhamnaceae; Semen Ziziphi Spinosae] 30 g, Pinellia ternata
(Thunb.) Makino [Araceae; Pinelliae ternatae rhizoma] 15 g, Citrus
reticulata Blanco [Rutaceae; Citri reticulatae pericarpium] 9 g,
Massa Medicata Fermentata [Fungi; Massae Medicatae
Fermentatae] 9 g, Aconitum carmichaelii Debx. [Ranunculaceae;
Radix Aconiti Lateralis Preparata] 3 g, Acorus tatarinowii Schott
[Acoraceae; Rhizoma Acori Tatarinowii] 3 g, and Glycyrrhiza
uralensis Fisch. ex DC. [Fabaceae; Radix Glycyrrhizae Preparata] 3 g.

Ten batches of botanical drug decoction were purchased from
Beijing Tong Ren Tang Pharmaceutical (Table 1). They were soaked
in water at a ratio of 1:10 for 1 h, decocted for an additional hour,
and filtered through gauze. Subsequently, the residue was decocted
again with eight times the amount of water for 30 min and filtered
through gauze. The two filtrates were combined, concentrated to
400 mL, and then freeze-dried into powder.

Liquiritin (Lot: Z07J12X136344), spinosin (Lot: N10GB167286),
hesperidin (Lot: K09S11L123847), ginsenoside Rg1 (Lot:
C27N11Q132589), ginsenoside Re (Lot: J25GB152733), β-asarone
(Lot: J23GB155719), ginsenoside Rb1 (Lot: O16GB158610), and
ammonium glycyrrhizinate (Lot: M04GB140062) (all were
provided by Shanghai yuanye Bio-Technology Co., Ltd., with a
mass fraction ≥98%) were used as reference substances for the
quantitative determination of the XXD freeze-dried powder. The
ginsenosides Rg1, Re, and Rb1 were derived from Radix Ginseng, the
hesperidin from Pericarpium Citri Reticulatae, the liquiritin and
ammonium glycyrrhizinate from Radix et Rhizoma Glycyrrhizae,
the β-asarone from Rhizoma Acori Tatarinowii, and the spinosin
from Semen Ziziphi Spinosae. Following precision weighing of the
reference substances, they were dissolved in 70% methanol to
prepare the solutions. Each solution was injected into an HPLC
system with a precisely measured volume of 10 μL. The regression
equations were obtained using the reference substance
concentration (μg·mL−1) as the independent variable and the
peak area as the dependent variable (Table 2).

The XXD freeze-dried powder (1 g) was placed in a stoppered
Erlenmeyer flask. Subsequently, 10 mL of 70% methanol was added
to the flask, which was then sealed and weighed. The solution was
ultrasonically extracted (250 W, 40 kHz) for 50 min, cooled,
reweighed, and brought to the original weight with 70%
methanol. It was then shaken well and passed through a 0.22 μm
membrane, thus obtaining the test solution, which was injected and
measured at 0, 8, 16, 24, 32, 40, and 48 h. The relative standard
deviation (RSD) of the peak areas of the eight reference substances
ranged from 0.31% to 2.06%, indicating good stability of the test
solution within 48 h. Precision weighing of known-content XXD
freeze-dried powder was followed by the addition of liquiritin
(0.21391 mg/mL), spinosin (0.0615 mg/mL), hesperidin
(0.21391 mg/mL), ginsenoside Rg1 (1.697227 mg/mL),
ginsenoside Re (0.746067 mg/mL), β-asarone (0.026484 mg/mL),
ginsenoside Rb1 (0.621261 mg/mL), and ammonium
glycyrrhizinate (0.138041 mg/mL). The solution was then
injected and measured; and the average sample recovery rates
were calculated as 96.69%, 100.14%, 102.73%, 102.97%, 100.06%,
103.15%, 96.33%, and 96.53% for liquiritin, spinosin, hesperidin,
ginsenoside Rg1, ginsenoside Re, β-asarone, ginsenoside Rb1, and
ammonium glycyrrhizinate, respectively, with RSDs of 0.26%–
2.59%, indicating that this method showed good accuracy. The
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TABLE 1 Information on 10 batches of Xixin Decoction.

Lot Panax
ginseng

Glycyrrhiza
uralensis

Citrus
reticulata

Ziziphus
jujuba

Acorus
tatarinowii

Massa
medicata
fermentata

Poria
cocos

Pinellia
ternata

Aconitum
carmichaelii

S1 22030201 20201202 200601 S20220201 s20220502 202106001 211201 210305 220401

S2 22030202 20201203 200602 S20220202 s20220503 202106002 211202 210304 220402

S3 22030203 20201204 200603 S20220203 s20220504 202106004 211206 210303 20210301

S4 22030204 20201205 200604 S20220401 200901 202106005 211207 210302 20210302

S5 22030205 20201206 200605 S20220402 200904 202106006 211208 210301 20210303

S6 200501 20201207 2022111019 210301 200906 202106009 2203001 210208 210801

S7 200502 220301 2022111018 210302 s20220505 2012001 2203002 210207 210802

S8 200503 220302 2022111020 210303 s20220506 2012002 2203003 210206 210803

S9 200504 220303 2022111017 210304 s20220507 2012003 201001 210205 210804

S10 200505 220304 2022111019 210305 s20220508 2012004 201002 210204 210805

TABLE 2 Reference product linear relationship and its range.

Metabolite Linear relationship R2 Linear range

Liquiritin Y = 13560x+41.907 0.9998 0.018671875–0.29875

Spinosin Y = 13492x+54.248 0.9997 0.42–0.013125

Hesperidin Y = 10433x+63.481 0.9997 0.013219–0.545

Ginsenoside Rg1 Y = 1,421x+30.341 0.9998 4.72–0.07375

Ginsenoside Re Y = 1822x+24.366 0.9999 2.57–0.020078125

β-asarone Y = 58627x+170.54 0.9997 0.003125–0.4

Ginsenoside Rb1 Y = 3571.5x+48.668 0.9996 0.013125–1.68

Ammonium glycyrrhizinate Y = 3380.8x+22.3 0.9998 0.034063–0.545

TABLE 3 Contents of eight main metabolites in XXD freeze-dried powder (mg/g).

Serial
number

Liquiritin Spinosin Hesperidin Ginsenoside
Rg1

Ginsenoside
Re

β-
asarone

Ginsenoside
Rb1

Ammonium
glycyrrhizinate

S1 0.034091 0.046250694 0.182789 1.263342334 0.785716557 0.018897 0.419318 0.122108

S2 0.03758 0.052251149 0.201823 1.393430542 0.865617764 0.022877 0.491655 0.13529

S3 0.036532 0.060267395 0.229851 1.313783631 0.766150044 0.025839 0.523932 0.132669

S4 0.036783 0.061902926 0.231003 1.323181468 0.855789206 0.025532 0.560824 0.133167

S5 0.052649 0.080738224 0.23488 1.5223532 0.553456418 0.032631 0.468437 0.172148

S6 0.053599 0.079642728 0.267564 1.561168356 0.578036723 0.037313 0.477856 0.172504

S7 0.033923 0.059124637 0.421689 1.48674555 0.588972245 0.027454 0.546249 0.115218

S8 0.037423 0.066186777 0.463668 1.588738722 0.629773721 0.030212 0.594219 0.129175

S9 0.037509 0.065433511 0.46516 1.925405151 0.895773844 0.030199 0.566533 0.127523

S10 0.046577 0.066175291 0.429965 2.084475222 0.752984027 0.028797 0.384752 0.152622
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content of the eight metabolites in the samples was
calculated (Table 3).

2.4 Medicinal herbs and preparation

This study used concentrated botanical drug granules, and each
1 g of the concentrated botanical drug granules corresponded to the
following botanical drug decoction pieces: 3.3 g of Panax ginseng,
10 g of Poria cocos, 10 g of Ziziphus jujuba, 12 g of Pinellia ternata,
12 g of Citrus reticulata, 10 g of Massa Medicata Fermentata, 3 g of
Aconitum carmichaelii, 6 g of Acorus tatarinowii, and 3 g of
Glycyrrhiza uralensis. The XXD granules were purchased from
China Resources Sanjiu Medical and Pharmaceutical Co., Ltd., a
manufacturer holding a Good Manufacturing Practice (GMP)
certificate, ensuring the stability of the medication. The granules
were produced with the following batch numbers: Panax ginseng
Lot: 2110005C, Poria cocos Lot: 2109003C, Ziziphus jujuba Lot:
2170003C, Pinellia ternata Lot: 2109003C, Citrus reticulata Lot:
2109002S, Massa Medicata Fermentata Lot: 2104006S, Aconitum
carmichaelii Lot: 2109001S, Acorus tatarinowii Lot: 2108002S,
Glycyrrhiza uralensis Lot: 2110006C. Each packet contains 19.5 g
of granules (equivalent to 132 g of botanical drug). The granules
were mixed according to the dosage of the raw herbs, dissolved in
60°C distilled water, heated and stirred constantly, and prepared into
a solution with a concentration of 88.725 mg/mL, and stored at 4°C
in a sealed container.

Preparation of XXD-Medicated Serum: Following a 7-day
acclimation period, 20 rats were randomly divided into two
groups (n = 10 each): blank serum group and XXD-medicated
serum group. The rat dosage, calculated using the Human-Animal
Body Surface Area Conversion Table (Huang et al., 2004), was
established at 3.375 g kg-1·d-1. Control group animals received an
equivalent volume of saline solution. Oral gavage was administered
daily for a week. Two hours post-final dose, the rats were
anesthetized using intraperitoneal sodium pentobarbital. Blood
was then collected aseptically from the abdominal aorta and
allowed to coagulate for 2 h. After centrifugation, the serum was
pooled by group, heat-inactivated (56°C, 30 min), sterile filtered, and
cryopreserved at −80°C for subsequent use.

The probiotic freeze-dried powder, 3 g/bag, was purchased from
Weikaihaien (Shandong) Biological Engineering Co., Ltd., Lot:
2022022. It was dissolved in distilled water at room temperature,
shaken well, and prepared into a solution with a concentration of
0.0078 mg/mL, and stored at 4°C in a sealed container.

2.5 In vitro experimental protocol

2.5.1 Coculture of hCMEC/D3 and HBVP cells
A Transwell coculture system was utilized to construct an

in vitro BBB model. The hCMEC/D3 and HBVP cells were
seeded into the upper and lower chambers, respectively, of a six-
well Transwell plate at a 1:1 ratio and cultured until they reached
more than 85% confluence. After digestion and counting, the
hCMEC/D3 and HBVP cells were added to their respective
chambers at a 1:1 volume ratio, and the culture medium was
added to the appropriate level. After 48 h of coculture, a 4-h

liquid surface leakage test was performed to evaluate the BBB
model’s establishment. After changing the culture medium, if the
liquid surface difference was greater than 0.5 cm, the culture
continued for 4 h. If the liquid surface difference remained
unchanged, the in vitro BBB model was considered to be
preliminarily established.

2.5.2 Lipopolysaccharide stimulation of hCMEC/
D3 and HBVP cells

Lipopolysaccharide (LPS), a constituent of the outer membrane
of Gram-negative bacteria, is commonly used to induce
neuroinflammation (Yu et al., 2024). After successfully
establishing the in vitro BBB model, LPS was used to induce BBB
damage. Logarithmically growing hCMEC/D3 and HBVP cells were
seeded into 96-well plates. After 8 h of incubation, 100 μL of a
diluted LPS solution (initial concentration of 100mg/mL) was added
to each well at final concentrations of 0.5, 1, 1.5, and 2 μg/mL. Cell
viability was evaluated at 24, 48, and 72 h to determine the optimal
culture time and concentration.

2.5.3 XXD-medicated serum intervention
and grouping

The LPS-induced hCMEC/D3 and HBVP cells were treated with
5%, 10%, and 20% XXD-medicated serum, and cell viability was
calculated to screen for the optimal concentration. The successfully
established in vitro BBB models were subdivided into the following
groups: control group, LPS group, 24-h XXD-medicated serum
group, 48-h XXD-medicated serum group, 72-h XXD-medicated
serum group, and blank serum group.

2.5.4 Western blot detection of BBB transport-
related protein expression

Logarithmically growing hCMEC/D3 and HBVP cells were
modeled, grouped, administered, and incubated as described
above. Following this, Western blotting experiments were
performed. The cells were collected, centrifuged, lysed, and
centrifuged again to collect the supernatant. Protein levels were
determined via the BCA assay. Each well was loaded with 20 μg of
total protein. Proteins were separated by SDS-PAGE (6% stacking
gel at 60 V, 10% separating gel at 90 V), followed by wet transfer at
300 mA for 90 min. Subsequently, the samples were blocked using
5% skim milk on a shaker for 1 h and subsequently incubated with
primary antibodies (antibodies against P-glycoprotein [P-gp],
cannabinoid receptor types 1 and 2 [CB1 and CB2], and major
facilitator superfamily domain-containing protein 2a [Mfsd2a]) at a
1:5000 dilution at 4°C overnight with shaking. Following three
washes in TBST, secondary antibodies were applied at room
temperature for 90 min. Subsequently, TBST washing was
performed three times, ECL reagent was used for darkroom
exposure, and band gray values were analyzed using ImageJ
software (v 1.8.0).

2.5.5 RT-PCR detection of P-gp mRNA
The in vitro BBB model was incubated, then removed, digested,

and centrifuged. RNA extraction was performed with TRIzol,
followed by cDNA synthesis using a reverse transcription kit.
RT-PCR was conducted according to the manufacturer’s
instructions. The amplified products were separated via 1%
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agarose gel electrophoresis and imaged using an image analyzer.
Expression levels of mRNA were determined using the 2−ΔΔCT

method. Primer details are provided in Table 4.

2.5.6 Immunofluorescence detection of P-gp
expression

The incubated in vitro BBB model was extracted post-
incubation, PBS-washed, and fixed with 4% paraformaldehyde.
Membrane permeabilization was achieved using Triton X-100,
followed by BSA blocking (37°C, 1 h). Sequential antibody
incubations were performed: primary (overnight) and secondary
(1 h). Nuclear counterstaining employed DAPI, and the samples
were subsequently imaged using a fluorescence microscope at a
magnification of ×20.

2.6 In vivo experimental protocol

2.6.1 Animal grouping and drug administration
SAMR1 mice were designated as the control group (Control),

while SAMP8 mice were randomly divided into the model group
(Model), the probiotics group (Probiotics), the high-dose Xixin
Decoction granules group (H-XXD), the medium-dose Xixin
Decoction granules group (M-XXD), and the low-dose Xixin
Decoction granules group (L-XXD), with eight mice in each
group. The dosages were calculated based on the equivalent
clinical dosages and the body surface area of the animals (Huang
et al., 2004). The probiotics group received a dose of 0.39 g·kg-1·d-1,
the M-XXD group received a dose of 2.535 g·kg-1·d-1, the H-XXD
group received twice the equivalent clinical dose at 5.07 g·kg-1·d-1,
and the L-XXD group received half the equivalent clinical dose at
1.2675 g·kg-1·d-1. The treatment was administered continuously for
8 weeks. The drugs were dissolved in distilled water to prepare
solutions of the appropriate concentrations. Each treatment group
received the drugs by gavage daily at the designated dose, with a
volume of 10 mL·kg-1·d-1. Equivalent volumes of distilled water were
administered to both the control and model groups via gavage.

2.6.2 Behavioral testing
The Morris water maze test was performed for six consecutive

days after administration. The initial 5 days consisted of place
navigation trials. Mice were released into the water pool from
four different quadrants each day, facing the wall. The escape
latency, defined as the time required to find the submerged
platform, was recorded with a limit of 60 s per trial. Upon
reaching the platform, mice were permitted a 10-s rest period. If
mice were unable to find the platform within the allotted time, they
were gently guided to it, allowed a 10-s rest, and assigned a

maximum escape latency of 60 s. On the sixth day, a spatial
probe test was conducted by removing the hidden platform and
releasing mice from the first quadrant, facing the pool wall. They
were allowed to swim freely for 60 s. During this trial, the time spent
in the target quadrant and frequency of crossing the former platform
site were recorded.

2.6.3 BBB permeability testing
Following the final behavioral test, four mice per group were

randomly chosen and injected with a 2% Evans blue solution
(4 mL/kg) through the tail vein. Specific methods referred to the
published literature (Schoch et al., 2014). Upon turning blue in limbs
and eyes, the mice were anesthetized via intraperitoneal injection of
0.5% sodium pentobarbital (0.1 mL/g). The specific methods were
performed with reference to the literature (Levin-Arama et al.,
2016). Cardiac perfusion was performed through the left ventricle
with physiological saline until the liver and kidneys turned white and
clear fluid flowed from the right atrium. This was followed by rapid
perfusion with 4% paraformaldehyde precooled to 4 °C, which was
maintained at a slow and steady rate for 10–15 min. The brain tissue
was subsequently collected, fixed in 4% paraformaldehyde (4°C,
12 h), embedded in OCT, rapidly frozen at −20°C, and sectioned
coronally at 20 μm. Evans blue extravasation was observed under a
laser confocal microscope and quantified using ImageJ
1.8.0 software.

2.6.4 ELISA detection of hippocampal Aβ1-42
content and levels of neuroinflammatory factors

Hippocampal tissue was precooled on ice and homogenized in
nine times the volume of the PBS solution, and the supernatant was
collected. Following the instructions provided with the ELISA kit,
the levels of Aβ1-42, NF-κB p65, NLRP3, TNF-α, and IL-1β were
measured. Absorbance at 450 nm was assessed using an enzyme-
labeled instrument.

2.6.5 Immunofluorescence detection of BBB
transport-related protein receptors and microglial
activation markers in the hippocampal CA1 region

Anesthesia was administered to the mice via intraperitoneal
injection of 0.5% sodium pentobarbital. A thoracic incision exposed
the heart, allowing for left ventricular needle insertion and right
atrial appendage excision. Perfusion commenced with physiological
saline until clear fluid emerged from the oronasal cavities, followed
by 4% paraformaldehyde perfusion until complete body rigidity. The
intact brain was extracted and underwent a series of preparatory
steps: 24-h fixation in 4% paraformaldehyde, ethanol dehydration,
xylene clearing, and paraffin embedding. Five-micrometer sections
were prepared and subsequently washed thrice with PBS before

TABLE 4 Rt-PCR primer sequences.

Gene Primer sequence (5′~3′) Product length (bp)

P-gp Forward: GACATGACCAGGTATGCCTATTATT 160

Reverse: ACCAGCCTATCTCCTGTCGCAT

GAPDH Forward: GGAAGCTTGTCATCAATGGAAATC 168

Reverse: TGATGACCCTTTTGGCTCCC
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blocking with 3% bovine serum albumin (37°C, 30 min). Primary
antibody incubation (targeting P-gp, CB1, CB2, RAGE, IBA1,
TREM2, TLR1, and TLR2) was conducted overnight at 4°C.
Following PBS washing, sections were incubated with fluorescent
secondary antibodies (37°C, 1 h). After additional PBS washes, DAPI
staining was performed, and sections were mounted using an anti-
fluorescence quenching medium. Imaging was performed using
confocal microscopy at a magnification of ×40, and relative
fluorescence intensity was quantified with ImageJ software
(version 1.8.0).

2.6.6 Western blot detection of BBB transport-
related protein receptors and neuroinflammatory
factors in mouse hippocampal tissue

Hippocampal tissue was extracted, lysed, and homogenized
ultrasonically on ice. Post-lysis centrifugation at 12,000 × g for
15 min at 4°C, the supernatant was collected for BCA protein
quantification. Each well was loaded with 20 μg of total protein.
Proteins underwent SDS-PAGE separation (6% stacking gel, 60V;
10% separating gel, 90V) and wet transfer (300mA, 90min).
Membranes were blocked with 5% skim milk (1h, shaking) and
incubated overnight with primary antibodies (anti-P-gp, CB1,
CB2, RAGE, IBA1, TLR1, TLR2, TREM2, Mfsd2a, MRP2, LRP1,
and CMPK2) at 4°C under agitation. After TBST washing,
secondary antibody incubation was performed (90min, room
temperature). ECL-based chemiluminescence detection was
conducted in darkness. Band intensities were analyzed using
ImageJ (v1.8.0).

2.7 Data analysis

Statistical analyses were conducted using GraphPad Prism
9.0 software. Data are presented as mean ± SD. Levene’s test
assessed variance homogeneity. One-way ANOVA was applied
for multiple group comparisons, followed by LSD-t tests for data
with significant differences. A p-value <0.05 was considered
statistically significant.

3 Results

3.1 In vitro experimental results

3.1.1 Optimal concentration screening for LPS and
XXD-medicated serum

LPS can disrupt the BBB through various pathways, and
damage to the BBB can contribute to the progression of a range
of diseases, with AD being a notable example (Peng et al., 2021).
Therefore, this study utilized LPS to establish a BBB inflammation
model. Optimal LPS concentration was determined through cell
viability assessment using the MTT assay. The results showed
that, after treating hCMEC/D3 and HBVP cells with 0.5–2 μg/mL
LPS, cell viability exhibited a notable decline in comparison to
the control group and exhibited a negative correlation with the
LPS concentration. As high concentrations of LPS could cause
irreversible cell damage, 1 μg/mL LPS was selected for subsequent
experiments. On comparing the cell viability of hCMEC/D3 and

HBVP cells exposed to 1 μg/mL LPS for 24, 48, and 72 h, it was
found that cell viability in the 48-h and 72-h groups exhibited no
statistically significant difference from that in the 24-h group
(Figures 2A, B). Therefore, a 24-h treatment with 1 μg/mL LPS
was used as the modeling condition.

After the administration of 1 μg/mL LPS to hCMEC/D3 and
HBVP cells for 24 h, different concentrations of XXD-medicated
serum were added for co-incubation. The MTT assay results
indicated that 1 μg/mL LPS significantly inhibited cell
proliferation, while 10% XXD-medicated serum significantly
reversed this effect and increased cell viability (Figures 2C, D).
Additionally, the 15% concentration of XXD-medicated serum did
not show any further improvement in cell viability. This observation
suggests that the 15% concentration may have reached a saturation
point of the pharmacological effect or potentially introduced
additional adverse effects, thereby failing to further enhance cell
viability. Therefore, 10% XXD-medicated serum was chosen for
subsequent experiments, as it exhibited the best efficacy in restoring
cell viability while avoiding the potential drawbacks associated with
higher concentrations.

3.1.2 XXD-medicated serum promotes P-gp
expression in the in vitro BBB model

The BBB can be described as a highly evolved CNS
microvascular functional unit, comprising CNS endothelial cells,
neural progenitor cells, pericytes, astrocytes, and other neural and
immune cells, in addition to various functional protein structures
(Obermeier et al., 2013). These components form the neurovascular
unit (NVU) that maintains BBB function (Huang et al., 2020).
Pericytes envelop the abluminal surface of cerebral vascular walls,
including capillaries, precapillary arterioles, and postcapillary
venules. The highest pericyte coverage rate is seen in the neural
tissue among the capillary beds of different organs (Allt and
Lawrenson, 2001). Pericytes are crucial in promoting vascular
stability and maintaining BBB integrity (Winkler et al., 2011).
Therefore, this study employed hCMEC/D3 and HBVP cells to
construct an in vitro BBB model.

P-gp, an ABC transporter encoded by the human MDR1 gene,
serves as a crucial efflux mechanism in the BBB. It inhibits substrate
drug entry into the brain while promoting the elimination of
endogenous molecules, including Aβ—a hallmark pathological
feature of AD (Pyun et al., 2022). This study revealed that,
relative to the control group, LPS treatment significantly
downregulated both mRNA and protein expression of P-gp,
indicating that P-gp expression is reduced when the BBB is
damaged. Relative to the LPS group, the XXD-medicated serum
upregulated P-gp mRNA and protein expression after 24, 48, and
72 h of culture, with the most significant effect observed at 48 h
(Figure 3), suggesting that XXD can improve BBB transport
dysfunction by upregulating P-gp expression.

3.1.3 XXD-medicated serum upregulates CB2 and
Mfsd2a expression and downregulates
CB1 expression in the in vitro BBB model

Endocannabinoids, originating from dietary omega-3 and
omega-6 polyunsaturated fatty acids, are endogenous bioactive
lipids. The endocannabinoid system (ECS) is characterized by
two primary receptors: CB1 and CB2. CB1 is predominantly
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expressed in CNS presynaptic regions (Zou and Kumar, 2018). It
modulates cytokine release both within and outside the CNS and
immune cell migration, with expression levels influenced by cell
activation and stimulus type (Paul et al., 2012). CB2 is
predominantly expressed in peripheral immune cells and brain
tissue (Nagarkatti et al., 2009). Primarily serving an
immunomodulatory function, it regulates immune cell migration
and cytokine release both within and beyond the immune system
(Massi et al., 2006). During neuroinflammation or BBB dysfunction,
P-gp regulates ECS-related receptor protein expression, thereby
influencing the inflammatory process. Regulating the P-gp/ECS
axis can alleviate BBB dysfunction and neuroinflammation.
Mfsd2a, a member of the major facilitator superfamily (MFS),
plays a critical role in BBB integrity and DHA transport.
Mfsd2a-deficient mice exhibit significantly lower brain DHA
levels, resulting in neuronal loss and cognitive impairment due to
DHA’s crucial role in brain development and maintenance. Mfsd2a
inhibits CNS endothelial cell transport and mitigates BBB damage.
Consequently, it has gained prominence in neurological disease
research (Huang and Li, 2021).

This study demonstrated that, relative to the control group, LPS
treatment upregulated CB1 protein expression while
downregulating both CB2 and Mfsd2a expression. indicating that
neuroinflammation can lead to an abnormal ECS as well as
abnormal Mfsd2a expression, resulting in BBB dysfunction.
Compared with the LPS group, XXD-medicated serum
downregulated CB1 expression and upregulated CB2 and Mfsd2a
expression after incubation for 24, 48, and 72 h (Figure 4),
suggesting that XXD can improve BBB dysfunction by
modulating the expression of the transport-related protein
Mfsd2a and the P-gp/ECS axis.

3.2 In vivo experimental results

3.2.1 XXD improves learning and spatial memory
abilities and reduces evans blue extravasation
in SAMP8 mice

SAMP8 mice serve as an optimal ADmodel, demonstrating age-
associated learning and memory impairments, in addition to
exhibiting the majority of pathological characteristics associated
with AD pathogenesis, including oxidative stress, inflammation,
and Aβ deposition. Therefore, SAMP8 mice aid in visualizing the
effects of AD and provide an effective method for finding new
therapeutic targets (Liu et al., 2020).

The Morris water maze is a commonly used behavioral test for
assessing spatial cognition in rodents (Vorhees andWilliams, 2006).
This study investigates, compared to SAMR1 controls, SAMP8 mice
exhibited significantly prolonged escape latencies over five
consecutive days, along with decreased target quadrant dwell
time and crossings, indicating marked spatial cognitive
impairment. High-dose XXD treatment, relative to untreated
SAMP8 mice, significantly reduced escape latencies throughout
the 5-day period and increased target quadrant residence time.
Medium- and low-dose XXD groups also demonstrated
significantly shortened escape latencies (Figures 5A–C). These
results suggest XXD’s potential to ameliorate spatial cognitive
deficits in SAMP8 mice.

Evans blue, a widely utilized azo dye, is often used for tracing
and observing BBB integrity. Under normal conditions, Evans blue,
which is bound to plasma albumin, is unable to pass through the
BBB and thus is incapable of staining the nervous system. However,
if the BBB is disrupted, Evans blue is able to penetrate and cause
staining (Liu et al., 2018). In this study, Evans blue extravasation was

FIGURE 2
Screening of optimal concentrations of LPS and XXD medicated serum. (A) Effects of different concentrations of LPS on the viability of hCMEC/
D3 cells after 24, 48, and 72 h of incubation; (B) Effects of different concentrations of LPS on the viability of HBVP cells after 24, 48, and 72 h of incubation;
(C) Effects of different concentrations of XXDmedicated serum on the viability of LPS-induced hCMEC/D3 cells; (D) Effects of different concentrations of
XXD medicated serum on the viability of LPS-induced HBVP cells. MTT assay; **p < 0.01; *p < 0.05.

Frontiers in Pharmacology frontiersin.org09

Yang et al. 10.3389/fphar.2024.1508726

177

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1508726


FIGURE 3
XXD medicated serum promotes P-gp expression in the blood-brain barrier cell model. (A) Comparison of P-gp mRNA expression; (B) and (C)
Comparison of relative P-gp protein expression; (D) and (F) Comparison of P-gp protein positive expression in hCMEC/D3 cells; (E) and (G) Comparison
of P-gp protein positive expression in HBVP cells. Scale bar: 20 μm; images at ×200 magnification; **p < 0.01, *p < 0.05.
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markedly increased in the brain tissue of SAMP8 mice, indicating
BBB damage and increased permeability. Compared with the
SAMP8 group, Evans blue extravasation in the brain tissue of
XXD-treated groups significantly decreased (Figures 5D, E).
Therefore, XXD may reduce BBB permeability by improving its
ultrastructure, although the specific mechanisms require further
investigation.

3.2.2 XXD regulates BBB transport-related proteins
and promotes Aβ1-42 clearance in SAMP8 mice
3.2.2.1 XXD regulates the P-gp/ECS axis

In a healthy CNS, Aβ production and clearance rates have been
observed to be 7.6% and 8.3% per hour (Bateman et al., 2006). P-gp
plays a pivotal role in the normal clearance of Aβ through the BBB,
with its expression and function negatively related to aging, Aβ
deposition, and AD. Hartz and colleagues demonstrated that
inhibiting P-gp reduces Aβ42 transport across brain capillary
lumens (Hartz et al., 2010). The present research demonstrated
that P-gp fluorescence intensity and protein expression in the
hippocampal CA1 region of SAMP8 mice significantly decreased,
while Aβ1-42 content significantly increased, indicating a negative
correlation between hippocampal Aβ accumulation and P-gp

expression in SAMP8 mice. In comparison to the SAMP8 group,
the P-gp fluorescence intensity and protein expression in the
hippocampal CA1 region of XXD-treated mice in all dosage
groups significantly increased (Figure 6A, B, G, H), while
hippocampal Aβ1-42 content significantly decreased (Figure 7F),
indicating that XXD can upregulate P-gp expression and reduce
Aβ accumulation.

The ECS is a widespread neuroregulatory network that
undergoes changes and functional decline in many neurological
diseases, potentially serving as a key component in regulating
neuroinflammation and the pathogenesis of neurodegenerative
diseases (Stella, 2010). The ECS comprises endocannabinoids,
cannabinoid receptors CB1 and CB2, and proteins participating
in endocannabinoid metabolism. The primary endogenous agonists
of CB1 and CB2 are 2-arachidonoylglycerol (2-AG) and
N-arachidonoylethanolamine (AEA) (Hillard, 2018). In the
hippocampus of patients with AD, 2-AG levels are elevated,
which has also been confirmed in rodent models (van der Stelt
et al., 2006). Elevated endocannabinoids may boost the
neuroprotective effects of CB1 and, via CB2 activation, inhibit
microglial inflammation while stimulating Aβ phagocytosis (Papa
et al., 2022). P-gp and ECS are closely related. Cannabidiol (CBD)

FIGURE 4
XXDmedicated serum upregulates CB2 and Mfsd2a expression and downregulates CB1 expression in the blood-brain barrier cell model. (A) and (B)
Comparison of relative CB1 protein expression; (C) and (D) Comparison of relative CB2 protein expression; (E) and (F) Comparison of relative Mfsd2a
protein expression; **p < 0.01, *p < 0.05.
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can act through typical endocannabinoid receptors (CB1 and CB2)
or various non-typical pathways, exerting an effect that inhibits the
P-gp efflux function (Gómez et al., 2021). In intestinal inflammation
models, P-gp knockdown or inhibition reduces the secretion of
endocannabinoids, and the loss of CB2 exacerbates acute intestinal
inflammation (Szabady et al., 2018). Therefore, it can be
hypothesized that, in the CNS, P-gp may regulate ECS receptor
expression, contributing to neuroinflammation or BBB dysfunction.
In this study, the fluorescence intensity and expression of CB1 in the
hippocampal CA1 region of SAMP8 mice increased, while the
fluorescence intensity and expression of CB2 decreased,
indicating a decline in ECS function in AD. Compared with the
SAMP8 group, in all XXD-dose groups, the fluorescence intensity
and expression of CB1 in the mouse hippocampal CA1 region
decreased (Figures 6C, D, I, J), while the fluorescence intensity
and expression of CB2 increased (Figures 6E, F, K, L), indicating that
XXD has a regulatory effect on the ECS. Therefore, XXD may
promote Aβ transport across the BBB and reduce Aβ accumulation
in the brain by regulating the P-gp/ECS axis.

3.2.2.2 XXD regulates the RAGE/LRP1 receptor system and
MRP2 and Mfsd2a proteins

The transportation of Aβ across the BBB is mainly achieved
through the RAGE/LRP1 receptor system. RAGE facilitates Aβ entry

into the brain, while LRP1 mediates the removal of Aβfrom the
brain. Blocking RAGE can decrease Aβ entry into the brain, inhibit
NF-κB signaling and neuronal apoptosis, and improve cognitive
function (Wang et al., 2018). LRP1 deficiency leads to reduced
plasma Aβ, increased brain Aβ, and spatial memory deficits (Storck
et al., 2016). In this study, in the hippocampal CA1 region of
SAMP8 mice, the fluorescence intensity and protein expression
of RAGE increased, LRP1 expression decreased, and Aβ content
increased, suggesting that Aβ accumulation in the AD brain may
have a relationship with the dysregulation of the RAGE/
LRP1 receptor system in the BBB. Compared with the
SAMP8 group, in all XXD-dose groups, RAGE expression
decreased (Figure 7A, B, D, E), LRP1 expression increased
(Figures 7A, C), and Aβ content decreased in the mouse
hippocampal CA1 region (Figure 7F), suggesting that XXD
potentially modulates RAGE/LRP1 receptor activity, thereby
impeding Aβ influx into the brain while facilitating its efflux and
elimination.

The ATP-binding cassette subfamily Cmember 1 (ABCC1), also
known as multidrug resistance-associated protein 1 (MRP1), is a
complete transporter exhibiting efflux capabilities. MRP1’s export
function serves as a crucial pathway for Aβ elimination from
cerebral tissue via the blood-brain barrier (BBB). Research has
demonstrated that a lack of MRP1 results in elevated Aβ

FIGURE 5
XXD improves learning and spatial memory impairments in SAMP8 mice and reduces Evans blue extravasation. (A) Escape latency (s) in the place
navigation test (n = 8); (B) Time spent in the target quadrant (s) in the spatial probe test (n = 8); (C) Number of crossings over the platform location in the
spatial probe test; (D) and (E)Comparison of Evans blue extravasation in the brains of different groups ofmice (n = 4); images at ×400magnification; **p <
0.01, *p < 0.05.
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FIGURE 6
XXD Modulates the P-gp/eCBs Axis in the Hippocampal CA1 Region of SAMP8 Mice; (A) and (B) Comparison of relative P-gp protein expression
levels; (C) and (D) Comparison of relative CB1 protein expression levels; (E) and (F) Comparison of relative CB2 protein expression levels; (G) and (H)
Immunohistochemical staining for P-gp in the hippocampal CA1 region of mice; (I) and (J) Immunohistochemical staining for CB1 in the hippocampal
CA1 region of mice; (K) and (L) Immunohistochemical staining for CB2 in the hippocampal CA1 region of mice; (n = 6); scale bar: 20μm; images
captured at ×400 magnification; **p < 0.01, *p < 0.05.
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FIGURE 7
XXD Regulates the RAGE/LRP1 Receptor System andMRP2, Mfsd2a Proteins, Accelerating Aβ1-42 Clearance in the Brains of SAMP8Mice; (A), (B), and
(C) Comparison of relative RAGE and LRP1 protein expression levels; (D) and (E) Comparison of RAGE protein positive expression in the hippocampal
CA1 region; (F) Comparison of hippocampal Aβ1-42 content; (G), (H), and (I) Comparison of relative MRP2 and Mfsd2a protein expression levels; (n = 6);
Scale bar: 20μm; images captured at ×400 magnification; **p < 0.01, *p < 0.05.
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concentrations within the murine brain (Aykac and Sehirli, 2021).
Similarly, MRP2/ABCC2 serves as an ATP-dependent efflux
transporter present in the BBB (Girardin, 2006), potentially
contributing to the clearance of Aβ from the brain. In this study,
MRP2 expression in the hippocampal region of SAMP8 mice
decreased, while Aβ content increased, suggesting that Aβ
accumulation in the AD brain may have a correlation with
MRP2 deficiency. Mice in the XXD treatment groups exhibited
increased MRP2 expression (Figures 7G, H) and decreased Aβ
content (Figure 7F), indicating that XXD may promote Aβ efflux
by enhancing MRP2 activity.

Mfsd2a is a sodium-dependent lysophosphatidylcholine
(LPC) symporter present in BBB endothelial cells (Huang and
Li, 2021). Studies have shown that Mfsd2a-knockout mice exhibit
increased endocytosis, leading to BBB leakage (Chow and Gu,
2017). Research on rats with chronic cerebral hypoperfusion has
demonstrated that Mfsd2a overexpression can reduce BBB
damage and cognitive decline (Shang et al., 2019). In this
study, Mfsd2a protein expression in the hippocampal region
of SAMP8 mice was reduced, whereas BBB permeability
increased, indicating that BBB leakage in the AD brain may be
linked to the reduced expression of the nutrient transporter
Mfsd2a. Compared with the SAMP8 group, in all XXD-dose
groups, Mfsd2a expression in the mouse hippocampal region
increased (Figures 7G, I)and BBB permeability decreased,
indicating that XXD may alleviate BBB damage by increasing
Mfsd2a expression.

3.2.3 XXD inhibits microglial activation and
alleviates neuroinflammation in SAMP8 mice

As the primary CNS immune cells, microglia are pivotal in
Alzheimer’s disease (AD). Upon activation, they can adopt either the
neurotoxic pro-inflammatory M1 phenotype or the neuroprotective
M2 state (Xie et al., 2021). Studies have shown that Aβ stimulation
can upregulate the activity marker CD68 and M1 markers TNF-α,
IL-1β, and CD86 in primary microglia (Shi et al., 2017). Injection of
Aβ into the mouse hippocampus also increases levels of
M1 microglia (Xie et al., 2020). IBA1 is a specific calcium-
binding protein participating in microglial remodeling, regulating
their migration, membrane ruffling, and phagocytosis, and is
commonly used to assess microglial activation (Hendrickx
et al., 2017).

TREM2 is specifically expressed in microglia and has anti-
inflammatory effects (Qin et al., 2021). Suppression of TREM2-
mediated signaling in microglial cells enhances the expression of
TNF-α and nitric oxide synthase 2 (NOS2) genes. Conversely,
elevated TREM2 levels lead to decreased transcription of TNF-α,
IL-1β, and NOS2 (Takahashi et al., 2005). TLRs are crucial
components of the neuroimmune system, exerting a pivotal
influence on microglial activation and polarization. Activation of
TLRs leads to NF-κB upregulation, promoting the synthesis of
inflammatory mediators including cytokines (TNF-α, IL-1β, IL-6)
and enzymes (iNOS, COX2). TLR2 forms a heterodimer with TLR1,
enhancing pro-inflammatory cytokine production via the MyD88-
dependent pathway and NF-κB activation. Studies show that
increased TREM2 expression decreases specific TLRs (2, 4, 6)
and pro-inflammatory mediators (IL-1β, TNF-α, IL-6) in

microglia, thereby reducing Aβ1-42-induced neuroinflammatory
responses (Long et al., 2019).

NLRP3 is a core component of the NLRP3 inflammasome,
widely distributed in the CNS and highly expressed in microglia.
NLRP3 recognizes exogenous or endogenous PAMPs and DAMPs,
activates the downstream transcription factor NFκB, phosphorylates
and degrades IκBα, facilitates NF-κBp65 nuclear translocation,
initiating target gene transcription and upregulating NLRP3, IL-
1β, and IL-18 precursor expression. Under PAMP and DAMP
stimulation, the NLRP3 inflammasome assembles, releasing
mature IL-1β and IL-18 and activating Gasdermin D, which
causes microglial membrane rupture and the further release of
more inflammatory factors (Hanslik and Ulland, 2020).
CMPK2 is a newly discovered upstream factor of the
NLRP3 inflammasome. It has been demonstrated that
CMPK2 knockdown inhibits NLRP3 inflammasome activation
(Chen et al., 2022).

The present research demonstrated that TREM2 expression in
the hippocampus of SAMP8 mice was decreased, while IBA1, TLR1,
and TLR2 expression significantly increased. Furthermore, the
average fluorescence intensity of TMER2 in the mouse
hippocampal CA1 region decreased, while the average
fluorescence intensities of IBA1, TLR1, and TLR2 increased.
Therefore, reduced TMER2 expression in the hippocampal region
of SAMP8 mice can upregulate IBA1 expression and promote the
overexpression of TLR1 and TLR2, thereby mediating microglia-
related neuroinflammation. In addition, CMPK2 protein expression
and NLRP3, NF-κB p65, COX-2, TNF-α, and IL-1β levels in
hippocampal tissue were significantly increased, suggesting that
microglia-related neuroinflammation in the brains of
SAMP8 mice may be achieved through the CMPK2/NLRP3 and
TLRs/NF-κB pathways. Compared with the SAMP8 group, in all
XXD-dose groups, TMER2 expression in the mouse hippocampal
region increased (Figure 8D), while IBA1, TLR1, and
TLR2 expression significantly decreased (Figures 8A–C). The
mean fluorescence intensity of TMER2 in the hippocampal
CA1 region increased (Figure 8H), while the average fluorescence
intensities of IBA1, TLR1, and TLR2 were reduced (Figures 8E–G).
CMPK2 protein expression and NLRP3, NF-κB p65, COX-2, TNF-
α, and IL-1β levels in hippocampal tissue were significantly
decreased (Figures 9A–G). Thus, XXD may inhibit microglial
activation by upregulating TMER2 expression, thereby inhibiting
the activation of the CMPK2/NLRP3 and TLRs/NF-κB pathways,
ultimately leading to reduced neuroinflammation.

4 Discussion

This study investigated the mechanism by which XXD
ameliorates cognitive impairment in Alzheimer’s disease (AD).
The research revealed that AD pathogenesis is a vicious cycle:
BBB dysfunction leads to excessive Aβ accumulation,
which triggers neuroinflammatory responses driven by
microglial activation. This inflammation further damages the
BBB, perpetuating the cycle. XXD may interrupt this
harmful cascade by modulating both BBB function and
neuroinflammation.
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FIGURE 8
XXD Upregulates TREM2 Expression and Downregulates IBA1, TLR1, and TLR2 Expression, Inhibiting Microglial Activation; (A) and (E) Analysis of
relative IBA1 protein expression levels and average fluorescence intensity of IBA1 in the hippocampal CA1 region of mice; (B) and (F) Analysis of relative
TLR1 protein expression levels and average fluorescence intensity of TLR1 in the hippocampal CA1 region of mice; (C) and (G) Analysis of relative
TLR2 protein expression levels and average fluorescence intensity of TLR2 in the hippocampal CA1 region of mice; (D) and (H) Analysis of relative
TREM2 protein expression levels and average fluorescence intensity of TREM2 in the hippocampal CA1 region of mice; (n = 6); Scale bar: 20μm; images
captured at ×400 magnification; **p < 0.01, *p < 0.05.
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4.1 Abnormal expression of BBB transport-
related proteins and receptors promotes
excessive Aβ accumulation in the AD brain

The blood-brain barrier (BBB) serves as a selective and semi-
permeable boundary, restricting the infiltration of pathogens,
neurotoxins, immune factors, and macromolecules from the
peripheral blood into the central nervous system (CNS) (Tao
et al., 2022). Simultaneously, it selectively allows the passage of
essential nutrients necessary for maintaining healthy brain function
(Jones and Shusta, 2007). There is substantial evidence suggesting
that significant BBB dysfunction in Alzheimer’s disease (AD) results
in excessive accumulation of β-amyloid (Aβ) (Wang et al., 2021).
The excessive deposition of Aβ in AD is a result of an imbalance
between its production and clearance. The blood-brain barrier

(BBB), a critical structure involved in the clearance of metabolic
waste from the brain, includes various transporter proteins such as
P-gp, Mfsd2a, RAGE, LRP-1, MRP, CB1, and CB2 (Pyun et al., 2022;
Huang and Li, 2021; Stella, 2010; Hillard, 2018; Wang et al., 2018;
Ma et al., 2018; Nies et al., 2004), which mediate the transport of Aβ
into and out of the brain. In vitro studies demonstrated that the LPS-
induced BBB damage model exhibited reduced expression of P-gp
mRNA and protein, decreased levels of CB2 and Mfsd2a, and
increased CB1 protein expression, suggesting aberrations in Aβ
transport-related proteins and receptors under BBB damage
conditions. To confirm these expression patterns in an in vivo
AD model, SAMP8 mice were employed. The results showed
impaired spatial learning and memory abilities in SAMP8 mice,
along with increased Evans blue extravasation in brain tissue,
indicating that cognitive deficits are linked to BBB dysfunction.

FIGURE 9
XXD reduces the levels of inflammation-related molecules and cytokines in the hippocampus: (A) Comparison of relative expression levels of
CMPK2 protein in the hippocampus of different groups of mice; (B) Comparison of NLRP3 protein levels in the hippocampus of different groups of mice;
(C) Comparison of IBA1 protein levels in the hippocampus of different groups of mice; (D) Comparison of COX-2 protein levels in the hippocampus of
different groups of mice; (E) Comparison of NF-κB p65 protein levels in the hippocampus of different groups of mice; (F) Comparison of IL-1β
protein levels in the hippocampus of different groups of mice; (G) Comparison of TNF-α protein levels in the hippocampus of different groups of mice.
(n = 6); **p < 0.01, *p < 0.05.
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Additionally, a significant rise in Aβ1-42 content in the hippocampus
of SAMP8 mice was observed, and abnormalities were noted in the
P-gp/ECS axis, the RAGE/LRP1 receptor system, as well as
MRP2 and Mfsd2a levels, suggesting that the dysregulation of
BBB transport-related proteins and receptors in AD contributes
to excessive Aβ accumulation.

4.2 Aβ pathology promotes microglia-
related neuroinflammation in the AD brain

Neuroinflammation, a consistent pathological feature throughout
the progression of Alzheimer’s disease (AD), accelerates the onset
and progression of the disease. Studies indicate a potential link
between Aβ and neuroinflammation in AD, where pathological Aβ
deposition is associated with the activation of macrophages,
microglia, and astrocytes, as well as the release of pro-
inflammatory cytokines (Ying et al., 2023). Microglia are pivotal
in driving neuroinflammation in AD; Aβ aggregation induces
sustained microglial activation, resulting in elevated secretion of
inflammatory cytokines and chemokines that further exacerbate
microglial activity (Huang et al., 2022). Thus, alleviating Aβ
accumulation in the brain may be essential for mitigating
microglia-mediated neuroinflammation in AD. The results of this
study show that reduced TREM2 expression in the hippocampus of
SAMP8 mice can upregulate IBA1 expression and enhance the
overexpression of TLR1 and TLR2, thereby mediating microglia-
related neuroinflammation. Further analysis of downstream
inflammatory molecules and cytokines (CMPK2, NLRP3, NF-κB
p65, COX-2, TNF-α, and IL-1β) indicated that microglia-related
neuroinflammation in the brains of SAMP8mice might be mediated
through the CMPK2/NLRP3 and TLRs/NF-κB pathways.
Additionally, a significant increase in the Aβ content in the
hippocampus of SAMP8 mice was observed, confirming that
microglia-related neuroinflammation and Aβ pathology mutually
promote each other.

4.3 Microglial activation-mediated
neuroinflammation exacerbates BBB
damage in the AD brain

Microglia are brain-resident cells that play a crucial role in
immune responses within the brain. In the AD brain, activated
microglia are frequently observed surrounding Aβ plaques and
release inflammatory cytokines such as IL-1, IL-6, TNF-α, and
TGF-β (da Fonseca et al., 2014). These inflammatory cytokines
can downregulate the expression of tight junction proteins and
disrupt BBB integrity through both direct and indirect pathways,
thereby exacerbating BBB leakage (Hussain et al., 2021).
In addition, neuroinflammation also exerts detrimental effects
on BBB transport function. Studies have shown that
neuroinflammation leads to a significant increase in the levels
of P-gp and RAGE proteins in rat brain microvessels, both of
which are critical for the bidirectional transport of Aβ across the
BBB (Lai et al., 2021).

In rat brain capillaries, TNF-α exposure can induce a series of
cascade events that lead to the activation of the transcription factor

NF-κB, which regulates the expression and activity of P-gp, breast
cancer resistance protein (BCRP), and MRP1 (Chaves et al., 2017),
thus disrupting BBB transport function. In another study, the pro-
inflammatory cytokine IL-6 resulted in a reduction in the
immunostaining area fraction of P-gp, zonula occludens-1 (ZO-
1), and aquaporin 4 (AQP4) in the brain microvessels of wild-type
mice. Treatment with the anti-inflammatory cytokine IL-10 led to
an increase in the immunostaining area fraction of AQP4, providing
the first evidence that IL-10 can at least partially prevent IL-6-
induced BBB damage (Barabási et al., 2023). In summary,
neuroinflammation mediated by microglial activation exacerbates
BBB integrity and transport dysfunction. Related studies have
shown that LPS promotes the secretion of cytokines and
chemokines by microglial cells, which are closely associated with
the neuroinflammatory process (He et al., 2021). Consequently, in
this in vitro study, LPS was employed as an inducer for the BBB
inflammation damage model.

The findings demonstrated that LPS reduced P-gp mRNA and
protein expression, increased CB1 expression, and decreased CB2
and Mfsd2a expression in the in vitro BBB model, indicating that
LPS-induced neuroinflammation leads to aberrant expression of
the P-gp/ECS axis and Mfsd2a, thereby impairing BBB
transport function. Additionally, the in vivo study revealed that
reduced TREM2 expression in the hippocampal tissue of
SAMP8 mice upregulated IBA1 expression and promoted
overexpression of TLR1 and TLR2, thus mediating microglia-
related neuroinflammation. This neuroinflammation may be
mediated through the CMPK2/NLRP3 and TLRs/NF-κB
pathways. Further investigation showed that Evans blue
extravasation in the brain tissue of SAMP8 mice was
significantly elevated, while the expression of the P-gp/ECS axis,
the RAGE/LRP1 receptor system, MRP2, and Mfsd2a in
hippocampal tissue was markedly abnormal, indicating damage
to BBB integrity and transport function. Consequently, microglial
activation-mediated neuroinflammation in the AD brain
exacerbates BBB integrity and transport function impairments,
which, in turn, amplifies neuroinflammation, forming a vicious
cycle (Takata et al., 2021).

4.4 By modulating the BBB transport
function to reduce Aβ accumulation and
mitigate neuroinflammation, XXD
ameliorates cognitive deficits in AD

This study demonstrates the effectiveness of XXD in mitigating
the deleterious cascade reaction involving blood-brain barrier
(BBB) transport dysfunction, excessive Aβ accumulation, and
neuroinflammation. The results show that XXD can not only
regulate and restore BBB integrity and transport function,
thereby reducing pathological Aβ accumulation in the brain, but
also suppress neuroinflammatory responses induced by Aβ
accumulation. In vitro results show that XXD drug-containing
serum culture for 24, 48, and 72 h can upregulate P-gp mRNA
and protein expression, downregulate CB1 protein expression, and
upregulate CB2 andMfsd2a protein expression, indicating that XXD
may improve BBB transport dysfunction by regulating the
expression of transporter-related proteins Mfsd2a and the P-gp/
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ECS system. Subsequent in vivo studies revealed that XXD may
reduce Aβ accumulation in the brains of SAMP8 mice by regulating
the P-gp/ECS axis, the RAGE/LRP1 receptor system, andMRP2 and
Mfsd2a proteins, promoting Aβ efflux across the BBB and inhibiting
Aβ influx across the BBB. Further investigation found that XXD
could upregulate TMER2 expression and downregulate IBA1, TLR1,
TLR2, CMPK2 expression, thereby reducing the levels of pro-
inflammatory factors NLRP3, NF-κB p65, COX-2, TNF-α, and
IL-1β in hippocampal tissue. This suggests that XXD may
inhibit microglial activation by upregulating TMER2 expression,
thereby inhibiting the activation of the CMPK2/NLRP3 pathway
and the TLRs/NF-κB pathway, alleviating neuroinflammation,
and improving spatial learning and memory impairments
in SAMP8 mice.

Currently, the majority of pharmacological interventions for
Alzheimer’s disease (AD) target single pathways. However, due to
the complex pathophysiology of AD, monotherapeutic
approaches often fall short in achieving comprehensive
symptom improvement. Consequently, single-target therapies
exhibit limitations in both long-term efficacy and disease-
modifying potential. In contrast, XXD demonstrates a
distinctive advantage by generating multi-target synergistic
effects. Research indicates that XXD can modulate blood-brain
barrier (BBB) transport function through the regulation of the
P-gp/ECS axis, the RAGE/LRP1 receptor system, and the
expression profiles of MRP2 and Mfsd2a proteins. This
modulation facilitates the efflux of Aβ1-42 and reduces Aβ
deposition within the cerebral parenchyma. As a result, the
activation of microglia triggered by Aβ oligomerization is
attenuated, and the activation of the CMPK2/NLRP3 and
TLRs/NF-κB pathways is suppressed. This leads to a reduction
in the synthesis of pro-inflammatory cytokines and chemokines,
alleviating microglia-mediated neuroinflammation in the AD
brain and ultimately reducing AD-associated cognitive deficits.
This multi-faceted mechanism not only enhances therapeutic
efficacy but also potentially mitigates the risk of developing
resistance, which is commonly associated with single-target
pharmacological interventions.

Although this study has initially elucidated the multi-target
mechanism of XXD, the intricate interaction networks and
precise regulatory pathways require further investigation. Future
research could employ cutting-edge methodologies, such as high-
throughput screening, proteomic analysis, and metabolomic
profiling, to further elucidate the complex mechanisms
underlying XXD’s multi-target actions. Such investigations are
crucial for unveiling the comprehensive, multi-tiered regulatory
framework that underpins XXD’s therapeutic efficacy in AD
management.
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Recurrent spontaneous seizures with an extended epileptic discharge are the
hallmarks of epilepsy. At present, there are several available anti-epileptic drugs
(AEDs) in the market. Still no adequate treatment for epilepsy treatment is
available. The main disadvantages of AEDs are their associated adverse effects.
It is a challenge to develop new therapies that can reduce seizures by modulating
the underlying mechanisms with no adverse effects. In the last decade, the
neuromodulatory potential of phytoconstituents has sparked their usage in
the treatment of central nervous system disorders. Curcumin is an active
polyphenolic component that interacts at cellular and molecular levels.
Curcumin’s neuroprotective properties have been discovered in recent
preclinical and clinical studies due to its immunomodulatory effects.
Curcumin has the propensity to modulate signaling pathways involved in cell
survival and manage oxidative stress, apoptosis, and inflammatory mechanisms.
Further, curcumin can persuade epigenetic alterations, including histone
modifications (acetylation/deacetylation), which are the changes responsible
for the altered expression of genes facilitating the process of epileptogenesis.
The bioavailability of curcumin in the brain is a concern that needs to be tackled.
Therefore, nanonization has emerged as a novel drug delivery system to enhance
the pharmacokinetics of curcumin. In the present review, we reviewed
curcumin’s modulatory effects on potential biomarkers involved in
epileptogenesis including dendritic cells, T cell subsets, cytokines,
chemokines, apoptosis mediators, antioxidant mechanisms, and cognition
impairment. Also, we have discussed the nanocarrier systems for
encapsulating curcumin, offering a promising approach to enhance
bioavailability of curcumin.

KEYWORDS

curcumin, epilepsy, inflammation, apoptosis, cognition, oxidative stress, epigenetics,
nanocarrier systems

1 Introduction

About 70 million people worldwide suffer from epilepsy, a chronic brain disease that is
considered to be one of the most common neurological disorders; 80% of those affected live
in developing nations (Khatoon et al., 2021). Epilepsy is a disorder of the brain characterized
by repeated electrical activity caused by dysregulation of the brain’s excitatory and
inhibitory mechanisms (Dua et al., 2006). Seizures typically start in confined areas of
the brain and can either stay localized known as “focal,” or spread to other brain parts,
known as “generalized” seizures. For years, this disease was thought to be communicable
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and associated with societal stigmas, earning the label “spiritual
illness.” Even though the blinds were eventually removed, the
sickness remains a mystery. It is one of the most prevalent severe
neurological illnesses and afflicts nearly 1% of the world’s
population, necessitating never-ending research to unravel
underlying pathomechanisms (Gangar and Bhatt, 2020).
According to the studies, epilepsy poses a major burden in the
form of seizure-associated disability, fatalities, comorbidities,
stigmatization, and major financial costs. Significant advances
have been made in the previous decade or two, paving the way
for an elaborative understanding of the pathomechanisms that form
the basis of disease and contribute to its prognosis (Moshé et al.,
2015). Epilepsy still has no definitive cure, making treatment
challenging, and almost one-third of persons with epilepsy are
resistant to present clinically approved medications. Currently,
medications in clinical use focus on symptom alleviation rather
than addressing the cause at the cellular and molecular levels.
Furthermore, various anti-epileptic drugs (AEDs) developed in
the recent 2 decades, with a mixed effect on the percentage of
patients who obtained total seizure freedom. AEDs such as
phenobarbital, phenytoin, levetiracetam, and lamotrigine have
been proven to be P-gp substrates in previous investigations
(Luna-Tortós et al., 2008). Furthermore, the upregulation of P-gp
has been linked to drug-resistant epilepsy in both epileptic
individuals and epileptic animals (Chen et al., 2017). In recent
years, explorative studies focused on the molecular signaling
pathways, but a shift in the focus from combating
pharmacoresistance is required from the exploration for
medications that decrease the symptoms (seizures) in favour of a
focus on new treatments that target the primary disease.

The linked side effects often cause AEDs treatment failures.
They not only cause patients to discontinue therapy early, but they
also prevent patients from receiving therapeutic doses and have a
detrimental impact on the adherence of patients (Toledano and Gil-
Nagel, 2008). Furthermore, anti-epileptic drug side effects may cause
associated disabilities, comorbidities, and death (Gilliam et al.,
2004). Older medications like primidone, phenobarbital, and
benzodiazepines have sedative effects ranging from insignificant
drowsiness or exhaustion to profound lethargy. Drowsiness, jerking
movements, vertigo, ataxia, gait impairments, vision changes,
nystagmus, and tremors are the symptoms of poor coordination.
All first-generation AEDs, including phenytoin, carbamazepine,
primidone, and benzodiazepines, have a high risk of causing
coordination problems. Second-generation anti-epileptic
medicines, on the other hand, can cause these side effects (Walia
et al., 2004). About 15–20 percent of epilepsy patients who take anti-
epileptic medicines experience negative psychological consequences
(Chen et al., 2017; Perucca and Gilliam, 2012). These side effects
include irritation, aggressiveness, agitation, and violent behavior, as
well as depression and psychosis (Perucca and Gilliam, 2012).

Idiosyncratic reactions are one of the concerns because they can
cause life-threatening side effects and in severe cases of reaction it
necessitates therapy termination. Cellular damage caused by the
chemical agent or its by-product, drug, or pharmaceutically active
ingredient association with unusual interaction with targets present
in the host is among the processes that underpin idiosyncratic
reactions associated with AEDs therapy (Zaccara et al., 2007).
Furthermore, despite the availability of numerous AEDs,

individuals with mesial temporal lobe epilepsy do not attain total
seizure independence, and therapy with third-generation AEDs does
not obviate the need for surgery (Pohlen et al., 2017). Some
biologics, such as monoclonal antibodies, have been used to treat
epilepsy; however, the mechanisms underlying human
epileptogenesis are still unknown, and clinically meaningful
targets for therapy development are still hypothetical (Zhao et al.,
2017). Pharmacoresistant epilepsy is the most severe issue that
requires immediate attention. The term “resistant epilepsy” is
described as the “failure of adequate trials of two tolerated and
correctly planned AED regimens (whether as single drug therapies
or in combination) to attain seizure independence,” according to the
International League against Epilepsy (Weaver and Pohlmann-
Eden, 2013). It is a condition in which almost 30% of epilepsy
patients develop frequent seizures the despite treatment and this
condition is labelled by three interchangeable phrases, known as
“pharmacoresistant epilepsy,” medically intractable epilepsy, or
refractory epilepsy (Stafstrom and Carmant, 2015). This form of
epilepsy is characterized as chronic, irreversible disorder that is also
linked to increasing psychosocial and physical morbidity, as well as a
high mortality rate (Englot et al., 2017). Though surgery remains a
promising therapy option for pharmacoresistant epilepsy, the risk of
losing brain functions renders it unsuitable for most patients. Non-
pharmacological therapies such as targeted cooling, vagus nerve
stimulation, and gamma knife therapy are also becoming more
popular (Rocha, 2013). More than half a million patients with
neurological problems have had radiosurgery with Gamma Knife,
which offers a reliable, noninvasive treatment for intracranial
pathology. Ionising radiation, or radiation that may remove
electrons from atoms or molecules and cause chemical bonds to
break, new bonds to form, or free radicals to be produced, is essential
to radiosurgery. Ionising radiation breaks cellular DNA in cases of
radiosurgery of the brain. Substantial percentage of individuals
experience seizure independence when only patients who got
high-dose radiation were studied (Rolston et al., 2011).

As a result, there is a demand for alternative drugs and therapies,
which primarily involves medical techniques, change in lifestyle, and
the administration of synthetic and natural medicinal moieties.

The two primary andmost well-known databases for biomedical
literature, PubMed and Google Scholar, were used to prepare the
review. Research Gate and PubMed’s electronic resources were used
to access full-text documents. The most recent findings are included
in the review’s content, which references recent articles.
Immunopathology of epilepsy, epilepsy and oxidative stress,
epilepsy and cognitive impairment, curcumin and neurological
disorders, curcumin and oxidative stress, curcumin and cognitive
impairment, curcumin and epigenetics, and novel drug delivery
systems for curcumin were the terms and phrases that were searched
for. The chosen research and review articles were picked because
they were closely related to the selected topic.

2 Current treatment strategy
for epilepsy

With the advent of several novel anti-epileptic treatments as well
as better formulations of older treatments, epilepsy
pharmacotherapy has made tremendous strides in the past few
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years. Since 1851, many first-generation AEDs have been developed
for the treatment of epilepsy. Some of the examples of first-
generation AEDs including, primidone, carbamazepine, sodium
valproate, phenobarbitone, phenytoin, ethosuximide, and
phenobarbitone. Later, second-generation AEDs have been
developed, and some the examples, including, lacosamide,
gabapentin, lamotrigine, oxcarbazepine, levetiracetam, topiramate,
and zonisamide. In recent decades, novel AEDs with distinctive
modes of action, including perampanel, retigabine, and
brivaracetam, have been released on the market. The multiple
processes by which these approved AEDs for the treatment of
epilepsy function primarily involve the modulation of voltage-
dependent ion channels, activation of GABA, and inhibition of
glutamate receptors. Even in patients who react well to treatment,
current anti-epileptic drugs have no impact on the inherent natural
history or progression of the condition. Additionally, there are not
any drugs on the market right now that can stop epilepsy from
arising from following a head injury. It is projected that the rapid
advancement of understanding of cellular, molecular, and genetic
causes of epilepsy will result in more potent and prominent
treatments, and preventative measures, and might cures various
forms of epilepsy. Managing the condition through patient care and
developing various therapeutic strategies is one of the key coping
mechanisms. Numerous studies and research findings indicate that
combining multiple medications can help control the disease.
Different dosages of the same medications have been observed to
benefit various individuals. Lamotrigine and sodium valproate has
been shown to help treat partial-onset and generalized seizures in
several animal models. Other commonly advised combinations
include lamotrigine and topiramate for treating a variety of
seizures and valproate with ethosuximide for managing absence
seizures (Kwan et al., 2011; Brodie and Yuen, 1997).

Surgery is a treatment option for patients with DRE (drug-
refractory epilepsy), particularly if they have a condition that can be
treated surgically, such as unilateral hippocampal sclerosis or other
treatable abnormalities. Therefore, after considering additional anti-
epileptic drug trials, various surgical procedures can be carried out
based on the indication tomanage and treat seizures (Spencer andHuh,
2008). The ketogenic diet is employed as a treatment technique in
children with DRE. They are also offered as newborn ketogenic diets
based on formula (Kwan et al., 2011). Many different forms of seizures
appear to be easier to manage with a ketogenic diet. A ketogenic diet is
recognized for controlling gene expression via the epigenetic process. It
has been discovered that dietary methyl donor consumption, such as
choline, can significantly impact the DNA methylation process.
Children with refractory seizures are often treated with ketogenic
diets high in fat and low in carbohydrates (Boison and Rho, 2020).

Moreover, studies onmicronutrient deficiencies, such as vitamin
B12 deficiency, suggest that theymay be involved in the pathway and
may be helpful in future therapeutic approaches (Sinha et al., 2014).
A device known as the vagus nerve stimulator has been authorized
for use in adults and adolescents with partial-onset seizures
refractory to anti-epileptic medications (Neal et al., 2008). The
patient has a vagus nerve stimulator inserted in the chest area
that produces a pulse and sends an electrical current to the
neck’s vagus nerve (Milby et al., 2008).

Combinations of anti-inflammatory medications that target
many pathways may be expected to be more successful than

individual medications alone due to the complexity of the
inflammatory processes that are linked to epileptogenesis.
According to research in teenage rats, treatment with anakinra
plus a COX-2 inhibitor during epileptogenesis reduced chronic
seizures and neuronal cell death, but not treatment with either
medication alone (Kwon et al., 2013). Similar to this, when given to
animals for a short period of time soon after the onset of epilepsy,
VX-765 and an experimental TLR4 antagonist effectively halted the
disease’s progression and reduced 90% of recurrent seizures (Iori
et al., 2017). During epileptogenesis, blocking only one
inflammatory route imposed non-significant impact (Iori et al.,
2013). Additionally, a conjunction of the ketogenic diet and
MAGL inhibition in the acute stage of status epilepticus in mice
produced more profound benefits than either intervention alone in
stopping persistent epileptic hyperactivity (Terrone et al., 2018);
additionally, in a mouse experiment, anakinra improved the ability
of diazepam to shorten the period of status epilepticus (Xu
et al., 2016).

2.1 Disease modifying therapies in epilepsy

Neuroinflammation, neuronal damage, synaptic reorganisation,
and genetic abnormalities are some of the factors that frequently
lead to epilepsy. In patients who are at risk (such as those who have
had a stroke, infection, or traumatic brain damage), DMTs would try to
prevent the start of epilepsy or alter the course of the disease to lessen
the frequency and intensity of seizures (Kwon et al., 2013). DMTs may
include approaches for avoiding neuronal damage or death, which are
frequent causes of epilepsy. Examples include substances that target
excitotoxicity, mitochondrial malfunction, or oxidative stress (Khatri
and Juvekar, 2016). Epileptogenesis, or the development of epilepsy, can
result from persistent inflammation in the brain. Anakinra and other
cytokine inhibitors are examples of medications that target
inflammatory pathways like IL-1β (Dilena et al., 2019). Epilepsy is
thought to develop as a result of epigenetic modifications. For instance,
inhibitors of histone deacetylase (HDAC) change the expression of
genes to stop epileptogenesis (Teafatiller et al., 2022). When it comes to
monogenic epilepsies, CRISPR technology or viral vectors can be used
to compensate for or correct gene alterations such as SCN1A (Dravet
syndrome) (Carpenter and Lignani, 2021). Recent developments in
antisense oligonucleotides for hereditary epilepsies are one example (Li
et al., 2021a). Some epilepsies are characterised by synaptic
reorganisation, such as the emergence of mossy fibre in the
hippocampus. In order to stop progression, potential treatments
might interfere with maladaptive synaptic alterations (Danzer, 2017).
DMTs might concentrate on stopping tumour growth in situations of
epilepsy brought on by tumours (such as low-grade gliomas) (Seidel
et al., 2022).

In order to target the fundamental causes of epilepsy instead of
merely suppressing seizures, potential disease-modifying medicines
are being actively investigated. Anti-inflammatory drugs that target
neuroinflammation, including COX-2 inhibitors or IL-1 receptor
antagonists (like anakinra), are being researched for their potential
to prevent post-trauma epilepsy. Neurosteroids may assist stabilise
neuronal excitability and provide long-term advantages in
modulating the progression of disease. One such neurosteroid is
ganaxolone, a synthetic analogue of allopregnanolone.
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For epilepsy linked to tuberous sclerosis complex (TSC), mTOR
inhibitors, such everolimus, are already authorised and have
demonstrated potential in changing the progression of the
condition. Levetiracetam and other preventative medications are
also being researched for their ability to stop epilepsy after brain
trauma. For certain genetic epilepsies, like Dravet syndrome and
Angelman syndrome, new gene-targeted treatments, such as
antisense oligonucleotides (ASOs), are being developed. These
therapies provide a focused approach to disease modification.

2.2 Pharmacoresistance in epilepsy

A pharmacokinetic theory states that the overexpression of drug
efflux vectors in peripheral organs results in a decrease in AED
levels. This prevents medications with high enough concentrations
from entering the brain and reaching the epileptic centre. This
hypothesis is supported by clinical observations in which the
overexpression of P-glycoprotein (Pgp), multidrug resistance
protein 1, or other transporters on the blood-brain barrier and in
neurons was unable to account for the decline in ASM concentration
(Tang et al., 2017). The transport hypothesis states that drug efflux
carrier upregulation in medication-resistant epilepsy takes place
directly in the blood-brain barrier rather than in its periphery,
which reduces drug absorption by the brain and, thus, causes
resistance (Tang et al., 2017). One of the basic mechanisms of
cognition, perception, and awareness is the alteration of the neural
network. Disturbances in network activity are essential to the
pathophysiology of brain disorders. Individual brain models
derived from diffuse magnetic resonance imaging of fifteen
individuals with drug-resistant epilepsy have been demonstrated
to have prognostic power (Proix et al., 2017). Drug-resistant epilepsy
is frequently linked to cortical dysplasia (Barkovich et al., 2015).
According to the intrinsic severity theory, both medication
resistance and the severity of epilepsy are influenced by common
neurobiological processes. Hippocampal tissues taken from patients
with mesial temporal lobe epilepsy, the most prevalent type of focal
epilepsy that affects 40% of adults and is 30% resistant to AEDs, were
subjected to a transcriptome study. Three significant gene clusters
that are mostly linked to neuroinflammation and innate immunity,
synaptic transmission, and neural network regulation were found to
have abnormal expression in this investigation (Bazhanova et al.,
2021). Different forms of epilepsy have been linked to
polymorphisms in genes that encode channels, receptors,
transporters, synaptic transmission, etc. Some of these
polymorphisms have also been linked to refractory epilepsy (Liu
et al., 2016).

2.3 Curcumin

Curcumin is a phenolic compound with enormous benefits and
immense potential in treating various pathological conditions.
Characteristically, it has a bright coloured lipophilic polyphenolic
chemical obtained from the rhizome of the turmeric plant
(Curcumin longa), which is a tropical Southeast Asian spice.
Turmeric powder, which contains 2%–5% curcumin, has been
used as an anti-inflammatory medication in Indian and Chinese

traditional medicine for millennia. It coexists with its keto-enol
tautomeric forms in a state of equilibrium. It is partially soluble in
water and not very stable; however, it degrades more quickly in a
basic medium. Curcumin poses multiple benefits, including,
antioxidant, anti-cancer, anti-arthritic, anti-microbial, anti-
diabetic, and anti-inflammatory activities, which can be used to
treat a variety of ailments including tendinitis, liver cirrhosis,
Alzheimer’s disease, epilepsy, cardiovascular disease, low blood
sugar, gastrointestinal issues, worms, inflammation, cancer,
epidermis, and ocular infections. Additionally, it has shown
tendency to cross the blood-brain barrier and demonstrated its
protective efficacy in various neurological diseases (Eghbaliferiz
et al., 2020).

The modulatory effect of curcumin on some of the cell signaling
pathways responsible for its disease-modifying properties,
represents in Figure 1. Curcumin has been found to modulate
Toll-like receptors (TLRs) and the nuclear factor-kappa B (NF-
κB) pathway, which are both involved in the innate immune
response and inflammation. Curcumin interrupts the activation
of TLR signaling by downregulating the expression of TLRs and
inhibiting its downstream signaling molecules, like MyD88, and
IRAK. Downregulation of TLR signaling can lead to reduction of
proinflammatory cytokine and chemokine release, thus reduce the
inflammatory cascade release.

Curcumin can inhibit the activation of NF-κB by blocking the
phosphorylation and degradation of its inhibitor, IκBα, which
usually leads to the nuclear translocation of NF-κB and the
activation of its target genes. By inhibiting NF-κB activation,
curcumin can reduce the expression of pro-inflammatory
cytokines, chemokines, and other inflammatory mediators.
Curcumin has also been found to modulate the nuclear factor
erythroid 2-related factor 2-antioxidant response element (Nrf2-
ARE) pathway, which is involved in the regulation of cellular
antioxidant and detoxification responses. Curcumin has been
found to have complex effects on the apoptosis signaling
pathway. In terms of the extrinsic and intrinsic pathways,
curcumin has been reported to modulate both pathways.

According to Nutraceutical Bioavailability Classification Scheme
curcumin exhibits poor bioaccessibility, but it is fairly soluble in
gastrointestinal fluids and unstable to alkaline pH. Due to its
diketone moiety, curcumin often occurs in the solid phase and
the keto form in acidic and neutral environments. Curcumin has
limited stability at pH = 7 and weak solubility in water. Furthermore,
curcumin has a low bioavailability. In fact, it is quickly metabolized
in the gut, where it undergoes substantial biotransformation before
being quickly eliminated (Xie et al., 2011; Nabavi et al., 2018). These
variables collectively cause the concentration of this molecule in
human plasma to be at nanomolar levels, which restricts its
biological functions. The detailed mechanism of action of
curcumin in inhibiting the process of epileptogenesis will be
discussed in the following sections.

2.4 Effect of curcumin on
neurological disorders

Curcumin extensively studied for its potential neuroprotective
effects and potential as a therapeutic agent in treating neurological
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diseases. One of the most studied neurological diseases with
curcumin is Alzheimer’s disease (AD). Curcumin has been
shown to have various potential neuroprotective effects in AD,
including reducing the accumulation of β-amyloid (βA) plaques,
decreasing neuroinflammation, and reducing oxidative stress.
Studies in animal models of AD have shown that curcumin can
improve cognitive function and memory, reducing the disease’s
pathological features (Lin et al., 2022). Curcumin also aids in
preserving mitochondria from the damaging effects of AD; for
example, it lessens the oxidative stress brought on by βA in
PC12 and the levels of IL-1β and oxidized proteins in the brain
of AD mice (Kim et al., 2001; Lim et al., 2001).

Curcumin extensively studied for its potential therapeutic effects
in other neurological diseases, including Parkinson’s disease (PD),
multiple sclerosis (MS), Huntington’s disease, and depression.

Treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) increased the heat shock protein 90 (HSP90) level in
SH-SY5Y dopaminergic cells, but curcumin restored this effect.
HSP90’s overexpression boosted the effects of curcumin on PD,
most likely through the elevation of HSP90. HSP90’s silencing
considerably reduced the effect caused by curcumin; on the other
hand, it enhanced its benefit (Sang et al., 2018). Curcumin reversed
motor impairments in the rotenone-PD rat model and boosted the
activity of antioxidant enzymes that underpin it is in-vivo
antioxidant capacity, possibly acting in a neuroprotective way
(Khatri and Juvekar, 2016). Moreover, it reversed hippocampal
synaptic changes (Darbinyan et al., 2017). Lewis bodies’ primary

constituent, α-Syn, can bind to curcumin and prevent it from
accumulating in neuronal cells (Ahmad and Lapidus, 2012).

The autoimmune encephalomyelitis model for MS (multiple
sclerosis) was used as animal models for investigation of effect of
curcumin in MS. Reportedly, curcumin inhibited cytokines, IFNγ,
IL-17, and IL-12 family members (Kanakasabai et al., 2012). These
findings are consistent with those from a related rat model in which
curcumin treatment enhanced the degree of myelination, most likely
via restoring iNOS mRNA expression and amplifying the
Nrf2 cellular defense system against oxidative damage (Mohajeri
et al., 2015). Additionally, curcumin increased all the markers for
oligodendrocyte progenitors and neural stem cells, including nestin
(a marker for NSCs), Olig2, platelet-derived growth factor receptor
(PDGFR), and brain-derived neurotrophic factor (BDNF) and nerve
growth factor (NGF) (Mohajeri et al., 2015).

Micelle nanoformulation of curcumin with dose of 80 mg/day
was investigated in a human clinical studies and demonstrated to
decrease Th17 cells population in the peripheral circulation post 6 m
months after 6 months, 80 mg/day (Dolati et al., 2018). The study
also examined the effect of curcumin Th17 cells because its
association with elevated levels of IL-23 and IL-17A as well as
increased expression of retinoic acid-related orphan receptor γ
(RORγ) in MS patients. This study also reported that treatment
with micelle formulation of curcumin treatments significantly
decreased RORγ mRNA levels and decreased IL-17 secretion but
did not affect the expression profiles and concentration of IL-23
mRNA (Dolati et al., 2018).

FIGURE 1
Mechanism of action of curcumin responsible for its anti-epileptic activity. The Figure illustrates (A) Anti-inflammatory activity by inhibiting cell
surface receptors and NF-κB transcription factor, playing a pivotal role in regulating cytokines and chemokines, (B) Antioxidant activity by potentiating
Nrf2-ARE pathway responsible for transcription of antioxidant genes, (C) Anti-apoptotic activity by inhibiting extrinsic and intrinsic
mitochondrial pathway.
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NSC-34 cells infected with TDP-43 were used as Amyotrophic
lateral sclerosis (ALS) cellular model to evaluate the effect of
curcumin treatment in ALS in reversing the impairment caused
by the overexpression of TDP-43. It was observed that uncoupling
protein-2 levels were significantly reduced due to curcumin
produced a beneficial effect on mitochondrial membrane
potential (Lu et al., 2012). The initiation and spread of action
potentials (APs), facilitated by the overexpression of TDP-43, are
also a part of curcumin’s protective actions (Dong et al., 2014). Post
1 year of curcumin treatment, an ALS clinical trial utilizing
nanocurcumin as an adjunctive therapy to riluzole demonstrated
discovered a noticeably higher survival rate (Ahmadi et al., 2018).

The progression of post-ischemic neurodegeneration was seen
to be prevented by curcumin treatment utilizing a middle cerebral
artery occlusion (MCAO) in a rodent model (Pluta et al., 2015),
decreased infarct volume (Zhao et al., 2010; Funk et al., 2013) and
oedema of the brain at various times intervals and can achieve
improved neurological scores (Zhao et al., 2010; Funk et al., 2013).
The reduction of oxidative stress probably brings about these results.
Moreover, curcumin decreased neuronal apoptosis by increasing the
anti-apoptotic Bcl2 protein and decreasing the translocation of
cytochrome-c into the cytoplasm (Zhao et al., 2010; Xia et al.,
2017), and reduction of mitochondrial membrane potential
(Zhang et al., 2017). Also, it has been demonstrated that
curcumin has a protective effect in an intrinsically hypertensive
rat model and is stroke-prone, preventing the development of stroke
and improving survival rates. The presence of more mitochondrial
anion carrier family proteins and the physiological regulation of
mitochondrial ROS production caused by curcumin is the most
plausible causes of these effects (Lan et al., 2018). These findings
were further supported by an in vitro cellular model utilizing H2O2

to mimic oxidative stress reduced by curcumin therapy (Lan et al.,
2018). Therefore, this review will mainly dissect the impact of
curcumin on epileptogenic processes.

2.5 Curcumin and its
immunomodulatory effect

According to human clinical studies, curcumin is considered to
be risk-free if consumed at a se of 10 g/day, and no toxicity is
observed in the individuals (Aggarwal et al., 2003; Jurenka, 2009).
Curcumin consist of profound activities including, antioxidant, anti-
inflammatory, antibacterial, hepatoprotective, neurogenesis-
inducing, chemopreventive, and chemotherapeutic action
(Aggarwal et al., 2003; Roberts et al., 2017; Asteriou et al., 2018;
Bianchi et al., 2018; Kadam et al., 2018; Platania et al., 2018; Sharma
et al., 2018; Vucic et al., 2018). Newer research has also presented an
intriguing view of curcumin’s immunomodulatory potential (Jagetia
and Aggarwal, 2007; Momtazi et al., 2016). Curcumin’s immune-
modulating activities are attributable to its interactions with cells
that mediate immunologic reactions, such as B and T-lymphocytes,
macrophages, dendritic cells, cytokines, and the transcription factors
involved in cell signaling pathways. Curcumin is reported to act by
regulating the pleiotropic regulator of inflammation, NF-κB,
PPARγ, signal transducer and activator of transcription (STAT),
activator protein-1 (AP-1), Nrf2, beta catenin, and their downstream
targets in signaling pathways (Han et al., 2002; Shishodia et al., 2007;

Gonzales and Orlando, 2008; Soetikno et al., 2011; Ganjali
et al., 2014).

The combination of p50/NF-κB1, p52/NF-κB2, p65/RelA, c-Rel,
and RelB forms the NF-κB transcription factor dimers family. These
transcription factors play a key role in chronic inflammation and are
implicated in development, inflammation, and immunological
response (Hayden and Ghosh, 2008; Hoesel and Schmid, 2013;
Ledoux and Perkins, 2014). In T-lymphocytes, NF-κB plays a vital
role in the synthesis of pro-inflammatory molecules such as
interleukin (IL)-16, IL-4, IL-2, interferon γ (IFN-γ) and TNF-α
(Infantino et al., 2014; Valim et al., 2015; Zhang et al., 2016; Templin
et al., 2017). Curcumin exerts pleiotropic effects by impeding NF-κB
transcription by inhibiting I kappa B kinase-a (IKK-a)
phosphorylation, degrading I kappa B alpha degradation,
inhibiting phosphorylation of I kappa B serine 32, and blocking
RelA nuclear translocation (Jobin et al., 1999; Grandjean-
Laquerriere et al., 2002; Banik et al., 2017). B-lymphocyte
stimulator (BLYS) is a cytokine produced mainly by monocytes,
dendritic cells, and macrophages in the innate immune system
(Nardelli et al., 2001; Bossen and Schneider, 2006). B-cell
activating factor (BAFF) plays an immunological role in the
immune system’s B cell arm and immunoglobulin synthesis that
could influence the functioning of B cells eventually (Ng et al., 2004).
BLYS and BLYSR protein expression levels are much higher in TLE
patients and in tissues of rodent epilepsy models, suggesting that
BAFF and BAFFR may play critical roles in regulating
immunological and inflammatory responses involved with disease
development (Huang et al., 2011; Ma et al., 2017). Curcumin has
been suggested as a potential new therapeutic drug for autoimmune
illnesses by targeting BLYS. Curcumin’s inhibitory action on the
expression of BLYS is attributed to its disruption of NF-κB signaling,
which decreases p65 nuclear translocation (Huang et al., 2011).
Curcumin also suppresses immune function by inhibiting
mammalian target of rapamycin (mTOR) pathway and
subsequently downregulating cytokine production, such as IL-6
and COX-2. It has a solid ability to block the PI3K/Akt/mTOR
pathway in the SH-SY5Y cell line and in the rat model of TLE (Drion
et al., 2018; Zhu and Zhu, 2018).

3 Pathogenesis of epilepsy

3.1 Immunopathology of epilepsy

The adaptive immune system after pilocarpine-induced status
epilepticus is reflected by a biphasic rise of CD45+ immune cells in
the hippocampus brain parenchyma, including innate macrophages
and CD3+ T-lymphocytes. The hippocampus macrophages have
higher granularity, which indicates that they are activated
(Neumann et al., 2017). Microglial cell activation has been
reported to increase the expression of IL-6, IL-1β, and TNF-α
(Aronica and Gorter, 2007; Aronica and Crino, 2011) and is
allied with compromised blood-brain barrier integrity (Lucas
et al., 2006).

Elevated CD8-positive T lymphocytes are a hallmark of several
CNS disorders involving inflammation (Bernal et al., 2002; Petito
et al., 2006) which can eventually cause the precipitation of epileptic
seizures. This is supported by research examining the
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immunological profile of patients with Rasmussen’s encephalitis.
Rasmussen’s encephalitis is a progressive epileptic disease that
causes the affected hemisphere to be destroyed due to
unihemispheric lymphocytic infiltrates, microglial nodules, and
neuronal death. T-lymphocyte fraction of brain parenchyma was
primarily composed of CD8+ cells. CD4+ cells is reported to
concentrate in the perivascular region of blood vessels rather
than moving into the brain parenchyma. In addition, a cytotoxic
T-cell mechanism has been postulated to play a role in neuronal
death in human brain disease (Bien et al., 2002a). Assuming
infiltrating T lymphocyte density is a criterion for inflammatory
processes, disease duration, and neuronal cell death are inversely
associated with this attribute. T lymphocyte levels fall as the disease
progresses, but neuronal death increases. However, it should be
emphasized that the number of T lymphocytes in the blood is still
higher than in healthy people (Bien et al., 2002b). These
observations corroborate the theory that cytotoxic T-cell reaction
against neuronal cells leads to its loss. According to certain studies,
these T cells encompass cytotoxic granules and are located near
neurons (Bauer and Bien, 2009). This research could indicate that
these cells have a role in neuronal cell death. In addition to Th1 and
Th2 T cells, anti-inflammatory CD4+CD25+Foxp3+ regulatory
T cells (Tregs) and pro-inflammatory T helper 17 (Th17) cells
have been discovered. Th17 cells with retinoic acid-related
orphan receptor gt (RORgt) play vital roles in generating IL-17,
whereas Treg cells expressing the transcription factor, Foxp3,
possess anti-inflammatory activity and preserve self-component
tolerance (Oukka, 2007; Krasovsky et al., 2009). Th17/Treg
balance is crucial for disease progression, and is evident in
various studies of different animal models and human
autoimmune and inflammatory diseases (Noack and Miossec,
2014). Patients with epilepsy have reduced circulating numbers of
total lymphocytes, CD4+ T cells, and natural killer cells, according to
studies (Bauer et al., 2008). Th17/Treg imbalance has been identified
as a defining hallmark of intractable epilepsy (Ni et al., 2016).
Recurrent epileptic activity in the brain can be caused by various
inflammatory conditions, such as viral or autoimmune disease,
highlighting the importance of inflammation in epilepsy
pathogenesis (Vezzani, 2014). Furthermore, prolonged seizure
activity stimulates glia and causes endothelial cells to upregulate
adhesion molecules, making it easier for leukocytes to extravasate
(Librizzi et al., 2007).

3.2 Dendritic cells in epilepsy

Dendritic cells (DCs) are the antigen-presenting cells (APCs)
and are the sentinels of the immune system to capture antigens or
access self-proteins unusually present in the environment and
present them to the surface of T cells to assemble an antigen
specific immune response or elicit tolerance, acting as bridge
between both the innate and adaptive immune responses. These
cells have been linked to a variety of brain disorders, although their
exact function is uncertain. It is intended to consider relevant
material from the disciplines of immunology and neurology. T
lymphocytes’ adaptive immune response is dependent on the
detection of antigens presented by APCs. Small peptides in
extended conformation are seen in these cells, which are

produced from antigenic proteins linked to major
histocompatibility complex MHC-I and MHC-II molecules.
These two are presented differently because they are degraded at
two different places inside the APC (Villadangos, 2001). Antigens
obtained from external proteins are managed by the endocytic route
via lysosomal enzymes and expressed by MHC-II. Presentation via
MHC-I molecules, on the other hand, is based on cytosolic antigen
recognition in the endoplasmic reticulum, which usually involves
endogenous molecules, excluding a specialized condition known as
“cross-presentation,” which requires the diffusion of exogenous
proteins from lysosomal compartment to cytoplasm
(Guermonprez et al., 2002).

Effector T-cells can develop from naive T cells that detect
peptides linked to MHC molecules. Central and peripheral
tolerance mechanisms ensure the eradication of anti-self-reactive
T-cells. T-cell anergy, apoptosis, or Tregs ensure tolerance to self-
antigen when immature APCs present self-antigen to T cells in the
lymph nodes (Starr et al., 2003; Torres-Aguilar et al., 2010). Non-
lymphoid peripheral organs may have more peptides released by
MHC molecules than lymphoid organs (Clement and
Santambrogio, 2013). They might play a role in the onset and
development of autoimmune diseases (Collado et al., 2013). The
situation of the interactions between T cells and APCs dictates
whether naive T cells are primed or tolerated (Steinman, 2003). As a
result, APCs play an essential role in tolerance pathomechanisms,
and the characteristics of these cells and their surrounding
environment influence whether tolerance or immunity is
generated. DCs and T-cells interact via CD40:CD40L, resulting in
the production of various cytokines and chemokines, including
TNF-α, IL-1β, IL-12, type I interferon, and macrophage
inflammatory protein-1 (Guermonprez et al., 2002; Banchereau
and Steinman, 1998). Furthermore, the transition from immature
DCs (iDCs) to mature DCs (mDCs) results in the expression of C-C
chemokine receptor type 7 (CCR7) and loss of adhesion to epithelial
cells, resulting in relocation towards lymph node T-cell-rich regions
(Guermonprez et al., 2002; Winzler et al., 1997).

Recurrent seizures can be caused by several inflammatory
conditions, such as viral or autoimmune disease, highlighting the
importance of inflammation in epilepsy pathogenesis (Vezzani,
2014). Prolonged electrical activity during seizures stimulates glial
cells and causes endothelial cells to upregulate adhesion molecules,
allowing leukocytes to extravasate more easily (Librizzi et al., 2007).
This reaction is not an associated epiphenomenon of the involved
tissue as inhibition of cell infiltration can avert the process of
ictogenesis (Fabene et al., 2008). Interestingly, efforts have been
made to administer immunomodulatory agents to treat epilepsy
(Vezzani, 2015). By secreting cytokines, altering neurotransmitter
release or uptake, elevating BBB permeability, and injuring neuronal
cells, inflammatory cells increase neuronal excitation and reduce
seizure thresholds (Vezzani, 2014). Li et al. (2013) recently
demonstrated that DCs might be detected 24 h after the
production of seizures in adult rats using Li-pilocarpine-induced
status epilepticus model. CD11+ cells were transferred from the
periphery and were not derived from microglia, according to
negative Iba-1 labelling and radiation experiments. In addition,
after kainic acid-induced convulsions, EYFP-expressing cells were
identified in the damaged hippocampus of the Cd11c/eyfp Tg
animal (Bulloch et al., 2008). FCD (focal cortical dysplasia) is a
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disorder in which children develop chronic epilepsy due to
spontaneous abnormalities in the cerebral cortex (Rhodes et al.,
2007; Iyer et al., 2010).

Along with neurotransmitter imbalance, emerging data suggests
that inflammatory mechanisms are involved in non-infectious epilepsy.
In the tissue of patients with FCD, stimulation of microglia and
macrophages has been observed (Boer et al., 2008). It is unclear if
this inflammatory reaction is induced by recurrent episodes of seizures
or is an inherent mechanism of FCD. DCs circulates in the blood
arteries in chronic epileptic encephalopathy and FCD type II patients’
samples, together with perivascular T-lymphocytes (Rhodes et al., 2007;
Iyer et al., 2010). PI3K-mTOR pathways are primarily associated with
experimental epilepsy and clinical epilepsy studies (Iffland et al., 2022;
Nguyen et al., 2022). In addition, through the PI3K/Akt/mTOR
signaling pathway, the inflammatory response elicited by IL-1β
increases seizure activity and plays a significant role in the
pathophysiology of MTLE (Xiao et al., 2015). Also, as evident, the
mTOR pathway controls DC’s function and maturation (Sathaliyawala
et al., 2010). Since autoantibodies have been identified in several kinds of
epilepsy, such as Rasmussen encephalitis, this suggests that DCsmay be
involved in the pathophysiology of epilepsy by preserving a persistent
state of inflammation, potentially by triggering autoimmune processes
(McNamara et al., 1999). Activation of the mTOR pathway in the CNS
can affect neuronal signaling and excitation, axonal and dendritic
morphology, the release of neurotransmitters, synaptic plasticity,
cognition, and behavior (Bekinschtein et al., 2007; Jaworski et al.,
2005; Tang et al., 2002). Axonal and dendritic structure,
neurotransmitter production, neuroplasticity, and cognition and
behavior are all influenced by mTOR activity in the CNS (Wong,
2013). In animalmodels of epilepsy and human tissue samples removed
from epilepsy patients showed evidence of overactive mTOR signaling
pathways in both hereditary and acquired epilepsies. For example,
mutations in elements of the mTOR system cause many
neurodevelopmental diseases with epileptic symptoms, the most
known of which are TSC1/TSC2 and phosphatase and tensin
homolog (PTEN) mutations. TSC is an autosomal dominant
disorder characterized by cortical abnormalities such as tubers and
subependymal giant cell astrocytomas in the brain caused by a
heterozygous mutation either in TSC1 or TSC2 (Jülich and Sahin,
2014). TSC1 and TSC2 proteins form a complex that inhibits mTOR
activity; therefore, deletion of these proteins causes hyperactive mTOR
signaling, intellectual impairment, refractory epilepsy, intellectual
impairment, and an autistic-like phenotype (Chu-Shore et al., 2010;
Vignoli et al., 2015). PTEN is a tumour suppressor gene that also
regulates cellular proliferation and survival while inhibiting mTOR
activity (Bonneau and Longy, 2000). Loss of PTEN causes hyperactive
mTOR signaling, seizures, and substantial intellectual and behavioral
deficits, comparable tomutations in TSC1/TSC2 (Cupolillo et al., 2016).

3.3 Epilepsy and oxidative stress

Calcium signaling is involved in regulating and maintaining
neuronal function, encompassing the release of neurotransmitters,
neuronal excitation, neurite outgrowth, neuronal plasticity,
transcription, and survival of neurons. The mitochondria regulate
the free intracellular Ca2+ present in cells through various transport
mechanisms and preserve Ca2+ homeostasis, and work as a Ca2+

buffer that regulates the intracellular Ca2+ levels; when Ca2+ levels get
accumulated in the mitochondria, it is released in the matrix, and
this progression involves oxidative stress and reduction of adenine
nucleotides (Orrenius et al., 2007). Overload of mitochondrial Ca2+

ions causes the MPTP opening, eventually leading to necrosis
because of ATP depletion or caspase-mediated apoptosis; this
explains the multifarious interdependence between Ca2+ influx
and ROS production (Martinc et al., 2012). Ca2+ release in the
endoplasmic reticulum and initiation of the caspase-dependent
apoptosis cascade through alterations in mitochondrial
membrane permeability persuade damage of cells (Harrison
et al., 2005; Pinton et al., 2008). Increased activation of glutamate
receptors induces oxidative stress, referred to by the excitotoxicity
event, and, plays a crucial role in seizure-induced damage (Epstein
et al., 1994).

Generalized epilepsy is the chronic form of epilepsy that is
distinguished by repeated seizures and causes excessive levels of ROS
and RNS in the brain tissue; a series of clinical and preclinical
research have documented the association between epileptic seizures
and ROS. It is an interesting fact that it is still unclear whether
oxidative stress is a basis or result of seizures; it is extensively stated
that elevated free radical production can cause persistent seizure
activity, which might ultimately result in dysfunction of
mitochondria in the limbic structures of the brain that causes
neuronal cell damage and loss during epileptogenesis (Chen
et al., 2010). However, several preclinical models of epilepsy have
shown varying results regarding changes in the redox mechanism.
No changes in the levels of GSH in the cortex were observed at 4 h
post-SE, signifying that GSHmight play an uneven role in the cortex
but not in the hippocampus (Gluck et al., 2000), as few studies
reported a reduction in hippocampal redox level after SE (Liang and
Patel, 2006; Ong et al., 2000). A time-reliant reduction in GSH/
glutathione disulfide (GSSG) ratio along with an adequate surge in
glutathione peroxidase (GPx) activity and a reduction in glutathione
reductase (GR) activity in tissue homogenates and a mitochondrial
fraction of hippocampi, subsequent kainic acid-induced SE, have
been documented (Liang and Patel, 2006). Increased neuronal injury
in the CA3 region occurs between two to 7 days after KA treatment
after the onset of reported redox alterations, proposing that
oxidative stress might result in seizure-induced apoptosis (Liang
et al., 2000; Patel et al., 2001; Mariani et al., 2005). However, studies
of oxidative stress or mitochondrial incapacity in the human brain
are scarce due to the small tissue accessibility.

LPO has been extensively used as an oxidative stress marker in
experimental animals, observations documented that kainic acid-
induced seizure susceptibility is accompanying mitochondrial OS
due to elevated mitochondrial LPO and disturbed GSH homeostasis
in the hippocampus (Shin et al., 2008). Several human studies have
reported a reduction of antioxidant levels in the blood of individuals
with myoclonic epilepsy and showed that the Cu–Zn–SOD activity
in epileptic patients was lesser than in the control individuals (Ben-
Menachem et al., 2000). Similarly, a study reported that the GSH,
GPx, total antioxidant status, and vitamin-E levels in erythrocytes of
the refractory epilepsy group were lower than in the control (Yürekli
and Nazıroğlu, 2013).

NF-E2-related factor 2/antioxidant response element (Nrf2/
ARE) signaling pathway is a cytoprotective system that occurs
endogenously (Xing et al., 2015). The transcription factor
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Nrf2 localizes to the cell’s nucleus after activation, forming
heterodimers with certain other transcription factors like c-Jun
before binding to the ARE (Zhang et al., 2019). Several genes
involved in cell anti-inflammatory and antioxidant mechanisms,
such as NAD(P)H quinone oxidoreductase 1 (NQO1) and heme
oxygenase-1 (HO-1), are regulated by Nrf2-ARE binding (Colín-
González et al., 2013; Zhong and Tang, 2016). Furthermore, in
animal and cell culture models of neurological illnesses such as
Parkinson’s disease, Alzheimer’s disease, and epilepsy, initiation of
the Nrf2/ARE pathway plays a crucial role (Calkins et al., 2009;
Wang et al., 2014). It has been reported that oxidative stress has a
role in the onset and progression of seizures (Sudha et al., 2001).
Increased free radicals result in membrane lipid peroxidation and
lower glutathione levels in the epileptic brain region (Shi et al.,
2018). Furthermore, activation of the Nrf2-ARE pathway in the
hippocampus reduced the development of amygdala kindling and
improved cognitive impairment and oxidative stress caused by
epileptic seizures (Wang et al., 2014; Shi et al., 2015). In
conclusion, activating the Nrf2-ARE pathway may significantly
protect against seizure-related brain damage.

3.4 Epilepsy and cognition impairment

In epilepsy patients, psychiatric comorbidities are relatively
prevalent. Cognitive impairment appears to be one of the main
comorbidities allied with chronic epilepsy among these
comorbidities (Gaitatzis et al., 2004; Kanner, 2016; Zhu et al., 2017).
Despite mounting epidemiological and experimental evidence pointing
to a link between epilepsy and neuropsychiatric comorbidities such as
memory and cognitive deficiency, the molecular processes underlying
this association are unknown.

Extended cytokine-mediated inflammatory signaling activation
leads to the dysfunction of neurons culminating in cognitive
impairments, which have now been understood better
(Cunningham and Sanderson, 2008), and increased activation
cytokine signaling in the brain hampers memory and learning
(Dantzer et al., 2008). Through cytokine-mediated collaborations
among neurons and glia, inflammatory processes inside the CNS
contribute to cognitive impairment (Wilson et al., 2002). The
activated microglia release inflammatory molecules and free
radicals, which cause tissue damage and neurotoxicity through
processes such as oxidative stress and synaptic reorganization, all
of which are linked to cognitive deficits (d’Avila et al., 2018).
Memory retention and hippocampal-dependent learning are both
facilitated by neurogenesis (Drapeau et al., 2007). Also,
neuroinflammation and redox imbalance coupled with
mitochondrial stress and dysfunction can negatively impact
cognitive performance, either actively or passively, through
decreased hippocampal neurogenesis (Kodali et al., 2018).
According to growing evidence, cytokines such as IL-1β, IL-6,
and TNF-α have been implicated in the molecular mechanisms
involved in learning and memory. Synaptic pruning is considered to
be induced by TNF-α and IL-1β production, resulting in decreased
synaptic plasticity and morphological brain alterations that have a
deleterious impact on memory function (Rosenblat et al., 2014).
Cytokines appear early during inflammatory events and promote a
more lasting inflammatory reaction. These chain of events could be

particularly damaging to the susceptible hippocampus area, creating
learning and cognitive impairments (Elderkin-Thompson et al.,
2012). These inflammatory cytokines’ effects on cognitive
functioning can be described as follows: IL-1β may alter
neurogenesis and long-term potentiation (LTP); IL-6 influences
neural plasticity and neurogenesis; and TNF-α disturbs LTP and
synaptic transmission (McAfoose and Baune, 2009). TNF activates
two receptors, TNF-p55 (TNFR1) and TNF-p75 (TNFR2), which
have a variety of biological consequences. TNF affects synaptic
efficiency by increasing surface expression of α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic (AMPA) receptors, which is
facilitated by TNFR1 and phosphatidylinositol 3 (PI3) kinase and
has the propensity diminish synaptic inhibition via endocytosis of
GABA receptor (Stellwagen et al., 2005). TNF’s neuromodulatory
effects in the brain, as well as its part in synaptic plasticity, were
demonstrated by these molecular actions.

Learning and cognitive decline in epileptic patients is attributed
to apoptosis during epileptogenesis (Arend et al., 2018). The
extrinsic apoptosis pathway is comprised of insults facilitated by
death receptors, while in the intrinsic mitochondrial pathway, death
signals can either act in a direct or indirect manner onmitochondria,
causing cytochrome C release and ultimately forming apoptosome
complex (Kajta, 2004; Krantic et al., 2007). Different expressions of
several caspases have been studied in brain samples of epileptic
patients; the caspases being confined within soma and dendrites of
neuronal cells, displaying caspase-mediated damage of proteins
(Schindler et al., 2006; Henshall et al., 2012). In surgically
resected neocortex tissues from TLE patients, there was a
significant increase in the levels of anti-apoptotic mediators Bcl-2
and Bcl-xL compared to the controls. The Bcl-xL has a direct
correlation with the frequency of seizures in an epileptic patient.
This signifies that the in the pathogenesis of human epilepsy, both
pro-apoptotic and anti-apoptotic mechanisms have contributory
roles (Henshall et al., 2000).

Similarly, several other studies have revealed gene expression of
Bcl-2, procaspase, and caspase in the hippocampus of patients with
TLE (Henshall and Engel, 2013). Also, correlative analysis has
shown that apoptosis-related gene expression, including p53, Fas,
Bax, Bcl-2, and caspase-3, conferring that apoptotic mechanisms get
stimulated in TLE patients with mesial temporal sclerosis (Xu et al.,
2007). Furthermore, occasional TUNEL-positive cells with
apoptotic cells were present in the hippocampus of TLE patients
(Henshall and Engel, 2013).

3.5 Epigenetic mechanisms in epilepsy

Epilepsy is a complex disorder that is characterized by alterations in
cell functioning which is a cause of complexity. Significant alterations in
gene expression and regulation of these gene expressions drive this
abnormal cellular function. Recent research has identified epigenetic
modulation of gene expression as a significant regulator with rapid and
sustained changes. Many elements of cellular physiology are regulated
by epigenetic-mediated gene output, including the structure of neurons
and release of neurotransmitters, ion channel protein availability, and
other essential neuronal activities (Ryley Parrish et al., 2013). Sites for
post-translational changes, such as phosphorylation, acetylation,
ubiquitination, and methylation, can be found in the N-terminal
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tails of histone proteins (Davey et al., 2002). Histone alterations can
affect the chromatin organisation and subsequent transcriptional
activation on their own or in combination with other epigenome
features (176,177). Acetylation of lysine residues on histones’
N-terminal tails culminates in a much more transcriptionally
favorable situation (Creyghton et al., 2010). Acetylation of histones
is regulated by two opposing enzymes histone acetyltransferase (HATs),
which is the writer, and the eraser, histone deacetylases (HDACs),
which is the eraser (Jagirdar et al., 2015). Acetylation is carried out by
HATs, which catalyse the allocation of acetyl moiety to lysine residues,
leading to the neutralization of histones’ charge and facilitation of the
chromatin structure (Carrozza et al., 2003). HDACs eradicate these
acetyl moieties from histones, increase their positive charge, and cause
chromatin compaction (Jagirdar et al., 2016). Acetylation of histone is
known to have an important homeostatic function in plasticity, and
synaptogenesis in the brain (Crosio et al., 2003; Farrelly and Maze,
2019). In both experimental and human TLE, studies have found rapid
and permanent modifications in the acetylation of lysine at the
promoter region of numerous genes, as well as dissimilarities in the
activity of HDAC (Huang et al., 2012; Brennan et al., 2016). Following
SE induction, there was a reduction in H4 acetylation at the glutamate
receptor, GluR2. In the pilocarpine rat model, however, there was an
acetylation upsurge at the brain-derived neurotrophic factor (BDNF)
promoter after SE (Huang et al., 2002), and induction of c-fos through
epileptic processes implies the role of acetylation in controlling
mechanisms involved in epilepsy development (Sng et al., 2006).
Also, SE causes energy-dependent HDAC Sirtuin 1 (SIRT1)
activation, which further leads to the depletion of H4K16ac,
implying a connection between epileptogenic events and epigenetic
alteration (Hall et al., 2017). In both preclinical animals of epilepsy and
human TLE, HDAC2 expression is increased, which could lead to the
deregulation of genes associated with the synaptic function (Huang
et al., 2012; Huang et al., 2002). Bromodomains (BrDs) are the proteins
involved in reading histone tails (Pal et al., 2003). BRD2 is a member of
the BrD subfamily, and it is linked to adolescent-onset epilepsy, known
as Juvenile Myoclonic Epilepsy (JME) (Pal et al., 2003). Single
nucleotide polymorphisms have been discovered at the promoter
region of the BRD2 gene, which could contribute to the progression
of JME (Cavalleri et al., 2007).

DNA methylation is the epigenomic change that has received the
most attention. The addition of a methyl group covalently from
S-adenyl methionine (SAM) to the cytosine at the fifth position
generates 5-methylcytosine (5 mC). The enzyme family known as
DNA methyltransferases (DNMTs) is responsible for this alteration.
DNMTs are classified into three families: DNM3b, DNMT1, and
DNMT3a (Fatemi et al., 2005; Kinde et al., 2015). DNMT3a and
DNMT3b causes the methylation of novel sites on the genome,
while DNMT1 keeps pre-existing methylation marks (Song et al.,
2012). Depending on the methylation site and the conditions
involved, DNA methylation can both stimulate and suppress gene
expression (Barrès et al., 2009) even though it is most commonly
associated with gene repression (Iguchi-Ariga and Schaffner, 1989; Bird
and Wolffe, 1999). The predominance of DNA methylation occurs at
CpG dinucleotide and is linked to transcriptional inhibition (Fatemi
et al., 2005). CpG islands have a high frequency of promoter regions,
which improve availability and stimulate transcription, but methylation
of CpGhas the reverse effect (Jeziorska et al., 2017). DNAmethylation is
now known to be dynamic, with methyl groups that can be modified or

erased from DNA by eraser enzymes (Ma et al., 2009). DNA
methylation is expected in the nervous system and is required for
appropriate brain function, especially development and neuronal
plasticity (Tsankova et al., 2007; Borrelli et al., 2008; Feng et al.,
2010). A variety of illness conditions, including a number of
epileptic syndromes, have been associated with abnormal
methylation patterns (Kobow et al., 2009; Miller-Delaney et al.,
2012; Dębski et al., 2016). Kobow and co-workers demonstrated
changes in DNA methylation in rats with chronic epilepsy and
hypothesised that DNA methylation might play a pathomechanistic
function in the process of epileptogenesis, thus contributing to gene
dysregulation (Kobow et al., 2013). Hypermethylation was found to be
prevalent in the pilocarpine model of TLE in rats, and it was linked to
downregulated gene expression (Kobow et al., 2013). Further research
has discovered that epilepsy is caused by a change in the levels of DNA
modifying enzymes, namely, DNMT1 and DNMT3a, reportedly
elevated in TLE, mainly in neural cells, implying that de novo
methylation and its regulation has a role to play in human TLE
(Zhu et al., 2012). William-Karnesky and colleagues provided
important functional insights by showing that inhibiting methylation
of DNA in different experimental models of seizures could reduce the
genesis of epilepsy. The researchers utilised adenosine increase to
reverse the DNA hypermethylation and discovered that it stopped
mossy fibre sprouting in the region of the hippocampus and stopped the
progression of the disease for 3months. The relevance of aberrant DNA
methylation in the process of epileptogenesis was underlined in this
work, with reversal slowing disease development (Williams-Karnesky
et al., 2013). Intriguingly, activation of the focal amygdala led to reduced
promoter methylation and enhanced gene expression (Dębski et al.,
2016). Dębski et al. (2016), experimented with DNA methylation
profiles in epilepsy animal models such as pilocarpine, traumatic
brain injury, and amygdala stimulation and reported no resemblance
in differentially methylated genes. These findings suggest that
methylation of DNA is very context-dependent, and epilepsy’s
aetiology has a significant impact on genetic expression and
epigenetic alterations (Dębski et al., 2016). As there were diverse
methodologies utilized to collect samples from models of seizures
used, this may be possible that factors like anesthetic regimes,
rodent strain, etc., influenced the observed methylation patterns
(Dębski et al., 2016). In the intra-amygdala KA model of TLE in
mice, a genome-wide methylation investigation found substantial
differential methylation compared with controls, with
hypermethylation being the maximum evident (Miller-Delaney et al.,
2012). In human TLE, 146 genes presented changed DNAmethylation
patterns with hippocampal sclerosis, most of which were
hypermethylated. Furthermore, methylation at the promoter regions
and start sites of transcription was found to be responsive to several
microRNA-encoding genes (Miller-Delaney et al., 2015).

4 Overview of curcumin’s effect
on epilepsy

4.1 Effect of curcumin on
inflammatory mediators

According to a growing body of research, epileptogenesis is
supposed to be aided by cellular inflammatory signaling in the brain.
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Based on accumulated evidence from clinical and preclinical studies,
seizure causes the release of inflammatory mediators at the cellular
and molecular level, which has the potential to cause brain
excitability and neuronal degeneration (Vezzani et al., 2011).
Both clinical and experimental acquired epilepsies demonstrated
relationship between seizures and inflammatory mediators
(Friedman and Dingledine, 2011; de Vries et al., 2012; Devinsky
et al., 2013; Aronica et al., 2017), whereas the involvement of
inflammation in hereditary epilepsies is a relatively recent area of
study for scientists (Shandra et al., 2017).

In surgically isolated brain tissues from drug-resistant epilepsy
patients showed the presence of the inflammatory cascade from
drug-resistant epilepsy patients, with reactive gliosis and
upregulation of chemokines and cytokines. Chemical or electrical
seizures in experimental models of epilepsy cause fast growth of an
inflammatory process in the brain (Vezzani et al., 2013) and other
areas of the CNS. Glial cells rapidly release cytokines such as IL-1β,
TNF-α, IL-6, and HMGB1 (Vezzani et al., 2011), and the expression
of cytokine receptors is increased in neurons, microglia, and
astrocytes (Balosso et al., 2005) after seizures. In addition to
cytokine production, other types of inflammatory mediators, such
as prostaglandins (PG), significantly rise after seizures (Shimada
et al., 2014). Following seizures, the enzyme cyclooxygenase-2
(COX-2) is rapidly activated in the brain, which is responsible
for PG production (Yoshikawa et al., 2006). Experimental and
human TLE are both associated with a substantial activation of
the classical complement pathway (Aronica et al., 2007). During
epileptic episodes, chemokines and associated receptors are also
produced (Foresti et al., 2009; Cerri et al., 2016). Cytokines interact
with their receptors and activate signaling pathways that cause the
production of chemokines, cytokines, enzymes, and receptors,
resulting in an inflammatory response. For example, IL-1β and
HMGB1 bind to IL-1R1 and TLR-4, respectively, activating
intracellular pathways that lead to the NF-κB. The transcription
factor NF-κB regulates the expression of several genes involved in
neuroinflammation, synaptic plasticity, and cell death/survival and
is a common molecule triggered by inflammatory ligands (O’Neill
and Kaltschmidt, 1997). As evidenced by the current literature,
neuroinflammatory pathways play a critical role in seizure initiation
and progression (Balosso et al., 2005; Maroso et al., 2010). By
mediating increased calcium influx through NMDA receptors, IL-
1β, for example, exerts powerful pro-convulsant effects (Vezzani
et al., 2013). Chemokines directly impact neuronal excitability by
interacting with receptors expressed at both the presynaptic and
postsynaptic levels (Rostène et al., 2007). In cerebellar neurons, for
example, CCL2 can modify electrophysiological properties and
calcium signaling (van Gassen et al., 2005), inhibits inhibitory
responses in neurons in the spinal cord (Gosselin et al., 2005),
and in the Schaffer collateral circuit of the hippocampus, potentiates
excitatory postsynaptic currents (Zhou et al., 2011). The p38 MAP
kinase pathway is critical for mediating the effects of chemokines
(Cho and Gruol, 2008). Chemokines are overexpressed in epileptic
patients, according to several studies. CCL2 has also been discovered
to be substantially expressed in surgically removed brain tissues
(Choi et al., 2009), and CCL3 and CCL4 levels have been found to be
elevated in MTLE patients (van Gassen et al., 2008). Furthermore, in
MTLE models, the CC chemokine receptor 5 (CCR5) is upregulated
in the brain vasculature (Louboutin and Strayer, 2013).

According to studies, curcumin can modify these inflammatory
pathways linked to neurological diseases. Hyperactivity of cyclin-
dependent kinase 5 (Cdk5)/p25 is linked to the production of
amyloid and tau pathology in Alzheimer’s disease (AD).
Curcumin inhibited p25-mediated glial activation and the
generation of pro-inflammatory chemokines/cytokines in an
animal model (Sundaram et al., 2017). Curcumin’s anti-
inflammatory activity was further shown in a recent study by
reducing TNF-α and IL-6 in the brain areas of a middle cerebral
artery blockage stroke model (Zhang et al., 2017). Curcumin has
been shown to suppress astrocyte activation by inhibiting the NF-κB
signaling pathway, which resulted in decreased astrocyte release of
the chemokines MCP-1, RANTES, and CXCL10, as well as
decreased macrophage and T-cell infiltration, reducing
inflammation in the glial scar in the spinal cord injury (Yuan
et al., 2017). Curcumin inhibited the expression of T-cell co-
stimulatory molecules (CD80 and CD86) and MHC class II,
decreased the levels of pro-inflammatory cytokines (IL-17, IFN-γ,
and TNF-α), increased the levels of anti-inflammatory cytokine IL-
10, and increased the number of NKR-P1 (+) cells (natural killer cell
receptor protein 1 positive cells) in an animal model of myasthenia
gravis (Wang et al., 2016). Huang et al. (2018), have discovered that
curcumin protects neurons by inhibiting autophagic activity via the
PI3K/Akt/mTOR pathway, as well as suppressing inflammatory
mediators via the TLR4/p38/MAPK signaling. Curcumin was
reported to be efficient in reducing glial activation in the PTZ
kindling epilepsy model. In the brains of kindled rodents, mRNA
and protein levels of pro-inflammatory cytokines (IL-1β, IL-6, TNF-
α), and chemokines (MCP-1) were elevated, which was decreased by
curcumin administration (Kaur et al., 2015) (Figure 2). The effect of
curcumin on inflammatory mediators induced during epilepsy, is
shown in Table 1.

4.2 Effect of curcumin on dendritic cells

Curcumin suppresses the maturation and activity of murine bone
marrow-derived DCs (BMDCs) by lowering the expression of CD86,
CD80, and MHC-II molecules (Kim et al., 2005). The secretion of IL-
12 and other inflammatory cytokines was found to be decreased in
curcumin-treated BMDCs, resulting in a suppression of Th1-
mediated immune responses. Curcumin was discovered to retain
DCs in an immature stage in addition to its inhibitory effects on
BMDCs (Kim et al., 2005). The effects of curcumin and
hydroethanolic extracts of turmeric were tested on human DCs in
in-vitro conditions. Decreased expression of co-stimulatory molecules
(CD86, CD80, and CD83), lower production of cytokines, as well as
reduction of CD4+ proliferation were all discovered in the study
(Krasovsky et al., 2009; Shirley et al., 2008). Additionally, when DCs
were treated with curcumin, both chemokine release and cell
movement were inhibited, resulting in less communication
between DCs and T-cells (Shirley et al., 2008). Curcumin-treated
DCs have phenotypic characteristics that are comparable to iDCs, and
T-cells interacting with these DCs possess tolerogenic functions
(Shirley et al., 2008). Curcumin has been demonstrated to reduce
the expression of MHC-II molecules, co-stimulatory molecules
(CD80, CD40, CD86, CD252, CD205, CD54, and CD256), and
inflammatory cytokines in CD8+ DCs, hence slowing their
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maturation and eventual Th1 response (Zhao et al., 2016a; Zhao et al.,
2016b). The iDCs were discovered to be incapable of competently
triggering the T-cell responses, resulting in an upsurge in the
frequency of Tregs in gut-associated lymphoid tissue, providing a
“recovery effect” (Zhao et al., 2016a). Similarly, it has been observed
that injecting curcumin-treated DCs in BALB/c mice causes
CD4+CD25+FoxP3+ Treg cells to proliferate (Rogers et al., 2010).
Curcumin inhibited STAT1 activation in bone marrow-derived DCs
by impeding Janus-activated kinase 1/2 and protein kinase C delta
phosphorylation, preventing STAT1 translocation and attaching to
the GAS component of the IRF-1 promoter (Jeong et al., 2009).
Curcumin has immunomodulatory effects on the AP1 and NF-κB
pathways (activator protein) pathways (Ruzicka et al., 2018).
Curcumin can also inhibit DC stimulation and maturation by
modulating the Janus Kinase (JAK)/STAT pathway (Zhao et al.,
2016b). Curcumin derivatives have also been shown to inhibit NF-
κB and MAPK pathways by downregulating the downstream targets
of the IKK/IκB/NF-κB and c-Raf/MEK/ERK inflammatory cascades
(Razali et al., 2018). Curcumin alleviated asthma symptoms in a
mouse model by stimulating the Wnt/β-catenin signaling pathway in
DCs, which caused decreased expression of co-stimulatory markers
(CD86, CD40, and CD11c), as well as decreased CD4+ T-cells
activation and proliferation (Yang et al., 2017). Curcumin, owing
to its anti-inflammatory activities, appears to alter several immune-
mediated responses, and so can be a probable therapeutic compound
for the management and treatment of seizures, according to
accumulating experimental evidence.

4.3 Effect of curcumin on oxidative stress

Curcumin appeared to provide neuroprotection against
oxidative stress, according to a growing body of research, by
modulating oxidative stress-induced brain injury and a cascade of
inflammation and apoptotic signaling (Tiwari and Chopra, 2012).
Curcumin increases cell survival in the hippocampus by reducing
oxidative stress, as seen by reduced malondialdehyde and
glutathione levels (Keskin-Aktan et al., 2018).

Nrf2 is a widely distributed protein in the central nervous system
that has been considered a significant regulator of brain
inflammation and oxidative stress. Curcumin enone compounds
can activate Nrf2, a transcription factor that regulates phase II
detoxification and antioxidant genes (Deck et al., 2018).
Benzodiazepines (BZDs) are a class of medications used as
anxiolytics, sedatives, and, most significantly, anticonvulsants
(Griffin et al., 2013). They are more recognized for clinical
concerns like cognition and neuropsychomotor deficiency and
their role in long-term memory impairment (Buffett-Jerrott and
Stewart, 2002). Curcumin reduced the levels of oxidative stress in the
blood and the hippocampus and decreased the extracellular signal-
regulated kinase (ERK 1/2)/nuclear transcription factor-NF-κB/
pNF-κB pathway in a diazepam-induced cognition impairment
model, according to a recent study (Sevastre-Berghian et al.,
2017). Curcumin can also prevent early brain injury by reducing
oxidative stress caused by subarachnoid hemorrhage by inhibiting
NF-κB activation (Cai et al., 2017). With the systemic injection of

FIGURE 2
TNF-α, IL-1β, and IL-12 are among the cytokines and chemokines produced due to the interaction between DCs and T-cells via CD40:CD40L.
Inflammatory cells raise BBB permeability, modify neurotransmitter release or uptake, damage neuronal cells, and secrete cytokines, raising neuronal
excitement and lowering the seizure threshold. Reducing inflammatory mediators in the brain regions demonstrates curcumin’s anti-
inflammatory effect.
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kainate, curcumin can prevent hippocampus cell loss and lessen
seizures in mice (Shin et al., 2007). In a kainic acid epilepsy model,
curcumin drastically reduced MDA levels and improved glutathione
levels, which are oxidative stress markers (Gupta et al., 2009).
Curcumin pre-treatment reduced oxidative stress indicators in a
comparable model in another investigation (Kiasalari et al., 2013).
PTZ-kindling is a type of persistent epilepsy marked by a steady rise
in seizure susceptibility. PTZ kindling promotes molecular and
cellular changes in the hippocampus, which are accountable for
generated free radicals and neurodegeneration (Zhu et al., 2017). In
the rat brain, PTZ kindling raised MDA levels and decreased GSH
levels, indicating cellular oxidative stress, while curcumin reduced
both (Mehla et al., 2010). In PTZ rodents supplemented with

curcumin, considerable antioxidant activity was obvious from
levels of lipid peroxidation and protein carbonyls, which is
consistent with earlier research (Kaur et al., 2014). In one of the
most ground-breaking studies, it was discovered that combining
curcumin with well-known AEDs like phenobarbitone, phenytoin,
and carbamazepine in sub-therapeutic doses prevented learning and
memory impairment caused by seizures, whereas sub-therapeutic
administered doses of AEDs alone had no effect. Curcumin also
reduces the oxidative imbalance caused by seizures (Reeta et al.,
2011). The iron-induced epilepsy model is a well-known human
posttraumatic epilepsy model (Willmore et al., 1978). Free iron in
the brain causes cellular-thiol processes to be disrupted, as well as
the formation of free radicals generated. Curcumin reduced protein

TABLE 1 Effect of curcumin administration on neuroinflammation induced during epilepsy.

S.No. Experimental
model of
epilepsy

Species
used

Dose of
curcumin

Route of
administration

Duration of
intervention

Findings Reference

1 KA-induced SE Wistar rats 100 mg/kg Intraperitoneal 14 days Attenuation of astrocytes
activation in the
hippocampus, reduction of
IL-1β and TNF-α levels in
the hippocampus

Jiang et al.
(2015)

2 PTZ-induced kindling Wistar rats 100 mg/kg Oral 30 days Significant lowering of
cytokines (IL-6, IL-1β,
TNF-α) and chemokine
(MCP-1) activation in
kindled rats (in both
hippocampus and cortex).
Upregulated expression of
Iba-1 and GFAP in
curcumin-treated
experimental animals.
Moreover, a significant
lowering of activated glial
cell number was observed
upon administration of
curcumin

Kaur et al.
(2015)

3 Organotypic
hippocampal-
entorhinal cortex slice
culture

Sprague
Dawley rats

Concentration in
medium: 0.05%

NA 21 days Lowering of pS6 expression
at one phosphorylation site.
Downregulation of mRNA
expression of IL-1β, IL-
6 and TGF-β

Drion et al.
(2019)

4 KA-induced epilepsy Sprague
Dawley rats

100 mg/kg Oral 7 days IL-1β and
NLRP3 expression were
reduced upon curcumin
administration. Curcumin
repressed the NLPR3/
inflammasome activation
and decreased neuronal
loss in the hippocampus
region

He et al. (2018)

5 In vitro: Astrocyte cell
culture
In vivo: electrically
induced SE

Human fetal
brain tissue,
Sprague Dolly
rats

In vitro: 10 μM, In
vivo: 2 μL of 2 mM
curcumin solution

Intracerebral ventricle 7 days Curcumin suppressed the
MAPK pathway in cultured
astrocytes; curcumin
decreased the expression of
IL-6 and COX-2 in
cultured astrocytes. In
electrically induced SE,
curcumin administration
did not suppress the
inflammatory markers

Drion et al.
(2018)

Abbreviations: KA, Kainic acid; SE, Status epilepticus; IL-1β, Interleukin-1 beta; TNF-α, Tumour necrosis factor-alpha; IL-6, Interleukin-6; MCP-1, Monocyte chemoattractant protein -1;

GFAP, Glial fibrillary ancillary protein; TGF-β, transforming growth factor-β;NLRP3,NLR family pyrin domain containing 3; SE, Status epilepticus;MAPK, mitogen-activated protein kinase;

COX-2, Cyclooxygenase-2.
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oxidation by a large amount, whichmay be due to its capacity to pass
the blood–brain barrier (Wang et al., 2014) and bind with freely
available Fe2+/Fe3+ ions (Baum and Ng, 2004). In epileptic models,
membrane fluidity is impeded, and curcumin’s antioxidant
properties may help to reduce the damage. Curcumin also
inhibits PKC-mediated excitotoxicity by preventing oxidative
modification of the protein kinase C (PKC) regulatory
component, which restricts the activation of cytosol PKC activity
(Jyoti et al., 2009). SE is a neurological disorder in which recurrent
generalized convulsions last more than 30 min and result in
significant neuronal damage. The available research clearly shows
that neuronal hyperactivity has been linked to increased production
of free radicals, particularly in brain tissue (Freitas et al., 2005). In
the hippocampus and striatum parts of the brain, a study found a
large increase in lipid peroxidation and a considerable drop in GSH,
indicating oxidative stress, in agreement with previous research.
Curcumin pre-treatment reduced the disruption of oxidative stress-
related enzymes in a dose-dependent way (Ahmad, 2013) (Figure 3).
The effect of curcumin on oxidative stress, represents in Table 2.

4.4 Effect of curcumin on cognition
impairment

The hippocampus region is important for memory and is
frequently the site of epileptic episodes. As one of the maximum

electrically excited regions of the brain, hippocampal sclerosis is the
most commonly diagnosed substrate in mesial temporal lobe
epilepsy in both kindling models and TLE patients (Altintaş
et al., 2017; Becker, 2018). Epileptic seizures cause
neurodegenerative alterations, leading to cognitive impairment
(Tai et al., 2018). Long-term TLE is well-documented, with
cognitive impairment as a comorbidity (Allone et al., 2017;
Rzezak et al., 2017). Multiple epileptogenic and neurogenic
alterations also play a role in the evolution of status epilepticus-
induced damage and learning and memory problems (Castro et al.,
2017). However, current research suggests that neurotransmitter
imbalance and changes in neuronal structure due to seizures may
play a key role in neurobehavioral changes (Ahmad, 2013; Kubová
et al., 2004). Patients with epilepsy frequently experience cognitive
deficits (Rodríguez-Cruces et al., 2018). Furthermore, the
parahippocampal cortex is linked to memory impairment in
patients with mesial TLE and hippocampal sclerosis (Colnaghi
et al., 2017). Nearly 30% of epilepsy patients treated with AEDs
experience cognitive impairment as a side effect (Hernández et al.,
2005; Dalic and Cook, 2016); with higher doses of AEDs, the risk of
cognitive impairment increases (Jokeit et al., 2005).

In the kindling model of epilepsy, polyphenolic substances like
epigallocatechin gallate are beneficial as a prophylactic agent for
cognition impairment (Xie et al., 2012). In a Parkinson’s disease
mouse model, nanoparticles containing curcumin and piperine
dramatically restored the neurobehavioral impairments and

FIGURE 3
Activatedmicroglia generate inflammatory chemicals and free radicals that damage tissue and cause neurotoxicity through synaptic rearrangement,
oxidative stress, and other mechanisms associated with cognitive problems. The extrinsic pathway for apoptosis is composed of insults that death
receptors facilitate. In contrast, the intrinsic mitochondrial pathway is composed of death signals that can act directly or indirectly on mitochondria,
causing the release of cytochrome C and ultimately forming an apoptosome complex. The existing evidence unequivocally demonstrates that
neuronal hyperactivity is associated with increased free radical generation, notably in brain tissue. According to reports, curcumin prevents the
production of free radicals.
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neuronal degeneration caused in the substantia nigra (Kundu et al.,
2016). In mice, functionalized polymerosomes containing curcumin
reached the brain and reversed cognitive impairment caused by

amyloid-β1-42 (Jia et al., 2016). Furthermore, demethoxycurcumin, a
natural derivative of curcumin, can alleviate memory impairments
caused by scopolamine treatment via changing hippocampus

TABLE 2 Effect of curcumin administration on oxidative stress associated with seizures.

S.No. Experimental
model of
epilepsy

Species
used

Dose of
curcumin

Route of
administration

Duration of
intervention

Findings Reference

1 PTZ and MES-
induced seizures

Wistar rats Curcumin in the dose
300 mg/kg co-
administered with
phenytoin, valproate,
phenobarbitone and
carbamazepine (sub-
therapeutic dose)

Oral Once Valproate and
curcumin + valproate
treatments
significantly
decreased the level of
MDA and increased
the GSH level in the
whole brain tissue
when compared with
the disease group

Reeta et al.
(2011)

2 PTZ-induced kindling Wistar rats 100, 200 and
300 mg/kg

Oral 35 days Curcumin
administration
reduced MDA levels
and increased GSH
levels in the whole
brain dose-
dependently

Mehla et al.
(2010)

3 PTZ-induced kindling BALB/c nude
mice

60 mg/kg NA NA Curcumin
administration led to
the upregulation of
cysteine, which is a
critical reductive
biothiol, and
oxidative stress in the
brain

Li et al. (2020)

4 PTZ-induced kindling Wistar rats 100 mg/kg Oral 30 days Mitochondrial
swelling was reduced
(by two folds),
increased cytochrome
c oxidase activity,
protein carbonyl
levels relatively
increased, and
restoration of GSH
levels in the
hippocampus and
cortex. Reversal of
morphological
deficits of
mitochondria,
restoration of
neuronal loss

Kaur et al.
(2014)

5 Kainate-induced
model of TLE

Wistar rats 100 mg/kg Oral 7 days Reduction in levels of
MDA, nitrite, and
nitrates.
Amelioration of
neuronal damage in
CA1, CA3, and hilar
regions, reduction
of MFS

Kiasalari et al.
(2013)

6 Lithium-pilocarpine
model of SE

Sprague–Dawley
rats

50, 100 and 200 mg/kg Oral 3 days Reduction in levels of
TBARS, dose-
dependently in the
hippocampus and
striatum, increase in
levels of GSH in the
hippocampus and
striatum

Ahmad (2013)

Abbreviations: PTZ, Pentylenetetrazole; MES, Maximal electroshock seizures; MDA, Malondialdehyde; GSH, Glutathione; TLE, Temporal lobe epilepsy; MFS, Mossy fiber sprouting; CA,

Cornu Ammonis; TBARS, Thiobarbituric acid reactive substances.
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choline acetyltransferase expression (Lim et al., 2016). In cadmium-
induced memory impairment, inhibition of AChE and adenosine
deaminase activities, as well as an increase in the antioxidant quality
of curcumin, provided improved cognitive qualities (Akinyemi et al.,
2017). Curcumin administration has been proven to improve
cognitive skills by lowering lipid peroxidation in the brain tissue
of elderly female rats, according to a study (Belviranlı et al., 2013).
Other studies also found curcumin reverses cognitive impairment
dose-dependently (Mehla et al., 2010; Jyoti et al., 2009). Another
study supports the neuroprotective efficacy of curcumin, where
curcumin administration significantly attenuated cognitive
decline associated with the experimental model of chronic
epilepsy (Kaur et al., 2015). Reeta et al. (2011) found that when
curcumin was combined with subtherapeutic doses of AEDs such as
valproate, phenobarbitone, phenytoin, and carbamazepine,
cognitive abilities were improved. Because of its potential to alter
the central monoaminergic cascade, curcumin ameliorates
depression-like behavior and memory loss in PTZ-treated mice
(Choudhary et al., 2013). In non-demented persons, a highly
absorbable curcumin formulation showed improvement in the
memory and attention. Curcumin appears to be an adjuvant
therapy for older people with AD and mild cognitive
impairment, preventing progressive loss of cognitive abilities by
stabilizing the disease course (Dost et al., 2021). As discussed,
curcumin has inhibitory potential on inflammatory mediators,
such as NF-κB and COX-2, involved in the controlling
expression of anti-apoptotic genes like Bcl-2 (Mortezaee et al., 2019).

A study reported curcumin alleviates cerebral hypoperfusion-
induced cognitive impairment in rats through suppression of
apoptosis (Zheng et al., 2021). In another study, curcumin
stimulated the AMPK-JNK pathway, which caused inhibition of
mTOR and upregulation of Bcl-2, subsequently enhancing
autophagy, suppressing apoptosis, and enhancing cognitive
behavior (Yi et al., 2020). Curcumin encapsulated in solid lipid
nanoparticles (SLNs) showed better anti-epileptic efficacy and
behavior performance in mice (Huang et al., 2020). Interestingly,
a study demonstrated curcumin supplementation in rats treated
with gentamicin and sodium salicylates reduced caspase-3 levels,
which is the pathological mechanism responsible for its improved
locomotor and memory function (Abd-Elhakim et al., 2021). Xiang
et al. (2021) reported that curcumin treatment in copper-induced
neurotoxicity lessened the reduction in mitochondrial membrane
potential and translocation of cytochrome c to the nuclear region.
The levels of procaspase 3 and procaspase 9 were upregulated upon
curcumin administration. In the colistin-induced peripheral
neurotoxicity model of mice, curcumin supplementation at
200 mg/kg body weight downregulated the mRNA expression of
Bax, caspase-3, and caspase-9. Subsequent decreased levels of
caspase-3 and caspase-9. Table 3 lists the cognition-enhancing
property of curcumin in epilepsy.

4.5 Effect of curcumin on epigenetic
mechanisms

The HDACs inhibition using various substances is considered
an epilepsy therapeutic approach because of their ability to regulate
several cellular processes (Citraro et al., 2017; Reddy et al., 2018).

Curcumin has been reported to be the most powerful inhibitor of
HDACs/HATs due to its potential impact on their activity (Hassan
et al., 2019). Curcumin has also been shown to be more effective
than valproic acid and sodium butyrate, which are established
HDAC inhibitors. Also, curcumin drastically lowered the levels
of class I HDACs, increasing acetylation (Liu et al., 2005; Chen
et al., 2007).

It is reported that curcumin increased SOCS1 and
SOCS3 expression, which are suppressors of cytokine signaling,
by initiating histone acetylation in SOCS1 and SOCS3 promoter
regions in HEL cells. As an inhibitor of HDACs, curcumin
suppressed the HDAC enzyme activity and reduced the HDAC1,
3, and 8 levels. Further, curcumin efficiently inhibited HDAC
activity and lowered levels of HDAC8 in primary
myeloproliferative neoplasms cells (Chen et al., 2013). A study
reported that intranasal administration of curcumin inhibited
asthma symptoms by disturbing HDAC1 activity leading to NF-
κB inhibition in a rodent model of allergic asthma (Islam et al.,
2022). Also, curcumin treatment showed elevated expression of
acetylated histone H4 and downregulated expression of class I
HDAC in the human B lymphoblastoid cell line (Liu et al.,
2005). Inhibition of HDAC4s transcription, causing reduction of
HDAC expression, has been shown with curcumin treatment in the
medulloblastoma cells (Lee et al., 2011). These studies have
proposed curcumin as a strong suppressor of HDAC activity.

Curcumin’s effects on DNA methylation have been reported in
numerous studies. Curcumin has been demonstrated to suppress the
action of DNMTs, resulting in significant changes in DNA
methylation patterns in various tumour cells (Liu et al., 2009;
Parashar et al., 2012). As per molecular docking studies,
curcumin covalently inhibits the catalytic thiolate of DNMT1,
culminating in hypomethylation (Liu et al., 2009). In global DNA
methylation experiments, curcumin caused reversed DNA
methylation in Leukemia cells, similar to decitabine (a powerful
hypo-methylating drug). It also caused demethylation and
Neurog1 expression in LNCaP prostate cancer cells (Shu et al.,
2011). Curcumin did not affect global hypo-methylation of DNA in
human colon cancer cells, and it did not change the methylation
pattern of long interspersed nuclear elements-1. However, it
diminished the methylation of genes involved in the NF-κB
pathway. Curcumin’s hypo-methylating effect was found to be
correlated with the intensity of methylation because of the
selective demethylation of partially methylated CpG sites rather
than completely methylated genes (Link et al., 2013). Furthermore,
curcumin administration resulted in the reactivation of silent
tumour suppressor genes by causing the demethylation of their
promoters, resulting in significant tumour suppression (Jha et al.,
2010; Yu et al., 2013). It also caused the methylation of the
Nrf2 promoter to be reversed in prostate cancer cells (Khor
et al., 2011).

5 Newer delivery systems for enhanced
curcumin’s bioavailability

A nanocarrier system is a drug delivery system that uses tiny
particles (nanoparticles) to transport drugs to targeted sites in the
body. These particles can be made from various materials, including
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lipids, polymers, and metals. The nanocarriers can protect the drugs
from degradation in the body, increase their solubility, and provide
controlled release, enhancing their therapeutic efficacy and reducing
potential side effects. Different types of nanocarrier systems for drug
delivery exist, such as liposomes, polymeric nanoparticles,
dendrimers, and metallic nanoparticles. Liposomes are spherical
vesicles made of lipid bilayers that can encapsulate hydrophobic and
hydrophilic drugs. Polymeric nanoparticles are biocompatible
polymers that can entrap drugs within the particles or conjugate
the drugs to the particle surface. Dendrimers are highly branched,
spherical molecules that can encapsulate drugs within their cavities
or conjugate drugs to their surface. Metallic nanoparticles, such as
gold and silver, can also be used for drug delivery and imaging.

Nanocarrier systems have several advantages over conventional
drug delivery methods, including improved drug bioavailability and
efficacy, reduced toxicity, targeted drug delivery, and prolonged
drug release. However, there are also some challenges associated
with the development and use of nanocarrier systems, such as their
potential toxicity, stability, and manufacturing scalability.
Curcumin’s therapeutic applicability is hampered by its poor

solubility, physicochemical instabilities, less bioavailability, quick
metabolism, and poor pharmacokinetics, despite its vast
neuroprotective and disease-modifying properties (308).
However, these issues can be addressed by inventing effective
delivery systems, and the nanonization concept has offered a
platform for overcoming all the barriers to effective curcumin
delivery (309). Overall, nanocarrier systems have the potential to
revolutionize drug delivery by enabling more effective and targeted
therapies for a range of diseases, including cancer, cardiovascular
disease, and neurological disorders. There are several different types
of nanocarrier systems for drug delivery, each with its unique
properties and advantages. Following are the examples of
nanocarrier systems.

5.1 Solid nanoparticles

One approach to improve the therapeutic efficacy of curcumin is
to formulate it as solid nanoparticles. Solid nanoparticles can
enhance the solubility and bioavailability of curcumin, as well as

TABLE 3 Effect of curcumin administration on cognition impairment associated with epilepsy.

S.No. Experimental
model of
epilepsy

Species
used

Dose of
curcumin

Route of
administration

Duration of
intervention

Findings Reference

1 PTZ-induced kindling Wistar rats 100 mg/kg Oral 30 days Decreased escape latency
in MWM suggestive of
improved cognitive
functions

Kaur et al.
(2015)

2 KA-induced status
epilepticus

Wistar rats 100 mg/kg Intraperitoneal 14 days Decreased neuronal loss in
DH and CA3 region,
reduced severity of MFS, a
significant reduction in
escape latency in MWM

Jiang et al.
(2015)

3 PTZ-induced kindling Swiss Albino
mice

50, 100 and 200 mg/kg Intraperitoneal 15 days Ameliorative effect on
depressive behavior and
cognitive dysfunction,
monoaminergic
modulation, inhibition of
nitrosative stress, and
acetylcholinesterase
activity

Choudhary
et al. (2013)

4 PTZ and MES-
induced seizures

Wistar rats Curcumin
(300 mg/kg) co-
administered with
phenytoin, valproate,
phenobarbitone and
carbamazepine (sub-
therapeutic dose)

Oral 1 day Curcumin co-
administration with
clinically approved AEDs
in sub-therapeutic levels
avoided learning and
memory deficits

Reeta et al.
(2011)

5 PTZ-induced kindling Wistar rats 100, 200, and
300 mg/kg, orally

Oral 35 days Cognitive impairment
ameliorated after
curcumin pre-treatment
in a dose-dependent
manner

Mehla et al.
(2010)

6 KA-induced epilepsy Sprague
Dawley rats

100 mg/kg Oral 7 days Improvement of
recognition efficiency

He et al. (2018)

7 PTZ-induced kindling Wistar rats 100 mg/kg Oral 30 days Curcumin-treated rats
performed better in
consolidated and long-
term memory assessment

Kaur et al.
(2014)

Abbreviations: PTZ, Pentylenetetrazole; MWM, Morris water maze; KA, Kainic acid; DH, Dentate hilus; CA3, Cornu Ammonis; MFS, Mossy fiber sprouting; MES, Maximal electroshock

seizures; AEDs, Anti-epileptic drugs.
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provide sustained release, targeted delivery, and protection from
degradation (Khairnar et al., 2022). There are several methods for
preparing curcumin solid nanoparticles, including (i) Precipitation
method: Curcumin is dissolved in an organic solvent and then
rapidly added to an aqueous solution containing a surfactant. The
resulting nanoparticle suspension is then dried and collected. (ii)
Emulsion solvent evaporation method: Curcumin is dissolved in an
organic solvent, and then the organic phase is emulsified in an
aqueous solution containing a surfactant. The organic solvent is then
evaporated, resulting in the formation of solid curcumin
nanoparticles. (iii) Supercritical fluid technology: Curcumin is
dissolved in a supercritical fluid (e.g., carbon dioxide), and then
the supercritical fluid is rapidly expanded to form nanoparticles. (iv)
Antisolvent precipitation method: Curcumin is dissolved in a
solvent, and then an antisolvent (e.g., water) is rapidly added to
the solution, causing the curcumin to precipitate and form
nanoparticles.

5.2 Biodegradable lipid nanoparticles

BLNPs are a type of drug delivery system that can be used to
encapsulate and deliver therapeutic agents, such as drugs or nucleic
acids, to target cells or tissues. BLNPs are composed of a
biocompatible lipid bilayer that surrounds the cargo that is
designed to be biodegradable, meaning that they can break down
into harmless components once they have released their payload
(Akbari et al., 2022). There are several advantages to using BLNPs
for drug delivery. First, the lipid bilayer can protect the cargo from
degradation or clearance by the immune system, allowing for more
efficient delivery to the target site. Second, because BLNPs can be
designed to be biodegradable, they can be cleared from the body
without causing toxicity or other adverse effects. BLNPs can be
prepared using various methods, including solvent evaporation,
solvent injection, and microemulsion techniques. BLNPs have
been studied as a potential delivery system for curcumin to
enhance its bioavailability and therapeutic efficacy. Several studies
have investigated the use of BLNPs for curcumin delivery. For
example, one study reported the preparation of curcumin-loaded
BLNPs using a solvent evaporation method. The resulting
nanoparticles were found to have a high encapsulation efficiency
and a sustained release of curcumin over time, suggesting they could
be a promising delivery system for curcumin (Li et al., 2021b).

5.3 Carbon complex nanoparticles

Carbon complex nanoparticles (CCNPs) are a type of carbon-
based nanoparticle that has been developed for various applications,
including drug delivery, imaging, and sensing. CCNPs are typically
composed of a core of carbon material, such as carbon nanotubes or
graphene, which is coated with a layer of organic or inorganic
molecules to improve their properties and functionality (Foldvari
and Bagonluri, 2008). One potential application of CCNPs is in drug
delivery. CCNPs can be designed to encapsulate various drugs, such
as anticancer agents, and can be targeted to specific cells or tissues
using surface modifications. The carbon core of the nanoparticle
also provides a unique platform for controlled drug release, as the

drug can be released in response to changes in temperature, pH, or
other environmental factors.

5.4 Chitosan-alginate nanoparticles

Chitosan-alginate nanoparticles are a type of biodegradable
nanoparticle that can be used for drug delivery, tissue
engineering, and other biomedical applications. Chitosan and
alginate are both biocompatible and biodegradable polymers that
have been widely studied for their potential use in drug delivery and
tissue engineering. Chitosan is a natural polymer derived from
chitin, a component of crustacean shells, and has been shown to
have antimicrobial and immunomodulatory properties. Alginate is a
biocompatible polysaccharide derived from brown seaweed that can
form hydrogels in the presence of calcium ions. The combination of
chitosan and alginate can form nanoparticles with improved
stability and drug encapsulation efficiency. One method for
producing chitosan-alginate nanoparticles involves ionic gelation,
in which the addition of calcium ions cross-links the polymers.
Chitosan-alginate nanoparticles can be designed to be
mucoadhesive, allowing them to bind to mucosal surfaces and
improve drug delivery to the gastrointestinal tract. They can also
be modified to target specific cells or tissues, such as tumor cells, by
attaching ligands or antibodies to the nanoparticle surface (Li
et al., 2022).

5.5 Niosomes

Niosomes are a type of lipid nanoparticle that can be used for
drug delivery. They are composed of non-ionic surfactants, such as
Span and Tween, that form a bilayer structure similar to cell
membranes. Niosomes can encapsulate various drugs, including
hydrophilic and hydrophobic compounds, and protect the drugs
from degradation and clearance by the immune system. Niosomes
have several advantages over other drug delivery systems. They are
biocompatible, biodegradable, and non-toxic, making them suitable
for pharmaceutical and cosmetic applications. They can also be
modified to target specific cells or tissues, such as cancer cells, by
attaching ligands or antibodies to the noisome surface. Another
advantage of niosomes is their ability to improve the bioavailability
and pharmacokinetics of drugs (Moghassemi and Hadjizadeh,
2014). The lipid bilayer structure of niosomes allows for the
sustained release of drugs over time and can also protect the
drugs from degradation in the stomach’s acidic environment.

5.6 Silk fibroin nanoparticles

Silk fibroin nanoparticles are biodegradable and biocompatible
nanoparticles that can be used for drug delivery, tissue engineering,
and other biomedical applications. Silk fibroin is a protein derived
from the silkworm cocoon and has been widely studied for its
potential use in biomedical applications. Silk fibroin nanoparticles
can be produced using various methods, including
nanoprecipitation, emulsion/solvent evaporation, and
electrospinning. The size, morphology, and surface properties of
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the nanoparticles can be controlled by adjusting the production
parameters. Silk fibroin nanoparticles have several advantages for
drug delivery (Mottaghitalab et al., 2015). They are biocompatible
and biodegradable and can be designed to release drugs over a
sustained period of time. They can also be modified to target specific
cells or tissues, such as cancer cells, by attaching ligands or
antibodies to the nanoparticle surface.

5.7 Polymer-based nanoparticles

Polymer-based nanoparticles are a type of nanoparticle that is
composed of synthetic or natural polymers, such as poly (lactic-co-
glycolic acid) (PLGA), polyethylene glycol (PEG), chitosan, and
polyvinyl alcohol (PVA). These nanoparticles are typically between
10 and 1,000 nm in size and can be used for drug delivery, imaging,
and tissue engineering applications. Polymer-based nanoparticles
can be synthesized using various methods, including emulsion/
solvent evaporation, nanoprecipitation, and electrospinning. The
choice of method will depend on the specific polymer used and the
desired properties of the nanoparticles. One advantage of polymer-
based nanoparticles is their biocompatibility and biodegradability.
Polymers such as PLGA and chitosan are approved by regulatory
agencies for use in medical devices and drug delivery systems.
Polymer-based nanoparticles can be designed to release drugs
over a sustained period of time, improving their therapeutic
efficacy and reducing side effects (Ayub and Wettig, 2022).

5.8 Triblock copolymer-based nanoparticles

Triblock copolymer-based nanoparticles are a type of
nanoparticle composed of three blocks of polymers arranged in a
linear chain, typically consisting of a hydrophilic block flanked by
two hydrophobic blocks. These nanoparticles can be used for drug
delivery, imaging, and other biomedical applications. Triblock
copolymer-based nanoparticles can be synthesized using various
methods, including emulsion/solvent evaporation,
nanoprecipitation, and self-assembly. The choice of method will
depend on the specific polymer used and the desired properties of

the nanoparticles. One advantage of triblock copolymer-based
nanoparticles is their ability to self-assemble into well-defined
nanostructures. The hydrophobic blocks of the polymer form a
core, while the hydrophilic block forms a corona, resulting in a stable
and biocompatible nanoparticle. Triblock copolymer-based
nanoparticles can be designed to release drugs over a sustained
period of time, improving their therapeutic efficacy and reducing
side effects. They can also be used to improve the solubility and
bioavailability of poorly soluble drugs (Singh et al., 2022).

5.9 Dendrosomal nanoparticles

Dendrosomal nanoparticles are a type of nano-carrier composed
of dendrimers, which are highly branched, monodisperse
macromolecules with a central core and successive layers of
branching that can be functionalized with various chemical
groups. Dendrimers can be synthesized with a wide range of
sizes and surface chemistries, which makes them ideal for
designing nanoparticles with precise sizes, shapes, and
functionalization for biomedical applications. Dendrosomal
nanoparticles are typically prepared by coating the dendrimer
with a lipid bilayer or other amphiphilic materials. The resulting
nanoparticles are typically between 50 and 200 nm in diameter and
can be loaded with drugs, imaging agents, or other payloads for
targeted delivery to specific cells or tissues. One advantage of
dendrosomal nanoparticles is their biocompatibility and low
toxicity, as dendrimers are often composed of natural or
biodegradable polymers. Dendrosomal nanoparticles have been
shown to have excellent drug loading and release properties and
can be modified with targeting ligands to improve their specificity
for specific cells or tissues (dos Santos et al., 2022).

Researchers have been intrigued by several categories of nano-
carriers, including micelles, nanoparticles, nanoemulsions,
nanocrystals, and nanoliposomes, in order to solve issues
associated with curcumin’s low bioavailability and
pharmacokinetics. In recent years, research has been conducted
to determine the efficacy of nanoformulations for improved
therapeutic action. Joseph et al., experimented with the diffusion
and distribution of curcumin-loaded PLGA-PEG nanoparticles in

FIGURE 4
Representing different types of nanoparticle carrier systems carries active pharmaceutical ingredients that have been used in several diseases.
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the brain of newborn rats. Injured areas of the neonate rats
demonstrated neuroprotection against a compromised
blood–brain barrier. The brain parenchyma allows these
nanoparticles to spread effectively (Joseph et al., 2018). Zhang
et al. (2018) developed curcumin-loaded polysorbate 80 modified
cerasome nanoparticles and used ultrasound-targeted microbubble
disruption of the BBB to deliver them toMPTP-induced Parkinson’s

disease in rats. This study found that nanoformulations of curcumin
had superior stability, longer duration of action, and higher
absorption than free curcumin.

Furthermore, after the administration of created NPs (15 mg
curcumin/kg), they reported improved behavior as well as dopamine
reduction in experimental animals (Zhang et al., 2018). Polymeric
NPs encapsulating curcumin were found to be more effective in

TABLE 4 Studies showing the neuroprotective activity of curcumin nanoformulations in different experimental models.

S.No. Nanoformulation Size Experimental model Proposed mechanism Reference

1 Biodegradable lipid-based
discoidal NPs

10–25 nm Spinal cord injury in rats Encapsulated curcumin caused downregulation of the
IL-11 and IL-1β, insignificant downregulation of
TNF-α, IFN-γ, IL-6, and RANTES, suppression of
reactive astrocytes activation, upregulation of IL-10
and IL-13 (anti-inflammatory cytokines), a higher
quantity of newly sprouted axons

Krupa et al. (2019)

2 Solid lipid NPs NA Epileptic mice Curcumin-encapsulated NPs improved behavioral
performance, more NeuN in the hippocampus, and
reduced neuronal apoptosis via Bcl2 and P38 MAPK
signaling

Huang et al.
(2020)

3 C3 complex NPs NA PTZ-induced seizures in mice Nanocurcumin treatment increased the seizure
threshold and downregulated NO.

Aminirad et al.
(2017)

4 Chitosan-Alginate- Sodium
tripolyphosphate NPs

NA PTZ-induced kindling in mice Curcumin-loaded NPs alleviated neuronal cell death,
upregulated the EPO and Klotho levels, reduction of
mRNA expression of TNF-α in the hippocampus

Mansoor et al.
(2018)

5 Chitosan-Alginate- Sodium
tripolyphosphate NPs

NA PTZ-induced kindling in mice Curcumin NPs showed anticonvulsant activity,
prevented cognition impairment, and reduced glial
activation and cell death

Hashemian et al.
(2017)

6 Niosomes NPs 60 nm Traumatic brain injury in rats hNS/PCs + Curcumin-loaded NPs showed improved
locomotor activity, improved brain edema, decreased
astrogliosis, and decreased TLR4, NF-κB-, and TNF-
α- positive cells

Narouiepour et al.
(2022)

7 NH2-PEO-PCL NPs 99.5 +
7.3 nm

Parkinson’s disease (Vero and
PC12 cells)

Cells treated with varied concentrations of L-DOPA
and curcumin-loaded NP for up to 72 h retained a
high percentage of vitality

Mogharbel et al.
(2022)

8 Silk fibroin NPs 150 nm Friedrich’s ataxia in mice Removed iron from the heart, reduced oxidative
stress, potentiated iron-sulfur cluster biogenesis,
improved morphology and function of mitochondria,
improved behavior scores

Xu et al. (2022)

9 Polymer (PEG)-based NPs 127.31 ±
2.73 nm

Intracerebral hemorrhage
model in C57BL/6 mice

Attenuation of neuronal damage, suppression of iron
deposition in the brain tissue around the site of
hematoma, elevated perihematomal GPX4 expression
by regulating HMOX1 (HO-1) and NFE2L2 (NRF2)
expression

Yang et al. (2021)

10 Triblock copolymer nano micelles 96.67 ±
11.94 nm

BCCAO stroke model in rats Higher bioavailability in plasma, heart, brain, and
kidneys, downregulated expressions of IL-1β, NF-κB,
IL-6, and TNF-α, and a significant reduction in lipid
peroxidation

Li et al. (2021c)

11 Dendrosomal NPs NA Cuprizone-induced
demyelination in mice

Inhibited accumulation of microglia and astrocytes
and in the corpus callosum, a higher index of myelin
basic protein intensity in the corpus callosum
(indicative of myelin content)

Motavaf et al.
(2020)

12 Pluronic F127 NPs ~11 nm In vitro: BBB model
In vivo: Healthy mice

Encapsulated NPs showed more vigorous fluorescent
intensity (6.5 folds) in the brain as compared with
pure curcumin. Encapsulated curcumin kept its
capacity to bind with Aβ plaques and presented better
antiapoptotic activity and improved redox balancing
mechanism as compared to pure curcumin

Singh et al. (2020)

Abbreviations: PTZ, Pentylenetetrazole; NPs, Nanoparticles; IL-11, Interleukin-11; IL-1β, Interleukin-1β; TNF-α, Tumour necrosis factor-α; IL-6, Interleukin-6; IFN-γ, Interferon-γ;
RANTES, Regulated on activation, normal T cell expressed and secreted; IL-10, Interleukin-10; IL-13, Interleukin-13;Bcl-2, B-cell lymphoma 2;MAPK,Mitogen-activated protein kinase;NO,

Nitric oxide; EPO, erythropoietin; hNS/PCs, human neural stem/progenitor cells; TLR4, Toll-like receptor 4; NF-κB, Nuclear factor-κB; PEO, Poly (ethylene oxide); PCL, Poly (ε-
caprolactone); PEG, Polyethylene glycol; BCCAO, Bilateral common carotid artery occlusion.
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shielding neurons from oxidative insults in both in-vitro and in-vivo
investigations. Human SK-N-SH cells were protected from H2O2-
mediated free radicals assaults by nano curcumin therapy. In
athymic mice, intraperitoneal administration of nano curcumin
(25 mg/kg, twice daily) resulted in considerable curcumin levels
in the brain, as well as lower levels of H2O2 and caspase activity and
higher glutathione concentrations (Ray et al., 2011). Curcumin-
encapsulated PLGA NPs were found to have an improved effect on
the proliferation and differentiation of neural stem cells in-vitro and
in-vivo than pure curcumin in a study. In the hippocampus area, the
encapsulated NPs greatly increased the gene expression associated
with proliferation and neural development. In the rat model of Aβ-
induced AD, NPs administration showed an improved effect on
reversing the altered learning and memory characteristics. These
NPs stimulated neurogenesis via the canonical Wnt/β-catenin
pathway, according to in silico molecular docking studies (Tiwari
et al., 2014). Mathew et al. (2012) developed PLGA-coated curcumin
NPs that were water soluble and combined with Tet-1 peptide, a
peptide with increased affinity for neurons. They discovered that
curcumin-encapsulated NPs effectively eliminated amyloid
aggregates and had antioxidant and non-cytotoxic properties
(Mathew et al., 2012). Some of the nanoparticulate systems used
for encapsulating curcumin, are shown in Figure 4, and the list of the
nanoformulations of curcumin in several neurological disorders, is
presented in Table 4.

6 Conclusion

The current review mainly dissected modulatory effects of
curcumin on epileptic pathophysiology. Curcumin impose
multiple immunomodulatory effects by modulating immune
molecules, including T- and B-lymphocytes, macrophages,
cytokines, chemokines, DCs, and transcription factors, thus elicits
anti-inflammatory mechanism. Curcumin acts by inhibiting NF-κB
transcription, which is responsible for the production of cytokines
such as IL-6, IL-12, and TNF-α. It is also suppressing NF-κB
signaling by imposing an inhibitory action on BLYS, which is an
important innate inflammatory response in epilepsy patients.
Additionally, curcumin downregulates mTOR signaling which
eventually causes a reduction in the levels of cytokines such as
COX-2, and IL-6 which are upregulated in epileptic subjects.
Curcumin administration suppresses glial activation, a common
finding in epileptic patients, by suppressing the levels of cytokines
(IL-6, IL-1β, and, TNF-α) and chemokines (MCP-1). Also,
curcumin administration reduces the expression of MHC-II and
co-stimulatory molecules like CD80, CD40, and CD205. Curcumin
activates Nrf2, a regulator for mitigating oxidative stress, and
reduces oxidative damage by inhibiting the activation of NF-κB.
Curcumin reduces the markers of lipid peroxidation and increases
the levels of antioxidant molecules like GSH in epileptic brains.
Curcumin prevents the release of cytochrome C from mitochondria
and inhibits the formation of apoptosomes and the activity of
caspases. The antiapoptotic, antioxidant, and immune modifying
abilities of curcumin are the reported mechanisms responsible for

enhancing cognition, memory processes, and neurobehavior.
Curcumin is a potent HDAC inhibitor, and HDAC inhibition is
an emerging therapeutic approach for epilepsy. Also, curcumin
increases the activation of histone H4.

Epigenetic associated hypermethylation in TLE patients
reversed upon curcumin administration. To overcome the poor
bioavailability and physic-chemical properties of curcumin,
nanonization has emerged as a promising strategy in several
neurological disorders. Several studies have reported better
pharmacological efficacy and molecular interactions than pure
curcumin. The current literature supports curcumin
administration as an adjuvant therapy to the conventional AEDs
for treating epilepsy. More combinatorial studies are warranted to
understand the synergistic effect imposed by the curcumin. Still
many preclinical are in the waiting list to reach the human clinical
trials. Therefore, the findings from the reported preclinical research
results are essential and may be the scaffold for evaluation of
curcumin-based nanoformulation and its pure form for their
anti-epileptic potential in clinical studies.
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Pirfenidone regulates seizures
through the HMGB1/TLR4 axis to
improve cognitive functions and
modulate oxidative stress and
neurotransmitters in PTZ-induced
kindling in mice
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Background: Epilepsy is a neurological disorder characterized by recurrent
seizures due to abnormal electrical activity in the brain. Pirfenidone, an
antifibrotic drug, has shown anti-inflammatory and antioxidant properties in
various disease models, including neurological conditions. However, its
potential anticonvulsant effects have not been thoroughly explored. This study
aims to evaluate the anticonvulsant potential of pirfenidone in a
pentylenetetrazol-induced kindling model of epilepsy, focusing on its effect
on seizure activity, cognition, antioxidant profiles, inflammatory markers,
neurotransmitter balance, liver enzyme levels, and histopathological changes.

Methods: Healthy male Swiss albino mice were subjected to an acute Increasing
Current Electroshock test and chronic pentylenetetrazol-kindling model.
Pirfenidone was administered at doses of 100, 200, and 300 mg/kg, orally,
with sodium valproate as a standard drug. Seizure severity and cognitive
function were assessed in the pentylenetetrazol-kindling model, along with
biochemical assays that evaluated antioxidant enzymes, inflammatory markers,
neurotransmitter levels, and liver enzyme levels. Histopathological changes were
also assessed in the hippocampus and cortex of experimental mice.

Results: Pirfenidone at 200mg/kg and 300mg/kg significantly increased Seizure
Threshold Current in the Increasing Current Electroshock test, indicating a
protective effect against seizures. In the pentylenetetrazol-kindling model,
pirfenidone delayed seizure onset and reduced severity, with the 300 mg/kg
dose showing the strongest impact. Pirfenidone also demonstrated significant
improvements in cognitive function, as evidenced by enhanced performance in
passive avoidance and elevated plus maze tests. Antioxidant profiles showed
increased levels of superoxide dismutase, catalase, and reduced glutathione, with
a corresponding reduction in malondialdehyde and acetylcholinesterase levels.
Pirfenidone significantly reduced pro-inflammatory cytokines including
interleukin-6, interleukin-1β, transforming growth factor-β, tumor necrosis
factor- α, high-mobility group box-1, and toll-like receptor-4, elevated
gamma-aminobutyric acid, decreased glutamate levels, modulated aspartate
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aminotransferase and alanine aminotransferase levels. Histopathological analysis
revealed that pirfenidone ameliorated cellular disintegration and neuronal damage
in the hippocampus and cortex.

Conclusion: Pirfenidone shows potential as an anticonvulsant, anti-inflammatory,
hepatoprotective, and neuroprotective agent, with additional benefits in improving
cognition and oxidative stress profiles in epilepsy treatment. Further studies are
required to explore its long-term safety and efficacy.

KEYWORDS

anticonvulsant, cognition, epilepsy, neuroinflammation, neurotransmitters,
pentylenetetrazole, pirfenidone

Highlights

• PFD significantly reduced key neuroinflammatory cytokines
(IL-6, IL-1β, TGF-β, TNF-α, HMGB1, TLR-4) and
ameliorated neuronal damage in the hippocampus and
cortex, preserving structural integrity.

• PFD restored the balance between GABA and glutamate,
improving inhibitory and excitatory neurotransmission, and
enhanced cognitive function in PTZ-kindled mice.

• PFD increased SOD, catalase, and GSH levels while reducing
MDA levels, demonstrating strong antioxidant effects and
hepatoprotection by normalizing AST and ALT levels.

• PFD exhibited dose-dependent anticonvulsant effects in PTZ-
kindled mice, comparable to sodium valproate (SVP),
highlighting its therapeutic potential in epilepsy management.

1 Introduction

Epilepsy is a chronic neurological disorder affecting
approximately 51 million people worldwide, with nearly 40%
experiencing drug resistance (Ghaith et al., 2024; Waris et al.,
2024). Beyond seizures, cognitive deficits such as memory loss
and learning difficulties are common due to seizure activity,
neuroinflammation, and hippocampal and cortical damage (Liu
et al., 2023). Factors like seizure severity, brain damage, and side
effects of anti-seizure medications worsen these impairments (Pinto
et al., 2024). While older medications, including barbiturates and
valproate, often impair cognition, even newer drugs like topiramate
can cause long-term cognitive deficits, sometimes leading to
treatment discontinuation (Tombini et al., 2023). Current anti-
seizure medications (ASMs) offer symptomatic relief but fail to
address the root causes of epilepsy, such as neuroinflammation,
oxidative stress, and neurotransmitter imbalances (Tombini et al.,
2023; Pinto et al., 2024). Their cognitive and behavioral side effects
further limit long-term use, highlighting the need for therapies that
not only control seizures but also target these underlying
mechanisms (Pinto et al., 2024). Innovative treatments focusing
on reducing neuroinflammation, mitigating oxidative stress, and
restoring neurotransmitter balance are essential to improve
cognitive outcomes and enhance patients’ quality of life (Khan
et al., 2024; Waris et al., 2024).

Oxidative stress and impaired antioxidant defenses contribute to
neuronal damage in epilepsy, characterized by increased reactive
oxygen species (ROS) and lipid peroxidation (MDA), alongside

decreased superoxide dismutase (SOD), catalase, and reduced
glutathione (GSH) (Alam et al., 2023). Long-term antiepileptic
drug use, such as valproic acid, can exacerbate oxidative stress
and lipid peroxidation (Madireddy and Madireddy, 2023).
Chronic oxidative damage is linked to neuronal degeneration,
structural abnormalities, and cognitive impairments (Tombini
et al., 2023; Khan et al., 2024; Stasenko et al., 2024). Elevated
acetylcholinesterase (AChE) activity further disrupts cholinergic
signaling, increasing neuronal excitability and cognitive deficits,
while reducing its activity improves synaptic transmission and
cognition (Akyüz et al., 2020; Komali et al., 2021; Alyami
et al., 2022).

Neuroinflammation drives seizure onset and progression
through astrocyte and microglial activation, releasing cytokines
such as IL-6, IL-1β, and TNF-α, and disrupting the blood-brain
barrier (Tavakoli et al., 2023; Tyagi et al., 2023). Key mediators of
neuroinflammation include TGF-β, which regulates immune
responses, and HMGB1, which activates TLR4, promoting pro-
inflammatory cytokine release and neuronal hyperexcitability
(Vezzani et al., 2008; Kamali et al., 2020). Imbalance of
neurotransmitters, particularly gamma-aminobutyric acid
(GABA) and glutamate, plays a key role in seizures. GABA, the
brain’s primary inhibitory neurotransmitter, reduces neuronal
excitability, while excessive glutamate release during seizures
causes excitotoxicity and neuronal damage (Ivens et al., 2007;
Tian et al., 2016; Nodirahon et al., 2024). Despite various ASMs
targeting sodium and calcium channels, GABAergic pathways, and
glutamate inhibition, many patients remain treatment-resistant,
highlighting the need for novel therapeutic strategies (Imran
et al., 2023; Mir et al., 2023; Löscher et al., 2020).

Pirfenidone (PFD), a pyridone-derivative compound (5-methyl-
1-phenyl-2-[1H]-pyridone), is an orally administered drug
approved for idiopathic pulmonary fibrosis (IPF) due to its
established efficacy (Nakamura et al., 2023). Beyond fibrosis, PFD
shows potential in neurological conditions like neurofibromatosis,
secondary progressive multiple sclerosis, and limbic seizures
(Babovic-Vuksanovic et al., 2004). Its therapeutic effects stem
from modulating cytokines and growth factors such as TGF-β,
TNF-α, and IL-6, reducing inflammation and immune responses
(Aimo et al., 2022). PFD also inhibits lipid peroxidation in
experimental models, offering protection against tissue damage
(Misra and Rabideau, 2000; Salazar-Montes et al., 2008).
Neuroprotective effects have been demonstrated through reduced
oxidative stress and neuronal loss in seizure-related brain injuries,
including kainic acid-induced excitotoxicity and traumatic brain
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injury models (Castro-Torres et al., 2014; 2015; Bozkurt et al., 2022).
However, its direct anticonvulsant effects remain unexplored. Given
its anti-inflammatory, antioxidant, and neuroprotective properties,
this study aims to evaluate PFD’s anticonvulsant potential in a
pentylenetetrazole (PTZ) -kindling model, focusing on oxidative
stress, neuroinflammatory pathways, and key neurotransmitter
systems involved in seizure development.

2 Material and methods

2.1 Animals

Healthy male Swiss albino mice weighing 25 g–30 g, were
procured from the Central Animal House Facility of Jamia
Hamdard, New Delhi, India. The mice were kept in
polypropylene cages (43 cm × 28.6 cm × 15.5 cm) with
unrestricted access to ad libitum water and a pellet diet. Animal
care procedures adhered to the guidelines set by the Committee for
Control and Supervision of Experiments on Animals (CCSEA),
India, as well as the protocols established by the Institutional
Animal Ethics Committee of Jamia Hamdard, New Delhi, India
(173/GO/Re/2000/CPCSEA, 28 January 2000) under an approved
protocol (Protocol no. 1906).

2.2 Materials

PFD 200 mg tablets (Pirfenex 400, Cipla Pvt. Ltd., India) and
Sodium Valproate (SVP) 200 mg tablets (Valprol-CR 200, INTAS
Pharmaceuticals Ltd., India) were purchased. Pentylenetetrazole
(PTZ) was obtained from Sigma-Aldrich, United States. All other
chemicals utilized were of analytical grade quality.

3 Methodology

3.1 Acute study: increasing current
electroshock test

The mice were randomly assigned to six groups (n = 6).
Group I functioned as the control, and Group II, the positive
control for the ICES test, was given SVP at 200 mg/kg p.o., while
Groups III, IV, and V received PFD at doses of 100, 200, and
300 mg/kg p.o., respectively. Group VI received a combination of
PFD (300 mg/kg p.o.) and SVP (200 mg/kg p.o.). All treatments
were administered 1 h before the ICES test, except Group VI,
which received PFD 1 h before SVP; the ICES test was conducted
1 h after SVP. Using an electro-convulsiometer, each mouse was
administered an electric shock via ear electrodes, starting with an
initial current of 2 mA delivered as a single train of pulses for
0.2 s. The intensity of the current was gradually increased at a rate
of 2 mA every 2 s. The seizure threshold current (STC) was
determined as the current level that triggered tonic hind limb
extension (HLE). If tonic HLE was not observed up to the
maximum current of 30 mA, no further increase in current
was applied, and this maximum value was recorded for
subsequent calculations (Agarwal et al., 2013).

3.2 Chronic study

The experimental design involved randomly assigning animals
into seven distinct groups, each comprising nine mice. The seizure
scores were evaluated using a sample size of nine animals per
group. Additionally, behavioral and biochemical assessments were
conducted with six animals per group, while histopathological
analysis was carried out using three animals per group.

The sample size was calculated using G* Power software, version
3.1. The groups were as follows:

⁃ Group I (Control): 1% carboxymethylcellulose (CMC)
administered orally and normal saline administered
intraperitoneally.

⁃ Group II: 1% CMC administered orally along with PTZ
(25 mg/kg, i.p.) administered every other day.

⁃ Group III (Standard): SVP at 200 mg/kg p.o administered
orally in addition to PTZ (25 mg/kg, i.p.) (Kumar et al., 2016)

⁃ Group IV: PFD at 100 mg/kg p.o administered orally and PTZ
(25 mg/kg, i.p.) (Castro-Torres et al., 2014)

⁃ Group V: PFD at 200 mg/kg p.o administered orally along with
PTZ (25 mg/kg, i.p.) (Liu et al., 2024)

⁃ Group VI: PFD at 300 mg/kg p.o administered orally along
with PTZ (25 mg/kg, i.p.) (Liu and Shi, 2019)

⁃ Group VII: Combination of PFD (300 mg/kg p.o) and SVP
(200 mg/kg p.o) along with PTZ (25 mg/kg, i.p.).

3.3 Drug administration protocol

PFD and SVP were weighed and suspended in 1%
carboxymethyl cellulose (CMC) prepared with double-distilled
water. PTZ was dissolved in normal saline (0.9% sodium chloride
solution) and administered on alternate days. Control animals were
given a suspension of 1% CMC in double-distilled water,
administered orally once daily. The doses selected for PFD were
100, 200, and 300mg/kg p.o. and were administered daily, while SVP
was administered at a dose of 200 mg/kg p.o. Daily, 1 h before PTZ
administration for 42 days. In the PTZ-kindling model, a sub-
convulsant dose of PTZ (25 mg/kg, i.p.) was administered on
alternate days, whereas treatments PFD and SVP were
administered daily for 42 days. All drugs were administered in a
volume of 10 mL/kg.

3.4 Pentylenetetrazol-kindling in mice

Following PTZ administration, the animals were monitored for
30 min to assess seizure intensity using the Racine score (Sehar et al.,
2015; Khatoon et al., 2021). Seizure severity was evaluated with the
following scoring system: Stage 0: no response; Stage 1: ear and facial
twitches; Stage 2: myoclonic body jerks without an upright position;
Stage 3: myoclonic jerks with an upright posture and bilateral
forelimb clonus; Stage 4: tonic-clonic seizures; Stage 5:
generalized tonic-clonic seizures with loss of postural control.
Mice were deemed fully kindled after displaying a seizure score
of four during three consecutive PTZ injections. The cumulative
seizure score for each group was calculated at the end of the 1st, 2nd,
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3rd, 4th, 5th, and 6th week. The animals remained drug-free for
3 days after the development of kindling, and then on 4th day
animals were subjected to behavioral assessment followed by
sacrificing them using CO2 chamber (Zhao et al., 2022) for
biochemical estimations on 8th day.

3.5 Behavioral assessment

3.5.1 Step down latency on passive avoidance
response apparatus

The Step-Down Latency (SDL) test was conducted using a passive
avoidance response apparatus to evaluate the effects of PFD on cognition.
In the center of the apparatus’s grid floor, a glass Petri dish was placed
upside down, creating a shock-free zone. Each mouse was positioned in
this shock-free zone, and upon stepping down, it received a mild electric
shock of 20 V through the grid floor. This training session lasted 1 min.
After training, the time it took for the mouse to step down was recorded,
with no shock administered, and this timewas termed acquisition latency.
The same procedure was repeated 24 h later, with the recorded time
termed retention latency. Mice that did not step down within 600 s were
assigned this cut-off time (Khatoon et al., 2023).

3.5.2 Transfer latency on elevated plus
maze apparatus

The elevated plus maze test was conducted to assess the impact of
PFD on spatial learning and memory. The maze consists of four arms,
two open and two closed, each measuring 16 cm in length and 5 cm in
width. The closed arms are 15 cm high, extending from a central
platform (5 cm × 5 cm), with the entire setup elevated 25 cm above the
ground. Each mouse was initially placed at the end of an open arm.
Transfer latency (TL) was defined as the time it took for a mouse to
move from the open arm to one of the closed arms with all four limbs.
The TL measured on the first day for each mouse was recorded as
acquisition latency. If a mouse did not enter any closed arm, it was
gently guided to one, and a TL of 90 s was assigned. After this, each
mouse was allowed to explore the maze for an additional 2 min before
being returned to its cage. Retention latency was evaluated 24 h later to
assess memory retention of the task (Sehar et al., 2015).

3.6 Biochemical estimations

3.6.1 Tissue preparation and biochemical analysis
The animals were euthanized after neurobehavioral assessment, for

tissue preparation and biochemical analysis. Blood was drawn from the
tail vein before euthanizing the animals, and serum was separated and
preserved for measuring aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels. The separated serum was aliquoted to
avoid repeated freeze-thaw cycles and stored at−80°C for further analysis.
After sacrificing, the whole brain was isolated and rinsed with cold 0.9%
saline, then the brain tissues hippocampus, and cerebral cortex, were
excised and weighed. The tissues were snap-frozen in liquid nitrogen and
stored at −80°C until biochemical and histological analyses were
performed. The tissues were homogenized in 0.1 M Phosphate
Buffered Saline (PBS, pH 7.4) to create a 10% homogenate while
maintaining the sample on ice. The homogenates were then
centrifuged at 10,000 rpm for 20 min at 4°C, and the resulting post-

mitochondrial supernatant was used for the estimation of inflammatory
cytokines (IL-6, IL-1β, TGF-β, TNF-α, HMGB-1, and TLR-4),
neurotransmitters (GABA and glutamate), and liver enzyme levels
(AST and ALT) using ELISA kits and also for the estimation of
reduced GSH (Jollow et al., 1974), and antioxidant enzymes like SOD
(Misra and Fridovich, 1972) and catalase (Greenwald, 2018) and AChE
(Ellman et al., 1961) andMDA (Ohkawa et al., 1979). Protein estimation
in hippocampus and cortex homogenates was determined by themethod
of Lowry et al. (1951) using bovine serum albumin as standard.

3.7 Estimation of oxidative stress parameters

3.7.1 Estimation of lipid peroxidation
MDA, a byproduct of lipid peroxidation, wasmeasured to assess the

extent of lipid peroxidation in cortex and hippocampal tissue
homogenates. This colorimetric assay relies on the reaction between
thiobarbituric acid and lipid peroxides, forming a pink chromogen that
can be quantified spectrophotometrically at a wavelength of 535 nm. In
brief, 100 µg of cortex and hippocampal homogenate protein wasmixed
with 1 mL of 20% trichloroacetic acid (adjusted to pH 3.5), 1 mL of
0.67% thiobarbituric acid, and 0.1 mL of 8% sodium dodecyl sulfate
(SDS). The reactionmixture was then heated in a water bath at 95°C for
1 h. After heating, the pink chromogen was extracted using a 10:
1 solution of butanol and pyridine, and absorbance was measured at
535 nm against a blank. The results were calculated as nmol MDA per
hour per mg protein using a molar extinction coefficient of (1.56 ×
10 5 M−1 cm−1) (Ohkawa et al., 1979).

3.7.2 Estimation of superoxide dismutase activity
The reaction mixture was prepared by combining 1.8 mL of glycine

buffer (50 mM, pH 10.4) with 0.2 mL of phenazine methosulfate. The
reaction was initiated by adding (−) epinephrine. Superoxide dismutase
enzyme activity was assessed by monitoring the autoxidation of (−)
epinephrine at 480 nm over a period of 3 min. Enzyme activity was
expressed as nanomoles of (−) epinephrine protected from oxidation
per minute per mg of protein, using a molar extinction coefficient of
4.02 × 103 M−1 cm−1 (Misra and Fridovich, 1972).

3.7.3 Estimation of catalase activity
A reactionmixture of 3mLwas prepared, consisting of 2.0 mL of

PBS (0.1 M, pH 7.4), 0.95 mL of hydrogen peroxide (0.019 M), and
0.05 mL of 10% phenazine methosulfate. Enzyme activity was
determined by measuring the change in absorbance at 240 nm.
Catalase activity was calculated as micromoles of hydrogen peroxide
decomposed per minute per milligram of protein, using a molar
extinction coefficient of 40 M−1 cm−1 (Greenwald, 2018).

3.7.4 Estimation of reduced glutathione
Phenazine methosulphate was precipitated by mixing with 4%

sulfosalicylic acid in a 1:1 ratio. The samples were then stored at 4°C
for 1 h, followed by centrifugation at 4,000 rpm (5,600 g) for 15 min
at 4°C. The assay mixture, totaling 3 mL, consisted of 0.4 mL of the
resulting supernatant, 2.2 mL of 0.1 M sodium phosphate buffer
(pH 7.4), and 0.4 mL of 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB).
The absorbance of the reaction product was measured at 412 nm
using a spectrophotometer. The concentration of reduced
glutathione (GSH) was calculated as micromoles of GSH per
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milligram of tissue, employing a molar extinction coefficient of
1.36 × 104 M−1 cm−1 (Jollow et al., 1974).

3.8 Estimation of
acetylcholinesterase activity

The reaction mixture consisted of 0.2 mL of acetylthiocholine
iodide (75 mM), 0.1 mL of buffered Ellman’s reagent DTNB (10 mM
in 15 mM NaHCO₃), and 3 mL of PBS (25 mM, pH 7.4). This
mixture was incubated at room temperature for 10 min. After
incubation, 0.2 mL of tissue homogenate was added. The optical
density (OD) was then measured at 412 nm within 5 min using a
spectrophotometer to determine the rate of substrate hydrolysis,
expressed as micromoles of substrate hydrolyzed per minute per
milligram of protein (Ellman et al., 1961).

3.9 Estimation of neuroinflammatory
markers, neurotransmitters, and liver
enzymes via enzyme-linked
immunosorbent assay

The levels of IL-6, IL-1β, TGF-β, TNF-α, HMGB-1, TLR-4,
GABA, and glutamate in the hippocampus and cortex tissues of the
experimental mice were quantitatively assessed. Additionally, serum
samples were analyzed to measure AST and ALT levels. All the
estimations were done using ELISA kits from KRISHGEN
BioSystems, following the manufacturer’s guidelines. All assays
were performed according to the manufacturer’s protocols.

3.10 Histopathological studies

The mice from each group were sacrificed and brains were extracted
and fixed in 4% paraformaldehyde at 4°C for 4 h, then embedded in
paraffin wax. Coronal and hippocampal sections (4 μm thick) were
prepared and mounted on polylysine-coated slides. The Nissl Staining
was performed using paraffin sections which were deparaffinized and
rehydrated through a sequence of washes: two 10-min washes in xylene,
two 5-min washes in 100% ethanol, a 5-min wash in 95% ethanol, a 5-
min wash in 90% ethanol, a 3-min wash in 80% ethanol, a 3-min wash in
70% ethanol, and a final 5-min rinse in distilled water. Sections were then
stained with 0.1% cresyl violet solution (prepared in 0.01% glacial acetic
acid) at 37°C for 10min, rinsed briefly in distilledwater, anddifferentiated
in 95% ethanol for 30 s. Neuronal damage was evaluated under a 400x
microscope (Wu et al., 2021).

3.11 Statistical analysis

The experimental findings are presented as Mean ± Standard
Error of the Mean (SEM). Data were analyzed using one-way
ANOVA, followed by Tukey’s multiple comparison test except
seizure score which was analyzed using two-way ANOVA,
followed by Tukey’s multiple comparison test. All statistical
analyses were conducted with GraphPad Prism 9 software, and a
p-value of less than 0.05 was regarded as statistically significant.

4 Results

4.1 Effect of pirfenidone administration on
the increasing current electroshock test
in mice

In the ICES test, PFD 100 mg/kg p.o., did not significantly increase
the STC compared to the control group. Group II, which received
200 mg/kg p.o. of SVP orally (acting as the positive control),
demonstrated a highly significant increase in STC (p < 0.001)
compared to the control group. Similarly, Groups IV and V, treated
with PFD at doses of 200 mg/kg p.o and 300 mg/kg p.o respectively,
showed a statistically significant increase in STC (p< 0.05 and p< 0.001,
respectively) compared to the control group. This suggests that PFD at
doses of 200 mg/kg p.o and 300 mg/kg offers protection against hind
limb extension (HLE) comparable to that of SVP. Moreover, the
combination treatment in Group VI (SVP + PFD 300 mg/kg) also
led to a significant increase in STC compared to the control group
suggesting a potential enhancement in efficacy of the combination of
PFD and SVP, as shown in Table 1.

4.2 Effect of pirfenidone administration on
pentylenetetrazol -induced kindling model
in mice

Mean seizure scores were calculated by the end of each week over
6weeks. The group treatedwithVehicle + PTZ developed stage 4 seizures
by the 5th week, indicating the onset of generalized tonic-clonic seizures.
In the first week, all groups started from a relatively similar baseline, with
the Control group showing stable, low values throughout the study
period. By the second week, the PTZ + Vehicle group began to deviate
significantly from theControl group (p< 0.001), showing a sharp upward
trend, indicating the detrimental effect of PTZ treatment. In contrast,
treatment groups demonstrated varying degrees of reduction in the
measured parameter compared to the PTZ + Vehicle group (p < 0.001).

By the third week, the differences became more pronounced, with
PFD 200 mg/kg and PFD 300 mg/kg and combination treatments
showing a substantial reduction (p < 0.001). The groups receiving PFD
300+ SVP+PTZdemonstrated themost effective reduction, suggesting
a possible dose-response relationship and synergistic effect. During the
fourth, fifth and sixth weeks, the treatment groups maintained their
respective trajectories (p < 0.001) (Figure 1).

4.3 Effect of pirfenidone administration on
transfer latency in pentylenetetrazol-
induced kindling model in mice

In the elevated plus maze experiment, the vehicle + PTZ group
showed an increased exploration time in the closed arms compared to
the control group, indicated by a significant rise in acquisition latency
(p < 0.05) and retention latency (p < 0.001). In contrast, a notable
decrease in retention latency was observed in the PFD 200 + PTZ (p <
0.05), PFD 300 + PTZ (p < 0.001), and PFD 300 + SVP + PTZ (p <
0.001) groups compared to the vehicle + PTZ group. Additionally, only
the PFD 300 + PTZ group demonstrated a significant reduction in
acquisition latency (p < 0.05) (Figure 2).
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4.4 Effect of pirfenidone administration on
the step-down latency in pentylenetetrazol-
induced kindling model in mice

In the passive avoidance response test, the vehicle + PTZ group
exhibited a significant reduction (p < 0.01) in both acquisition and
retention latency compared to the control group, indicating impaired

cognition. Similarly, the VPA + PTZ, PFD 100 + PTZ, and PFD 300 +
VPA + PTZ groups also demonstrated a significant decrease (p < 0.05)
in acquisition latency, with the VPA + PTZ and PFD 100 + PTZ groups
also showing a significant reduction (p < 0.01) in retention latency,
further suggesting cognitive impairment. However, in the PFD 300 +
PTZ group, there was a significant improvement (p < 0.05) in memory
function, as evidenced by a notable increase in both acquisition and
retention latency compared to the vehicle + PTZ group. Mice treated
with PFD displayed preserved memory function, as indicated by their
increased latency to step down from the platform (Figure 3).

4.5 Effect of pirfenidone administration on
lipid peroxidation level in pentylenetetrazol-
induced kindling model in mice

The MDA level was significantly elevated (p < 0.001) in the
vehicle + PTZ group compared to the control group in both
hippocampus and cortex. PFD 100 + PTZ (p < 0.01), PFD 200 +
PTZ (p < 0.001), and PFD 300 + PTZ (p < 0.001) showed significant
reductionMDA levels in cortex, similarly, all groups PFD 100 + PTZ
(p < 0.001), PFD 200 + PTZ (p < 0.001), PFD 300 + PTZ (p < 0.001)
and also PFD 300 + SVP + PTZ showed significant reduction MDA
levels in Hippocampus (Figure 4).

4.6 Effect of pirfenidone administration on
antioxidant profile in pentylenetetrazol-
induced kindling model in mice

The antioxidant enzymes SOD, Catalase, and GSH levels were
significantly reduced (p < 0.001) in the Vehicle + PTZ group
compared to the control group in the hippocampus and cortex, with
the Vehicle + PTZ group also showing significant reduction (p < 0.01) in
reduced GSH levels compared to the control group in the hippocampus.
SOD levels were significantly improved by PFD 100 + PTZ (p < 0.05),
PFD 200 + PTZ (p < 0.01), PFD 300 + PTZ (p < 0.001) and PFD 300 +
SVP + PTZ (p < 0.01) in cortex, whereas in hippocampus groups PFD
200 + PTZ (p < 0.05), PFD 300 + PTZ (p < 0.01) and PFD 300 + SVP +
PTZ (p < 0.05) showed significant increase in SOD levels. The catalase

TABLE 1 Effect of Pirfenidone Administration on the Increasing Current Electroshock Test in mice.

Group No. of animals STC (mA)

CONTROL 6 17.33 ± 0.71

SVP 6 27.5 ± 1.02a

100 PFD 6 18.5 ± 1.78

200 PFD 6 23.66 ± 1.72b

300 PFD 6 26.5 ± 0.92c

300 PFD + SVP 6 28.66 ± 0.80d

Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison test (n = 6) and expressed as mean ± SEM., Results were considered significant with p-value ≤ 0.05 and F

(5,30) = 15.
aP < 0.001 Control vs. SVP.
bP < 0.05 Control vs. PFD 200 mg/kg.
cP < 0.001 Control vs. PFD 300 mg/kg.
dP < 0.001 Control vs. SVP + PFD 300 mg/kg.

FIGURE 1
The effect of Pirfenidone administration on mean seizure scores
in PTZ-induced kindling in mice. Data were analyzed by two-way
ANOVA followed by Tukey’s multiple comparison test and expressed
as mean ± SEM (n = 9). Results were considered significant with
p-value ≤ 0.05 and F values F (30,294) = 57.8, F (5,294) = 523 and F
(6,294) = 712; dp < 0.001 Control vs. PTZ + vehicle, *p < 0.001 PTZ +
vehicle vs. SVP + PTZ; PFD 100 + PTZ, PFD 200 + PTZ, PFD 300 + PTZ,
PFD 300 + SVP + PTZ, and @p < 0.01 PTZ + vehicle vs. SVP + PFD
300 + PTZ.
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FIGURE 3
Effect of Pirfenidone administration on the step-down latency of the PTZ-induced kindling in mice. Data were analyzed by one-way ANOVA
followed by Tukey’s multiple comparison tests (n = 6) and expressed asmean ± SEM, (A) Acquisition Step Down Latency F (6,35) = 4.72, (B) Retention step
down latency F (6,35) = 6.71 **p < 0.01 Control vs. PTZ + vehicle, **p < 0.05 Control vs. PTZ + vehicle, PFD 100 + PTZ, SVP + PTZ, PFD300 + SVP + PTZ,
***p < 0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD 300 + PTZ.

FIGURE 2
Effect of Pirfenidone administration on the transfer latency of the PTZ-induced kindling in mice. Data were analyzed by one-way ANOVA followed
by Tukey’s multiple comparison tests (n = 6) and expressed as mean ± SEM, (A) Acquisition Transfer Latency F (6,35) = 3.75, (B) Retention Transfer latency
F (6,35) = 9.01 *p < 0.05 Control vs. PTZ + vehicle, ***p < 0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD200 + PTZ, PFD 300 + PTZ,
###p < 0.001 PTZ + vehicle vs. PFD300, PFD300 + SVP + PTZ.
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FIGURE 4
Effect of PFD administration on Malondialdehyde levels of the PTZ-induced kindling in mice. Data were analyzed by one-way ANOVA followed by
Tukey’s multiple comparison tests (n = 6) and expressed as mean ± SEM, MDA levels in (A) Cortex F (6,35) = 15.5 and (B) Hippocampus F (6,35) = 20.9,
***p < 0.001 Control vs. PTZ + vehicle, ##p < 0.01 PTZ + vehicle vs. PFD 100 + PTZ, PFD300 + SVP + PTZ, ###p < 0.001 PTZ + vehicle vs. PFD 100 + PTZ,
PFD200 + PTZ, PFD 300 + PTZ.

FIGURE 5
Effect of Pirfenidone administration on Superoxide dismutase, Catalase, and reduced Glutathione levels cortex in PTZ-induced kindling in mice.
Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison tests (n = 6) and expressed as mean ± SEM, (A) SOD levels in Cortex F
(6,35) = 6.80, ***p < 0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD100 + PTZ, ##p < 0.05 PTZ + vehicle vs. PFD200 + PTZ, PFD 300 +
SVP + PTZ, ###p < 0.001 PTZ + vehicle vs. PFD300 + PTZ. (B) Catalase levels in Cortex F (6,35) = 5.89, ***p < 0.001 Control vs. PTZ + vehicle, #p <
0.05 PTZ + vehicle vs. SVP + PTZ, PFD300 + PTZ, ##p < 0.05 PTZ + vehicle vs. PFD 300 + SVP + PTZ. (C) GSH levels in Cortex F (6,35) = 7.41, ***p <
0.001 Control vs. PTZ + vehicle, ##p < 0.01 PTZ + vehicle vs. PFD300 + PTZ.
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FIGURE 6
Effect of Pirfenidone administration on Superoxide dismutase, Catalase, and reduced Glutathione levels in hippocampus PTZ-induced kindling in
mice. Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison tests (n = 6) and expressed as mean ± SEM, (A) SOD levels in
Hippocampus F (6,35) = 4.30,***p < 0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD200 + PTZ, PFD 300 + SVP + PTZ, ##p < 0.05 PTZ +
vehicle vs. PFD300 + PTZ, (B) Catalase levels in Hippocampus F (6,35) = 5.37, ***p < 0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs.
PFD300 + PTZ, ##p < 0.05 PTZ + vehicle vs. PFD 300 + SVP + PTZ. (C) GSH levels in Hippocampus F (6,35) = 4.95, **p < 0.01 Control vs. PTZ + vehicle,
#p < 0.05 PTZ + vehicle vs. PFD300 + PTZ.

FIGURE 7
Effect of Pirfenidone on Acetylcholine estrase levels in PTZ-induced kindled mice. Data were analyzed by one-way ANOVA followed by Tukey’s
multiple comparison tests (n = 6) and expressed as mean ± SEM, AChE levels in (A) Cortex F (6,35) = 20.6 and (B) Hippocampus F (6,35) = 10.1, ***p <
0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD100 + PTZ, ##p < 0.05 PTZ + vehicle vs. PFD200 + PTZ, PFD 300 + SVP + PTZ, ###p <
0.001 PTZ + vehicle vs. PFD200 + PTZ, PFD 300 + PTZ, PFD 300 + SVP + PTZ.
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activity by PFD 300 + PTZ (p < 0.05) and PFD 300 + SVP + PTZ (p <
0.01) compared to vehicle + PTZ group in both hippocampus and cortex,
but in cortex SVP + PTZ (p < 0.05) group also showed significant rise
compared to Vehicle + PTZ group. The GSH levels were significantly
raised by the PFD 300 + PTZ group compared to the Vehicle + PTZ
group in the cortex (p < 0.01) and hippocampus (p < 0.05) (Figures 5, 6).

4.7 Effect of pirfenidone administration on
acetylcholine esterase activity in
pentylenetetrazol-induced kindling model
in mice

The acetylcholine esterase enzyme level was significantly increased
(p< 0.001) in the vehicle + PTZ group compared to the control group in
both hippocampus and cortex. In the hippocampus, all the groups PFD

100 + PTZ (p < 0.05), PFD 200 + PTZ (p < 0.001), PFD 300 + PTZ (p <
0.001), and PFD 300 + SVP + PTZ (p < 0.01) showed significant
decrease in AChE levels compared to vehicle + PTZ group. In the
cortex, PFD 200 + PTZ (p < 0.01), PFD 300 + PTZ (p< 0.001), and PFD
300 + SVP + PTZ (p < 0.001) showed a significant decrease in AChE
levels compared to vehicle + PTZ group (Figure 7).

4.8 Effect of pirfenidone administration on
neuroinflammatory markers in the
hippocampus and cortex of
pentylenetetrazol-induced kindling model
in mice

The concentrations of inflammatory cytokines in the
hippocampus and cortex of the experimental animals were

FIGURE 8
Effect of PFD on levels of IL-6, IL-1β, TNF-α, TGF-β, HMGB-1, and TLR-4 in the Cortex of the PTZ-induced kindledmice. Data were analyzed by one-
way ANOVA followed by Tukey’smultiple comparison tests (n= 6) and expressed asmean ± SEM, In cortex (A) IL-6 F (6,35) = 7.34 ***p < 0.001 Control vs.
PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD200 + PTZ, ##p < 0.01 PTZ + vehicle vs. SVP + PTZ, PFD300 + PTZ, ###p < 0.001 PTZ + vehicle vs. PFD
300 + SVP + PTZ. (B) IL-1β F (6,35) = 4.27, **p < 0.01 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD100 + PTZ, PFD 300 + SVP + PTZ, (C)
TNF-ά F (6,35) = 8.87, ***p < 0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD100 + PTZ, ##p < 0.01 PTZ + vehicle vs. PFD 200 + PTZ and
###p < 0.001 PTZ + vehicle vs. SVP + PTZ, PFD300 + PTZ, PFD 300 + SVP + PTZ. (D) TGF-β, F (6,35) = 7.15, ***p < 0.001 Control vs. PTZ + vehicle, ##p <
0.01 PTZ + vehicle vs. PFD300 + PTZ, PFD 300 + SVP + PTZ. (E)HMGB1, F (6,35) = 9.39, ***p < 0.001 Control vs. PTZ + vehicle, ##p < 0.01 PTZ + vehicle
vs. SVP + PTZ, ###p < 0.001 PTZ + vehicle vs. PFD300 + PTZ, PFD 300 + SVP + PTZ. (F) TLR4, F (6,35) = 18.9, ***p < 0.001 Control vs. PTZ + vehicle,
###p < 0.001 PTZ + vehicle vs. SVP + PTZ, PFD 200+ PTZ, PFD 300 + PTZ, PFD300 +SVP + PTZ.
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evaluated using ELISA kits. In the Vehicle + PTZ group, there was a
significant increase in the concentrations of IL-6 (p < 0.01), IL-1β
(p < 0.01), TGF-β (p < 0.01), TNF-α (p < 0.001), HMGB1 (p <
0.001), and TLR-4 (p < 0.001) in both the hippocampus and cortex
as compared to the control group. The PTZ-treated group did not
show a significant reduction in the levels of IL-6, IL-1β, TGF-β,
HMGB1, and TLR-4 in the hippocampus and cortex, except for
TNF-α, which was significantly reduced (p < 0.05) in both regions.
In contrast, all the mentioned cytokine levels were significantly
reduced in the hippocampus and cortex tissues of the PFD
300 mg/kg + PTZ and PFD + SVP + PTZ groups compared to
the Vehicle + PTZ group. In the PFD 200 mg/kg + PTZ group, the
levels of TNF-α and TLR-4 were significantly decreased in both the
hippocampus (p < 0.01) and cortex (p < 0.01, p < 0.001, respectively)
of kindled mice when compared with the Vehicle + PTZ
group. However, IL-1β levels were not significantly decreased in
the hippocampus and cortex of the SVP + PTZ group compared to

the Vehicle + PTZ group. Nevertheless, the concentrations of IL-6
(p < 0.05, p < 0.01), TNF-α (p < 0.001), HMGB1 (p < 0.05, p < 0.01),
and TLR-4 (p < 0.001) were significantly decreased in the
hippocampus and cortex of the SVP + PTZ group (Figures 8, 9).

4.9 Effects of pirfenidone administration on
neurotransmitters levels in
pentylenetetrazol-induced kindling in mice

The levels of GABA were significantly reduced in the Vehicle +
PTZ group (p < 0.001) compared to the control group. However, the
GABA concentration in the hippocampus significantly increased in
the PFD 200 mg/kg p.o + PTZ (p < 0.05) and PFD 300 mg/kg + PTZ
(p < 0.001) groups compared to the Vehicle + PTZ group. In the
cortex, the PFD 300 mg/kg p.o + PTZ group (p < 0.001) also
exhibited a significant increase in GABA levels compared to the

FIGURE 9
Effect of PFD on levels of IL-6, IL-1β, TNF-α,TGF-β, HMGB-1, and TLR-4 in the Hippocampus of the PTZ-induced kindled mice.Data were analyzed
by one-way ANOVA followed by Tukey’s multiple comparison tests (n = 6) and expressed as mean ± SEM, In Hippocampus (A) IL-6, F (6,35) = 3.96 **p <
0.01 Control vs. PTZ + vehicle #p < 0.05 PTZ + vehicle vs. SVP + PTZ, PFD 300 + PTZ, PFD 300 + SVP + PTZ, (B) IL-1β F (6,35) = 4.29 **p < 0.01 Control vs.
PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD300 + PTZ, ##p < 0.01 PTZ + vehicle vs. PFD 300 + SVP + PTZ. (C) TNF-&aacgr; F (6,35) = 13.8, ***p <
0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD100 + PTZ, ##p < 0.01 PTZ + vehicle vs. PFD200 + PTZ, ###p < 0.001 PTZ + vehicle vs.
SVP + PTZ, PFD 300 + PTZ, PFD 300 + SVP + PTZ. (D) TGF-β, F (6,35) = 4.70 **p < 0.01 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD300 +
PTZ, SVP+ PTZ, PFD 300 + SVP+ PTZ. (E)HMGB1, F (6,35) = 5.47, ***p < 0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. PFD300+ PTZ, SVP +
PTZ, ##p < 0.01 PTZ + vehicle vs. PFD 300 + SVP + PTZ. (F) TLR4, F (6,35) = 13.2, ##p < 0.01 PTZ + vehicle vs. PFD 200+ PTZ, ###p < 0.001 PTZ + vehicle
vs. SVP + PTZ, PFD 300 + PTZ, PFD300 +SVP + PTZ.
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Vehicle + PTZ group. Both the SVP + PTZ and PFD 300 mg/kg +
SVP + PTZ groups showed a significant increase in GABA levels (p <
0.001) in the hippocampus and cortex of kindled mice compared to
the Vehicle + PTZ group. Furthermore, glutamate levels in the
hippocampus and cortex were significantly increased in the Vehicle
+ PTZ group (p < 0.001) compared to the control group. However,
the PFD 300 mg/kg + PTZ group demonstrated a significant
decrease in glutamate levels (p < 0.05) in both the hippocampus
and cortex compared to the Vehicle + PTZ group. Additionally, the
SVP + PTZ (p < 0.05) and PFD 300 mg/kg + SVP + PTZ (p < 0.01)
groups also showed significant decreases in glutamate levels
compared to the Vehicle + PTZ group (Figures 10, 11).

4.10 Effects of pirfenidone administration on
liver enzyme levels in pentylenetetrazol-
induced kindling in mice

The levels of AST (p < 0.001) and ALT (p < 0.01) enzymes
were significantly increased in the Vehicle + PTZ group in
comparison to the control group. On the other hand,
administration of SVP + PTZ (p < 0.01), PFD 300 + PTZ (p <
0.01), and SVP + PFD 300 + PTZ (p < 0.01) significantly
decreased the level of AST in kindled mice. On the other
hand, SVP + PTZ (p < 0.01), PFD 100 + PTZ (p < 0.05), PFD
200 + PTZ (p < 0.05), PFD 300 + PTZ (p < 0.01) and SVP + PFD
300 + PTZ (p < 0.01) groups significantly decreased the levels of
the ALT of kindled mice in comparison to the vehicle + PTZ
group (Figure 12).

4.11 Effects of pirfenidone histopathological
analysis of pentylenetetrazol-induced
kindling in mice

The control group displayed normal histological features in
the CA1 region of the hippocampus and cortex, with no signs of
pyknosis, cellular disintegration, vacuolations, or apoptotic
changes, as observed with CV staining at ×400 magnification.
In contrast, the vehicle + PTZ group exhibited severe damage in
the CA1 region and cortex, characterized by significant cellular
disintegration, marked pyknosis, and degenerative changes (red
arrow). The PFD 100 + PTZ and PFD 200 + PTZ groups showed
moderate damage, with visible cellular disintegration and
pyknosis, though numerous healthy neurons (black arrow)
were present. In the PFD 300 + PTZ and SVP + PTZ groups,
damage was mild, with reduced cellular disintegration and
pyknosis. The PFD 300 + SVP + PTZ group demonstrated
minimal damage, indicating the protective effects of the
combined treatment (Figures 13, 14).

5 Discussion

The study investigated the effects of PFD on seizure activity,
cognition, oxidative stress, inflammatory markers, neurotransmitter
levels, and liver enzyme levels, in a PTZ-induced kindling model of
epilepsy. It was observed that higher doses of PFD (200 mg/kg and
300 mg/kg) increased the seizure threshold current (STC)
significantly during the ICES test, indicating a protective effect

FIGURE 10
Effect PFD on Levels of GABA in the Hippocampus and Cortex of the PTZ-induced kindled mice. Data were analyzed by one-way ANOVA followed
by Tukey’s multiple comparison tests (n = 6) and expressed as mean ± SEM, (A) GABA levels in Cortex F (6,35) = 12.1; ***p < 0.001 Control vs. PTZ +
vehicle, ###p < 0.001 PTZ + vehicle vs. SVP + PTZ, PFD 300 + PTZ, PFD300 + SVPQ20 + PTZ, and (B)GABA levels in Hippocampus F (6,35) = 13.9, ***p <
0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. SVP + PTZ, ###p < 0.001 PTZ + vehicle vs. SVP + PTZ, PFD 300 + PTZ, PFD300 + SVP
Q20 + PTZ.
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against seizures. This protection may be attributed to findings from
an in vivo study, where a single dose of PFD (325 mg/kg)
administered 90 min after KA (kainic acid) injection significantly

reduced neuronal loss specifically in the CA1 and CA3 areas of the
hippocampus. These results suggest that PFD may protect neurons
from excitotoxic damage associated with seizures (Castro-Torres

FIGURE 11
Effect PFD on Levels of Glutamate in the Hippocampus and Cortex of the PTZ-induced kindled mice. Data were analyzed by one-way ANOVA
followed by Tukey’s multiple comparison tests (n = 6) and expressed as mean ± SEM, (A) Glutamate levels in Cortex F (6,35) = 5.83; ***p < 0.001 Control
vs. PTZ + vehicle, #p < 0.05 PTZ + vehicle vs. SVP + PTZ, PFD 300 + PTZ, ##p < 0.01 PTZ + vehicle vs. PFD300 + SVP + PTZ and (B) Glutamate levels in
Hippocampus F (6,35) = 4.93 ***p < 0.001 Control vs. PTZ + vehicle, #p < 0.05 PTZ+ vehicle vs. SVP + PTZ, PFD 300+PTZ, ##p < 0.01 PTZ + vehicle
vs. PFD300 + SVP + PTZ.

FIGURE 12
The effect of Pirfenidone administration on levels of ALT and AST enzymes in PTZ-induced kindled mice. Data were analyzed by one-way ANOVA
followed by Tukey’s multiple comparison test (n = 6) and expressed as mean ± SEM. Results were considered significant with p-value ≤ 0.05. (A) presents
ALT levels, F (6,35) = 4.70 **p < 0.01 Control vs. PTZ + vehicle; #p < 0.05 PTZ + vehicle vs. PFD 100 + PTZ, PFD 200 + PTZ; ##p < 0.01 PTZ + vehicle vs.
SVP + PTZ, PFD 300 + PTZ, PFD 300 + SVP + PTZ. (B) presents AST levels, F (6,35) = 5.05 ***p < 0.001 Control vs. PTZ + vehicle; ##p < 0.01 PTZ +
vehicle vs. SVP + PTZ; PFD300 + PTZ; PFD300 + SVP + PTZ.
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et al., 2014). Seizures often lead to mitochondrial dysfunction, which
exacerbates neuronal damage and lowers seizure thresholds. PFD
may protect mitochondrial function by preventing oxidative
damage, thus preserving cellular energy balance and contributing
to an increased STC (Castro-Torres et al., 2015; Bozkurt et al., 2022).

The PTZ-induced kindling model is extensively used to
investigate the mechanisms of epilepsy and to evaluate the
efficacy of anticonvulsant drugs as it is favored for exploring
long-term neurochemical and structural changes in the brain
(Khatoon et al., 2021). Repetitive administration of a sub-
convulsive dose of PTZ (25 mg/kg, i.p.) led to chemical kindling,
resulting in the emergence of seizures resembling generalized tonic-
clonic seizures (Aleshin et al., 2023). SVP is among the most widely
used antiepileptic drugs and is proven to show anticonvulsant effects
in the PTZ model (Wang et al., 2020). In this study, PFD
administration reduced seizure severity significantly compared to
the PTZ + vehicle group. The exact mechanisms behind this increase
in STC and reduction in seizure severity may include the reduction
of inflammation and oxidative stress in the brain, which are key
contributors to seizure activity. PFD may induce protection against
seizures by increasing the brain’s resistance to seizure-inducing
stimuli, thereby making it more difficult for seizures to be
triggered (Bozkurt et al., 2022).

Oxidative stress, characterized by increased reactive oxygen
species (ROS) and lipid peroxidation, contributes significantly to
neuronal damage in epilepsy (Madireddy and Madireddy, 2023).
Elevated malondialdehyde (MDA) levels and reduced antioxidant

enzyme activity (SOD, catalase, and GSH) in the Vehicle + PTZ
group indicate increased oxidative stress. PFD treatment,
particularly at 300 mg/kg, effectively restored antioxidant profiles,
reducing MDA levels and enhancing antioxidant enzyme activities.
These findings are supported by studies demonstrating PFD’s
antioxidant properties in mitigating oxidative damage in various
models of neuroinflammation and tissue injury (Salazar-Montes
et al., 2008; Dutta et al., 2017; Aimo et al., 2022; Bozkurt et al., 2022).
By enhancing antioxidant defenses, PFD may prevent ROS-induced
excitotoxicity and protect against mitochondrial dysfunction,
thereby preserving neuronal function (Dutta et al., 2017).

Acetylcholinesterase (AChE) plays a critical role in regulating
cholinergic transmission, which is essential for neuronal excitability
and cognitive function (Komali et al., 2021). Elevated AChE activity,
often observed in epilepsy, disrupts cholinergic signaling by
accelerating acetylcholine hydrolysis, leading to increased
neuronal excitability and cognitive impairments such as memory
and learning deficits (Alyami et al., 2022). In this study, PFD
significantly reduced AChE activity in the hippocampus and
cortex, thereby preserving acetylcholine levels and improving
cognitive outcomes, as evidenced by enhanced performance in
behavioral tasks like passive avoidance and elevated plus maze
tests. Additionally, PFD’s antioxidant properties may contribute
to this effect by mitigating oxidative stress, a known contributor to
cholinergic dysfunction in epilepsy (Evani et al., 2020). Oxidative
stress can impair cholinergic neurons, further increasing AChE
activity and aggravating cognitive deficits (Madireddy and

FIGURE 13
Microscopic examination of the cortical tissue samples using ×400 magnification using cresyl violet dye indicating neuronal damage (n = 3) (A)
Control (B) PTZ + Vehicle (C) SVP + Vehicle (D) PFD 100 + PTZ (E) PFD 200 + PTZ (F) PFD 300 + PTZ (G) PFD 300 + SVP + PTZ. (A) Control: Black arrows
indicate a normal histological appearance of the CA1 region of the cortex, with no signs of pyknosis, cellular disintegration, vacuolations, or apoptotic
changes observed. (B) Vehicle + PTZ: The section shows a severely damaged CA1 region of the cortex with extensive cellular disintegration, marked
pyknosis, and degenerative changes (red arrow), indicating significant neuronal damage. (C) SVP (200 mg/kg) + PTZ: The section reveals a minimally
damaged CA1 region of the cortex with minimal cellular disintegration, mild pyknosis, and degenerative changes (red arrow). Numerous healthy neurons
(black arrow) are still visible, indicating partial neuroprotection by SVP. (D) PFD (100mg/kg) + PTZ: The section displays amoderately damagedCA1 region
of the cortex with moderate cellular disintegration, marked pyknosis, and degenerative changes (red arrow). However, numerous healthy neurons (black
arrow) are also present, indicating limited neuroprotection at this dose. (E) PFD (200mg/kg) + PTZ: The section shows mildly damaged CA1 region of the
cortex, similar to the 100 mg/kg dose, with moderate cellular disintegration, marked pyknosis, and degenerative changes (red arrow). Numerous healthy
neurons (black arrow) are still visible. (F) PFD (300 mg/kg) + PTZ: The section shows minimally damaged CA1 region of the cortex, with mild cellular
disintegration, pyknosis, and degenerative changes (red arrow). Numerous healthy neurons (black arrow) are present, suggesting significant
neuroprotection at this higher dose. (G) PFD (300 mg/kg) + SVP (200 mg/kg) + PTZ: The section shows a minimally damaged CA1 region of the cortex,
with minimal cellular disintegration, mild pyknosis, and degenerative changes (red arrow). Numerous healthy neurons (black arrow) are observed,
indicating a synergistic neuroprotective effect when PFD (300 mg/kg) is combined with SVP (200 mg/kg).
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Madireddy, 2023). Previous studies have shown that reducing AChE
activity not only improves cognitive performance but also stabilizes
neuronal excitability, thereby offering neuroprotective effects in
epilepsy (Komali et al., 2021; Alyami et al., 2022).

Epilepsy is often accompanied by cognitive deficits, primarily due to
hippocampal dysfunction and neuroinflammation (Novak et al., 2022).
Behavioral tests such as transfer latency in the elevated plus maze and
step-down latency in the passive avoidance test demonstrated that PFD,
particularly at 300 mg/kg, significantly improved both acquisition and
retention latency. This suggests enhanced memory retention and
preserves cognitive function. Such improvements align with
reductions in pro-inflammatory cytokines (IL-6, TNF-α, IL-1β, and
HMGB1) and oxidative markers observed in this study.

Neuroinflammation disrupts hippocampal plasticity, impairing
spatial learning and memory (Suleymanova, 2021). PFD’s ability to
reduce cytokines like HMGB1 and TLR-4 likely stabilized the
neuronal microenvironment, supporting hippocampal function.
Furthermore, the restoration of GABA and reduction of
glutamate levels in the hippocampus and cortex may have
alleviated cognitive impairments, consistent with prior research
linking GABAergic dysfunction and glutamate excitotoxicity to
cognitive decline in epilepsy on mice model of cognitive
dysfunction (Zhu et al., 2020; Zhou et al., 2022).

PFD administration significantly reduced pro-inflammatory
cytokines such as IL-1β, IL-6, and TNF-α, in the hippocampus

and cortex, likely due to its ability to inhibit the release of these pro-
inflammatory cytokines, which are known to enhance neuronal
excitability and promote seizures, while simultaneously enhancing
the production of anti-inflammatory cytokines like IL-10 (Soltani
Khaboushan et al., 2022). Although data on PFD treatment for
neurological disorders is limited, there is evidence from other studies
that PFD has demonstrated protective effects against silica-induced
lung injury, where it reduced the release of pro-inflammatory
cytokines such as TNF-α, IL-1β, and IL-6 in mice (Cao et al.,
2022) Additionally, PFD reduced levels of IL-1β and IL-18 in
animal models of pulmonary hypertension by suppressing the
NOD-like pyrin domain-containing protein 3 (NLRP3)
inflammasome (Brunet et al., 2022). This mechanism is especially
pertinent to neurological disorders, where the activation of the
NLRP3 inflammasome, along with pro-IL-1β, can trigger
TLR4 activation. This, in turn, initiates NF-κB signaling, which
drives the transcription of NF-κB-dependent genes in the nucleus
evident in epilepsy animal models (Liu et al., 2017; Sharawy and
Serrya, 2020; Cai and Lin, 2022).

In recent studies, PFD has been identified as a significant
modulator of the HMGB1/TLR4 signaling axis, which is crucial
in regulating neuroinflammation and neuronal plasticity (Zhao
et al., 2014). In murine models of acute pancreatitis, PFD
treatment resulted in reduced serum levels of HMGB1 and
C-reactive protein (Palathingal Bava et al., 2022), two

FIGURE 14
Microscopic examination of the hippocampal tissue samples using ×400magnification using cresyl violet dye indicating neuronal damage (n = 3) (A)
Control (B) PTZ + Vehicle (C) SVP + Vehicle (D) PFD 100 + PTZ (E) PFD 200 + PTZ (F) PFD 300 + PTZ (G) PFD 300 + SVP + PTZ. (A) Control: Black arrows
indicate a normal histological appearance of the CA1 region of the hippocampus, with no signs of pyknosis, cellular disintegration, vacuolations, or
apoptotic changes observed. (B) Vehicle + PTZ: The section shows a severely damaged CA1 region of the hippocampus with extensive cellular
disintegration, marked pyknosis, and degenerative changes (red arrow), indicating significant neuronal damage. (C) SVP (200 mg/kg) + PTZ: The section
reveals a minimally damaged CA1 region of the hippocampus with minimal cellular disintegration, mild pyknosis, and degenerative changes (red arrow).
Numerous healthy neurons (black arrow) are still visible, indicating partial neuroprotection by SVP. (D) PFD (100 mg/kg) + PTZ: The section displays a
moderately damaged CA1 region of the hippocampus with moderate cellular disintegration, marked pyknosis, and degenerative changes (red arrow).
However, numerous healthy neurons (black arrow) are also present, indicating limited neuroprotection at this dose. (E) PFD (200 mg/kg) + PTZ: The
section shows a mildly damaged CA1 region of the hippocampus, similar to the 100 mg/kg dose, with moderate cellular disintegration, marked pyknosis,
and degenerative changes (red arrow). Numerous healthy neurons (black arrow) are still visible. (F) PFD (300mg/kg) + PTZ: The section shows minimally
damaged CA1 region of the hippocampus, with mild cellular disintegration, pyknosis, and degenerative changes (red arrow). Numerous healthy neurons
(black arrow) are present, suggesting significant neuroprotection at this higher dose. (G) PFD (300mg/kg) + SVP (200mg/kg) + PTZ: The section shows a
minimally damaged CA1 region of the hippocampus, with minimal cellular disintegration, mild pyknosis, and degenerative changes (red arrow).
Numerous healthy neurons (black arrow) are observed, indicating a synergistic neuroprotective effect when PFD (300 mg/kg) is combined with
SVP (200 mg/kg).
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inflammatory markers that have been linked to poor outcomes in
clinical studies of epilepsy (Zhong et al., 2019; Chen et al., 2023a).
Similarly, in this study, the PFD administration effectively
suppressed the levels of HMGB1 and TLR-4 in the hippocampus
and cortex in a dose-dependent manner in comparison to the
control group. This suppression is particularly important because
HMGB1, when released extracellularly, binds to TLR4 and activates
downstream pro-inflammatory pathways, including MAPK. These
pathways subsequently lead to the increased production of growth
factors such as TGF-β, which are known to exacerbate
neuroinflammatory responses, disrupt the BBB, and contribute to
the onset of seizures (Zhang et al., 2017). The ability of PFD to
modulate TGF-β and other cytokines involved in inflammation, as
observed in this study, suggests that it can stabilize the neuronal
environment by reducing excitatory conditions that might lead to
seizures. By inhibiting the activity of TGF-β and reducing its levels,
PFD potentially diminishes the inflammatory response, thereby
mitigating the harmful effects associated with epilepsy. This effect
could be attributed to the reduction of HMGB1/TLR4 signaling,
which dampens the inflammatory response and leads to a lower
production of TGF-β (Zhang et al., 2017). Simultaneously, the
HMGB1/TLR4 axis can influence the Smad signaling pathway,
which is required for the downstream effects of TGF-β.
Inhibiting HMGB1/TLR4 signaling may reduce the
phosphorylation and activation of Smad2/3, thereby decreasing
TGF-β signaling and its associated effects. This inhibition may
help to stabilize the neuronal environment, reduce the likelihood
of seizures, and protect against seizure-induced neuronal damage
(Song et al., 2021; Chen et al., 2023b).

The GABAergic system, responsible for inhibitory
neurotransmission, is also adversely affected by the activation of
TLR4 signaling. Activation of TLR4 by HMGB1 leads to a decrease
in GABA synthesis and postsynaptic GABA receptor activity,
contributing to the imbalance between excitation and inhibition
in the brain. This imbalance promotes neuroinflammation and
neurodegeneration, both of which are critical factors in the
development and exacerbation of epilepsy (Yan et al., 2015).
Elevated extracellular glutamate levels can lead to
hyperexcitability of neurons, which is a key factor in the
initiation and propagation of seizures. Studies have shown that
during seizures, there is often a significant increase in extracellular
glutamate concentrations, which can reach neurotoxic levels, further
exacerbating the excitatory environment in the brain (During and
Spencer, 1993). A reduction in GABA levels can lower the threshold
for seizure generation, as the inhibitory control over neuronal firing
is diminished. This decrease in GABAergic inhibition is a critical
factor in seizure development, especially when combined with
elevated glutamate levels (Ueda et al., 2001). It was observed that
PFD administration significantly increased GABA levels and
decreased glutamate levels compared to the control
group. Additionally, under pathological conditions, excessive
glutamate release and impaired clearance can lead to
excitotoxicity, a key contributor to neuronal damage and seizure
activity. HMGB1 release in response to glutamate-induced
excitotoxicity further activates TLR4, amplifying the
inflammatory response and neuronal damage, creating a vicious
cycle of neuroinflammation and excitotoxicity. PFD’s role in
reducing HMGB1 and TLR4 levels may interrupt this cycle,

reducing glutamate levels and protecting neurons from
excitotoxic damage. This reduction in extracellular glutamate,
coupled with the preservation of GABA levels, is crucial for
lowering the threshold for seizure generation and maintaining
neuronal stability. The ability of PFD to reduce HMGB1 and
TLR4 levels could help preserve GABAergic transmission,
thereby restoring the balance between excitatory and inhibitory
neurotransmission, which is essential for controlling seizure
activity (Zou and Crews, 2015).

Certain AEDs are known to cause hepatotoxicity, which can
range from mild, transient elevations in liver enzymes to severe liver
injury leading to acute liver failure. Among these, phenytoin, SVP,
and carbamazepine are particularly associated with liver toxicity.
These ASMs undergo extensive hepatic metabolism, which can
result in the formation of toxic metabolites that contribute to
liver injury (Vidaurre et al., 2017). In this study, it was observed
that PFD effectively reduced elevated AST and ALT levels,
suggesting a protective effect on liver function. In an
investigation into the effects of PFD on D-galactosamine and
lipopolysaccharide-induced acute hepatotoxicity in rats, PFD
significantly reduced the elevated ALT and AST levels (Wang
et al., 2008). Similarly, in a study on liver fibrosis induced by
carbon tetrachloride (CCl4) in mice, PFD treatment resulted in a
marked decrease in ALT and AST levels, highlighting its
effectiveness in mitigating liver damage associated with fibrosis
(Xiao et al., 2016). Further supporting these findings, a study on
experimental liver cirrhosis demonstrated that PFD treatment
significantly reduced ALT and AST levels in cirrhotic rats, along
with a decrease in other markers of liver damage (García et al., 2002).
Additionally, in patients with chronic hepatitis C, long-term
treatment with PFD was associated with a trend toward
normalization of ALT and AST levels and improvements in other
liver function indicators (Flores-Contreras et al., 2014).

Histopathological analysis confirmed PFD’s neuroprotective
effects. In the vehicle + PTZ group, severe neuronal damage was
observed in both the hippocampus and cortex, characterized by
pronounced pyknosis, cellular disintegration, and degenerative
changes. Severe neuronal damage, including pyknosis and cellular
disintegration, observed in the Vehicle + PTZ group was
significantly alleviated in PFD-treated groups, particularly at
300 mg/kg. These findings are consistent with studies
demonstrating PFD’s ability to preserve neuronal architecture in
models of neuroinflammation and excitotoxicity (Dutta et al., 2017;
Bozkurt et al., 2022). PFD treatment, particularly at the 300 mg/kg
dose, significantly alleviated these histopathological abnormalities.
The hippocampus and cortex of PFD-treated animals exhibited a
reduction in pyknosis and cellular disintegration, with more
preserved neuronal architecture compared to the vehicle + PTZ
group. This protective effect was most pronounced in the PFD
300 mg/kg + SVP combination group, which showed minimal
neuronal damage, suggesting a potential synergistic effect
between PFD and SVP. The preservation of hippocampal and
cortical neurons likely contributed to improved cognitive
outcomes and reduced seizure severity. Additionally, the
combination of PFD with SVP showed minimized neuronal
damage, indicating potential combinatory benefits in epilepsy
treatment. The histopathological findings corroborate the
biochemical and behavioral results of this study. Additionally, by
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reducing pro-inflammatory cytokines and modulating antioxidant
enzyme activity, PFD likely stabilizes the neuronal
microenvironment, preserving structural integrity in the
hippocampus and cortex.

Due to these properties, PFD has also shown possible benefits
during the secondary phase of Traumatic brain injury, where
neuroinflammation causes worsening neurological outcomes. It
was observed that PFD reduced neuroinflammation by decreasing
levels of neuron-specific enolase (NSE) and S100B (biomarkers of
brain injury) and improved neurological outcomes in the Garcia test
(Bozkurt et al., 2022). Similarly, administration of PFD in patients
with secondary progressive multiple sclerosis (SPMS) has been
shown to stabilize or even improve neurological functions over
up to 2 years. Patients treated with PFD had fewer relapses and
showed improvement in bladder function, another common
symptom of epilepsy where loss of bladder control is observed
(Walker et al., 2005). This suggests that PFD may reduce
cognitive and physical dysfunction and slow the progression of
neurological disabilities by mitigating inflammation and oxidative
stress (Walker et al., 2005). Relatively, similar results where PFD’s
anti-inflammatory activity has been assessed in various organ
systems, including the heart (Aimo et al., 2022) kidneys (Bai
et al., 2021) liver (Escutia-Gutiérrez et al., 2021) and lungs
(Ruwanpura et al., 2020).

While the present study demonstrates the anticonvulsant,
neuroprotective, and cognitive-enhancing effects of pirfenidone
(PFD) in a PTZ-induced kindling model of epilepsy, it is
important to acknowledge the limitation of not evaluating the
long-term effects of PFD treatment. Chronic epilepsy
management requires sustained efficacy and safety over extended
durations, particularly concerning cognitive outcomes and seizure
control. The current findings provide critical insights into the acute
and sub-chronic effects of PFD; however, further investigations are
necessary to determine its potential as a chronic therapeutic agent.

This study provides evidence of PFD anticonvulsant and
neuroprotective effects in the PTZ-induced kindling model of
epilepsy The 6-week treatment period was sufficient to
demonstrate significant improvements in seizure control,
cognitive performance, and biochemical modulation, establishing
a strong foundation for PFD’s therapeutic potential. The study also
observed the modulation of the HMGB1/TLR4 pathway as a key
mechanism of PFD’s effects, supported by reductions in pro-
inflammatory markers. Additionally, the evaluation of three doses
(100, 200, and 300 mg/kg) demonstrated that 300 mg/kg was the
most effective, suggesting a strong dose-response relationship.

However, this study did not explore the long-term effects of
PFD, which are essential for chronic conditions like epilepsy.
Investigating its sustained efficacy, safety, and cognitive benefits
over extended durations remains a vital next step. Future studies
should focus on assessing the long-term impact of PFD through
chronic treatment regimens in animal models, incorporating
neurobehavioral assessments, biochemical analyses, and
histopathological evaluations over extended timeframes.
Additionally, studies exploring the molecular mechanisms
underlying the sustained modulation of neuroinflammation,
oxidative stress, and neurotransmitter balance by PFD would
provide a deeper understanding of its therapeutic potential.
Simultaneously, expanding the dose range and use of placebo in

future studies could further refine the therapeutic index and
optimize clinical translation. Lastly, while male mice were used to
reduce variability and focus on establishing baseline efficacy, future
studies should include both sexes to evaluate potential gender-
specific responses to PFD.

6 Conclusion

PFD exhibited significant anti-inflammatory,
anticonvulsant, and neuroprotective effects in a PTZ-induced
kindling model of epilepsy. It effectively reduced seizure
severity, enhanced cognitive performance, and modulated
oxidative stress by decreasing malondialdehyde (MDA) levels
and boosting antioxidant enzymes (SOD, catalase, GSH).
Additionally, PFD’s ability to reduce pro-inflammatory
cytokines and modulate neurotransmitter levels suggests a
protective role in mitigating neuroinflammation and
excitotoxicity, both of which are critical in the pathogenesis
of epilepsy. Furthermore, PFD displayed hepatoprotective
properties by reducing elevated liver enzyme levels,
indicating its potential safety in long-term use.
Histopathological analysis confirmed its neuroprotective role,
preserving hippocampal and cortical integrity. These findings
indicate that PFD holds potential as an adjunct therapy for
epilepsy. However, additional research is necessary to
investigate its long-term effectiveness, safety, and
applicability across various epilepsy models and its potential
for clinical use.
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Background: Parkinson’s disease (PD) is the second most prevalent neurological
disorder, characterized bymotor symptoms such as tremor and rigidity due to the
degeneration of dopaminergic neurons in the substantia nigra. This study
investigates the formulation of quercetin, a natural bioflavonoid with potent
antioxidant and anti-inflammatory properties, as niosomes for intranasal
delivery to enhance its bioavailability and therapeutic potential for PD.

Methods: The niosomal formulation was optimized for critical parameters
including particle size, entrapment efficiency, and zeta potential. Male Wistar
rats were utilized to assess the effects of quercetin-loaded niosomes on motor
function, dopaminergic neuron protection, and oxidative stress alleviation.

Results: The optimized niosomal formulation exhibited a particle size of 195 nm, a
polydispersity index (PDI) of 0.29, a zeta potential (ZP) of −30.63 mV, and an
entrapment efficiency (EE) of 82.77%. In vivo evaluations conducted using the
haloperidol-induced PD model revealed significant enhancements in
behavioural, biochemical, and histopathological outcomes when compared to
both disease controls and the standard treatment group. Additionally, short-term
stability tests confirmed the robustness of the formulation.

Conclusion: The findings suggest that the quercetin-loaded niosomal
formulation offers improved drug delivery and efficacy, indicating its potential
as a superior treatment option for PD compared to conventional dosage forms.
This approach may pave the way for enhanced therapeutic strategies targeting
the neurodegenerative processes underlying Parkinson’s disease.

KEYWORDS

biochemical assay, intranasal, niosomes, Parkinson disease, quercetin

1 Introduction

Parkinson’s disease (PD) ranks as the second most common neurodegenerative disorder,
primarilymanifesting through hallmarkmotor symptoms such as tremor, bradykinesia, postural
instability, and rigidity, with non-motor symptoms including sleep disturbances, olfactory
deficits, cognitive impairments, and depression often predating the motor manifestations
(Madiha et al., 2021). The neuropathological underpinnings of PD involve progressive
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degeneration of dopaminergic neurons within the substantia nigra pars
compacta, culminating in a marked dopamine (DA) deficit in the
striatum. This dopaminergic depletion, coupled with alterations in
other monoamines (e.g., serotonin, norepinephrine), drives the
symptomatic profile of PD, both motor and non-motor (Madiha
et al., 2021). Although PD’s etiology remains largely enigmatic,
evidence implicates genetic mutations, environmental toxins, oxidative
stress, mitochondrial impairment, and neuroinflammation in its
pathogenesis (Madiha et al., 2021). Current therapeutic strategies are
primarily symptomatic, leveraging dopaminergic agents like levodopa,
whose efficacy, however, wanes over time and is often accompanied by
adverse effects (Jiang et al., 2023; Mitsuboshi et al., 2022).

Quercetin, a polyphenolic bioflavonoid widely distributed in fruits
and vegetables, exhibits potent antioxidant and anti-inflammatory
properties, offering a promising neuroprotective potential for PD
management (Wrobel-Biedrawa et al., 2022; Grewal et al., 2021). It
is known to neutralize reactive oxygen species (ROS), bolster
endogenous antioxidant defenses, and modulate inflammatory
cascades, presenting an ideal candidate for neuroprotection (Wrobel-
Biedrawa et al., 2022). Additionally, quercetin has shown efficacy in
curbing α-synuclein aggregation, a pathological hallmark associated
with neurodegeneration in PD (Grewal et al., 2021). However, quercetin
is categorized in a Biopharmaceutical Classification System (BCS) as
Class IV (Sirvi et al., 2022) compound, indicating poor solubility and
permeability. These limitations significantly impede its therapeutic
potential, necessitating innovative formulation strategies to enhance
its bioavailability. Niosomal encapsulation offers a promising approach,
as it can improve Quercetin’s solubility and permeability, thus
optimizing its delivery and bioefficacy in PD models (Madiha et al.,
2021; Nirmal et al., 2010). Preclinical studies corroborate quercetin’s
ability to ameliorate motor function, preserve dopaminergic neurons,
and mitigate oxidative stress in PD animal models (Grewal et al., 2021).
However, transitioning these findings into clinical settings demands
further research, particularly in optimizing deliverymethods to improve
quercetin‘s therapeutic viability (Nirmal et al., 2010).

Niosomes, composed of a nonionic surfactant shell and an aqueous
core, exhibit enhanced chemical and physical stability over liposomes,
making them suitable for diverse drug delivery applications (Rajoria and
Gupta, 2012). Given their versatility, niosomes are particularly
advantageous for nasal delivery, boasting compatibility with both
hydrophilic and lipophilic drugs, high biocompatibility, low toxicity,
and enhanced permeability across biological membranes. These
attributes render niosomes an appealing carrier for quercetin,
enhancing its stability and membrane penetration capabilities,
particularly when incorporated into an intranasal delivery system
(Elkomy et al., 2023). The intranasal delivery of quercetin-loaded
niosomal in situ gel offers direct central nervous system (CNS)
access via the olfactory and trigeminal pathways, minimizing
systemic side effects (Gastrointestinal Irritation, Hepatotoxicity,
Renal Stress) while enhancing bioavailability. Moreover, an in situ
mucoadhesive gel can facilitate prolonged nasal residence time, thereby
augmenting drug absorption and therapeutic outcomes (Hu et al., 2022;
Teaima et al., 2022).

Previous attempts to utilize quercetin in Parkinson’s disease
treatment have involved various formulations; (Acıkara et al., 2022;
Tamtaji et al., 2020); however, these have often been limited by low oral
bioavailability and a lack of targeted brain delivery. In this study, we
have developed an intranasal in situ gel formulation of quercetin that is

designed to bypass these limitations, offering direct brain targeting and
enhanced bioavailability. This approach leverages the intranasal route to
facilitate efficient drug delivery to the central nervous system, potentially
improving therapeutic outcomes for Parkinson’s patients.

2 Materials and methods

A pure sample of Quercetin was sourced from Kemphasol,
Mumbai, India with haloperidol provided as a gift sample by Vamsi
Labs Ltd., and L-dopa procured from Otto Chemicals, India.
Cholesterol was obtained from Loba Chemie, while dialysis
membranes (molecular weight cutoff range 12,000–14,000 g/mole)
and dialysis tubing were sourced from Hi-Media Laboratories,
Mumbai, India. Poloxamer 407 (P407) and benzalkonium chloride
were procured from Sigma Aldrich Pvt. Ltd., Mumbai, India.

2.1 Preparation of niosomes

Niosomes were formulated via the ethanol injectionmethod. A fixed
amount of Quercetin, along with varying ratios of Span (Sp) and
cholesterol (CH) as shown in Table 1, was dissolved in 10 mL of
ethanol. The organic solution was subsequently injected into 10 mL of
Type 1 Millipore water using a 22-gauge needle attached to an injection
pump, maintaining a constant flow rate of 20 drops per minute. The
resultantmixture was stirredmagnetically at 65°C on a hotplatemagnetic
stirrer (MS-H550-Pro, Medfuture Biotech Co., Jinan, China) for 1 hour,
ensuring complete ethanol evaporation, leading to niosome formation. To
achieve smaller particle sizes, the dispersion underwent ultrasonic probe
sonication for 5 min at a 30% pulse rate (Glascock et al., 2011).

2.2 Experimental design

The DesignExpert® software (version 13, Stat-Ease Inc.,Minneapolis,
MN, United States) was employed to create a three-factor, three-level (3³)
Box-Behnken Design (BBD) with five center points, resulting in
17 experimental runs as depicted in Table 1. This design, favored for
its efficiency in generating higher-order response surfaceswith fewer runs,
was used to optimize Quercetin -loaded niosomes with Span 60 (X1),
Cholesterol (X2), and Sonication time (X3) as independent variables. The
response variables included particle size (Y1), entrapment efficiency (Y2),
and zeta potential (Y3) (Eid et al., 2022). Optimization utilized constraints
aimed at maximizing nasal membrane permeation, minimizing particle
size, and enhancing entrapment efficiency to increase payload capacity.
The batch with the highest desirability was selected as the optimized
formulation. Factor levels were selected by preliminary studies to
maximize entrapment efficiency in niosomal dispersions (Elkomy
et al., 2022; Elkomy et al., 2017).

2.3 Characterization of quercetin-loaded
niosomal dispersion

2.3.1 Determination of PS, ZP, and PDI
Particle size, PDI and Zeta potential values of Quercetin loaded

niosomes were measured physicochemically using the dynamic light

Frontiers in Pharmacology frontiersin.org02

Revankar et al. 10.3389/fphar.2024.1519649

239

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1519649


scattering technique in accordance with standard protocols. The
Nano ZSU3100 (Malvern Instruments, United Kingdom) was the
instrument used for this assessment. The niosomes suspensions
were combined with Millipore water type 1 (1:10), The assessment
was carried out at room temperature, which was 25°C ± 0.5°C
(Teaima et al., 2022). The triplicate mean ± SD was used to
report the results.

2.3.2 Determination of entrapment efficiency
The EE% of QUE-loaded niosomes was determined indirectly by

calculating the difference between the total amount of quercetin
incorporated into formulation and the amount that remained in the
supernatant after separating the prepared vesicles by centrifugation
at 15,000 rpm for 1 h at 4 °C using cooling centrifuge. The
concentration of free quercetin was measured
spectrophotometrically by measuring the ultraviolet (UV)

absorbance, at λ max 256 nm (Shilakari Asthana et al., 2016).
Drug EE% was calculated according to the following equation.

EE � Total amount of drug added –Amount of drug in supernant
Total amount amount of drug added

× 100

2.3.3 Morphological analysis by transmission
electron microscopy (TEM)

To perform Transmission Electron Microscopy (TEM) analysis
using the TECNAI G2 SPIRIT BIOTWIN, dilute 0.5 μL of the
sample with 4.0 mL of distilled water. Pipette 0.2 μL of the diluted
sample onto a 200-mesh copper-carbon grid. Stain the grid with 2%
Phosphotungstic Acid (PTA) and let it dry at room temperature.
Place the dried grid into the TEM sample holder. Use the Tecnai
Imaging and Analysis software to capture images and perform
measurements.

TABLE 1 Formulation design parameters for the optimization of Quercetin-loaded niosomes using box-behnken design.

Independent variables

Span 60 (mg) 30 45 60

Cholesterol (mg) 20 30 10

Sonication time (Mins) 5 10 15

Dependent variables

Particle size Minimum

%Entrapment efficiency Maximum

Zeta potential In range

FIGURE 1
Schematic description of the experimental plan.
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2.3.4 In vitro release study
In vitro release of niosomes suspension was carried out by

dialysis bag method. A dialysis sac was washed and soaked in
distilled water. Vesicle suspension was pipetted into a bag made
up of tubing and sealed followed by placing the dialysis bag into a
beaker containing 90 mL of PBS pH. The vessel was placed over
magnetic stirrer (50 rpm) and the temperature was maintained at
37+C ± 0.5+C. Samples were withdrawn at predetermined time
intervals and immediately replaced with the fresh medium to
maintain the sink condition throughout experiment. Samples
were diluted and analyzed for drug content by using UV/visible
spectrophotometer at 256 nm (Schmolka, 2014).

2.3.5 Stability studies of optimized formulation
To determine the stability of the optimized niosomes, short

term stability studies were conducted in compliance with ICH
GCP guidelines. The prepared formulation was stored in glass
vials within a humidity-controlled oven maintained at a
temperature of 25 ± 2°C and relative humidity of 65% ± 5%.
Additionally, it was refrigerated at 4 ± 2°C with relative humidity
of 65% ± 5%. At regular intervals 0, 30 and 90 days, a sample was
taken for analysis.

2.3.6 Formulation of in situ nasal gel of quercetin
loaded niosomes

To enhance the formulation, optimized niosomes were
incorporated into an in situ gel to extend nasal residence time,
improve physical stability, and increase patient acceptability. The

thermosensitive in situ gel was prepared using a modified cold
method, where the gelling agent poloxamer 407 was dispersed
within the optimized niosomal dispersion. The formulation was
stored at 4°C for further study. The in situ gel’s characteristics were
assessed, including flowability, pH, viscosity, transparency, gelation
temperature, gelation time, and in vitro drug diffusion properties
(Galgatte et al., 2014).

2.4 Evaluation of niosomal in situ gel

2.4.1 Determination of pH
The pH of niosomal in situ gel was determined by digital

pH meter. 1 gm of gel was placed in distilled water (25 mL) and
the pH was measured using pH meter.

2.4.2 Determination of flowability of niosomal in
situ gel

Test tube inversion method was used to determine the
Transition of sol to gel of the niosomal in situ gel (NIG). NIG
(2 mL) was transferred to a test tube, covered with paraffin and then
inverted. It was maintained at 32°C in the water bath at a steady
temperature and the flowability of the sample was analysed (Afreen
et al., 2022).

2.4.3 Determination of viscosity
The viscosity of the prepared gel formulations was assessed

using a Brookfield DV-II Pro Plus viscometer equipped with a

TABLE 2 Experimental design for formulations based on the box-behnken design (33).

Run Factor 1
A: Span
60 in mg

Factor 2
B: Cholesterol
in mg

Factor 3
C:Sonication
time

Response
1 PS (nm)

Response
2 EE (%)

Response
3 ZP (mV)

1 30 20 10 155 68 −22

2 30 30 15 165 75 −26.8

3 30 40 10 220 84 −35

4 30 30 5 220 84.2 −22

5 45 30 10 170 76 −23

6 45 30 10 220 78 −26.49

7 45 30 10 195 81 −24.7

8 45 30 10 220 80 −29.4

9 45 40 15 210 81.7 −28.9

10 45 20 15 142 60 −34

11 45 20 5 170 68.9 −19.4

12 45 30 10 201 83 −18

13 45 40 5 276 81.8 −29.4

14 60 30 5 215 70.36 −33

15 60 40 10 180 83 −39

16 60 30 15 200 70.4 −25.8

17 60 20 10 128 71 −17.8
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T-bar spindle. Viscosity measurements were performed across
various temperatures and shear rates. To examine temperature-
dependent behavior, the formulation was subjected to a
constant shear rate within a temperature range of 25°C–40°C.
The viscosity of the sol state was measured at room temperature
(25°C) using spindle L2, while gel state measurements were
conducted at nasal temperature (34°C) using spindle L3, due to
the observed increase in viscosity. Viscosity values were
calculated as the mean of three replicates to ensure accuracy
(Afreen et al., 2022).

2.4.4 In vitro drug diffusion study
The Franz diffusion system was used to measure the drug release

from a gel using a cellophane dialysis membrane. Before beginning
the experiment, cellophane membrane fragments were placed and
soaked in a receptor medium of phosphate buffer at pH 6.4 for
2 hours. The cellophane membranes, with effective permeation areas
of 2 × 2 cm2, were then stationed onto the Franz diffusion cells. The
donor compartment was filled with 2.5 mg (200 μL) of quercetin-
loaded niosomal gel, while the receptor compartment was filled with
12 mL of PBS at pH 6.4. The experiment was carried out at a

FIGURE 2
(A) Response surface plot depicting the effect of span 60 concentration (a), cholesterol (b), and sonication time (c) on particle size. (B) Contour and
response surface plot showing the influence of span 60 concentration (a), cholesterol (b), and sonication time (c) on entrapment efficiency. (C) Contour
and response surface plot depicting the effect of span 60 concentration (a), cholesterol (b), and sonication time (c) on zeta potential.
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temperature of 34°C ± 1°C with constant stirring. An aliquot of
0.5 mL was taken from the receptor compartment at different time
intervals: 0.5, 1, 2, 4, 6, 8, 12, and 24 h. The samples were
appropriately diluted and analyzed at 256 nm using UV-Visible
spectroscopy. The in vitro release experiments were analyzed
kinetically using different mathematical models, including Zero
order, First order, Korsmeyer–Peppas, Higuchi and Hixson
Crowell, to determine the goodness of fit in terms of R2 values
(Saleem et al., 2021).

2.4.5 In vivo pharmacodynamic study design
The study protocol was reviewed and approved by the

Institutional Animal Ethical Committee of KLE COP, Belagavi
(accession number: 221/Po/Re/S/2000/CPCSEA) Male Wistar rats
weighing 150–200 g were used in the experiment and were
categorized into 4 groups having 6 animals in each group. The
rats were divided into four groups, each consisting of six rats.

1. Normal group: Received food and water only.
2. Control group: Administered Haloperidol at 1.25 mg/kg via

intraperitoneal injection (i.p.) for 21 days.
3. Standard group: Given Haloperidol at 1.25 mg/kg (i.p.) in

combination with L-dopa at 10 mg/kg for 21 days.
4. Niosomal In situ gel group: Treated with Haloperidol at

1.25 mg/kg (i.p.) for 21 days along with Quercetin
(niosomes in situ gel) intranasally (0.5 mL) for 21 days.

Quercetin niosomal in situ gel was administered intranasally at a
dose of 10 mg/kg. L-dopa (standard) was administered
intraperitoneally (I.P.) at a dose of 10 mg/kg. The animals were
trained using the rotarod, actophotometer, balance beam, and
catalepsy tests for acquisition. After administering the test agents,

changes in latency were examined on the 7th (first dose), 14th, and
21st days. Twenty-five days after the last dose, the normal, control,
standard, and treatment groups were euthanized, and their brains
were removed for further histopathological and biochemical
estimations, including reduced GSH, MDA, and SOD
(Shrivastava et al., 2013). Experimental plan is displayed in Figure 1.

2.4.6 In vivo screening models for
Parkinson disease
2.4.6.1 Behavioral testing

Behavioral tests like Rotarod, Balance Beam, and
Actophotometer are used in Parkinson’s disease research to
measure motor coordination, balance, and activity levels in
animal models, providing insights into disease progression and
evaluating potential therapies (Hira et al., 2020).

2.4.6.1.1 Rotarod analysis. The rotarod device was used to
assess the grip strength. In order to evaluate “minimal cognitive
deficits” like balance and motor control, this tool is widely used.
Before starting therapy, each rat underwent a training session to
become acclimated to the apparatus. The animal was fastened to a
rotating rod with a 7 cm diameter and 25 revolutions per minute.
After being given Quercetin and Haloperidol, each rat was put on
a rotating rod with a 180-second cutoff time. There was an
expression for the latency time before the data started to fall
(Hira et al., 2020).

2.4.6.1.2 Balance beam analysis. A balance beam device was
used to evaluate dyskinetic gait abnormalities. The apparatus
consists of a start and finish box-equipped 1-meter-long and 1-
cm-wide runway. Foam padding was positioned 50–60 cm above the
ground beneath the beam to safeguard the animals. Before the test,

TABLE 3 Statistical analysis of model fit for particle size, entrapment efficiency, and zeta potential.

Source Standard deviation R2 Adjusted R2 Predicted R2 Press

Particle size

Linear 19.88 0.7559 0.6996 0.5978 8462.51 Suggested*

2FI 21.29 0.7847 0.6555 0.3457 13769.29

Quadratic 17.36 0.8997 0.7708 0.5745 8953.63 Suggested*

Cubic 20.73 0.9183 0.6733

Entrapment efficiency

Linear 4.25 0.7064 0.6387 0.4883 409.14 Suggested*

2FI 4.36 0.7627 0.6203 0.2081 633.19

Quadratic 3.53 0.8910 0.7508 −0.2173 973.27

Cubic 2.70 0.9635 0.8539

Zeta potential

Linear 2.80 0.8375 0.799 0.7186 176.31 Suggested*

2FI 2.91 0.8646 0.7834 0.5491 282.55

Quadratic 2.52 0.9293 0.8385 0.70798 183.10 Suggested*

Cubic 3.02 0.9419 0.7677

*Equation models suggested by the Design of Expert Software.
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the animals were trained, and at the conclusion of the walk, they
were given food pellets as a reward. Every 7 days, tests were carried
out, and the amount of time it took to get to the end box was
measured and recorded in seconds (Kondawar et al., 2011).

2.4.6.1.3 Actophotometer analysis. Animals are forced to move
from one location to another by a physical process known as
locomotion. Using an actophotometer, this skill can be easily
evaluated (activity cage). It’s a device made up of photoelectric
cells. When an animal in a cage interrupts the light beam falling on
the photocell, a count of the animal’s movements is displayed on the
screen. Every animal was trained for the test 1 day prior to it, and it
was conducted every 7 days. The results were expressed in counts/
5 min and the cutoff time was 5 min (Ranpariya et al., 2011).

2.4.6.2 Preparation tissue homogenate
Brains were separated and thoroughly cleaned after animals

were sacrificed. One gram of brain was homogenized with Tris-
buffer (pH 7.4) using a homogenizer. After that, it was centrifuged
for 15 min at 7,000 rpm in cold centrifugation. For additional
estimation, the supernatant was obtained and kept in sterile
Eppendorf tubes. The supernatant obtained was used to estimate
Malondialdehyde (MDA) (Hira et al., 2019), superoxide dismutase
(SOD) (Ellman, 1959), glutathione (GSH) (Bhangale and Acharya,
2016; Abdelbary and Abd-Elsalam, 2019).

2.4.6.3 Statistical analysis
The data for the Rotarod, Actophotometer, and Balance Beam

tests, as well as the biochemical assays (GSH, MDA, SOD), are
presented as mean ± SEM (n = 6). All data were analyzed using
appropriate statistical methods. Specifically, two-way ANOVA with
Tukey’s multiple comparisons test was applied for the behavioral
assessments (Rotarod, Actophotometer, and Balance Beam tests),
and one-way ANOVA with Dunnett’s multiple comparisons test

was used for the biochemical assays (GSH, MDA, SOD). The
p-values for all the behavioral results were less than 0.001,
indicating highly significant differences between the disease
group and the treatment groups.

3 Results

3.1 Formulation of quercetin-loaded
niosome using a Box-Behnken
experimental design

Quercetin-loaded niosomes were successfully prepared utilizing
a modified ethanol injection technique. A total of 17 formulations
were developed using Span 60, cholesterol, and varying sonication
times. The formulations were optimized through a Box-Behnken
experimental design, as detailed in Table 2.

3.2 Response surface analysis

3.2.1 Response surface plot showing the effect of
concentration of span 60 (A), cholestrol (B) and
sonication time (C) on particle size (PS)

For effective brain targeting, it is critical to maintain the
particle size (PS) of niosomes within the range of 100–300 nm.
The PS values produced for niosomes were analyzed using a
polynomial quadratic model, demonstrating adequate precision
(10.52) and a reasonable difference between the predicted R2

(0.5745) and the adjusted R2 (0.7708), with a discrepancy of less
than 0.2. Observed particle sizes ranged from 128 nm to 270 nm.
The final equation for PS analysis, expressed in terms of coded
factors, highlighted the influences of Span 60 (A), Cholesterol
(B), and Sonication time (C).

TABLE 4 Response results for particle size, entrapment efficiency, and zeta potential.

Result of ANOVA Particle size Entrapment efficiency Zeta potential

Sum of square 18932.51 564.83 582.30

Degree of freedom 9 3 9

Mean square 2103.6 188.8 64.70

F-value 6.98 10.43 10.23

P-value 0.0090 0.0009 0.0059

Inference Significant Significant Significant

TABLE 5 Validation results of the optimized formulation.

Independent variable Responses Desirability

Span
60 in mg

Cholesterol
in mg

Sonication time (in
mins)

VS(nm) EE(%) ZP(mV)

Solution (Predicated
values)

60 35.34 8.433 187.10 79.08 −31.810 0.821

Practically performed 60 35.34 8.433 195.9 82.77 −30.63
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Cholesterol significantly influences niosomal size by increasing
vesicle rigidity and stability. As the cholesterol concentration rises, it
competes with the drug for space within the bilayer, leading to a
larger hydrodynamic diameter and increased particle size due to
strengthened bilayer structure (Shah et al., 2020). Additionally,
cholesterol’s mechanism includes increasing chain order in
liquid-state bilayers while reducing it in gel-state bilayers,
transforming the gel phase gradually into a liquid-ordered state.
This shift favours encapsulation efficiency for hydrophilic drugs and
decreases the release rate of the entrapped drug by enhancing
membrane stability (Uchegbu and Vyas, 1998).

In contrast, increasing Span 60 concentration and sonication
time reduces particle size. Span 60, with its long alkyl chain (C18),
lowers surface tension, facilitating smaller vesicle formation, while
also contributing to bilayer rigidity, thus stabilizing smaller, uniform
particles (Essa, 2010; Owodeha-Ashaka et al., 2010). Sonication, by
applying ultrasound waves, induces cavitation, breaking larger

vesicles into smaller, more uniform ones (Khallaf et al., 2020).
This combination of Span 60 and sonication supports the
creation of optimized niosomes with suitable PS for brain
delivery (Abdelkader et al., 2014; Shah et al., 2020; Nasr et al.,
2020). Response surface plot showing the effect of concentration of
Span 60 (A), Cholestrol (B) and Sonication time (C) on particle size
(PS) is depicted in Figure 2.

PS � +201.20 − 14A + 35.63B − 22.88C − 3.25AB + 8.75AC − 8BC

− 21.10A2 − 9.3.5B2 + 6.15C2

3.2.2 Response surface plot showing the effect of
concentration of span 60 (A), cholesterol(B) and
sonication time (C) on entrapment efficiency (EE%)

Entrapment efficiency (EE%) is a critical measure indicating the
proportion of a drug successfully encapsulated within nanocarriers,

FIGURE 3
(A) overlay plot indicating the optimized box-behnken experimental design conditions marked within the design space. (B) Particle size peak report
from zetasizer indicating 195.9 nm for the optimized niosomes dispersion. (C) Zeta potential peak report from zetasizer indicating −30.63 mV for the
optimized niosomes dispersion. (D) transmission electron microscopy (TEM) image of optimized quercetin-loaded niosomes.
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ensuring more of the drug is available to exert its therapeutic effects
at the target site. In this study, the EE% ranged from 60% to 84.2%.
The EE% values of the generated niosomes were analyzed using a
linear model with an adequate precision of 9.7. The difference
between the predicted R2 (0.4883) and the adjusted R2 (0.6387)
was less than 0.2, indicating a reasonable model fit.

An increase in cholesterol concentration positively influences
encapsulation efficiency (EE%) due to Cholesterol’s significant role
in enhancing drug encapsulation within the vesicle membranes. A
higher percentage of Cholesterol correlates with an increased EE%,
as Cholesterol modulates the mechanical strength, cohesion, and
permeability of lipid bilayers in niosomes. Specifically, Cholesterol
reduces the fluidity of niosomes, thereby imparting rigidity to the
vesicles, which results in less permeable niosomes—a critical
attribute under high-stress conditions (Moghassemi and
Hadjizadeh, 2014). Conversely, an increase in Span 60, coupled
with increased sonication, adversely affects entrapment efficiency.
This phenomenon arises from the interaction between Cholesterol
and Span 60 within the bilayer of the vesicles, primarily due to
hydrogen bonding (Moghassemi and Hadjizadeh, 2014). Span 60,
characterized by its long alkyl chain (C18) and low water solubility,
facilitates tight packing within the niosomal bilayer (Uchegbu andVyas,
1998). While this tight packing aids in reducing overall vesicle size, it
may also restrict the volume of drug that can be encapsulated (Masjedi
and Montahaei, 2021). Cholesterol effectively cements the leakage
pathways within the bilayer membranes, resulting in a firmer
membrane structure as the surfactants become more densely packed
during the filling process (38). Response surface plot showing the effect
of concentration of span 60 (A), Cholestrol (B) and Sonication time (C)
on Encapsulation Effeciency (%EE) is depicted in Figure 2.

EE � +79.60 − 2.06A + 7.83B − 2.26C

3.2.3 Response surface plot showing the effect of
concentration of span 60 (A), cholesterol (B) and
sonication time (C) on zeta potential (ZP)

The zeta potential (ZP) of the developed niosomal
dispersion was analyzed to elucidate the surface charge
characteristics, which are pivotal for predicting the colloidal
stability of the dispersion. Elevated absolute ZP values provide
adequate electrostatic repulsion to mitigate particle
aggregation. The analysis revealed that quercetin-loaded
niosomes exhibited a negative surface charge, with average
values ranging from −39 mV to −17.8 mV. This assessment
was conducted using a polynomial quadratic model, which
demonstrated an adequate precision of 11.2 and a reasonable
disparity between the predicted R2 (0.7078) and the adjusted R2

(0.6387), with the difference being less than 0.2. The inclusion
of cholesterol enhances the magnitude of the negative surface
charge on the niosomes. This effect arises from cholesterol’s
capacity to interact with the charged head groups of
surfactants, such as dicetylphosphate, thereby contributing
to the negative zeta potential (Junyaprasert et al., 2008;
Zolghadri et al., 2023). The type of surfactant, the presence
of charged species, and storage conditions are significant
formulation parameters that influence the zeta potential of
niosomes (Durán-Lobato et al., 2022). An increase in the
amount of Span 60 within niosomes typically correlates with
a decrease in the magnitude of the zeta potential. This decrease
can be attributed to the hydrophobic nature of the surfactant,
which diminishes the electrostatic repulsion among the
niosomes, leading to reduced stability and an increased
propensity for aggregation (Shah et al., 2012). However,
sonication time may not be a major determinant compared
to these other parameters. Further targeted research is
warranted to conclusively elucidate the impact of sonication
time on zeta potential. The quadratic equation of factors
affecting ZP is shown below. Response surface plot showing
the effect of concentration of span 60 (A), Cholestrol (B) and
Sonication time (C) on zeta potential (ZP) is depicted
in Figure 2.

FIGURE 4
(A) In Vitro Release Profile of Quercetin-Loaded Niosomes for the Optimized Batch. (B) Comparative diffusion study of niosomal in situ gel and
plain gel.

TABLE 6 Kinetic analysis of niosomal formulations.

Kinetic model R2

Zero order 0.9158

First order 0.9164

Higuchi 0.982

Kors-peppas 0.7705

Hixson 0.9071
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ZP � −27.08 + 0.1750A − 7.98B − 1.40C − 2.05AB + 0.2AC

+ 0.1000BC + 0.3150A2 − 1.69B2 + 2.66C2

3.3 Analysis of ANOVA of calculated
response

Analysis of variance of calculated Responses and summary of the
results of responses of particle size, entrapment efficiency, and Zeta
potential are depicted in Table 3, 4 respectively.

3.4 Formulation optimization

The Design expert® software provided a range of suggestions
that optimally satisfied the set constraints. The selected formula had
a desirability value of 0.821. Table 5 displays the values of
experimental, predicted value for the response variables of the
optimized Quercetin loaded niosomes formula. These findings
demonstrated the validity of the final models. Overlay plot
showing optimized box Behnken experimental design conditions
as a flag within the design space is illustrated in Figure 3. Peak report
depicting particle size and zeta potential for the optimized niosomes
dispersion is displayed in Figure 3.

3.5 Morphological analysis by transmission
electron microscopy (TEM)

Niosomal morphological analysis was conducted using
Transmission Electron Microscopy (TEM), as illustrated in
Figure 3. The resulting images clearly demonstrate that the
Quercetin-loaded niosomes exhibit a spherical morphology with
a homogeneous size distribution, indicative of the stability of the
prepared niosomes. The niosomes displayed a well-defined spherical
shape characterized by a distinct wall structure. The stability of the
multiple bilayers, along with their rigidity, is primarily governed by
the hydrogen bonding interactions between the ester groups of Span

60 and the hydroxyl groups of cholesterol (Syed et al., 2021; El-
Diasty et al., 2020).

3.6 In Vitro release and kinetic analysis of
quercetin loaded niosomes

The in vitro release profile of quercetin from the optimized
niosomal formulation displayed a marked biphasic pattern across
the 24-hour assessment period. The release commenced with a rapid
“burst” phase within the first 2 hours, during which approximately
29.56% of quercetin was discharged from the niosomes. This initial
release surge is likely due to quercetin molecules adsorbed on or
proximate to the niosomal surface, which diffuse swiftly into the
surrounding medium owing to their superficial positioning. Such an
immediate release phase could prove beneficial in clinical
applications, potentially facilitating a more rapid onset of
therapeutic action.

Subsequently, the release profile transitioned into a sustained
release phase, characterized by a gradual release of quercetin,
culminating in an overall cumulative release of 87.16% by the
end of the 24-hour period, as presented in Figure 4. This
prolonged release phase is attributed to the gradual diffusion of
quercetin encapsulated within the lipid bilayers, which mediates a
controlled release and may extend therapeutic effects over an
extended period.

To elucidate the underlying kinetics of quercetin release from
the niosomal structure, various mathematical models were
employed. Curve-fitting analyses revealed that the release process
predominantly adhered to first-order kinetics, demonstrated by a
strong regression coefficient (R2 = 0.968), indicating that the release
rate is directly proportional to the concentration of quercetin within
the formulation.

Further analysis of the release data using the Higuchi model—a
model that describes release as a diffusion-controlled mechanism
from a homogenous matrix—indicated a linear fit, as shown in
Table 6 and corresponding figure, suggesting that the quercetin
release was diffusion-driven. The alignment of the release profile
with both first-order and Higuchi kinetics supports a mechanism
whereby an initial rapid release is succeeded by a sustained,
diffusion-driven phase, aligning with the anticipated properties of
niosomal drug delivery systems.

The observed biphasic release pattern, encompassing an initial
rapid phase followed by extended release, highlights the potential of
quercetin-loaded niosomes to offer a prompt therapeutic dose,
succeeded by continuous release. This characteristic is
particularly advantageous in enhancing quercetin’s bioavailability
and therapeutic efficacy in the treatment of Parkinson’s disease.
These findings underscore the promise of this formulation as a
feasible intranasal drug delivery approach, advancing

TABLE 7 Characterization of optimized niosomal dispersion at 0 Months and after 3 Months of storage at room temperature.

Vesicle size (nm) % Entrapment efficiency Zeta potential (mV) % Drug release Polydispersity index

0 months 187 79.08 −31.08 0.223 86.7

3 months 210 76.2 −29.3 0.25 82.3

TABLE 8 Determination of flowability through gelation time.

Concentration of
poloxamer 407

Time required in
seconds

17% No gelation

19% 45

21% 58

23% 63
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neuroprotective treatment modalities. Additionally, the release
pattern conformed to the Higuchi model as shown in Table 6
and Figure (Supplementary File) (Syed et al., 2021; El-Diasty
et al., 2020; Hong et al., 2020).

3.7 Stability study

The stability of the optimized quercetin-loaded niosomal
formulation was meticulously evaluated over a 3-month period
to assess its robustness and shelf-life under standard storage
conditions. The formulation was stored at room temperature
(25°C ± 2°C) and monitored at regular intervals to determine any
variations in key characteristics, namely particle size, entrapment
efficiency, and polydispersity index (PDI) as shown in Table 7.
These parameters are critical indicators of the physical stability of
the niosomal system, as fluctuations in size, drug retention, or
homogeneity could impact the formulation’s efficacy,
bioavailability, and suitability for therapeutic use.

Particle Size: Particle size stability is crucial, as it directly
influences the delivery and release profile of the formulation.
Consistency in particle size indicates that the niosomes
maintain structural integrity without aggregation or degradation
of vesicles over time. Throughout the 3-month storage period,
particle size measurements were conducted at defined intervals to
observe any potential increase due to vesicle fusion or particle
aggregation.

Entrapment Efficiency (EE): Entrapment efficiency is a measure
of the percentage of quercetin encapsulated within the niosomal
vesicles relative to the initial amount. Stability in EE over time
indicates that the formulation retains quercetin effectively without
significant leakage or degradation.

3.8 Evaluation of in situ gel

The flowability of the formulation, represented by the
gelation time required for phase transition from sol to gel, was
recorded in Table 8. The optimized in situ gel formulation
demonstrated a drug content of 94% w/v, while its pH was
slightly alkaline at 6.8, as shown in Table 9. Determining the
gelation temperature, a critical step in the development of
thermoreversible in situ gels, revealed that using 19% w/v
Poloxamer 407 yielded optimal results with a transition
temperature of 32°C–33°C; this temperature varied with

polymer concentrations between 17% and 23% (Syed et al.,
2021; El-Diasty et al., 2020). The optimized niosomal in situ
gel exhibited excellent rheological properties, with a sol viscosity
of 57.52 cP and a gel viscosity of 1937.33 cP (Syed et al., 2021), as
detailed in Table 9. In vitro diffusion studies compared the
quercetin release profiles of a quercetin-loaded niosomal in
situ gel and a plain gel over 24 h. The plain gel, with
unencapsulated quercetin, displayed a slower diffusion profile,
achieving only a 58.27% cumulative release, limited by its lack of
niosomal encapsulation. Conversely, the niosomal in situ gel
demonstrated a biphasic release pattern, with an initial burst
release of 39.23% in the first 5 h, followed by sustained release,
reaching 82.74% by 24 h. This enhanced permeation is due to
niosomes encapsulating quercetin within lipid bilayers, which
increase solubility and facilitate membrane interaction, allowing
for controlled, prolonged drug release, which is beneficial for
applications requiring consistent bioavailability.

3.9 In Vivo characterization

3.9.1 Behavioural parameter
Behavioural parameters like rotarod, actophotometer, and

balance beam are assessed in Parkinson’s disease to evaluate
motor coordination, activity levels, and balance, which are
commonly impaired in the condition and the scores of each
parameter is depicted in Figure 5 (Hong et al., 2020).

3.9.2 Rotarod analysis
On day 0, no significant differences in rotarod performance were

observed across the groups, establishing a baseline for motor
coordination. By day 14, however, the disease group exhibited a
substantial decline in performance compared to the normal group,
reflecting the motor impairments characteristic of Parkinson’s
disease. In contrast, both the standard treatment and
experimental treatment groups showed marked improvements in
performance relative to the disease group, indicating that the
treatments effectively enhance motor coordination and balance,
potentially mitigating Parkinsonian motor deficits. By day 21, the
disease group continued to demonstrate significantly impaired
performance, highlighting persistent motor dysfunction. Both
treatment groups maintained their enhanced performance,
underscoring the therapeutic potential of these interventions in
alleviating Parkinson’s symptoms, particularly bradykinesia
(Jamwal et al., 2017).

TABLE 9 pH, Gelation temperature, Viscosity for sol and gel value of the in situ gel.

Trails pH Gelation temperature Viscosity for sol (Cps) Viscosity for gel (Cps)

1 6.8 34 42.08 1980

2 6.5 31.5 50.7 1937

3 6.6 33.5 79.8 1895

Average 6.63 34.13 57.52 1937.33

SD ±0.21 ±0.21 16.13 34.7

Mean ± SD (N = 3).

Frontiers in Pharmacology frontiersin.org11

Revankar et al. 10.3389/fphar.2024.1519649

248

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1519649


3.9.3 Actophotometer analysis
On day 7, there were no significant differences in actophotometer

activity counts across the groups, indicating comparable baseline
activity levels. By day 14, the disease group showed a significant
reduction in activity counts compared to the normal group, which
aligns with the motor deficits observed in Parkinson’s disease. Both the
standard and treatment groups exhibited significant improvements in
activity counts, reflecting positive effects on motor activity and
coordination. On day 21, the disease group continued to show
significantly lower activity counts compared to the normal group,
reaffirming the persistence of Parkinson’s symptoms in the absence
of intervention. However, both treatment groups maintained elevated

activity counts, reflecting sustained therapeutic benefits in improving
motor dysfunctions, as shown in Figure 5 (Jaiswal et al., 2016).

3.9.4 Balance beam test
On day 7, there were no significant differences in balance beam

traversal times across the groups, indicating no early variations in
motor performance. By day 14, the disease group exhibited a
significant increase in traversal time compared to the normal
group, suggesting the balance and coordination deficits typical of
Parkinson’s pathology. Both the standard and treatment groups
showed significantly reduced traversal times relative to the disease
group, indicating improvements in balance and motor function. By

FIGURE 5
(A) Rotarod performance of different animal groups. (C) Effect of quercetin-loaded niosomes on actophotometer scores in rats. (E) Effect of
quercetin-loaded niosomes on balance beam performance in rats. (B) Glutathione (GSH) estimation in the rat brain. (D) Malondialdehyde (MDA)
estimation in the rat brain. (F) Superoxide dismutase (SOD) estimation in the rat brain.
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day 21, the disease group continued to demonstrate prolonged
traversal times, while both treatment groups maintained
improved traversal times, demonstrating the efficacy of the

treatments in alleviating Parkinson’s disease symptoms,
particularly issues related to balance and coordination (Jamwal
et al., 2017).

FIGURE 6
Comparative Histological Analysis of Cerebral Tissue Across Study Groups : (A1, A2) depict normal parenchyma with intact morphology and no
pathological changes. (B1, B2) indicate severe gliosis, edema, neuronal loss, and vessel congestion in the positive control group. (C1, C2) display reduced
gliosis and edema in the standard group. (D1, D2) from the treatment group demonstrate further improvement, with minimal gliosis and no vascular
congestion.
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3.9.5 Estimation of glutathione (GSH)
The disease group exhibited a significant decrease in GSH levels

compared to the normal group. Both the standard and treatment
groups showed elevated GSH levels, indicating a neuroprotective
effect. The increase in GSH levels was highly significant for both the
standard and treatment groups when compared to the disease group,
as illustrated in Figure 5A (Jaiswal et al., 2016).

3.9.6 Estimation of malondialdehyde (MDA)
The disease group displayed significantly elevated levels of MDA

compared to the normal group. In contrast, both the standard and
treatment groups exhibited reduced MDA levels compared to the
disease group, indicating a neuroprotective effect. The reduction in
MDA levels was significant in both the standard and treatment
groups when compared to the disease group, as shown in Figure 5B
(Jaiswal et al., 2016).

3.9.7 Estimation of superoxide dismutase (SOD)
The disease group demonstrated significantly reduced SOD levels

compared to the normal group. Both the standard and treatment
groups exhibited increased SOD levels relative to the disease group,
suggesting a neuroprotective effect. The increase in SOD levels was
significant for both the standard and treatment groups compared to
the disease group, as depicted in Figure 5C (Jaiswal et al., 2016).

3.10 Statistical analysis

The p-values for all the behavioral and biochemical assay results
were less than 0.001, highlighting significant differences between the
disease group and the treatment groups. These results underscore
the efficacy of the treatments in mitigating Parkinson’s disease-
related impairments and neurodegeneration.

3.11 Histopathology of hippocampus of
rat brain

The examination of a section of the cerebral cortex stained with
hematoxylin and eosin (H&E) reveals several critical observations:
(A) Cortical neurons (↑) characterized by rounded vesicular nuclei
(yellow ↑) display sharply demarcated nuclear contours, while blood
vessels (v) are accompanied by a narrow perivascular space
indicative of degenerated and shrunken neurons. Notably, the
disease group exhibits a significantly elevated histological score in
comparison to the normal group, reflecting an increase in cortical
neurons with rounded vesicular nuclei and neuropil exhibiting
sharply demarcated nuclei or signs of meningeal involvement
(Syed et al., 2021; Jaiswal et al., 2016).

Figure 6 (A1) and (A2) depict the normal parenchyma
morphology, featuring oval-shaped cells with prominent nucleoli
and pale basophilic cytoplasm, devoid of significant gliosis, edema,
neuronal loss, or congestion of meningeal vessels. In stark contrast,
Figure 6 (B1) and (B2), representative of the positive control group,
reveal cerebral tissue marked by pronounced gliosis, edema, and
congestion of meningeal vessels, along with observable neuronal loss
and occasional neutrophilic infiltration. Figure 6 (C2) and (C3),
corresponding to the standard group, illustrate a slight reduction in

both gliosis and edema, with an absence of neutrophils or meningeal
vessel congestion. Likewise, Figure 6 (D1) and (D2), belonging to the
treatment 1 group, demonstrate diminished gliosis and edema, also
lacking neutrophils and meningeal vessel congestion (Hong et al.,
2020; Jamwal et al., 2017; Jaiswal et al., 2016).

4 Discussion

Parkinson’s disease (PD) stands as the second most prevalent
neurodegenerative disorder, predominantly characterized by motor
symptoms such as tremors, bradykinesia, postural instability, and
rigidity. These motor manifestations are often preceded by a range of
non-motor symptoms, including sleep disturbances, olfactory
deficits, cognitive impairments, and depression, which can
significantly impact patients’ quality of life (Madiha et al., 2021).
Quercetin, a polyphenolic bioflavonoid found abundantly in fruits
and vegetables, possesses powerful antioxidant and anti-
inflammatory properties, presenting a promising neuroprotective
candidate for PD treatment (Wrobel-Biedrawa et al., 2022; Grewal
et al., 2021). Quercetin effectively neutralizes reactive oxygen species
(ROS), enhances endogenous antioxidant defences, and modulates
inflammatory pathways, which are crucial in slowing
neurodegeneration (Wrobel-Biedrawa et al., 2022). Additionally,
it has demonstrated efficacy in inhibiting α-synuclein
aggregation, a pathological hallmark of PD, further underscoring
its potential role in neuroprotection (Grewal et al., 2021).

However, quercetin’s therapeutic application is challenged by its
classification as a Biopharmaceutical Classification System (BCS)
Class IV compound, signifying poor solubility and permeability,
which limits its bioavailability and clinical effectiveness (Sirvi et al.,
2022). To overcome these limitations, innovative formulation
strategies, such as niosomal encapsulation, offer a viable
approach by enhancing quercetin’s solubility and permeability,
thereby improving its bioefficacy in PD models (Madiha et al.,
2021; Nirmal et al., 2010). In this study, we developed an intranasal
in situ gel formulation of quercetin aimed at overcoming these
delivery challenges. This formulation capitalizes on the intranasal
route, which enables direct brain targeting and improved
bioavailability, potentially offering more effective therapeutic
outcomes for PD patients by ensuring efficient central nervous
system drug delivery.

The formulation of niosomes was achieved through the ethanol
injection method, incorporating a fixed amount of Quercetin along
with varied ratios of Span (Sp) and cholesterol (CH). Using Design
Expert® software (version 13, Stat-Ease Inc., Minneapolis, MN,
United States), a three-factor, three-level (3³) Box-Behnken
Design (BBD). Increased cholesterol concentration competes with
the drug for bilayer space, resulting in a larger hydrodynamic
diameter due to a more structured bilayer (Shah et al., 2020).
Cholesterol stabilizes bilayers by ordering lipid chains, thus
enhancing encapsulation efficiency for hydrophilic drugs and
decreasing drug release rates by reinforcing membrane stability
(Uchegbu and Vyas, 1998). Conversely, increased Span
60 concentration and sonication time effectively reduced particle
size. Span 60, with its long alkyl chain (C18), lowers surface tension,
aiding in smaller vesicle formation and providing bilayer rigidity for
more stable particles (Essa, 2010; Owodeha-Ashaka et al., 2010). The
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ultrasound waves applied during sonication break larger vesicles
into smaller, uniform ones through cavitation (Khallaf et al., 2020).
This combination of Span 60 and sonication yielded optimized
niosomes with suitable particle size for brain delivery (Abdelkader
et al., 2014; Shah et al., 2020; Nasr et al., 2020).

Cholesterol concentration was also positively correlated with
encapsulation efficiency (EE%), due to its impact on enhancing the
mechanical strength, cohesion, and permeability of lipid bilayers in
niosomes. Elevated cholesterol levels reduce vesicle fluidity, thus
imparting rigidity and lowering permeability—an advantage under
high-stress conditions (Moghassemi and Hadjizadeh, 2014).
Conversely, an increase in Span 60 and sonication adversely
influenced EE, likely due to hydrogen bonding interactions
between cholesterol and Span 60 within the bilayer, restricting
drug encapsulation volume despite reduced vesicle size
(Moghassemi and Hadjizadeh, 2014). Span 60, characterized by
its long C18 chain and low water solubility, promotes tight packing
in the bilayer, but this also limits the drug volume encapsulated
(Masjedi and Montahaei, 2021). Cholesterol helps seal potential
leakage pathways within bilayer membranes, creating a more robust
structure as surfactants densely pack during formulation
(Junyaprasert et al., 2008; Zolghadri et al., 2023).

The type of surfactant, charged species presence, and storage
conditions notably impact niosome zeta potential (Durán-Lobato
et al., 2022). With an increase in Span 60, zeta potential
magnitude decreases, attributable to the surfactant’s
hydrophobic nature, which weakens electrostatic repulsion and
encourages aggregation (Shah et al., 2012). While sonication time
has less impact on zeta potential, further studies are warranted to
clarify its effects. Images of the Quercetin-loaded niosomes
showed a spherical morphology with a uniform size
distribution, signifying niosomal stability, well-defined
structure, and rigid bilayer. Stability is driven by hydrogen
bonding interactions between Span 60 ester groups and
cholesterol hydroxyl groups (Syed et al., 2021; El-Diasty et al.,
2020). The formulation, stored at room temperature (25°C ± 2°C),
was regularly evaluated for particle size, entrapment efficiency,
and polydispersity index (PDI) to ensure physical stability, as
these parameters affect therapeutic efficacy, bioavailability, and
formulation suitability.

Particle size stability is essential as it affects the formulation’s
delivery and release profile. Consistent particle size indicates
preserved vesicle integrity without fusion or aggregation over
time. Entrapment efficiency (EE%) stability suggests effective
retention of quercetin without significant leakage, with all
evaluations indicating a sustained capacity for drug encapsulation
and a robust, physically stable formulation.

Behavioral assessments, including the rotarod, actophotometer,
and balance beam tests, are pivotal tools for evaluating motor
coordination, activity, and balance deficits in Parkinson’s disease
models, as these impairments are central features of the condition.
The rotarod test, in particular, serves as a robust indicator of motor
dysfunction, often revealing characteristic symptoms such as
balance disturbances and motor incoordination in untreated
Parkinson’s models. Such impairments align with the hallmark
symptoms of bradykinesia and muscle rigidity that arise from
dopaminergic neurodegeneration. Enhanced rotarod performance
in groups receiving either standard or experimental treatments

suggests that these interventions may alleviate motor symptoms,
thereby reinforcing their clinical potential in the therapeutic
management of Parkinson’s disease (Hong et al., 2020; Jamwal
et al., 2017).

The actophotometer test complements this analysis by
measuring overall activity levels, which often decline in
Parkinson’s disease, reflecting motor inactivity and fatigue
typical of the condition. Lower activity counts in untreated
groups highlight the motor impairment intrinsic to Parkinson’s
pathology, mirroring the apathy and reduced physical engagement
observed clinically. Conversely, elevated activity levels in
treatment groups suggest that these interventions may
effectively restore normal motor activity, thus underscoring
their importance in managing the disease’s debilitating motor
symptoms (Jaiswal et al., 2016).

The balance beam test further elucidates motor coordination
deficits, with traversal time serving as a metric for postural and
balance impairments. In untreated models, prolonged traversal
times reflect significant coordination difficulties, comparable to
the postural instability seen in Parkinson’s patients, where such
balance issues substantially impact patient safety and quality of life.
Improved traversal times in treatment groups indicate that these
therapies may help mitigate balance issues, reducing fall risk and
improving patient outcomes (Jamwal et al., 2017).

Oxidative stress, a critical component of Parkinson’s pathology,
was evaluated through biochemical assays of markers such as
glutathione (GSH), malondialdehyde (MDA), and superoxide
dismutase (SOD). Lower levels of GSH and SOD in untreated
groups correlate with weakened antioxidant defenses typical of
neurodegenerative conditions. An increase in these antioxidant
markers in treatment groups points to a neuroprotective effect,
suggesting that these interventions bolster antioxidant capacity.
Conversely, elevated MDA levels in untreated models signal
increased lipid peroxidation, a sign of oxidative damage.
Treatments that reduce MDA levels may offer neuroprotection
by lessening oxidative stress, a factor crucial for slowing disease
progression (Jaiswal et al., 2016).

Histopathological analysis of the hippocampus corroborates
neurodegeneration in Parkinson’s disease models, with untreated
groups displaying markers such as gliosis, edema, and cortical
neuron degeneration. These pathological changes reflect
inflammatory processes and neuronal loss characteristic of
Parkinsonian neurodegeneration. Reduced gliosis and edema in
treated groups suggest that neuroprotective agents may
counteract neuroinflammatory processes, thereby mitigating
cellular damage in affected brain regions. The observed absence
of gliosis and inflammation in these groups highlights the potential
of these therapies to curb pathological changes central to
Parkinson’s progression (Syed et al., 2021; Jaiswal et al., 2016;
Hong et al., 2020).

Parkinson’s disease (PD), marked by motor and non-motor
symptoms, severely impacts patients’ quality of life. Quercetin, with
antioxidant and anti-inflammatory properties, shows
neuroprotective potential for PD by mitigating oxidative stress
and inhibiting α-synuclein aggregation. Its therapeutic application
benefits from intranasal delivery using niosomes, which enhance
bioavailability and stability, improving quercetin’s efficacy in
PD models.
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5 Conclusion

In summary, the study successfully formulated and
characterized quercetin-loaded niosomes with desirable properties
such as optimal particle size, high entrapment efficiency, and stable
zeta potential. The in vitro and in vivo results indicate that these
niosomes can significantly enhance the bioavailability and
therapeutic efficacy of quercetin. The study confirms that
quercetin-loaded niosomes are a promising delivery system for
neuroprotection in Parkinson’s disease. Future research should
focus on further optimizing the formulation for large-scale
production and exploring the detailed mechanisms underlying
the observed pharmacodynamic effects. Additionally, long-term
stability studies and clinical trials are necessary to validate the
efficacy and safety of quercetin-loaded niosomes in human subjects.
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Acetate and propionate vs. iTBS as
a novel method for cognitive
dysfunction and anxiety
symptoms in delayed
encephalopathy after acute
carbon monoxide poisoning rat
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1Department of Rehabilitation Medicine, The Second Affiliated Hospital of ChongqingMedical University,
Chongqing, China, 2Department of Neurology, Baotou Central Hospital, Baotou, Inner Mongolia, China

Background: The optimal treatment methods for delayed encephalopathy after
acute carbon monoxide (CO) poisoning (DEACMP) were not identified. Thus, this
study was conducted to compare the efficacies of intermittent theta burst
stimulation (iTBS) and short-chain fatty acids (SCFAs) in treating cognitive
dysfunction and anxiety symptoms of DEACMP rat.

Methods: In phase I, a DEACMP rat model was built to assess the inflammation
levels in the hippocampus and levels of SCFAs in the serum of DEACMP rats. In
phase II, DEACMP rats were randomly assigned into four groups: DEACMP +
placebo, DEACMP + SCFAs, DEACMP + sham iTBS, and DEACMP + iTBS. The
intervention was continued for 2 weeks. A Morris water maze and open field tests
were used to assess cognitive function and anxiety symptoms, respectively.

Results: The levels of three inflammatory factors (IL-1β, IL-6, and TNF-α) and two
SCFAs (acetate and propionate) were significantly increased and decreased,
respectively, in DEACMP rats. After treatment, cognitive dysfunction and
anxiety symptoms were significantly improved in the DEACMP + iTBS group
and the DEACMP + SCFAs (consisting of acetate and propionate) group. Both
SCFAs and iTBS could significantly improve the increased levels of IL-1β, IL-6, and
TNF-α in the hippocampus, and SCFAs could also improve the decreased levels of
GPR41, GPR43, dopamine, and norepinephrine in the hippocampus of
DEACMP rats.

Conclusion: These results indicate that both iTBS and SCFA solutions consisting
of acetate and propionate produced good effects on DEACMP rats by regulating
inflammation levels in the hippocampus, and acetate/propionate–GPR41/
GPR43–IL-1β/IL-6/TNF-α–dopamine/norepinephrine may be a potential
pathway in SCFAs for the treatment of DEACMP.
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Introduction

Carbon monoxide (CO) is a difficult-to-detect colorless and
odorless gas. It can cause multiple organ dysfunctions, mainly
characterized by central nervous system (CNS) damage (Chen
et al., 2021; Kinoshita et al., 2020). Delayed encephalopathy after
acute CO poisoning (DEACMP) is a common and serious
complication after CO poisoning (Xu et al., 2019). Approximately
10%–30% of patients develop DEACMP after CO poisoning,
resulting in a great economic burden for individuals and society
(Wang et al., 2016). Using a DEACMP rat model, we found that the
microglial activation regulated by ATP through the P2Y12 receptor
pathway may be closely related to the onset of DEACMP (Xiang
et al., 2021), and that inflammation may have an important role in
the onset of DEACMP (Xiang et al., 2014). Currently, the
pathogenesis of DEACMP is still not fully understood. Patients
with DEACMP always experience several severe clinical symptoms,
such as dementia and cognitive dysfunction (Harper and Croft-
Baker, 2004). Our previous studies reported that the combined
application of hyperbaric oxygen and medications, such as
dexamethasone (Xiang et al., 2017a) and N-butylphthalide (Xiang
et al., 2017b), could be potential new methods to improve cognitive
dysfunction in DEACMP patients. However, the optimal treatment
methods for DEACMP are still not available. Therefore, it is
necessary to further explore novel treatment methods for
this disease.

Theta burst stimulation (TBS) is a paradigm of repetitive
transcranial magnetic stimulation (rTMS). It can enhance
synaptic transmission by mimicking cortical theta rhythms, thus
enhancing cortical excitability. Intermittent TBS (iTBS) is one of the
two main types of TBS used in clinical research. As a non-invasive
brain stimulation method, previous research found that iTBS could
be used to treat neuropsychiatric disorders, such as depression and
stroke (Scho et al., 2024; Han et al., 2024). More recently, iTBS has
emerged as a potential intervention for cognitive dysfunction.
Stanojevic et al. found that iTBS could mitigate the cognitive
impairment in the streptozotocin-induced model of Alzheimer’s
disease (Stanojevic et al., 2022). A recent meta-analysis showed that
patients with cognitive dysfunction improved their cognitive
function after receiving iTBS (Zheng et al., 2024). These
findings indicate that iTBS may be effective in the treatment of
DEACMP, although few studies have focused on the efficacy of
iTBS DEACMP.

Short-chain fatty acids (SCFAs) are the main products of the gut
microbiota and have wide-ranging effects locally and throughout the
body. The three major SCFAs are acetate, propionate, and butyrate.
They can affect CNS functions by modulating different pathways to
the brain, such as the vagus nerve (O’Riordan et al., 2022). SCFAs are
now considered to be major communication links between the gut
and the brain. Dysfunction of SCFAs is closely linked to many
neuropsychiatric disorders, such as depression (Cheng et al., 2024).
More and more researchers now use SCFAs as a novel method for
the treatment of diseases, such as propionate for multiple sclerosis
disease (Duscha et al., 2020). Li et al. reported that SCFAs could
significantly improve cognitive dysfunction in mice (Tian et al.,
2024). During the processes by which SCFAs exert beneficial effects
on host health, two G-protein-coupled receptors (GPRs),
GPR41 and GPR43, play important roles and have received

increasing attention. GPRs are a diverse class of cell surface
receptors that are closely related to many physiological functions,
such as the inflammatory response, and GPR41 and GPR43 are the
receptors of SCFAs (Kimura et al., 2014). Therefore, we conducted
this study to assess whether SCFAs could yield good efficacy in the
treatment of DEACMP, and then preliminarily investigate the
underlying mechanism of action. Meanwhile, we assessed the
efficacy of iTBS on DEACMP and compared its efficacy with that
of SCFAs. Our findings can be helpful in exploring the optimal
treatment methods for DEACMP.

Materials and methods

DEACMP model

Sprague–Dawley rats (6–8 weeks, 180–230 g) were provided by
SiPeiFu (Beijing) Biotechnology Co. Ltd. (China) and housed under
standard conditions. After 1 week of acclimation, the rats were
randomly assigned to either an experimental group or a control
group. To build the DEACMP model, according to our previous
studies (Xiang et al., 2021; Xiang et al., 2014), the rats in the
experimental group received CO (static inhalation, 1,000 ppm/
40 min and 3,000 ppm/20 min), and the rats in the control
group received the same amount of air. The whole procedure
was conducted according to the National Institutes of Health
guidelines for animal research (Guide for the Care and Use of
Laboratory Animals, NIH Publication No.8023, revised 1996).
Our study was approved by the Ethics Committee of Baotou
Central Hospital.

Behavioral experiments

In this study, the escape latency in the Morris water maze
(MWM) test was used to assess cognitive function, and the
center distance as a percentage of total distance (center distance
(%)) in the open field test (OFT) was used to assess anxiety
symptoms in the rats. These two behavioral experiments were
performed exactly according to our previous studies (Xiang et al.,
2021; Xiang et al., 2014) to ensure that the control and experimental
groups had similar escape latency and center distance (%). In phase
I, after 21 days of CO poisoning, these two behavioral experiments
were conducted to assess whether the DEACMP model had been
successfully built, and then the rats were sacrificed. The
hippocampus and serum of the rats were collected to assess the
levels of inflammation and the levels of SCFAs, respectively. In phase
II, these two behavioral experiments were conducted after 21 days of
CO poisoning, after 1 week of treatment, and after 2 weeks of
treatment, and then the rats were sacrificed. The hippocampus of the
rats was collected to assess inflammation levels and
neurotransmitter levels.

Detection methods

Liquid chromatography-mass spectrometry (LC-MS) was
used to detect neurotransmitters in the hippocampus. Briefly,
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we first weighed the sample and prepared the supernatant (400 μL
mixture of methanol-water (4/1, v/v); 2-chloro-l-phenylalanine
(75 ng/mL) dissolved in methanol as an internal standard;
homogenization at low temperature for 10 min; ultrasonic
extraction in an ice water bath for 10 min; centrifugation at
14,000 rpm for 10 min, 4 °C). Then, 300 μL of supernatant and
200 μL of a mixture of methanol-water (4/1, v/v) were transferred
to an Eppendorf tube. After vortexing for 30 s, ultrasonic
extraction for 5 min, and centrifugation at 14,000 rpm for
10 min at 4 °C, 200 μL of supernatant was transferred to a
new Eppendorf tube. In the third step, methanol-water (4/1,
v/v) was added to the powder, which was obtained in a freeze-
concentration centrifugal dryer. Then, 150 μL of the supernatant
obtained after centrifugation (10 min, 14,000 rpm, 4 °C) was
transferred to the injection vial for later LC-MS analysis. The
quantification of neurotransmitters was conducted on a
Waters Acquity UPLC system. In addition, enzyme-linked
immunosorbent assay kits (Jianglai Industry Co., Ltd.,
Shanghai, China) were used to detect interleukin-6 (IL-6),
interleukin-1 beta (IL-1β), tumor necrosis factor-α (TNF-α),
GPR41, and GPR43. The detection process was according to
the manufacturer’s instructions.

Intervention modalities

In phase II, after the DEACMP model was successfully built, the
DEACMP rats in the experimental group were randomly assigned
into four groups: DEACMP + SCFAs group, DEACMP + placebo
group, DEACMP + iTBS group, and DEACMP + sham iTBS
group. The SCFA solution consisted of sodium acetate
(67.5 mmol/L) and sodium propionate (25.9 mmol/L) in a 3:
1 ratio (Tian et al., 2024), and normal saline was used as a
placebo. The SCFAs (500 mg/kg per day) and an equal amount
of normal saline were given intragastrically (Tian et al., 2024). The
iTBS block consisted of twenty trains of ten bursts (three pulses at a
frequency of 50 Hz), repeated at 5 Hz (lasting 192 s with 10 s
intervals between trains) (Dragic et al., 2020). The MagStim
Rapid2 was used to conduct iTBS. The stimulation intensity was
set to 30% of the maximum stimulator output, just below the motor
threshold. The motor threshold was defined as the stimulation
intensity that could cause the minimum visible contraction of the
upper limbs (Dragic et al., 2020). In sham iTBS, the coil was rotated
90° around its vertical midline axis to ensure no brain stimulation
(Dragic et al., 2020). The intervention was continued for 2 weeks.
The setup is described in Figure 1.

Statistical analysis

SPSS 21.0 and R software 4.2 were used for all the statistical
analyses. Student’s t-test was used to find the differences between the
two groups. A paired t-test was used here to determine whether the
changes between two-time points in one group were significantly
different. However, when the data did not meet the prerequisite
assumption of normal distribution, non-parametric methods were
used to explore the differences between the two groups. Meanwhile,
one-way analysis of variance (ANOVA) was used to find the
differences among the three groups; if a significant difference was
found in this test, Tamhane’s T2 or Bonferroni post-hoc test was
then performed to determine which two groups significantly differed
according to the equal variance criterion. Spearman’s correlation
analysis was used to determine the potential correlations between
differential factors. A heat map was used to show the changes in
neurotransmitters in the different groups. All tests were two-sided,
and p < 0.05 was considered statistically significant.

Results

Cognitive dysfunction in DEACMP rats

After 21 days of CO poisoning, a DEACMP rat mode was built.
To find out whether DEACMP rats had cognitive dysfunction, the
Morris water maze test was used. At baseline, the two groups had
similar escape latency (p = 0.850), but DEACMP rats had a
significantly higher escape latency than control rats (p = 0.0005,
Figure 2A). These results indicate that DEACMP rats had cognitive
dysfunction. Meanwhile, to explore whether DEACMP rats had
anxiety symptoms, an open-field test was used. At baseline, the two
groups had similar center distance (%) (p = 0.920), but DEACMP
rats eventually had a significantly higher center distance (%) than

FIGURE 1
Study design. This study consisted of two phases. Phase I was
conducted to identify the differential inflammatory factors in the
hippocampus and SCFAs in serum, and phase II explored the efficacy
of differential SCFAs in the treatment of DEACMP. iTBS was used
as a positive control. CON, control; DEACMP, delayed
encephalopathy after acute carbon monoxide poisoning; iTBS,
intermittent theta burst stimulation; SCFAs, short-chain fatty acids;
MWM, Morris water maze; OFT, open field test; GPR41, G protein-
coupled receptor 41; GPR43, G protein-coupled receptor 43.
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the control rats (p = 0.0004, Figure 2A). These results show that
DEACMP rats had anxiety symptoms.

After being sacrificed, the serum and hippocampus of the rats
were collected and stored for later experiments. In this study,
eight SCFAs were successfully identified in rat serum: valerate,
propionate, isohexanate, isobutyrate, butyrate, acetate,
isovalerate, and hexanate. Compared to control rats, DEACMP
rats had significantly lower levels of acetate (p = 0.016) and
propionate (p = 0.029, Figure 2B). The levels of the other six
SCFAs were similar between the two groups: valerate (p = 0.570),
isohexanate (p = 0.239), isobutyrate (p = 0.211), butyrate (p =

0.862), isovalerate (p = 0.129), and hexanate (p = 0.644). In
addition, we also assessed the inflammation levels in the
hippocampus of DEACMP rats. The results showed that
compared to control rats, DEACMP rats had significantly
higher levels of IL-1β (p < 0.0001), IL-6 (p < 0.0001), and
TNF-α (p < 0.0001, Figure 2B). Spearman’s correlation
analysis showed that IL-6 was significantly correlated with
acetate (r = −0.539, p = 0.031) and propionate (r = −0.519,
p = 0.039, Figure 2C). These phase I results demonstrate that
DEACMP rats had increased inflammation levels in the
hippocampus and decreased levels of SCFAs in serum.

FIGURE 2
Abnormal behaviors andmolecules in DEACMP rats. (A) After 21 days of CO poisoning, DEACMP rats showed significantly higher escape latency and
lower center distance (%) than control rat. (B) Two SCFAs (acetate and propionate) in serum and three inflammatory factors (IL-1β, IL-6, and TNF-α) in the
hippocampus were significantly changed in DEACMP rats. (C) There were significant negative correlations between IL-6 and these two SCFAs (acetate
and propionate). CON, control; DEACMP, delayed encephalopathy after acute carbon monoxide poisoning.
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Efficacy of SCFAs in the treatment of
DEACMP rats

In phase II, before treatment, the control group had a
significantly lower escape latency than both the DEACMP +
placebo group (p < 0.0001) and the DEACAMP + SCFAs group
(p < 0.0001, Figure 3A). After 1 week of treatment, the escape latency
in the DEACAMP + SCFAs group was significantly lower than that
of the DEACMP + placebo group (p < 0.0001), but still significantly
higher than the control group (p < 0.0001, Figure 3A). After 2-weeks
of treatment, the escape latency in the DEACMP + SCFAs group was
significantly lower than that in the DEACMP + placebo group (p <
0.0001) and similar to that in the control group (p = 0.091,
Figure 3A). Meanwhile, we found that, in the DEACMP +
SCFAs group, the escape latency after 2 weeks of treatment was
significantly lower than the escape latency after 1 week of treatment
(p = 0.0001), and the latter was significantly lower than the escape
latency after 21 days of CO poisoning (p < 0.0001). Similar results
were found for the center distance (%) after SCFA treatment
(Figure 3B). These results indicate that SCFAs could significantly
improve cognitive dysfunction and anxiety symptoms in
DEACMP rats.

Efficacy of iTBS in the treatment of
DEACMP rats

In phase II, before treatment, the control group had a
significantly lower escape latency than both the sham iTBS (p <
0.0001) and iTBS (p < 0.0001) groups (Figure 4A). After 1 week of
treatment, the escape latency in the iTBS group was significantly
lower than in the sham iTBS group (p < 0.0001), but still
significantly higher than in the control group (p < 0.0001,
Figure 4A). After 2 weeks of treatment, the escape latency in the
iTBS group was significantly lower than that in the sham iTBS group
(p < 0.0001), and similar to that in the control group (p = 0.160,
Figure 4A). Meanwhile, we found that in the iTBS group, the escape
latency after 2 weeks of treatment was significantly lower than the
escape latency after 1 week of treatment (p = 0.001). Similar results
were found for the center distance (%) after iTBS treatment
(Figure 4B). Meanwhile, at the end of the intervention, we found
that the levels of IL-1β (p < 0.0001), IL-6 (p < 0.0001), and TNF-α
(p < 0.0001) were significantly lower in the iTBS group than in the
sham iTBS group, but the levels of these inflammatory factors were
similar between the control and iTBS groups (Figure 4C). These
results indicate that iTBS could significantly improve cognitive

FIGURE 3
Efficacy of SCFAs on cognitive function and anxiety symptoms in DEACMP rats. (A) Before treatment, the DEACMP + placebo group and the
DEACMP + SCFAs group had similar escape latency. After treatment, the DEACMP + SCFAs group had a significantly lower escape latency than the
DEACMP + placebo group. (B) Before treatment, the DEACMP + placebo group and the DEACMP + SCFAs group had a similar center distance (%). After
1 week of treatment, the DEACMP + SCFAs group had a non-significantly higher center distance (%) than the DEACMP + placebo group; after
2 weeks of treatment, the DEACMP + SCFAs group had a significantly higher center distance (%) than the DEACMP + placebo group. CON, control;
DEACMP, delayed encephalopathy after acute carbon monoxide poisoning; SCFAs, short-chain fatty acids.
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dysfunction and anxiety symptoms in DEACMP rats and restore
the increased inflammation levels in the hippocampus of
DEACMP rats.

SCFAs vs. iTBS in the treatment of
DEACMP rats

To explore whether these two different treatment methods
have different effects in the treatment of DEACMP rats, the
escape latency and center distance (%) between the DEACMP +
SCFAs and the iTBS groups were compared. As shown in
Figure 5A, the two groups had a similar escape latency before

treatment (p = 0.952). After 1 week of treatment, the reduction
in escape latency was significantly higher in the iTBS group than
in the SCFA group (p = 0.0001); however, after 2 weeks of
treatment, the two groups had a similar reduction in escape
latency (p = 0.408) (Figure 5A). As shown in Figure 5B, the two
groups had similar center distance (%) before treatment (p =
0.993). After 1 week of treatment, the increase in center distance
(%) was significantly higher in the iTBS group than in the SCFAs
group (p = 0.046), but after 2 weeks of treatment, the two groups
had a similar reduction in escape latency (p = 0.673) (Figure 5B).
These results suggest that iTBS may work faster in the treatment
of cognitive dysfunction and anxiety symptoms in
DEACMP rats.

FIGURE 4
Efficacy of iTBS on cognitive function and anxiety symptoms in DEACMP rats. (A) Before treatment, the DEACMP + sham iTBS group and the
DEACMP+ iTBS group had similar escape latency. After treatment, the DEACMP+ iTBS group had a significantly lower escape latency than theDEACMP+
sham iTBS group. (B) Before treatment, the DEACMP + sham iTBS group and DEACMP + iTBS groups had similar escape latency. After treatment, the
DEACMP+ iTBS group had a significantly higher center distance (%) than the DEACMP+ sham iTBS group. (C) After 2 weeks of treatment, IL-1β, IL-6,
and TNF-α levels were significantly lower in the DEACMP + iTBS group than in the DEACMP + sham iTBS group, but their levels were similar between the
CON and the DEACMP + iTBS groups. CON, control; DEACMP, delayed encephalopathy after acute carbonmonoxide poisoning; iTBS, intermittent theta
burst stimulation.
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Inflammatory levels after SCFA treatment

At the end of the intervention (Figure 6A), compared to the
control, the DEACMP + placebo group had significantly higher
levels of IL-1β (p < 0.0001), IL-6 (p < 0.0001), and TNF-α (p <
0.0001). However, we found that the levels of IL-1β (p = 0.175), IL-6
(p = 0.124), and TNF-α (p = 0.104) were similar between the control
and the DEACMP + SCFA groups; the levels of IL-1β (p = 0.0001),
IL-6 (p < 0.0001), and TNF-α (p < 0.0001) were significantly lower
in the DEACMP + SCFA group than in DEACMP + placebo
group. These results showed that SCFAs could significantly
relieve inflammation levels in the hippocampus of DEACMP rats.

Both GPR41 and GPR43 levels were found to be significantly lower
in the DEACMP + placebo group than in both the control (p = 0.009,
p = 0.006) and DEACMP + SCFAs groups (p = 0.010, p = 0.017,
Figure 6B). The control and DEACMP + SCFAs groups had similar
GPR41 (p = 0.560) and GPR43 (p = 0.502) levels (Figure 6B).
Spearman’s correlation analysis was used to determine the potential
correlations between IL-1β/IL-6/TNF-α and GPR41/GPR43. The
results showed that GPR41 was significantly correlated with IL-1β
(r = −0.626, p = 0.001), IL-6 (r = −0.620, p = 0.001), and TNF-α
(r = −0.538, p = 0.007), and GPR43 was significantly correlated with IL-
1β (r = −0.416, p = 0.043) and TNF-α (r = −0.422, p = 0.040, Figure 6C).
These results show that SCFAs may regulate inflammation levels
through their receptors, such as GPR41 and GPR43.

Neurotransmitter levels after
SCFA treatment

Neurotransmitters in the catecholamine pathway were detected
in this study, and eight neurotransmitters in the hippocampus were
successfully identified: dopamine, L-phenylalanine, vanillylmandelic
acid, phenylethylamine, tyramine, 3,4-dihydroxyphenylacetic acid,
L-tyrosine, and norepinephrine (Figure 7A). Compared to the
control group, the DEACMP + placebo group had significantly
lower levels of dopamine (p = 0.008) and norepinephrine (p =
0.003). However, compared to the control group, the DEACMP +
SCFAs group had similar levels of dopamine (p = 0.861) and
norepinephrine (p = 0.589). The DEACMP + SCFAs group had
significantly higher levels of dopamine (p = 0.002) and
norepinephrine (p = 0.004) than the DEACMP + placebo
group. These results indicate that SCFAs could effectively
improve dopamine and norepinephrine dysregulations.

Spearman’s correlation analysis was used to investigate the
potential correlations between differential neurotransmitters and
inflammatory factors. The results revealed close relationships
between the differential neurotransmitters and inflammatory
factors: dopamine vs. IL-6 (r = −0.454, p = 0.026) and TNF-α
(r = −0.568, p = 0.004); norepinephrine vs. IL-1β (r = −0.513, p =
0.010), IL-6 (r = −0.633, p = 0.0010), and TNF-α (r = −0.600, p =
0.002, Figure 7B). We found that the escape latency was significantly

FIGURE 5
Efficacy of SCFAs versus iTBS in the treatment of DEACMP rats. (A) Before treatment, the DEACMP + SCFAs and DEACMP + iTBS groups had similar
escape latency. The reduction in escape latency was significantly higher in the DEACMP + iTBS group than in the DEACMP + SCFAs group after 1 week of
treatment but was similar between the two groups after 2 weeks of treatment. (B) Before treatment, the two groups had similar center distance (%). The
increase in center distance (%) was significantly higher in the DEACMP+ iTBS group than in theDEACMP+ SCFAs group after 1 week of treatment but
was similar between the two groups after 2 weeks of treatment. DEACMP, delayed encephalopathy after acute carbon monoxide poisoning; SCFAs,
short-chain fatty acids; iTBS, intermittent theta burst stimulation.
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correlated with dopamine (r = −0.410, p = 0.046) and
norepinephrine (r = −0.733, p < 0.0001), and center distance (%)
was significantly correlated with norepinephrine (r = 0.603, p =
0.002, Figure 7B)). These results indicate that these two differential
neurotransmitters may play important roles in inflammation levels
and behavior in DEACMP rats.

Discussion

In phase I of this study, we found that DEACMP rats had
significant cognitive dysfunction and anxiety symptoms compared to
control rats. The significantly increased levels of three inflammatory
factors (IL-1β, IL-6, and TNF-α) in the hippocampus and decreased
levels of two SCFAs (acetate and propionate) in the serum were found
in theDEACMP rats. In phase II of this study, we found that both SCFA
solution (acetate and propionate) and iTBS could effectively relieve
cognitive dysfunction and anxiety symptoms in DEACMP rats. After
2 weeks of treatment, the decreased SCFA receptors (GPR41 and
GPR43), increased inflammatory factors (IL-1β, IL-6, and TNF-α),
and decreased neurotransmitters (dopamine and norepinephrine) were
significantly improved in DEACMP + SCFAs rats. These results
suggested that the cognitive dysfunction and anxiety

symptoms may be closely related to the inflammation or
neurotransmitter levels in the hippocampus of DEACMP rats,
and the combination of acetate and propionate may be an
effective method for DEACMP. Acetate/propionate–GPR41/
GPR43–IL-1β/IL-6/TNF-α–dopamine/norepinephrine may be a
potential pathway in SCFA treatment for DEACMP.

rTMS can have neuroprotective effects. Compared to rTMS,
iTBS—as a new model of rTMS—needs a shorter time and can
produce more long-lasting effects (Chung et al., 2015). However, the
neuroprotective mechanisms of iTBS are still unknown. Current
evidence suggests that the mechanism of action of this method is
mainly related to the regulation of neuronal excitability (Pabst et al.,
2022). Shen et al. (2024) reported that iTBS played a neuroprotective
role in cerebral ischemia/reperfusion injury by inhibiting
endoplasmic reticulum stress and ferroptosis. Considering the
close interactions between the nervous and immune systems
(Yoo and Mazmanian, 2017), we speculated that iTBS could
reduce neuronal death by affecting the immune system and then
exerting neuroprotective effects. Interestingly, our study found that
iTBS could significantly improve cognitive dysfunction and
inflammation levels in DEACMP rats. However, due to the lack
of direct evidence, this speculation must be explored in
future studies.

FIGURE 6
Effects of SCFAs on inflammatory factors and SCFA receptors. (A) At the end of treatment, we found that the DEACMP + placebo group had
significantly higher levels of IL-1β, IL-6, and TNF-α than the control group, but the levels of these inflammatory factors were similar between the control
group and DEACMP + SCFA group. (B) At the end of treatment, we found that the DEACMP + placebo group had significantly lower levels of GPR41 and
GPR43 than the control group, but the levels of these inflammatory factors were similar between the control group and the DEACMP + SCFAs
group. (C) There were significant correlations between IL-1β/IL-6/TNF-α andGPR41/GPR43. The blue line indicates a negative correlation. CON, control;
DEACMP, delayed encephalopathy after acute carbon monoxide poisoning; iTBS, intermittent theta burst stimulation; GPR41, G protein-coupled
receptor 41; GPR43, G protein-coupled receptor 43.
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SCFAs have a crucial role in maintaining immune functions,
host metabolism, and the gut barrier (Kim, 2023). As a two-carbon
SCFA, acetate not only serves as an important energy source but also
has an anti-inflammatory function. Previous research found that
acetate could regulate the nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3) inflammasome via
GPR43 and Ca2+-dependent mechanisms (Jiang et al., 2019).
Propionate, a three-carbon SCFA, can also reduce inflammation
levels in the body. Filippone et al. (2020) found that propionate has
anti-inflammatory properties and proposed that it could be a
potential treatment method for inflammatory diseases. In this
study, we found that compared to DECAMP + placebo rats,
DECAMP + SCFA rats had significantly lower levels of IL-1β,
IL-6, and TNF-α in the hippocampus. Moreover, the levels of
GPR41 and GPR43 were significantly increased in DECAMP +
SCFAs rats. Considering that GPR41 and GPR43 are the important
receptors in microglia (Butovsky and Weiner, 2018), our present
results suggest that the combination of acetate and propionate
produced anti-inflammatory effects by increasing GPR41 and
GPR43 levels to regulate the state of microglia which ultimately
improved the cognitive dysfunction and anxiety symptoms in
DEACMP rats.

Catecholamines have the closest relationships with many CNS
functions, such as cognitive function and motor control (Kobayashi,
2001). Disruptions in the catecholamine pathway are involved in many
neuropsychiatric diseases. Currently, dopamine is known to play a crucial

role inmost cognitive functions, and dopamine dysregulation is viewed as
a hallmark of many neuropsychiatric diseases (Costa and Schoenbaum,
2022). Norepinephrine is synthesized from dopamine and has been
found to be related to cognitive deficits inmaternalmice (Liu et al., 2020).
In this study, we found two significantly changed catecholaminergic
neurotransmitters (dopamine acid and norepinephrine) in DEACMP
rats, and their levels were significantly restored after SCFA intervention.
In addition, increased inflammation levels in the brain may disrupt the
neurotransmitters there (Gorji, 2022; Oshaghi et al., 2023). Therefore, the
results of our study indicated that SCFAs might regulate the
catecholamine pathway by modulating the inflammation levels in the
hippocampus to ultimately produce good effects in DEACMP rats.

Additionally, previous research has reported a close relationship
between SCFAs and neurogenesis (Vicentini et al., 2021; Agnihotri and
Mohajeri, 2022). Neurogenesis is the process of brain cell growth and
repair. Vicentini et al. (2021) found that SCFA could regulate enteric
neuronal survival and also stimulate neurogenesis. Agnihotri and
Mohajeri (2022) found that SCFAs had a direct effect on neuronal
growth and neurogenesisin the hippocampus. Interestingly, Ochi et al.
(2021) reported an association between delayed CO encephalopathy
and the impairment of adult neurogenesis. These results indicate that
SCFAs may produce effects on DEACMP by regulating neurogenesis.
Meanwhile, evidence has shown neurogenesis to be influenced by
neurotransmitters (Ojeda and Ávila, 2019; Cameron et al., 1998;
Berg et al., 2013). In this study, we found that the dopamine and
norepinephrine disruptions in the hippocampus of DEACMP rats were

FIGURE 7
Potential pathway of SCFAs in the treatment of DEACMP. (A) After 2 weeks of SCFA treatment, the decreased levels of dopamine and norepinephrine
in DEACMP rats were significantly increased. (B) There were significant correlations between the differential inflammatory factors and catecholamine
neurotransmitters (mainly dopamine and norepinephrine), and escape latency and center distance (%) were also mainly correlated with dopamine and
norepinephrine. Considering the relationships between SCFA receptors (GPR41 and GPR43) and inflammatory factors, these results suggest that
Acetate/propionate–GPR41/GPR43–IL-1β/IL-6/TNF-α–dopamine/norepinephrine may be a potential SCFA pathway in the treatment of DEACMP. Blue
and pink lines indicate negative and positive correlations, respectively; the thicker the line, the greater the correlation coefficient. The * indicates the
p-value of the DEACMP + SCFA group vs. the DEACMP + placebo group (DOPA, p = 0.002; NE, p = 0.004). CON, control; DEACMP, delayed
encephalopathy after acute carbon monoxide poisoning; SCFAs, short-chain fatty acids; Phe, L-phenylalanine; PEA, phenylethylamine; Tyr, L-tyrosine;
Trya, tyramine; DOPA, dopamine; NE, norepinephrine; DHPA, 3,4-dihydroxyphenylacetic acid; VMA, vanillylmandelic acid; GPR41, G protein-coupled
receptor 41; GPR43, G protein-coupled receptor 43.
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significantly improved after SCFA treatment. These findings suggest
that the efficacy of SCFAs in the treatment of DEACMPmay be related
to their potential effects on neurogenesis.

Several limitations should be mentioned here. i) The comparative
efficacy of iTBS and SCFAs was assessed with 2-week treatment
durations. Thus, the long-term efficacy of these two treatment
methods was not assessed here. ii) Only one kind of acetate/
propionate dose was used in this study. Future studies should be
conducted to assess the efficacy of different acetate/propionate doses
in the treatment of DEACMP. iii) In phase I, we found that only acetate
and propionate were significantly changed in DEACMP rats; thus, in
phase II, only these two SCFAs were used to treat DEACMP rats.
However, considering that butyrate was also one of the main three
SCFAs, future studies should further explore the efficacy of acetate/
propionate/butyrate in the treatment of DEACMP.

Conclusion

Our study first investigated the efficacy of iTBS and SCFAs in
DEACMP rats. The increased inflammation levels in the
hippocampus of DEACMP rats could be restored after iTBS or
SCFA treatment, and SCFAs could also improve the decreased levels
of dopamine and norepinephrine in the hippocampus of DEACMP
rats. We also found that iTBS might work faster in improving
cognitive dysfunction than SCFAs; however, considering the
potential side effects and tolerability of iTBS, SCFAs might be
more appropriate for DEACMP. However, our findings can be
used in future studies for validation and support.
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Background: Spinal cord injury (SCI) is a debilitating condition characterized by
partial or complete loss of motor and sensory function caused by mechanical
trauma to the spinal cord. Novel therapeutic approaches are continuously
explored to enhance spinal cord regeneration and functional recovery.

Purpose: In this study, we investigated the efficacy of the poly(vinyl alcohol) and
chitosan (PVA/CS) scaffold loaded with different thymol concentrations (5, 10,
and 15 wt%) in a rat compression model for SCI treatment compare to other (e.g.,
thymol and scaffold) control groups.

Results and discussion: The thymol-loaded scaffold exhibited a smooth surface
and a three-dimensional nanofibrous structure with nanoscale diameter. The
conducted analyses verified the successful incorporation of thymol into the
scaffold and its high water absorption, porosity, and wettability attributes.
Behavioral assessment of functional recovery showed improving sensory and
locomotor impairment. Furthermore, histopathological examinations indicated
the regenerative potential of the thymol-loaded nanofiber scaffold, by
neuronal survival.

Conclusion: Therefore, these findings suggest that the thymol-loaded
nanofibrous scaffolds have promising pharmacological activities for alleviating
neuropathic pain and addressing complications induced by SCI.

KEYWORDS

spinal cord injury, motor activity, neuropathic pain, thymol-scaffold, chitosan,
poly(vinyl alcohol)

1 Introduction

Neuropathic pain is a sort of continual ache that occurs when damage or disorder affects
the somatosensory nervous system, impacting 7%–10% of the world population (Colloca
et al., 2017). Neuropathic pain due to spinal cord injury (SCI), can bring about a lack of
sensation, movement, bowel and bladder management, and can range in rigor from mild to
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intense (Alizadeh et al., 2019; Joosten and Franken, 2020). Recent
investigations have discerned that the modulation of apoptotic gene
expression, with potential implications for neuropathic pain, is
orchestrated by reactive oxygen species (ROS) and inflammatory
factors (Siniscalco et al., 2007). Consequently, ROS assumes a
pivotal role in the cascade of events associated with nerve
damage, concomitant with processes such as caspase activation,
glial activation, and mitochondrial dysfunction (Andersen, 2004). A
spectrum of pain medicinal drugs, such as anticonvulsant pills, can
also correctly lessen neuropathic pain. Gabapentin is the first line of
medication in neuropathic pain (Levendoğlu et al., 2004), and anti-
inflammatory drugs such as nonsteroidal anti-inflammatory drugs
(NSAIDs) (Colloca et al., 2017; Hayta and Elden, 2018; Terzi et al.,
2018; Gurba and Haroutounian, 2022), are effective in reducing
neuropathic pain and may be used in combination with other pain
medication. Topical treatments containing capsaicin a compound in
chili peppers, acts on the transient receptor potential cation channel
subfamily V member 1 (TRPV1) receptor to provide analgesic
effects by desensitizing pain pathways (Hall et al., 2020; Liau
et al., 2020; Zheng et al., 2020; Olusanya et al., 2023).

Herbal medications are sometimes used as complementary or
alternative treatments for SCI (Nayak et al., 2001; Boyd et al., 2019).
While their therapeutic efficacy has yet to undergo extensive
scientific investigation, herbal remedies are garnering increasing
attention as a potentially viable alternative owing to their favorable
safety profiles in contrast to conventional pharmacological agents.
Prominent herbal constituents employed in the context of SCI
management encompass curcumin (Indermun et al., 2019; Jin
et al., 2021; Li et al., 2021) and ginger (Andrei et al., 2022; Shen
C.-L. et al., 2022). Renowned for their anti-inflammatory attributes,
these herbs hold promise in mitigating the pain and inflammation
typically associated with spinal cord injuries. Furthermore,
noteworthy research has indicated that Ginkgo biloba L.
[Ginkgoaceae] (Kim et al., 2009; Al-Adwani et al., 2019) may
augment cerebral and spinal cord blood circulation, accompanied
by potential neuroprotective properties that could facilitate the
recuperative process following spinal cord injuries. Additionally,
thymol (2-isopropyl-5-methylphenol) is the main naturally
occurring monoterpene phenol prevalent in thyme essential oils,
particularly Thymus vulgaris L. [Lamiaceae], and has demonstrated
anti-inflammatory and analgesic qualities (Costa et al., 2019;
Sheorain et al., 2019; Wang W. et al., 2020; Zheng et al., 2022).
This effective agent is appropriate to utilize as an anti-inflammatory
activity by inactivating the calcium channels or initiating a
corresponding decrease in elastase (Braga et al., 2006), and
antioxidant activity was proven by the (2,2-diphenyl-1-

picrylhydrazyl) (DPPH) and human red blood cell stabilization
methods (Sheorain et al., 2019). However, thymol has a strong
irritating/bitter taste and a low aqueous solubility. These
physicochemical characteristics lead to the development of
pharmaceutical preparation that covers these undesirable
characteristics (Nieddu et al., 2014). Besides herbs, the use of
scaffolds and thymol in SCI treatment is an area of abiding
research in regenerative medicine (Qian et al., 2021; Zheng
et al., 2022).

Scaffolds are critical in SCI management, as they provide
structural support that closely mimics the natural extracellular
matrix (ECM) and thus present a conducive environment for cell
adhesion, proliferation, and differentiation, which are key to tissue
regeneration (Stokols and Tuszynski, 2004). Nanofibrous
scaffolds, often fabricated by the electrospinning process,
possess particular advantages due to their nanoscale fibrous
architecture, which closely mimics the composition of the
ECM. This resemblance increases the scaffold’s ability for cell
adhesion, migration, and nutrient exchange, which are essential in
nerve tissue regeneration (Zhang et al., 2019).

Nanofibrous scaffolds are also effective platforms for localized
drug delivery, allowing controlled, sustained release of therapeutic
agents directly to the injury site (Faccendini et al., 2017). This
localized approach is advantageous for SCI treatment, as it delivers a
concentrated dose of bioactive compounds like thymol precisely
where needed, reducing systemic side effects (Faccendini
et al., 2017).

By combining poly (vinyl alcohol (PVA) and chitosan (CS), two
polymers favorable for the fabrication of electrospun nanofibers
(NFs), we strengthen the scaffold andmake it more stable ensuring it
can withstand compression without losing its shape or structural
integrity. This is crucial, for creating an environment that promotes
tissue regeneration and aids in the recovery of cord function.
Additionally, the hydrophilic properties of PVA and CS
contribute to the scaffold’s functionality. The scaffold’s porosity
and permeability are vital for infiltration and nutrient exchange. By
processing PVA and CS create a scaffold with high porosity allowing
for the diffusion of oxygen, nutrients, and waste products.
Furthermore, such nanofibrous scaffolds can effectively
encapsulate and deliver substances.

In this study, we loaded the nanofibrous scaffold with thymol,
a compound with well-reported analgesic anti-inflammatory and
antioxidant properties (Yanishlieva et al., 1999; Braga et al., 2006;
Ghori et al., 2016) that has also been certified Generally
Recognized As Safe (GRAS) by the Food and Drugs
Administration (FDA). By incorporating it into the scaffold
we achieved controlled and localized delivery, to the injured
area, thereby enhancing the effectiveness of the treatment (Zhang
et al., 2019). In the realm of SCI, scaffolds serve as a structural
foundation, facilitating the growth and regeneration of
compromised neural tissue (Koffler et al., 2019; Cheng et al.,
2022). A current focus of investigation involves thymol-loaded
nanofibrous scaffolds, under scrutiny for their potential to
augment tissue regeneration and mitigate pain (Chen et al.,
2020; Yue et al., 2021). The underlying principle driving the
utilization of thymol-loaded nanofibrous scaffolds revolves
around the fusion of thymol’s therapeutic advantages with the
supportive attributes inherent to nanofibrous scaffolds.

Abbreviations: ANOVA, analysis of variance; BBB, Basso, Beattie, and
Bresnahan; CS, chitosan; DSC: Differential scanning calorimetry; DPPH,
(2,2-diphenyl-1-picrylhydrazyl); ECM, extracellular matrix; FT-IR, Fourier
transform infrared; GRAS, Generally Recognized As Safe; FDA, Food and
Drugs Administration; hEnSCs, human endometrial stem cells; IL-1β,
interleukin 1 beta; IL-6, interleukin 6; IP, injected intraperitoneal; NMDA,
N-methyl-D-aspartate; NSAIDs, nonsteroidal anti-inflammatory drugs; NFs,
nanofibers; PBS, phosphate buffered saline; PCL, poly ε-caprolactone; Pox,
poly(2-ethyl-2-oxazoline); PVA, poly(vinyl alcohol); ROS, reactive oxygen
species; SCI, spinal cord injury; SEM, Scanning electron microscopy; SIPN,
semi-interpenetrating polymer network; TNF-α, tumor necrosis factor-alpha;
TRPV1, transient receptor potential cation channel subfamily V member 1.
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2 Methods and materials

2.1 Materials

Poly (vinyl alcohol) (PVA, Mw: 72 kDa), chitosan (CS, MW:
190–300 kDa, 75%–85% deacetylated), 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and thymol (CAS No: 89-83-8) were
obtained from Sigma-Aldrich (Steinheim, Germany). Acetic acid
and ethanol were bought from Merck Company
(Darmstadt, Germany).

2.2 Fabrication of thymol-loaded
nanofibrous scaffolds

The blank PVA/CS nanofibrous scaffold and the scaffold
containing thymol were fabricated with the electrospinning
technique. To prepare the blank scaffold, a mixture of PVA
(10% w/v) and CS (2% w/v) was blended at the ratio of 80:
20 v/v. Then, the polymeric mixture was subjected to
electrospinning at room temperature (25°C), set at +20 kV
applied voltage, flow rate 1 mL/h, and a 15 cm tip-to-collector
distance. Likewise, thymol (5–15 wt%) was added to the PVA/CS

blended solution and was converted to the electrospun fibers at the
same condition. After that, they were removed from the
aluminium sheet and stored for further characterizations and
examinations.

2.3 Characterization of the scaffolds

Scanning electron microscopy (S-4700, Hitachi Ltd., Tokyo,
Japan) at an accelerating voltage of 30.0 kV after a gold plasma
sputtering characterized the scaffolds’ morphology and diameter
distribution. Besides, studying the interactions between the
scaffold ingredients and endorsing the incorporation of thymol
was conducted using Fourier transform infrared (FT-IR)
spectrophotometer (IR Affinity 1S, Shimadzu, Japan) from
400 to 4,000 cm−1 at room temperature. The water absorption
capacity and the surface wettability of the scaffolds were
determined by immersion in water (pH 7.4) at 37°C and water
contact angle measurement through the sessile drop technique,
respectively (Doostan et al., 2023). Moreover, the antioxidant
activity of the prepared scaffolds was performed via DPPH
radical scavenging assay as previously described (Mastelić
et al., 2008).

FIGURE 1
Experimental design was conducted using a rat compressionmodel of SCI to evaluate the therapeutic potential of poly(vinyl alcohol)/chitosan (PVA/
CS) scaffolds loadedwith varying concentrations of thymol (5, 10, and 15wt%). The timeline of the experiment included scaffold implantation immediately
post-injury, followed by behavioral assessments (e.g., locomotor and sensory function) at regular intervals. Histopathological analyses were performed at
the endpoint to evaluate overall tissue regeneration. The design aimed to compare the efficacy of thymol-loaded scaffolds against controls in
promoting functional recovery and reducing neuropathic pain associated with SCI.
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Furthermore, thermal analysis was conducted using
Differential Scanning Calorimetry (DSC) to elucidate the
thymol-polymer interactions and structural transitions
(Zeugolis and Raghunath, 2010). The samples, including pure
thymol, blank scaffold, and loaded scaffold, were analyzed with a
thermal analyzer (NETZSCH STA 449 F3 Jupiter, Germany)
under a nitrogen atmosphere from 25°C to 100°C at a rate of
10°C/min.

2.4 In vivo model for spinal cord injury

In the study, 42 adult male Wistar rats weighing (220–260 g)
were bought from Aftab Lorestan and held in the central animal
house, at Kermanshah University of Medical Sciences. Animals were
fed ad libitum and kept under standard conditions (light/dark cycle
for 12 h in relative humidity of 60% ± 5% and temperature of 24°C ±
2°C). Procedures were performed following the policies for the

treatment and care of laboratory animals published by The
Iranian National Institute of Health and approved by the Ethics
Committee at the Kermanshah University of Medical Sciences
(Ethical code: IR.NIMAD.REC.1400.108). All actions were made
to relieve mouse distress.

Rats were randomly split into seven groups each six rats as
follows: 1) Group 1 (Sham group): received laminectomy without
injury and were treated with normal saline; 2) Group 2: received
compression injury; 3) Group 3: received compression injury and
were treated with thymol (5 mg/kg, intraperitoneally); 4) Group 4:
received compression injury and were treated with just the blank
scaffold (in-situ); 5) Group 5: received compression injury and
were treated with the nanofibrous scaffold containing 5 wt%
thymol (in-situ); 6) Group 6: received compression injury and
were treated with the nanofibrous scaffold containing 10 wt%
thymol (in-situ); 7) Group 7: received compression injury and
were treated with the nanofibrous scaffold containing 15 wt%
thymol (in-situ).

FIGURE 2
SEM image of blank PVA/CS scaffold (A) and the scaffold containing 5 wt% (B), 10 wt% (C), and 15 wt% (D) thymol with corresponding diameter
distribution histograms.
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2.5 Induction of spinal cord injury via
compression

Animals were transferred to the laboratory before testing to be
adapted to the environment. Anesthesia was induced in rats, by the
mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) injected
intraperitoneal (IP). The surgical area was shaved and disinfected with
ethanol 70%. Laminectomy was accomplished at the T8-T9 level with
a micro rongeur (Fine Science Tools, United States). Henceforward,
the extradural clip compression SCI caused damage by closing an
aneurysm clip (Aesculap, Tuttlingen, Germany) with a 90 g calibrated
closing force, near the spinal cord for 1 min (Poon et al., 2007;
Cheriyan et al., 2014; Bagheri Bavandpouri et al., 2024). Then muscles
and skin were sutured, and rats were permitted to recover on a 30°C
heating pad, and then received saline (2 mL, twice a day,
subcutaneously) and cefazoline (40 mg/kg twice on the day of
surgery, i.p.) to rehydrate and control urinary tract infections. SCI
rendered all animals thoroughly paraplegic. Urinary excretion was
manually dragged out two times per day until achieving bladder-
emptying reflex comeback.

2.6 Weight change measurement

The rats were weighed at the commencement of
experiments and repeated on days 7, 14, 21, and 28. The weight
changes in each group were calculated through the directions below:

Weight difference = (Animal’s weight on days 7, 14, 21, and
28 – weight on day 0 (before the surgery)).

2.7 Functional recovery assessment using
Basso, Beattie, and Bresnahan test

Basso, Beattie, and Bresnahan (BBB) is a locomotor behavior test
that is a proper and predictive estimation of locomotor recovery and
can also differentiate behavioral developments due to separate injuries
(Basso et al., 1995). The approach was based on evaluated behavior
before the injury, on the first postoperative day, and then for up to
4 weeks on days 1, 7, 14, 21, and 28. Scoring categories were
determined and classified based on the experimental ordering of
the Basso, Beattie, and Bresnahan Locomotor Rating Scale.

FIGURE 3
FT-IR spectrum of thymol, blank PVA/CS scaffold, and thymol-loaded PVA/CS scaffold.

Frontiers in Pharmacology frontiersin.org05

Amirian et al. 10.3389/fphar.2025.1507397

270

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1507397


2.8 Mechanical sensory testing with von-
Frey Filaments

The von Frey test is a gold standard for specifying mechanical
thresholds, which were invented by Maximilian von Frey and
evaluating mechanical allodynia in mice and rats (Deuis et al.,
2017). In this test, a monofilament was used vertically to the
plantar surface of the rat’s rear paw until its apex, producing a
stable pre-determined force (typically 15–180 g for rats) for 2–5 s.
When any quick paw withdrawal, licking, or shaking was observed
while applying the stimulus, it was considered a positive response.
The test was repeated on days 7, 14, 21, and 28.

2.9 Assessing sensory response with
acetone drop test

Cold chemical and thermal sensitiveness were estimated by
utilizing the acetone drop method (Yoon et al., 1994; Ruan et al.,
2018). The technique involved applying (100 μL) of acetone using a
micropipette to the rat’s hind paw through the wired mesh cage. The

rats were placed in the cage and allowed to acclimate for
approximately 20 min before acetone application to facilitate
exploration of their surroundings. The acetone drop was applied
mildly to the rat’s rear paws. Rats’ reactions such as paw licking,
shaking, or rubbing the hind paw and brisk foot withdrawal typically
2–5 s after the acetone administration were documented as positive
responses. For each measurement, the paw was sampled three times
with an interval of 5 min calculated, which scored 0, 1, 2, 3 and 4,
respectively. The test was repeated on days 7, 14, 21, and 28.

2.10 Thermal sensitivity assessment using
hot plate test

The hot-plate test scored behavioural for measurements to
estimate acute pain sensitivity (Hunskaar et al., 1986). Rats were
put, each one separately, on a surface maintained at 50°C–56°C. The
rat’s movement was restricted by a plexiglass cylinder. The latency to
hind paw licking, shaking, or jumping, was recorded by time, and at
this point, the animal was instantly released from the hot plate to
lessen the suffering. The test was repeated on days 7, 14, 21, and 28.

FIGURE 4
(A) The water absorption capacity of the scaffolds at different immersion times, (B) The resultant images of the water contact angle of the scaffolds:
blank PVA/CS scaffold (a) and the scaffolds containing 5 wt% (b), 10 wt% (c), and 15 wt% (d) thymol with the quantitative values.
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2.11 Histopathological evaluation of spinal
cord injury

All rats were sacrificed (100mg/kg ketamine + xylazine 20 mg/kg)
at the end of day 28when the behavioral tests were finished. The spinal
cord tissue was attentively extracted and then kept in 200 mL of 4%
paraformaldehyde and 0.1 M phosphate-buffered saline (PBS). The
tissues were then processed (Didban sabz DS2080/H; Iran). The
sections of the spinal cord in each rat were stained with H&E.
Histopathological alterations were analyzed using a light
microscope, and the data was collected at a magnification of 40X.

2.12 Statistical analysis

Statistical analyses were performed using GraphPad Prism
software version 6. Results are presented as mean ± standard
error of the mean (SEM). One-way or two-way analysis of
variance (ANOVA) was conducted, followed by Tukey’s or
Bonferroni post hoc tests, to determine significant differences
between groups. A p-value of less than 0.05 was considered
statistically significant (Fakhri et al., 2018; Bagheri Bavandpouri
et al., 2024).

The experimental design is schematized in Figure 1.

FIGURE 5
DSC thermograms of (A) pure thymol, (B) blank PVA/CS scaffold, and (C) thymol-loaded scaffold.
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3 Results

3.1 Morphological characterization of
the scaffolds

The SEM micrographs of blank electrospun PVA/CS scaffold
and PVA/CS scaffolds containing 5-15 wt% thymol are depicted in
Figure 2. The blank scaffold (without thymol) indicated the diameter
distribution 313 ± 45 nm and the uniform morphological structure
with the smooth, cylindrical, ribbon-shaped, and bead-free NFs with
high porous structure (Figure 2A). Adding 5 wt% thymol in the
PVA/CS mixture led to increasing the diameter of NFs to 390 ±
45 nm without any change in the morphology (Figure 2B). Likewise,
the uniform and beadless NFs with a diameter distribution of 396 ±

49 nm were formed while the thymol concentration was augmented
to 10 wt% (Figure 2C). Whereas, adding 15 wt% thymol resulted in
the elevation of the average diameter to 412 ± 53 nm with
appropriate morphology (Figure 2D). Further incorporation of
thymol (>15 wt%) led to the formation of non-uniform NFs in
diameter and morphology that is not desirable and was not used.

3.2 Characterization of scaffold composition
via FT-IR

FT-IR spectroscopy was performed to verify the chemical
structure of samples and identify the presence of thymol and its
interaction with the polymeric matrix. The FT-IR spectra of pure

FIGURE 6
(A) Free radical scavenging activity of thymol-loaded and blank PVA/CS scaffolds at different concentrations. (B) Determination of IC50 values and
sigmoidal curve fitting for representing radical scavenging activity of the scaffolds.
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thymol, the unloaded (blank), and the thymol-loaded scaffolds are
presented in Figure 3. The spectrum of thymol indicated the
distinguishing peak at 806 cm−1 corresponding to out-of-plane
C–H wagging vibrations, and peaks at 1,089 cm−1, 1,244 cm−1,
1,450 cm−1, and 1,602 cm−1 are attributed to C–O, C–C and C=C
stretching vibrations of the phenolic ring of thymol (Wu et al.,
2021). In addition, the characteristic peaks occurring at 2,960 cm−1

and 3,202 cm−1 are assigned to methyl groups (–CH3) and
hydroxyl groups (–OH) of thymol, respectively (Sanchez-
Rexach et al., 2016; Michalska-Sionkowska et al., 2017).
Besides, the spectrum of blank PVA/CS nanofibrous scaffold
exhibited characteristic peaks at 1,080 cm−1 and 1,251 cm−1 that
are associated with C–O–C stretching of ether groups as well as a
sharp peak at 1728 cm−1 corresponding to the C=O stretching
bond of the residual acetyl groups in the CS (Rukmani and
Sundrarajan, 2012). Also, the absorption peak at 2,935 cm−1 is
related to the–CH2 group, and the broad peak at around
3,327 cm−1 is related to the–OH/–NH2 vibrations of PVA and
the primary amines of CS (Rukmani and Sundrarajan, 2012).
Furthermore, the spectrum of thymol-loaded PVA/CS NFs

elucidated the prominent peaks similar to both thymol and
PVA/CS NFs, confirming thymol’s presence in the NF structure
without any adverse interaction as well as increasing intensity
of peaks explicates the efficient loading into the
nanofibrous scaffold.

3.3 Contact angle and water
absorption capacity

The water absorption capability of the prepared scaffolds is
depicted in Figure 4A. In the 30-min immersion, the water holding
capacity of the blank PVA/CS scaffold was about 258% and reached
603% after 24 h immersion. The thymol-loaded scaffolds (5, 10, and
15 wt%) were able to absorb nearly 248%, 249%, and 239% reached
591%, 282%, and 575% after 24 h immersion, respectively. After
24 h, no change in the amounts of absorption was observed. These
findings signify the high and rapid water absorption ability of the
scaffolds, which is probably related to their high porosity. Further,
the incorporation of thymol did not significantly alter the PVA/CS
scaffold’s absorption capability, and there was no significant
difference between the scaffolds.

Furthermore, the surface wettability of the scaffolds was
evaluated through the water contact angle shown in Figure 4B.
The measured contact angle of the blank PVA/CS scaffold was about
38.7°. While these values were 70.2°, 73.6°, and 76.9° for the loaded
scaffolds containing 5, 10, and 15 wt% thymol, respectively. These
results indicate the prepared scaffolds have a highly hydrophilic and
wettable surface, affecting biological response, protein adsorption,
and cellular attachment (Doostan et al., 2023).

3.4 Thermal properties of scaffold samples
via DSC

The DSC thermograms of pure thymol and the prepared
scaffolds are displayed in Figure 5. In the DSC curve of thymol,
a sharp endothermic peak appeared around 57°C, corresponding
closely to its melting point (Zamani et al., 2015; Giotopoulou et al.,
2024). The blank PVA/CS scaffold did not exhibit sharp peaks,
indicating the absence of crystalline microstructure. The majority
of polymeric chains in the non-crystalline state in the electrospun
NFs is likely due to the rapid solidification of stretched polymeric
chains during the electrospinning process (Jia et al., 2007;
Gholipour, K et al., 2009; Olvera Bernal et al., 2023). Likewise,
the DSC thermograph of the thymol-loaded scaffold indicates that
the characteristic melting endothermic peak of thymol
disappeared upon incorporation into the electrospun NFs. This
result implies that thymol converts from crystalline to amorphous
form, presumably due to rapid solvent evaporation and restricted
molecular mobility caused by intermolecular interactions, e.g.,
hydrogen bonds, during electrospinning (Chen et al., 2020; Jiffrin
et al., 2022). Such conversion, leading to the molecular dispersion
of thymol during incorporation into nanofibrous scaffolds, can
provide homogeneous distribution and higher drug loading in the
nanofiber matrix, ensuring consistent release profiles, which is
advantageous for poorly soluble drugs, enhancing solubility,

FIGURE 7
Investigating the effect of PVA/CS scaffold loadedwith thymol on
weight changes following SCI in rats. Data are presented as mean ±
SEM (n = 6). ( p̂ < 0.05 and ^̂ p̂ < 0.001) vs. TH group, ***p < 0.001, **p
< 0.01, *p < 0.05) vs. SCI group and (+++ p < 0.001) vs.
Sham group.

FIGURE 8
Investigating the effect of PVA/CS scaffold loadedwith thymol on
motor performance in the BBB test following SCI in rats. Data are
presented as mean ± SEM (n = 6). (^̂ p̂ < 0.001) vs. TH group, (***p <
0.001, **p < 0.01, *p < 0.05) vs. SCI group and (+++p < 0.001) vs
Sham group (SF: blank PVA/CS scaffold, TH: free thymol, SF + TH:
scaffolds containing thymol).

Frontiers in Pharmacology frontiersin.org09

Amirian et al. 10.3389/fphar.2025.1507397

274

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1507397


bioavailability, and dissolution rate (Qi and Craig, 2016; Jiffrin
et al., 2022).

3.5 DPPH radical scavenging assay

The antioxidant activity of the scaffolds was determined by
measuring the DPPH free radical scavenging strength; the results
of which are shown in Figure 6A. The blank scaffold showed low
antioxidant activity (17%) at high concentrations, possibly owing
to the absorption of DDPH molecules by the large surface area of
the NFs. The antioxidant activity of the scaffolds was augmented
significantly by adding thymol. The activities of the scaffolds rose
significantly by adding thymol and further increased in higher
quantities. At concentrations of 25–400 μg/mL, the scavenging
activities of the scaffolds containing 5, 10, and 15 wt% thymol
were found to be from 6%–61%, 15%–75%, and 22%–86%,
respectively. The higher loading of thymol resulted in higher
antioxidant activity that is due to the presence of thymol in the
scaffolds, enabling to donate of hydrogen by hydroxyl groups in
the structure and breaking the chain reactions of free radicals
(Aziz and Almasi, 2018). Scaffolds exhibited a concentration-
dependent activity for radical scavenging, and a rise in thymol
content increased antioxidant activity. Blank nanofibrous
scaffold of PVA/CS exhibited no radical scavenging activity,
but 5, 10, and 15 wt% thymol-loaded scaffolds exhibited
significantly increased antioxidant activity at all
concentrations (p < 0.05). To further evaluate the antioxidant
efficacy, a half-maximal inhibitory concentration (IC50) value
was determined with a sigmoidal fitting model Figure 6B. The
IC50 values, representing a 50% free radical-scavenging activity,
were calculated as: 5 wt% thymol-loaded scaffold: 264.52 µg,
10 wt% thymol-loaded scaffold: 194.93 µg, 15 wt% thymol-loaded
scaffold: 102.14 µg. These results confirm that the 15 wt%
thymol-loaded scaffold exhibited the highest antioxidant
activity, with its lowest IC50 values. Dose-dependent
enhancement in free radical-scavenging activity confirms that
thymol is a key player in contributing towards the antioxidant
activity of nanofibrous scaffolds, and it can contribute towards
minimizing oxidative stress in SCI.

3.6 Weight change measurement

The weight changes of the animals compared to the day before
surgery were evaluated and are shown in Figure 7. The obtained
results indicate that the sham group showed a normal weight gain
pattern over the 4-week period. However, in the injured rats
compared to the Sham group, a significant impairment in weight
gain was observed during the weeks following the injury (p < 0.001).
Treatment with thymol-loaded scaffolds at 10% and 5% resulted in a
significant increase in the normal weight of the animals during the
21 days after the injury (p < 0.001), while thymol-loaded scaffolds at
15% led to a notable increase as well (p < 0.01) on day 21. This
observed improvement eventually compensated for the weight loss
caused by the injury, and no significant differences were observed
between the treatment groups.

3.7 Basso, Beattie, and Bresnahan test

Motor performance of rats after SCI was measured by the BBB
scale as shown in Figure 8. Examining the movement performance
of the sham group indicated no movement disorders after
laminectomy, and the rats consistently scored 21 on all examined
days. In contrast, the SCI group exhibited complete paralysis on the
first day after the injury, with scores of 0 and 1, and throughout the
treatment period, they showed a significant decrease in motor
performance compared to the sham group animals (p < 0.001).
However, the groups treated with 10% and 15% thymol-loaded
scaffolds showed an increase in the recovery of movements and
joints by day 14 after the injury (p < 0.05), and there was a significant
improvement in motor performance for the group treated with 5%
and 10% thymol-loaded scaffolds on days 21 and 28 (p < 0.001).

3.8 Von-Frey filament test

Evaluation of mechanical pain was performed by applying the
mechanical force of von Frey fibers on the dorsal surface of the rat’s
hind legs, between the 2nd and 3rd toes (Figure 9). The obtained
results show that in the sham group, the mechanical pain tolerance
threshold remained consistent during the treatment period after
laminectomy. On the other hand, in the SCI group, a significant
decrease in themechanical pain tolerance threshold was observed on
day 7, and no significant changes were observed in the following
days compared to the sham group (p < 0.001). The group treated
with a 10% thymol-loaded scaffold demonstrated an improvement,
showing a more pronounced reduction in neuropathic pain caused
by foot injury on day 14 (p < 0.01), and continued to exhibit reduced
pain levels on days 14, 21, and 28 (p < 0.001). Additionally, the group
treated with 5% thymol-loaded scaffolds showed a reduction in
neuropathic pain on day 7 (p < 0.05) and sustained the reduction on
day 28 (p < 0.001).

3.9 Acetone drop test

The acetone drop test was used to assess the animals’ tolerance
threshold to the cold pain stimulus and the data are depicted in

FIGURE 9
Investigating the effect of PVA/CS scaffold loadedwith thymol on
mechanical pain tolerance threshold following SCI in rats. Data are
presented as mean ± SEM (n = 6). ***p < 0.001, **p < 0.01, *p < 0.05)
vs. SCI group and (+++ p < 0.001) vs. Sham group (SF: blank PVA/
CS scaffold, TH: free thymol, SF + TH: scaffolds containing thymol).
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Figure 10A. In the sham group, the foot withdrawal reflex in
response to the cold stimulus (acetone) remained consistent, and
no significant changes were observed in the days following
laminectomy. This is despite the fact that the injured animals
became highly sensitive to cold and their pain tolerance
threshold decreased more clearly, also there is a significant
difference in the comparison of the reflexes of this group with
the Sham group (p < 0.001). Treatment with a 10% thymol-loaded
scaffold increased the tolerance of the response threshold to cold
stimulus from day 14 until day 28 after injury (p < 0.001) and also
5% thymol-loaded scaffold and blank scaffold increased the
tolerance of the response threshold to the cold stimulus at day 21
(p < 0.001). In contrast, the 15% thymol-loaded scaffold showed a
moderate increase at day 21 (p < 0.01).

3.10 Hot plate test

Thermal pain was assessed using the hot plate test, as shown in
Figure 10B. The obtained results indicated that the time delay in foot
licking, as a measure of pain tolerance threshold due to heat in the
sham group, did not change significantly from the first to the 28th
days after laminectomy. Compared to the sham group, the SCI
group showed a much lower tolerance to thermal pain on days 7 and

14 (p < 0.001) and in the last 2 weeks, the pain tolerance threshold
increased slightly in the direction of recovery (p < 0.001). Treatment
with a 5 mg/kg dose of thymol and 10% thymol-loaded scaffold was
associated with a moderate increase in the tolerance threshold of
response to thermal stimuli with a relatively mild slope in the final
week after injury (p < 0.05).

3.11 Histopathology analysis

Hematoxylin-eosin staining was used to investigate the extent of
tissue damage after SCI, as depicted in Figure 11A. Counting the
number of motor neurons (Figure 11B) in the area of the ventral
horn of the gray matter of the spinal cord on day 28 after the injury
revealed a significant decrease in the number of neurons at the injury
site (p < 0.001). Treatment with 10% and 5% thymol-loaded
scaffolds demonstrated improved protection of neurons and led
to an increase in the number of motor neurons in the ventral region
of the spinal cord (p < 0.001). Similarly, 15% thymol-loaded scaffold
treatment also showed improvement in the number of motor
neurons (p < 0.01).

4 Discussion

SCI is a devastating condition that occurs when the spinal cord
suffers damage (McDonald and Sadowsky, 2002). This damage leads
to the loss of motor, sensory, and autonomic functions, below the
injury site (Anjum et al., 2020). This is a life-altering condition that
permanently affects an individual’s quality of life and independence
(Norrbrink Budh et al., 2006). Unfortunately, there is currently no
cure for SCI, and treatment options are limited. The main focus of
managing SCI revolves around preventing damage, stabilizing the
spine, and providing care to manage complications (Dietrich, 2015).
One notable avenue of inquiry pertains to the utilization of stem cell
transplantation as a regenerative approach (Nakamura and Okano,
2013; Tahmasebi and Barati, 2022). Within this domain, extensive
research is underway, encompassing various stem cell types,
including induced pluripotent stem cells (Trawczynski et al.,
2019) as well as adult stem cell variants like neural stem cells
(Wang J. et al., 2020) and mesenchymal stem cells (Xu and
Yang, 2019). Notably, promising outcomes have been observed in
studies examining these cell types. Concurrently, another sphere of
exploration centers on the deployment of biomaterials in the
capacity of scaffolds to facilitate regeneration (Shen H. et al.,
2022). These biomaterials, which encompass hydrogels, nanofiber
scaffolds, and conductive polymers, serve the pivotal role of
providing structural support while creating a conducive
environment that fosters cell adhesion, migration, and
differentiation (Zhang et al., 2019).

Scaffolding technology has gained significance in tissue
engineering, especially in the treatment of SCI (Zhang et al.,
2019). This is achieved by supplying a framework that assists in
cell building and tissue repair (Shrestha et al., 2014). Extracellular
matrices are often not spared in spinal cord injuries, as they are often
damaged. This disruption eliminates the matrix that facilitates cell
attachment, movement, and change, all of which are key steps in the
restoration of nerves. Such aggravated conditions can be overcome

FIGURE 10
Investigating the effect of PVA/CS scaffold loadedwith thymol on
cold (A) and thermal (B) pain tolerance threshold following SCI in rats.
Data are presented as mean ± SEM (n = 6). (***p < 0.001, **p < 0.01,
*p < 0.05) vs SCI group and (+++ p < 0.001) vs Sham group. (SF:
blank PVA/CS scaffold, TH: free thymol, SF + TH: scaffolds
containing thymol).
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by using nanofibrous scaffolds that can restore ECM-like three-
dimensional biological structures for the culture of neural tissue (Ma
et al., 2021). Due to its high surface area and porosity, the scaffold
allows the important nutrients and oxygen to diffuse into the cells, as
well as any signaling molecules required for the cells to survive and
the tissue to regenerate. This structure is particularly useful in
handling situations of SCI where there is a need to localize
delivery of treatment, as there is secondary damage that occurs,
and there is a need for restoration of function (Snider et al., 2017).

In addition, to their role as a delivery system for molecules and
growth factors, biomaterial scaffolds have demonstrated the ability
to enhance regeneration and tissue repair, in animal models when
combined with cells or growth factors. In this regard, Babaloo et al.
designed a scaffold based on poly ε-caprolactone (PCL)/gelatin and
seeded by human endometrial stem cells (hEnSCs) were then
transplanted into hemisected SCI rats. The results of the study
indicated that combination therapy using the differentiated hEnSC
seeded on PCL/gelatin scaffolds has the potential to heal the injured
spinal cord and limit secondary damage (Babaloo et al., 2019).

Investigation led by Fakhri et al., a comprehensive exploration was
undertaken, taking into account the pivotal role of glutamate in
excitatory toxicity and central sensitization. The primary objective of
this study was to assess the impact of ketamine, recognized as an
N-methyl-D-aspartate (NMDA) receptor antagonist, on sensory-
motor functions within a murine model exhibiting SCI. Their robust
dataset illuminated compelling findings, revealing a substantial
reduction in mechanical allodynia and cold allodynia from the
first week through the post-injury within the ketamine-treated
group, as compared to the injury group. Their compelling
findings collectively underscore the potential therapeutic efficacy
of intrathecal ketamine in mitigating sensory-motor dysfunction
within a rodent model afflicted by SCI (Fakhri et al., 2020).

Moreover, thymol, an inherent compound found in botanical
sources such as thyme, oregano, and basil, emerges as an enticing
candidate for multifaceted applications, owing to its
well-documented anti-inflammatory, antioxidant, and analgesic
properties (Yanishlieva et al., 1999; Braga et al., 2006; Ghori
et al., 2016). Thymol displays its inflammatory effects by

FIGURE 11
(A) Investigating the effect of PVA/CS scaffold loaded with thymol on changes in the number of motor neurons in the ventral horn of the spinal cord
in hematoxylin-eosin staining of the transverse sections prepared from the spinal cord with 40xmagnification following SCI in rats. (B)Data are presented
as mean ± SEM (n = 3). (̂ p < 0.05) vs. TH group, (***p < 0.001, **p < 0.01, *p < 0.05) vs. SCI group and (+++ p < 0.001) vs. Sham group (SF: blank PVA/CS
scaffold, TH: free thymol, SF + TH: scaffolds containing thymol).
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inhibiting signaling pathways and pro-inflammatory mediators. It
aids in reducing the production of cytokines like interleukin 1 beta
(IL-1β), tumor necrosis factor-alpha (TNF-α), and interleukin 6 (IL-
6), ultimately modulating the response (NagoorMeeran et al., 2015).
Thymol also serves as an antioxidant by scavenging radicals and
preventing stress. Achieving this ensures the protection of cells and
tissues from damage caused by ROS, while also encouraging their
regeneration (Yanishlieva et al., 1999). Moreover, thymol exhibits
characteristics by diminishing cell death fostering neuronal survival,
and enhancing neurite outgrowth (Timalsina et al., 2023a; Timalsina

et al., 2023b). Furthermore, the combination of thymol with a
nanofiber scaffold for treating SCI offers various benefits. The
nanofibrous scaffold serves as a three-dimensional framework
that closely mimics the extracellular matrix, promoting cell
attachment and movement, including cells within the damaged
spinal cord. Thus when examining the potential of thymol and
the PVA/CS scaffold, for SCI treatment it is evident that their
combination holds promise. Thymol plays a vital role in
facilitating cell attachment and spreading, encouraging cell
infiltration into the scaffold. This effect was observed in the

FIGURE 12
Illustration of rat SCI and being treatedwith thymol-loaded nanofibrous scaffold. The integration of the thymol-loaded PVA/CS nanofibrous scaffold
into the injured spinal cord. The scaffold, characterized by its three-dimensional nanofibrous structure and high porosity, is shown to release thymol at
the injury site. Thymol exerts anti-inflammatory, antioxidant, and neuroprotective effects, reducing secondary damage and promoting a regenerative
microenvironment. Additionally, the sustained release of thymol enhances functional recovery by alleviating neuropathic pain and improving
locomotor and sensory functions.
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Lavanya et al. study, where a drug delivery vehicle using semi-
interpenetrating polymer network (SIPN) hydrogels containing
sodium alginate and poly (2-ethyl-2-oxazoline) (SA/Pox) loaded
with thymol was transplanted into a rat tibial bone defect model
system. The study revealed that the incorporation of thymol into SA/
Pox/CS hydrogels enhanced bone regeneration. The data
demonstrated sustained and prolonged release of thymol from
the hydrogels, which promoted osteoblast differentiation in vitro
and bone formation in vivo, indicating its potential application in
bone rejuvenation (Lavanya et al., 2023).

In the current study, we plan to examine the chemical properties
of the PVA/CS scaffold assess its effectiveness through behavioral
tests, and confirm the regenerative results by analyzing tissue
samples. By merging, the support offered by the scaffold with the
advantages of thymol the goal is to enhance functional recovery and
stimulate neural regeneration. The focus of this article revolves
around an approach that involves combining a nanofiber scaffold
with thymol in-situ specifically for treating SCI in rats compression
model Figure 12, which can accurately control SCI and provide
controlled chronic neuropathic pain and movement disorders (Šedý
et al., 2008; Cheriyan et al., 2014).

Through this study, significant advancements in the recovery of rats
with SCI were observed following treatment with the nanofiber scaffolds
containing thymol, as well as improved weight gain. This effect can be
possibly attributed to the positive effects of pelargonidin on sensorimotor
function, reducing pain, and addressing other disorders related to the
injury. The study also investigated the symptoms of neuropathic pain and
movement disorders after the compression model of SCI including
thermal, cold, and mechanical pain thresholds, as well as the BBB
score in rats. The nanofiber scaffolds loaded with thymol, especially at
10 and 5 wt%, demonstrated significant therapeutic effects in reducing
motor defects and increasing the pain tolerance threshold. Additionally,
the histological study corroborated these findings, showing consistent
trends. Counting the number of motor neurons in the ventral horn
revealed that the PVA/CS scaffold loaded with thymol significantly
increased number of neurons in the damaged area (Figure 12).

5 Conclusion

In conclusion, the in-situ utilization of PVA/CS nanofiber
scaffold containing thymol signifies a breakthrough in the realm of
SCI treatment. Fabrication of the scaffolds indicated the formation
of NFs with appropriate morphology and uniform size. In
addition, the relevant analyses exhibited proper loading of
thymol as well as high water absorption, porosity, and
wettability properties of the scaffolds. The administration of
thymol-loaded scaffolds in animal examinations significantly
improved the pain threshold compared to the group with SCI-
induced pain. Additionally, the scaffolds restored sensory and
locomotor activity. Histopathology studies further revealed
enhanced neuronal survival. These findings indicate that the
thymol-loaded nanofibrous scaffolds possess neuroprotective
and analgesic properties, making them a promising therapeutic
intervention for treating neuropathic injuries. This innovative
therapy potentially enhances recovery and promotes tissue
regeneration among individuals with SCI.
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