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Editorial on the Research Topic
Novel therapeutic target and drug discovery for neurological diseases,
volume II

The research topic “New Therapeutic Target and Drug Discovery for Neurological
Disorders, Volume II” encompasses 32 articles contributed by 236 authors. This
comprehensive collection presents a wide range of content, comprising 13 original
research articles, 10 review articles, three systematic reviews, one mini-review, one
opinion, one clinical trial, one case report, one brief research report, and one study
protocol. The overarching goal of this research topic is to enhance our comprehension
of prospective therapeutic targets and the fundamental mechanisms underlying innovative
molecular therapies for neurological diseases, ultimately aiming to expedite the
advancement of novel treatment approaches.

A Research Topic of articles concentrates on the pathological mechanisms and potential
drug targets in neurological diseases. Neuronal death pathways, including ferroptosis,
apoptosis, pyroptosis, necroptosis, and autophagy, are critical components in the
development of neurological diseases (Moujalled et al., 2021). Jin et al. highlight the
importance of pharmacological inhibition of ferroptosis as a novel therapeutic strategy for
epilepsy, grounded in an exhaustive examination of the central pathological role and
molecular mechanisms of ferroptosis. Wang et al. spotlight the maintenance of endoplasmic
reticulum stress to reduce the death of dopaminergic neurons in Parkinson’s disease (PD)
through the modulation of key molecules such as protein kinase RNA-like ER kinase
(PERK), activating transcription factor 4 (ATF4), endoplasmic reticulum to nucleus
signaling 1 (IRE1), and activating transcription factor 6 (ATF6). The study conducted
by Nakamura et al. identified pathological alterations in the axon terminals of globus
pallidus internus (GPi), characterized by hypertrophy and increased gamma-aminobutyric
acid (GABA) release, caused by therapeutic levodopa treatment. This work suggests that
gabaergic neuromodulation could be a potential target for levodopa-induced dyskinesia. Xu
et al. systematically elaborated the neuroprotective mechanisms of the Apelin/Apelin-
receptor (APJ) system in mitigating oxidative stress during stroke, highlighting its promise
as a therapeutic target. Beyond neurons, glial cells have received increasing attention in the
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pathogenesis of neurological diseases. Li et al. utilized a chronic
restraint stress (CRS) mouse model to explore how targeting
microglia could combat depression. They found that reducing
Discs large homolog 1 (Dlg1) expression significantly decreased
the number of activated microglia, leading to an improvement in
depression-like behavior. In another study, Li et al. demonstrated
the role of astrocytes in CRS-induced depression in mice, indicating
that enhancing astrocyte energy metabolism and mitochondrial
oxidative phosphorylation contributes to the rapid antidepressant
effect of hypidone hydrochloride. Zhang et al. explored the role of
nuclear factor erythroid 2-related factor 2 (Nrf2)- antioxidant
response element (ARE) and signal transducer and activator of
transcription 3 (STAT3)- inhibitor of nuclear factor kappa B (NF-
κB) zeta (IκBζ) signaling pathways in the treatment of multiple
sclerosis with dimethyl fumarate. Moreover, recent studies
emphasize the crucial role of epigenetics, particularly noncoding
RNAs, in the pathogenesis of neurological diseases (Li et al., 2021;
Srinivas et al., 2023; Zeng et al., 2025; Zeng et al., 2021; Zhao et al.,
2024). In this subject area, Wang et al. stress the role of microRNA-
23b-3p (miR-23b-3p) in Alzheimer’s disease (AD) and its prospects
as a therapeutic target. They illustrate that miR-23b-3p alleviates
cognitive deficits in APPswe/PSEN1dE9 (APP/PS1) mice by
regulating the glycogen synthase kinase-3 beta (GSK-3β)/
phosphatase and tensin homolog (PTEN)/phosphorylated tau
(p-Tau)/BCL2 associated X-protein (Bax)/Caspase-3 signaling
pathways in neurons. Additionally, they have identified small
molecules capable of reducing Alzheimer’s systems by acting
through the miR-23b-3p-mediated signaling pathways, presenting
an inventive therapeutic approach for AD. Another focus is on
RNA-binding proteins, such as quaking protein (QKI), which are
responsible for noncoding RNA generation and messenger RNA
(mRNA) splicing. Guo et al. provide a detailed overview of the role
of QKI in the nervous system and suggest its potential as a new target
for treating axial gliomas by preserving the stemness of glioblastoma
multiforme (GBM) and regulating the tumor microenvironment.
Protein modifications, such as palmitoylation, serve as key elements
in the pathology of neurological dysfunction, modifying protein
function and localization through the addition of palmitate chains
(He et al., 2023). Liao et al.thoroughly studied the role of zinc finger
DHHC-type (zDHHC) proteins in the brain, proposing that
zDHHC and its palmitoylation are potential targets for
neurological disorders.

Another group of articles delves into the application of small
molecule drugs, peptide drugs, natural products, and traditional
Chinese medicine (TCM) in the treatment of nervous system
diseases. Feng et al. reported findings on NH300094, a novel
small molecule compound, which demonstrated potential efficacy
in the treatment of schizophrenia and cognitive impairment due to
its 5-hydroxytryptamine receptor 2A (5-HT2A) antagonist activity
and antagonism of dopamine D2 and D3 receptors. Meanwhile, two
research teams have focused on the role of peptide drugs against
neuronal injuries. Gao et al. investigated the therapeutic effects of
AV-001 in elderly female rats with vascular dementia (VaD) and
multiple microinfarcts (MMI), revealing that this angiopoietin-1
mimicking polypeptide mitigated white matter (WM) damage and
improved neurocognitive function. Alternatively, Xiong et al.
showed that the parathyroid hormone analogue teriparatide
improved the outcome of spinal cord injury (SCI) by reducing

blood-spinal cord barrier disruption. Natural products have arisen
as pivotal sources for the development of drugs against central
nervous system (CNS) disorders (Appendino et al., 2014). Wang
et al. illustrated that herbal ingredients exhibited antidepressant
effects by protecting neurons via the promotion of neurotrophic
factor secretion, including brain-derived neurotrophic factor
(BDNF), glial cell-derived neurotrophic factor (GDNF), vascular
endothelial growth factor (VEGF), and nerve growth factor (NGF).
Lu et al. revealed that Astragalus polysaccharides inhibited
pentylenetetrazole-induced neuroinflammation in mice, thereby
influencing the occurrence of epilepsy and alleviating cognitive
impairment. Du et al. demonstrated that Rannasangpei, a
traditional Tibetan medicine, and its active component Crocin-1,
ameliorated chronic unpredictable mild stress (CUMS)-induced
depressive behavior in mice by inhibiting oxidative stress,
inflammatory responses, and apoptotic pathways. Dong et al.
reported that Jingqianshu granules, containing peony page,
Ligusticum essential oil, glycyrrhizin, hesperidin, and paeonol,
alleviated premenstrual depression symptoms in rats by
modulating the orexin signaling pathway. In addition, the current
Research Topic pays particular attention to both the clinical safety
and indication expansion of existing drugs. Leu et al. presented a
phase I study of intravenous nipocalimab administration in
40 participants, revealing favorable pharmacodynamic and
pharmacokinetic properties, suggesting its potential as an
effective treatment for immunoglobulin G (IgG)-mediated
diseases, such as chronic inflammatory demyelinating
polyradiculoneuropathy (CIDP). Zou et al. reported a case of
posterior reversible encephalopathy syndrome (PRES) associated
with anlotinib and summarized 54 PRES cases caused by
antiangiogenic agents, highlighting the critical need for early
detection and treatment. Through a comprehensive review of
preclinical and clinical studies, Zhang et al. analyzed the
challenges associated with ketamine in clinical research,
underscoring safety, resistance, and long-term abuse risk as
priorities for future research. In a meta-analysis covering
19 articles and 312 studies, Li et al. systematically evaluated the
efficacy and safety for the treatment of post-stroke cognitive
impairment (PSCI). The findings indicated that therapeutic
interventions, including angiotensin-converting enzyme
inhibitors, N-methyl-D-aspartate receptor (NMDAR) antagonists,
cell therapy, acupuncture, and Western medicine combined with
ginkgo biloba extract (EGB761), are capable of significantly
improving neurological deficits and activities of daily living, while
also demonstrating favorable clinical safety profiles. Drug
repurposing is an important strategy in the development of new
therapeutics (Ballard et al., 2020). Cui et al.explored the mechanisms
by which metformin can be employed for the treatment of dementia
and appraised its clinical efficacy, proposing that this medication
initiates a pathway for dementia research by improving insulin
resistance and providing neuronal protection. Chen et al.
proposed a multicenter, double-blind, randomized controlled trial
(PSSH) regarding the treatment of spontaneous subarachnoid
hemorrhage (SAH) with pioglitazone. Through a meticulously
designed study protocol, their research aimed to systematically
evaluate the neuroprotective efficacy and safety profile of
pioglitazone, offering high-quality clinical evidence to support its
potential therapeutic application in SAH.

Frontiers in Pharmacology frontiersin.org02

Zhao et al. 10.3389/fphar.2025.1566950

8

https://doi.org/10.3389/fphar.2023.1124845
https://doi.org/10.3389/fphar.2023.1175938
https://doi.org/10.3389/fphar.2023.1114897
https://doi.org/10.3389/fphar.2023.1245352
https://doi.org/10.3389/fnins.2024.1341114
https://doi.org/10.3389/fphar.2023.1342830
https://doi.org/10.3389/fphar.2024.1298061
https://doi.org/10.3389/fnins.2024.1408205
https://doi.org/10.3389/fphar.2024.1386565
https://doi.org/10.3389/fphar.2023.1182666
https://doi.org/10.3389/fphar.2023.1182666
https://doi.org/10.3389/fphar.2024.1336122
https://doi.org/10.3389/fphar.2023.1143286
https://doi.org/10.3389/fphar.2024.1294122
https://doi.org/10.3389/fnins.2024.1302714
https://doi.org/10.3389/fphar.2023.1126235
https://doi.org/10.3389/fphar.2024.1337749
https://doi.org/10.3389/fphar.2023.1207075
https://doi.org/10.3389/fphar.2024.1415740
https://doi.org/10.3389/fphar.2023.1323292
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1566950


The final series of articles discusses advanced technologies
tailored for the discovery of new drugs and biomarkers in the
field of neurological diseases. TCM is a treasure trove for drug
development initiatives. Gong et al. used patch-clamp
methodologies to screen active compounds in wild guava extract
(TSS), uncovering that triterpene saponins C9 and C10 exhibited
analgesic effects by regulating transient receptor potential vanilloid 1
(TRPV1) channels in dorsal root ganglion (DRG) neurons.
Furthermore, these triterpene saponins suppressed inhibitory
synaptic signaling, concurrent with an upregulation of GABA
receptors (GABAA) in cortical neurons. Xu et al., through
network pharmacological analysis and experimental verification,
identified four core components and ten core targets of
Erjingwan decoction in the treatment of AD, hinting at the
inhibition of the advanced glycation end products (AGEs)/
receptor for AGEs (RAGE)/NF-κB signaling pathway as the
potential molecular mechanism underlying its efficacy. Fan et al.
constructed a fluorescence resonance energy transfer (FRET)-based
probe to measure intermediate filament tension and screened a
complex containing multiple protein nanoparticles (PNs) and
sodium/chloride channel inhibitors by evaluating alterations in
intracellular osmotic potential. Their results demonstrated the
effectiveness in alleviating astrocyte-induced brain edema toxicity
within a rat model of middle cerebral artery occlusion (MCAO).
Tang et al. employed integrated metabolomics and bioinformatics
analysis techniques to reveal the regulatory effects of Mogroside V
(MGV) and its metabolite Mogrol (MG) on 106 metabolites in the
substantia nigra of 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced PD mice. Their findings demonstrated that
MGV and MG significantly modulated key metabolic pathways,
including sphingolipid metabolism, fatty acid metabolism, and
amino acid metabolism, thereby offering a new theoretical basis
for understanding the potential mechanism of Siraitia grosvenorii
(Swingle) C. Jeffrey in the treatment of PD. Cai et al. focused on the
molecular mechanism by which TCM restores disrupted noncoding
RNA-mediated signaling pathways to improve mitochondrial
function in neurodegenerative diseases, presenting a fresh
perspective on the regulation of multi-stage compounds targeting
noncoding RNA-associated pathways in TCM. Zhang et al.
discussed strategies for intracranial delivery of TCM preparations
across the blood-brain barrier, providing a path for the translation of
TCM preparations from laboratory research to clinical applications.
In the realm of disease biomarker discovery, Bian et al. identified a
potential new marker, the tryptophan metabolite indoleacrylic acid,
with anti-inflammatory activities through liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis in the
cerebrospinal fluid and serum of patients with neuromyelitis
optica spectrum disorders (NMOSD). Chen et al. performed a
comprehensive scientometric analysis pertaining to the NMDAR
in the context of depression. Their findings revealed that
investigating the mechanisms of action of NMDAR antagonists
and identifying their molecular targets are pivotal areas of focus
in the development of antidepressant therapies. Yang et al.
conducted a systematic review and network meta-analysis to
compare the efficacy of different cell-derived extracellular vesicles
(EVs) in the treatment of traumatic brain injury (TBI), concluding
that astrocyte-derived EVs (AEVs) and mesenchymal stem cell-
derived EVs (MSC-EVs) are the most promising cell sources for TBI

treatment. This finding provides new ideas for the development of
TBI therapies.

In summary, this Research Topic covers diverse research
endeavors, offering valuable insights into new therapeutic
strategies for neurological diseases. Studies centered on
epigenetic and neuro-immunological mechanisms have
broadened the horizon of potential drug targets for these
disorders. Furthermore, cutting-edge technologies such as
multi-omics are aiding in the discovery of biomarkers and
innovative drug targets. Additionally, elucidating the effects of
natural products and TCM, alongside drug repurposing, presents
a promising approach for developing effective treatments against
intricate neurological conditions. We acknowledge the
significant contributions of the editorial team, authors, and
reviewers from Frontiers in Pharmacology.
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Short-term exposure to dimethyl
fumarate (DMF) inhibits
LPS-induced IκBζ expression in
macrophages

Yong Zhang†, Jingshu Tang†, Yujun Zhou, Qiong Xiao, Qiuyu Chen,
Hongyue Wang, Jiaqi Lan, Lei Wu and Ying Peng*

State Key Laboratory of Bioactive Substances and Functions of Natural Medicines, Institute of Materia Medica,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China

Background: The pharmacological activity of dimethyl fumarate (DMF) in treating
psoriasis and multiple sclerosis (MS) is not fully understood. DMF is hydrolysed to
monomethyl fumarate (MMF) in vivo, which is believed to account for the therapeutic
effects of DMF. However, previous studies have provided evidence that DMF also
enters the circulation. Given that DMF is short-lived in the blood, whether DMF has a
therapeutic impact is still unclear.

Methods: Lipopolysaccharide (LPS)-mediated RAW264.7 cell activation was used as
a model of inflammation to explore the anti-inflammatory effects of short-termDMF
exposure in vitro. Whole blood LPS stimulation assay was applied to compare the
anti-inflammatory effects of DMF and MMF in vivo. Griess assay was performed to
examined nitrite release. The expression of pro-inflammatory cytokines and
transcription factors were measured by quantitative PCR (qPCR), ELISA and
Western blot. Depletion of intracellular glutathione (GSH) was evaluated by
Ellman’s assay. Luciferase reporter assays were performed to evaluate DMF
effects on Nrf2-ARE pathway activation, promoter activity of Nfkbiz and mRNA
stability of Nfkbiz. Binding of STAT3 to the IκBζ promoter were examined using
Chromatin immunoprecipitation (ChIP) assay.

Results: Short-term exposure to DMF significantly inhibited the inflammatory
response of RAW264.7 cells and suppressed LPS-induced IκBζ expression.
Importantly, oral DMF but not oral MMF administration significantly inhibited IκBζ
transcription in murine peripheral blood cells. We demonstrated that the expression
of IκBζ is affected by the availability of intracellular GSH and regulated by the
transcription factor Nrf2 and STAT3. DMF with strong electrophilicity can rapidly
deplete intracellular GSH, activate the Nrf2-ARE pathway, and inhibit the binding of
STAT3 to the IκBζ promoter, thereby suppressing IκBζ expression in macrophages.

Conclusion: These results demonstrate the rapid anti-inflammatory effects of DMF
in macrophages, providing evidence to support the direct anti-inflammatory activity
of DMF.
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1 Introduction

Fumaric acid esters (FAEs) have been empirically applied to the
treatment of psoriasis since the late 1,950 s (Wollina, 2011; Bruck et al.,
2018). In 1994, an oral mixture of dimethyl fumarate (DMF) and three
other FAE salts (Fumaderm®) was approved for psoriasis in Germany

based on positive results from clinical trials (Nieboer et al., 1989;
Nieboer et al., 1990; Nugteren-Huying et al., 1990; Altmeyer et al.,
1994). Among the many FAEs in Fumaderm®, DMF has been
demonstrated to be the main active ingredient (Nieboer et al.,
1990; Mrowietz et al., 2017). In 2017, DMF monotherapy
(Skilarence®) was approved by the European Medicines Agency as

FIGURE 1
Short-term exposure to DMF inhibited LPS-mediated activation of RAW264.7 cells. (A) RAW264.7 cells were treated with 1 μg/mL LPS in the presence or
absence of DMF/MMF for 24 h, and nitrite production in the indicated groups was quantified by the Griess assay (n = 3). (B) RAW264.7 cells were treated with
DMF or MMF for 24 h, and the cell viability of the indicated groups was determined by MTT assay (n = 3). (C) RAW264.7 cells were treated with 1 μg/mL LPS in
the presence or absence of DMF/MMF for 2–6 h and then cultured in medium with LPS only for a total of 24 h. The nitrite production from the indicated
groups was quantified by the Griess assay (n = 3). (D) RAW264.7 cells were exposed to 40 μMDMF for 15–60 min and then cultured in medium with LPS only
for 24 h. The nitrite production from the indicated groups was quantified by the Griess assay (n= 3). (E) Raw264.7 cells were transiently exposed to 10 μMDMF
for 10 min and then rested in DMF-freemedium for 12 h, followed by another round of transient DMF treatment. After four rounds of transient DMF treatment,
cells were seeded into a 96-well plate, rested for 12 h, and challenged with 1 μg/mL LPS for 24 h. The nitrite production from the indicated groups was
quantified by the Griess assay (n = 4). One-way ANOVA, **p < 0.01 vs. the untreated/DMSO group; #p < 0.05, ##p < 0.01 vs. the LPS group.
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an oral therapy for moderate-to-severe chronic plaque psoriasis
(Mrowietz et al., 2018a). Given the immunopathological similarity
between psoriasis and multiple sclerosis (MS), DMF was also
introduced for the treatment of relapsing-remitting MS (Fox et al.,
2012; Gold et al., 2012; Kappos et al., 2014; Miller et al., 2015). In 2013,
DMF was approved by the U.S. Food and Drug Administration (FDA)
as a disease-modifying therapy (Tecfidera®) for relapsing-remitting
MS (Venci and Gandhi, 2013). In recent years, DMF has become a
first-line medication for MS.

Although DMF has achieved major success in themarket, its mode
of action is not yet fully understood. The prevailing view is that DMF
serves merely as a prodrug (Mrowietz et al., 2018b). After oral intake,
DMF is hydrolysed by gastrointestinal or plasma esterases to
monomethyl fumarate (MMF), a major metabolite that modulates
the immune system by activating both HCAR2 and Nrf2 (Mrowietz

et al., 2018b). However, it was also reported that glutathione (GSH)
conjugates of DMF (GS-DMS) and related metabolites were detected
in human urine after oral intake of Fumaderm® (Rostami-Yazdi et al.,
2009). Subsequent studies in rats confirmed the presence of GS-DMS
in plasma or even within the brain after gastrointestinal
administration of DMF (Dibbert et al., 2013; Peng et al., 2016).
Moreover, DMF-modified GAPDH proteins were detected in both
the spleen and brain in DMF-treated mice (Kornberg et al., 2018),
suggesting that DMF can modify not only GSH but also intracellular
proteins with reactive cysteine residues in vivo. All these observations
led to an additional hypothesis that some DMF molecules survive
hydrolysis in the gut and rapidly enter the circulation to react with
target proteins or GSH. Considering that DMF remains undetectable
in the plasma after absorption (Litjens et al., 2004a; Rostami-Yazdi
et al., 2010; Dibbert et al., 2013; Peng et al., 2016), exposure to DMF in

FIGURE 2
Short-term exposure to DMF suppressed the transcription level of IκBζ in RAW264.7 cells. (A–D) RAW264.7 cells were pretreated with 40 μMDMF for 1 h
and then stimulated with 1 μg/mL LPS in the absence of DMF for 6 h. RT‒qPCR analysis of Tnf (A), Il-b (B), Il-6 (C) and Nos2 (D) mRNA expression in the
indicated groups (n = 3). (E) Diagram of the primary and secondary transnational programs in the LPS/TRL4 pathway. (F–L) RAW264.7 cells were pretreated
with 40 μMDMF for 1 h and then stimulated with 1 μg/mL LPS in the absence of DMF for 1 h. RT‒qPCR analysis of Nfkbiz (F), Nfkbid (G), Atf3 (H), Cebpd
(I), Fosb (J), Irf1 (K) and Junb (L)mRNA expression in the indicated groups (n = 3). **p < 0.01 vs. the untreated group by one-way ANOVA; ##p < 0.01 vs. the LPS
group by one-way ANOVA; ns, not significant vs. the indicated group by t-test.
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the blood should be transient. However, whether transient exposure to
DMF plays a functional role in vivo remains unknown. To the best of
our knowledge, few studies have focused on the effects of short-term
exposure to DMF. We believe that a study on this topic would be
necessary to better understand the in vivo pharmacological activity of
DMF and guide the future application of this molecule.

In this study, we examined the anti-inflammatory effects of DMF in
short-term exposure to macrophages, a key disease mediator in the
progression of experimental autoimmune encephalomyelitis (EAE) in
mice and MS in humans (Mishra and Yong, 2016; Nally et al., 2019). We
found that short-term exposure to DMF significantly inhibited the LPS-
mediated inflammatory response of macrophages. Further mechanistic
studies revealed that short-term exposure to DMF inhibited the
expression of the NF-kappa-B inhibitor zeta (IκBζ) through multiple
mechanisms, including the depletion of GSH, activation of Nrf2 and
inhibition of constitutive STAT3 binding to the IκBζ promoter. The above
results strongly suggest that DMF is likely to have a direct impact on
immune cells in vivo before being hydrolysed to MMF, providing key
evidence for the direct therapeutic effect of DMF.

2 Materials and methods

2.1 Reagents

DMF (222180250, Across), MMF (AK114632, ARK Pharm), and
reduced glutathione (B96824, Innochem) were obtained through the
Innochem reagent procurement platform. Lipopolysaccharide (LPS)
from Escherichia coli 055:B5 (L2880, Sigma) and glutathione
monoethyl ester (G1404, Sigma) were purchased from Sigma‒
Aldrich. The non-covalent Nrf2 activator KI696 was kindly
supplied by Dr. D.L. Yin of Institute of Materia Medica. The
antibodies used for western blotting are listed in Supplementary
Table S1 (Supplementary Material). The plasmid pGL4.13-Nfkbiz-
promoter and pGL4.13-Nfkbiz-3UTR were constructed by YouBio
(Changsha, China). The insertion sequences in both plasmids are
listed in Supplementary Table S2 (Supplementary Material). The
plasmid pSV40-Nfkbiz-3TUR, which harbours the mouse Nfkbiz
ORF and its 3′-UTR elements, was constructed in our laboratory.
The plasmid pcDNA3.1-mNrf2-6 × His was purchased from

FIGURE 3
Short-term exposure to DMF suppressed the protein expression level of IκBζ in RAW264.7 cells. (A,B) RAW264.7 cells were pretreated with the indicated
concentrations of DMF (A) or MMF (B) for 1 h and then stimulated with 1 μg/mL LPS in the absence of DMF for 1 h. Western blot analysis and quantification of
IκBζ from the indicated groups (n = 3). (C) RAW264.7 cells were pretreated with 40 μMDMF for the indicated time and then stimulated with 1 μg/mL LPS in the
absence of DMF for 1 h. Western blot analysis and quantification of IκBζ from the indicated groups (n = 4). (D) RAW264.7 cells were transiently treated
with DMF as indicated (Figure 1) and then stimulatedwith 1 μg/mL LPS for 1 h. Western blot analysis and quantification of IκBζ from the indicated groups (n= 3).
(E) pSV40 or pSV40-Nfkbiz-3′UTR plasmid-transfected cells were pretreated with 40 μMDMF for 1 h and then stimulated with 1 μg/mL LPS in the absence of
DMF for 6 h. RT‒qPCR analysis of Nos2 mRNA expression in the indicated groups (n = 4). *p < 0.05, **p < 0.01 vs. the untreated group by one-way ANOVA;
#p < 0.05, ##p < 0.01 vs. the LPS group by one-way ANOVA; $$p < 0.01 vs. the indicated group by t-test; ns, not significant vs. the indicated group by t-test.
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Miaolingbio (Wuhan, China). The plasmid pRL-TK was kindly
provided by the group of Dr. Z.W. Hu of Institute of Materia
Medica. All plasmids were transfected into cells using
Lipofectamine 3,000 reagent (L3000008, Thermo Fisher Scientific).

2.2 Cell culture

The RAW264.7 cells were kind gifts from Dr. T.T. Zhang of the
Institute of Materia Medica. Cells were cultured in complete DMEM
containing 10% FBS (SE100-B, Vistech) and penicillin‒streptomycin
(P1400, Solarbio). HEK293-ARE reporter cells harbouring
pGL4.37 constructs were cultured in complete DMEM
supplemented with 300 μg/mL hygromycin B (B29290, Innochem).
The cells were subcultured every 2–3 days.

2.3 Generation of murine bone marrow-
derived macrophages (BMDMs)

BMDCs were prepared from 6 to 8-week-old wild-type or Nrf2−/−

C56BL/6 mice according to the CSH protocol with modifications
(Weischenfeldt and Porse, 2008). Briefly, bone marrow cells were
collected from the femurs and tibias of mice and then cultured in
L929-conditioned medium (L-medium) at an initial density of 2 ×
106 cells/mL. An equal volume of fresh L-medium was added on day 3.
On day 6, half of the culture medium was replaced with fresh
L-medium. Mature BMDMs were harvested at day 8 and treated as
designed.

2.4 Cell viability assay

Cells were treated as designed in 96-well plates. Then, 10 μL of
MTT solution was added to each well and incubated at 37°C for 4 h.
The culture medium was carefully discarded, followed by the addition
of 150 μL of DMSO per well to dissolve the purple formazan crystals
on a shaker. The absorbance was measured at a wavelength of 570 nm.

2.5 Griess assay

The culture medium was added to an equal volume of 1% (w/
w) sulfanilamide solution (S108473-100 g, Aladdin) and incubated
at room temperature for 5 min. Another equal volume of 0.1% (w/
w) N-(1-naphthyl) ethylenediamine solution (N113103-5 g,
Aladdin) was then added to the mixture and incubated for
another 5 min at room temperature. The absorbance was
measured at 525 nm. The concentration of nitrite in the
samples was calculated according to the standard curve
prepared in parallel using sodium nitrite.

2.6 Quantitative PCR (q-PCR)

Total RNA was isolated from cells or blood samples using the
TransZol UP RNA extraction reagent (ET111-01, TransGen
Biotech). The RNA was converted to cDNA using Hifair® III
first Strand cDNA Synthesis SuperMix (11141ES60, Yeasen).

After reverse transcription, PCRs were performed in an ABI
7900HT Real-Time PCR System (Applied Biosystems) with
Hieff UNICON® Power qPCR SYBR Green Master Mix
(11197ES08, Yeasen). The PCR protocol involved denaturation
at 95°C for 10 s and combined annealing and extension at 60°C for
30 s over 40 cycles. The melting curve was then generated to ensure
that the amplification in each reaction was specific. Actb was used
as the internal control. Fold changes in RNA levels were calculated
using the ΔΔCt method. The PCR primers are listed in
Supplementary Table S3 (Supplementary Material).

2.7 Western blot

Cells or tissue samples were washed with cold PBS twice and then
lysed with cold radioimmunoprecipitation assay (RIPA) buffer
(P0013B, Beyotime) supplemented with protease inhibitor cocktail
(4693116001, Roche). Equal amounts (30 μg/lane) of denatured cell
lysate were separated by SDS‒PAGE and then transferred to a
polyvinylidene difluoride membrane (IPVH00010, Millipore).
Target proteins on the membrane were probed with antibodies (see
Reagents) and detected using the ImageQuant LAS 500 imager (GE
Healthcare).

2.8 Whole blood LPS stimulation assay

Sixto eight-week-old male C57BL/6J mice were randomly
divided into 3 groups and administered 0.5% CMC-Na vehicle,
100 mg/kg DMF (suspended in 0.5% CMC-Na), or 100 mg/kg
MMF (dissolved in 0.5% CMC-Na) twice a day for 1 week.
Blood was then drawn from retro-orbital veins into heparinized
tubes and diluted with RPMI-1640 medium supplemented with
100 U/mL heparin at a ratio of 1:1 (v/v). The diluted blood was
seeded into 48-well plates and treated ex vivo with LPS for 6 h.
Afterwards, the supernatant was collected for ELISA, and the blood
cells were collected for qPCR analysis.

2.9 Enzyme-linked immunosorbent assay
(ELISA)

The levels of TNF-α and IL-6 in the samples were determined
using the Mouse TNF ELISA Suit (555268, BD Biosciences) and
Mouse IL-6 optEIA ELISA Suit (555240, BD Biosciences). The
operations were conducted following the manufacturer’s
instructions.

2.10 Ellman’s assay

GSH and test compounds were diluted with buffer A (400 mM
Tris-HCl, pH = 7.4) to 2 mM and 200 μM, respectively, and
warmed at 37°C. Equal volumes of prewarmed GSH and the test
compounds were mixed in a tube and incubated at 37°C. An aliquot
of 100 μL of the reaction mixture was sampled every 2 min and
immediately added to 100 μL of 2 mM DTNB prepared in buffer B
(buffer A with 1 mM EDTA) to stop the reaction. The absorbance
was measured at 412 nm.
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2.11 Reduced glutathione (GSH) and GSSG
colorimetric assay

Cell samples were harvested and lysed by the snap freezing-thawing
method. After deproteinization, the supernatant was collected for the
determination of GSH and GSSG using the GSH and GSSG assay kit
(S0053, Beyotime). The precipitate, which contained denatured proteins,
was dissolved in 0.1 M NaOH, and the protein concentration was
measured using the Pierce™ BCA protein assay kit (23227, Thermo
Scientific). Finally, the amount of intracellular GSH or GSSG was
normalized using the corresponding protein concentration.

2.12 Luciferase reporter assay

For the ARE-luciferase reporter assay, HEK293-ARE reporter cells
were seeded into 96-well plates at a density of 5 × 104 cells/mL and
treated as indicated. Luciferase activity was detected using Steady-Glo®

Luciferase Assay Reagent (E2520, Promega) according to the
manufacturer’s instructions.

For the dual-luciferase reporter assay, RAW264.7 cells were
transfected with pGL4.13-Nfkbiz-promoter or pGL4.13-Nfkbiz-
3UTR together with pRL-TK as the internal control for 24 h. Cells
were then treated as indicated and harvested. The dual-luciferase

FIGURE 4
Oral administration of DMF exhibits distinct anti-inflammatory effects in ex vivowhole blood LPS stimulation assays. (A)Diagramof the study design. Mice
were orally administered DMF or MMF for 1 week, and blood samples were collected for ex vivo whole blood assays. (B,C) Peripheral blood cells stimulated
with 1 μg/mL LPS for 6 h ex vivo. ELISA analysis of TNFα (B) and IL-6 (C) in the indicated groups (n = 7). (D–G) Peripheral blood cells stimulated with 1 μg/mL
LPS for 1 h. RT‒qPCR analysis of Tnf (D), Il-6 (E), Nos2 (F) and Nfkbiz (G)mRNA expression in the indicated groups (n = 6–7). **p < 0.01 vs. the untreated
group by one-way ANOVA; #p < 0.05, ##p < 0.01 vs. the LPS group by one-way ANOVA; $$p < 0.01 vs. the indicated group by t-test.

Frontiers in Pharmacology frontiersin.org06

Zhang et al. 10.3389/fphar.2023.1114897

16

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1114897


activity was determined using the Duo-Lite Luciferase Assay Reagent
(DD1205-01, Vazyme).

2.13 Chromatin immunoprecipitation (ChIP)
assays

Chromatin for ChIP was prepared from RAW264.7 cells by
fixing the cells in 1% formaldehyde for 10 min, followed by
quenching with 125 mM glycine for 5 min. The cell pellet was
resuspended and lysed with ChIP lysis buffer and sonicated to
generate 200–1,000 bp DNA fragments with an ultrasonic
sonicator. The antibodies used in this study for
immunoprecipitation were rabbit monoclonal anti-STAT3 and
anti-NF-κB antibodies. The precipitated DNA-chromatin
products were purified, and the DNA levels were quantified by
qPCR. The DNA levels are expressed as the percentage of
input DNA.

2.14 Statistical analysis

Data are presented as the means ± S.E.M.s. The Shapiro‒Wilk
normality test was used to assess whether data were normally
distributed. Statistical analysis, as indicated in each figure legend,
was performed using the GraphPad Prism 7.00 software (San Diego,
CA, USA; RRID: SCR_000306). Differences at p < 0.05 were
considered statistically significant.

3 Results

3.1 Short-term exposure to DMF inhibited
LPS-induced nitrite release by RAW264.7 cells

We first confirmed the effects of DMF on macrophage
activation by coincubation of RAW264.7 cells with DMF and
LPS. The nitrite level in the culture medium was taken as an
indicator of RAW264.7-cell activation. As previously reported
(To et al., 2015), DMF concentration-dependently inhibited
LPS-induced nitrite release after 24 h treatment in
RAW264.7 cells without affecting cell viability (Figures 1A, B).
In contrast, its metabolite, MMF, demonstrated only minor effects
(Figure 1A). When the coincubation time was shortened to within
6 h, only DMF was able to inhibit nitrite production (Figure 1C).
Since the half-life of DMF in human serum was estimated to be
0.37 h (approximately 22 min) (Litjens et al., 2004b), the DMF
incubation time was adjusted to the physiologically relevant
exposure time. As shown in Figure 1D, DMF significantly
suppressed the release of nitrite in RAW264.7 cells even when
the incubation time was shortened to 15 min. In addition,
significant inhibitory effects were also observed when cells were
briefly exposed to lower concentrations of DMF for multiple times
(Figure 1E), which mimics the long-term applications of DMF in
patients. The above data showed that DMF but not MMF exhibits
rapid inhibition on macrophages activation, suggesting that DMF
may have distinctive anti-inflammatory effects.

3.2 Short-term exposure to DMF suppressed
LPS-induced IκBζ expression in
RAW264.7 cells

To explore the inhibitory effect of DMF on inflammation in
greater detail, the transcription levels of proinflammatory genes,
including Tnf, Il-1b, Il-6, and Nos2 (Figures 2A–D), were
measured. Interestingly, short-term exposure to DMF significantly
inhibited the transcription of Il-6 (Figure 2C) and Nos2 (Figure 2D)
but not Tnf (Figure 2A) or Il-1b (Figure 2B). Considering that both Il-6
andNos2 transcription belong to the secondary transcription program
in the LPS/TLR4 pathway (Figure 2E) (Medzhitov and Horng, 2009;
Ramirez-Carrozzi et al., 2009), the mRNA levels of transcription
factors (TFs) that regulate the secondary transcription program,
including Fosb, Nfkbid, Cebpd, Nfkbiz, Atf3, Junb, and Irf1(Figures
2F–L), were detected. Among these TFs, DMF inhibited the
transcription of Nfkbiz mRNA to the greatest extent (Figure 2F).
Additionally, western blotting confirmed that DMF inhibited the
expression of IκBζ (the protein product of the Nfkbiz gene) in a
dose-dependent manner (Figure 3A); however, the metabolite MMF
did not show similar effects (Figure 3B). The inhibitory effect of DMF
on IκBζ expression was also observed when the exposure time was
shortened to 15 min (Figure 3C). Transient exposure to DMFmultiple
times also inhibited LPS-induced expression of IκBζ (Figure 3D).
Importantly, in LPS-treated RAW264.7 cells with ectopic IκBζ
expression, DMF failed to inhibit the transcription level of Nos2,
further confirming that IκBζ is the downstream effector in the anti-
inflammatory action of DMF (Figure 3E). Taken together, these data
indicate that IκBζ may be a key target underlying the rapid anti-
inflammatory effects of DMF.

3.3 Oral DMF suppressed the LPS-induced
inflammatory response in a whole-blood
assay

If DMF indeed has a direct impact on immune cells in vivo, the
anti-inflammatory effects of DMF should be distinct from those of its
metabolite, MMF, in mice. The above results show that DMF, but not
MMF, strongly inhibited LPS-induced macrophage activation in vitro.
We next employed a whole-blood assay comparing the effects of DMF
and MMF on inflammation in vivo to test the idea above (Figure 4A).
Mice were orally administered the same dose of DMF or MMF for
7 consecutive days. Then, blood samples were collected, and their
reactivity to LPS stimulation was profiled ex vivo. The whole-blood
assay revealed that blood cells from mice treated with DMF or MMF
produced decreased levels of TNFα and IL-6 after LPS stimulation
(Figures 4B, C). The transcription of Tnf and Il6 mRNA was also
decreased in both groups (Figures 4D, E). However, it should be noted
that in comparison with MMF, DMF exerted a more profound
suppressive effect on the production of IL-6 at both the protein
and mRNA levels (Figures 4C, E). Notably, the transcription of
Nos2 and Nfkbiz were both inhibited by oral DMF but not by oral
MMF (Figures 4F, G), which were consistent with the in vitro results.
These results revealed that the anti-inflammatory effects of DMF and
MMF differ in mice, suggesting that MMF dose not account for all of
the effects of DMF in vivo.
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FIGURE 5
DMF suppressed LPS-induced IκBζ expression by rapid GSH depletion. (A) DMF or MMF (100 μM) was incubated with 1 mM GSH under physiological
conditions (37°C, pH = 7.4) and then monitored by Ellman’s assay (n = 4). (B,C) RAW264.7 cells were treated with 40 μMDMF for the indicated time and were
then harvested for the determination of intracellular GSH (B) and GSSG (C). (D) RAW264.7 cells were treated with 100 μMBSO for the indicated times. Western
blot analysis and quantification of IκBζ in the indicated groups (n = 3). (E) RAW264.7 cells were treated with 40 μM DMF for 2 h and then supplied with
2 mMGSH-MEE in the absence of DMF, followed by 1 h LPS stimulation in the absence of either GSH-MEE or DMF. Western blot analysis and quantification of
IκBζ in the indicated groups (n = 4). (F) RAW264.7 cells were treated with 40 μM DMF for 2 h and then supplied with 2 mM GSH-MEE in the absence of DMF,
followed by a 24 h LPS stimulation in the absence of either GSH-MEE or DMF. The nitrite production from the indicated groups was quantified by the Griess
assay (n = 3). *p < 0.05, **p < 0.01 vs. the untreated group by one-way ANOVA; ##p < 0.01 vs. the LPS group by one-way ANOVA; $p < 0.05, $$p < 0.01 vs. the
indicated group by t-test; ns, not significant vs. the indicated group by t-test.
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3.4 DMF inhibits LPS-induced IκBζ expression
by GSH depletion

We next attempted to explore the mechanisms underlying DMF
inhibition on LPS-induced IκBζ expression. Both DMF and MMF are
prone to react with nucleophiles through Michael addition, based on
their structures containing α,β-unsaturated carbonyls (Figure 5A).
GSH is one of the most abundant nucleophiles within cells and plays
an important role in regulating the proinflammatory activation of
macrophages (Buchmuller-Rouiller et al., 1995; Muri and Kopf, 2021).
However, under physiological conditions (pH 7.4°C and 37°C), DMF,
but not MMF, extensively reacted with GSH within minutes
(Figure 5A). Additionally, DMF quickly depleted intracellular GSH
without increasing the oxidized GSSG (Figures 5B, C). We
hypothesized that rapid GSH depletion by DMF might account for
its quick inhibition of LPS-induced IκBζ expression. To test this idea,
the GSH synthesis inhibitor buthionine sulfoximine (BSO) was
applied to mimic the GSH-depleting effect of DMF. Notably, BSO
suppressed the expression of IκBζ (Figure 5D). In addition,
glutathione monoethyl ester (GSH-MEE), a membrane-permeable
GSH derivative, was supplied to DMF-treated cells to restore the
intracellular GSH pool. GSH-MEE supplementation increased nitrite
production and restored IκBζ expression in DMF-treated cells (Figures
5E, F). Taken together, these results confirm the regulatory role of
GSH in IκBζ expression and indicate that DMF may inhibit IκBζ
expression through GSH depletion.

3.5 DMF suppresses IκBζ expression through
Nrf2 activation

A As DMF has been characterized as a potent covalent
Nrf2 activator, we wondered whether short-term exposure to DMF
is enough to activate the Nrf2 pathway. Using the luciferase reporter
assay, we observed that 12 h of exposure to DMF induced maximal
(approximately 6-fold) luciferase signal enhancement in cells stably
expressing the NRF2/ARE-responsive luciferase reporter gene
(Figure 5A). Although the intensity of the luciferase signal
decreased with shorter exposure times, 15 min of exposure to DMF
still resulted in half-maximal (~3-fold) signal enhancement
(Figure 6A), indicating that short-term exposure to DMF is
sufficient to activate the Nrf2 pathway. Activation of the Nrf2
pathway by short-time exposure to DMF was further confirmed by
western blot, as indicated by the enhanced expression of HO-1 in cells
(Figure 6B). However, short-term exposure to the metabolite MMF
failed to activate the Nrf2 pathway, further suggesting that the
agonistic effect of DMF on the Nrf2 pathway is one of the
distinctive mechanisms by which it exerts anti-inflammatory effects.

Next, we investigated whether Nrf2 plays a role in the inhibitory
effect of DMF on IκBζ expression. To test this notion, RAW264.7 cells
were treated with KI696, a non-covalent Nrf2 activator that activates
Nrf2 through a mechanism different from that of DMF (Davies et al.,
2016). KI696 activated the expression of HO-1 in RAW264.7 cells and
inhibited the expression of IκBζ in LPS-treated RAW264.7 cells

FIGURE 6
DMF inhibited LPS-induced IκBζ expression by rapid Nrf2 activation. (A) HEK293-ARE reporter cells were treated with 40 μMDMF for the indicated time
and then cultured in DMF-free medium for a total of 12 h. A luciferase assay was applied to evaluate Nrf2 activation (n = 3). (B) RAW264.7 cells were treated
with 40 μM DMF for the indicated time and then cultured in DMF-free medium for 2 h. Western blot analysis of HO-1 from the indicated groups. (C)
RAW264.7 cells were treated with 10 μM KI696 for 24 h and then 40 μM DMF for 1 h, followed by a 1-h LPS stimulation. Western blot analysis and
quantification of IκBζ in the indicated groups (n= 3). **p < 0.01 vs. the untreated group by one-way ANOVA; #p < 0.05, ##p < 0.01 vs. the LPS group by one-way
ANOVA.
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(Figure 6C). Taken together, the above data suggest that
Nrf2 activation is also a mechanism by which DMF inhibits IκBζ
expression.

3.6 Nrf2 knockout failed to abolish the
inhibitory effect of DMF on IκBζ

To investigate whether DMF is likely to regulate IκBζ expression
beyond Nrf2 activation, the effects of DMF were examined in both
Nrf2+/+ and Nrf2−/− BMDMs. The lack of functional Nrf2 in the Nrf2−/−

BMDMs was confirmed by the lower levels of Hmox1 and Nqo1
mRNA in both resting and LPS-activated states (Figures 7A, B).
Consistent with the results in RAW264.7 cells, LPS stimulation
significantly upregulated both the mRNA and protein levels of IκBζ
in Nrf2+/+ and Nrf2−/− BMDMs (Figures 7C, D). In Nrf2−/− BMDMs,
there was a higher level of IκBζ than in Nrf2+/+ BMDMs (Figures 7C,
D), further validating the regulatory role of Nrf2 in IκBζ expression.
Importantly, DMF also significantly suppressed IκBζ expression in the

Nrf2−/− BMDMs (Figures 7C, D), whereas the metabolite MMF
exerted little impact on IκBζ expression in both the Nrf2−/− and
Nrf2+/+ BMDMs (Figure 7D). The data above suggest that the
mechanisms by which DMF inhibits IκBζ may involve pathways
other than Nrf2.

3.7 DMF inhibits IκBζ expression through the
STAT3 pathway

The full induction of IκBζ expression requires both the activation
of its promoter and the stabilization of its mRNA (Muromoto et al.,
2019). To investigate the mechanism of DMF-regulated IκBζ
inhibition, the promoter region of the Nfkbiz gene and the 3′-UTR
elements that govern the stability of Nfkbiz mRNA were introduced
into luciferase reporter constructs (Figure 8A). In the Nfkbiz-
promoter-luciferase assay, DMF-treated cells showed a decreased
luciferase signal upon LPS stimulation (Figure 8B). In the
luciferase-3′-TUR assay, DMF failed to suppress the luciferase

FIGURE 7
DMF inhibited LPS-induced IκBζ expression in bothNrf2+/+ andNrf2−/−BMDMs. (A,B)Nrf2+/+ or Nrf2−/− BMDMswere treatedwith 40 μMDMF/MMF for 1 h
and then stimulated with 1 μg/mL LPS in the absence of DMF/MMF for 6 h. RT‒qPCR analysis of Hmox1 (A) and Nqo1 (B) mRNA expression in the indicated
groups (n = 3). (C,D) Nrf2+/+ or Nrf2−/− BMDMs were treated with 40 μMDMF/MMF for 1 h and then stimulated with 1 μg/mL LPS in the absence of DMF/MMF
for 1 h (C) RT‒qPCR analysis ofNfkbizmRNA expression in the indicated groups (n = 3). (D)western blot analysis and quantification of the IκBζ expression
level (n = 3). **p < 0.01 vs. the untreated group by one-way ANOVA. ##p < 0.01 vs. the LPS group by one-way ANOVA. $$p < 0.01 vs. the Nrf2−/− group by t-test.
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signal induced by LPS stimulation (Figure 8C). These results revealed
that DMF suppresses the promoter activity of Nfkbiz but not the
stability of its mRNA.

It has been reported that NF-κB and STAT3 govern Nfkbiz
promoter activity (Muller et al., 2018; Muromoto et al., 2019). For
NF-κB, DMF delayed the early phosphorylation of p65 after 5 min of
LPS stimulation but did not affect later phosphorylation events
(Figure 8D). DMF-treated cells exhibited delayed
STAT3 phosphorylation, a hallmark of STAT3 protein activation,
in response to LPS challenge (Figure 8E). Moreover, DMF also
reduced the nuclear translocation of phosphorylated STAT3
(Figure 8F). To further investigate the role of DMF in regulating
Nfkbiz expression, we performed ChIP‒qPCR assays using anti-
STAT3 or anti-NF-κB Ab. Markedly increased binding to the
Nfkbiz promoter was observed for STAT3 and NF-κB in the cell
response to LPS treatment. However, DMF only significantly
abrogated the binding of constitutive STAT3, but not NF-κB, to
the IκB-ζ promoter region (Figure 8G).

Together, the results mentioned above indicate that
STAT3 signalling is involved in DMF-mediated Nfkbiz
transcription inhibition.

4 Discussion

At present, the exact pharmacological activity of DMF in treating
psoriasis and MS remains unclear. Due to metabolic instability and
high chemical reactivity, DMF is present in the blood for a short time
(Litjens et al., 2004b). Whether DMF has a direct therapeutic role
remains unknown. Previous studies have neglected this key issue, and
conclusions based on long-term DMF treatment in vitro should thus
be interpreted with caution. Our study first took this issue into account
and focused on the effect of short-term exposure to DMF to provide
more insights regarding the role of parent DMF in vivo (Figure 9).

The structure of DMF is very simple and has a relatively small size
in comparison to other therapeutic compounds on the market. The

FIGURE 8
DMF inhibits IκBζ expression through the STAT3 pathway. (A) Construction of the Nfkbiz-promoter-Luc reporter and the Luc-Nfkbiz-3UTR reporter. (B)
Cells transiently transfected with pGL4.13-Nfkbiz-promoter or pRL-TK were treated with 40 μM DMF for 1 h and then stimulated with 1 μg/mL LPS for 6 h,
followed by the dual luciferase assay (n = 3). (C) Cells transiently transfected with pGL4.13-Nfkbiz-3UTR or pRL-TK were treated with 40 μM DMF for 1 h and
then stimulated with 1 μg/mL LPS for 6 h, followed by the dual luciferase assay (n = 3). (D,E) Cells were treated with 40 μM DMF for 1 h and then
stimulated with 1 μg/mL LPS in the absence of DMF for the indicated time. Western blot analysis of the indicated proteins. (F) Cells were treated with 40 μM
DMF for 1 h and then stimulated with 1 μg/mL LPS in the absence of DMF for 30 min. The cytoplasmic and nuclear fractions were isolated for western blot
analysis. (G)Cells were treated with 40 μMDMF for 1 h and then stimulated with 1 μg/mL LPS for 6 h. ChIP‒qPCR analyses were performed using STAT3 (G) or
NF-κB antibody (H) (n = 3). **p < 0.01 vs. the untreated group by one-way ANOVA. ##p < 0.01 vs. the LPS group by one-way ANOVA; ns, not significant vs. the
indicated group by t-test.
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esterification of carboxyl groups on both sides renders DMF
electrically neutral. These molecular properties facilitate the ability
of DMF to permeate cell membranes. The metabolic product GS-DMS
appears in portal vein blood within 2 minutes after gastrointestinal
administration of DMF (Dibbert et al., 2013). In addition, in this
study, short-term (15 min) treatment with DMF was found to
significantly inhibit nitrite release and IκBζ expression in
RAW264.7 cells. These phenomena support the excellent
membrane-permeating ability of DMF.

Even though DMF may rapidly travel across the
gastrointestinal barrier and enter the blood circulation, the
detection of DMF in the blood using routine analytical
techniques remains challenging because of the instability and
poor ionization efficiency of this molecule (Junnotula and Licea-
Perez, 2016). Therefore, obtaining direct evidence of the presence
of DMF in the blood is difficult. However, comparing the in vivo
efficacy of DMF and its metabolite MMF might help determine
whether DMF plays a functional role in vivo. In this study, DMF
and MMF were found to induce some common responses, but some
of their effects also clearly differed, including the inhibition of Nos2
and Nfkbiz transcription induced by LPS in blood cells. These
observations suggested that the efficacy of DMF and MMF is not
identical, and regulation of Nfkbiz expression may be the key step
underlying functional differences between the two molecules.

Encoded by the Nfkbiz gene, IκBζ is an atypical member of the
nuclear IκB family. Distinct from cytoplasmic IκB proteins, IκBζ
possesses a transactivating domain and targets the expression of
proinflammatory genes in collaboration with NF-κB (Yamazaki
et al., 2001; Trinh et al., 2008). Recently, IκBζ was indicated to play
a crucial role in the antipsoriatic effects mediated by anti-IL-17A
treatment (Bertelsen et al., 2020). Moreover, IκBζ knockout mice
showed a defect in Th17-cell development and were thus resistant
to EAE (Okamoto et al., 2010), a preclinical model of human MS.

These studies suggest that IκBζ might become a therapeutic target for
psoriasis and MS.

In this study, DMF was found to strongly inhibit LPS-induced
expression of IκBζ among a panel of TFs in RAW264.7 cells. More
importantly, this inhibition was achieved even when DMF was applied
for a short time. The quick inhibition of IκBζ expression by DMF may
account for the reduction in nitrite release by RAW264.7 cells shortly
after DMF treatment because the ectopic expression of IκBζ restored
the Nos2 mRNA level in RAW264.7 cells. Moreover, a recent study
also reported that DMF compromised IL-17-induced expression of
IκBζ in human keratinocytes (Ohgakiuchi et al., 2020). Thus,
inhibiting IκBζ expression under proinflammatory conditions is
one of the therapeutic mechanisms of DMF in psoriasis and MS.

Further investigation revealed that DMF inhibits IκBζ expression
through multiple mechanisms, including GSH depletion, Nrf2 activation,
and STAT3 phosphorylation inhibition. The multitarget activity of DMF
should result from its unique chemical structure. The key functional
groups in DMF are symmetric α,β-unsaturated carbonyls, which afford
DMF high electrophilicity towards the thiol groups of biological targets
(Schmidt et al., 2007; Zhang et al., 2021). GSH is a major thiol donor
within cells and regulates immune responses by maintaining intracellular
redox homeostasis (Muri and Kopf, 2021). In this study, GSH was found
to regulate the expression of IκBζ in macrophages. DMF rapidly depleted
intracellular GSH and thus disrupted redox homeostasis within
macrophages, which possibly hampered the signal transduction
process. More investigation is needed to further examine this process
in molecular detail.

Interestingly, we found that DMF did not increase the oxidized
GSSG while deplete the reduced GSH. The phenomenon that the
amount of GSSG remained steady during DMF treatment indicated
that the cells did not timely replenish GSH by recycling GSSG.
Without timely regeneration of GSH, DMF is thereby able to react
with cysteine residues of proteins. The reactivity of a cysteine residue is

FIGURE 9
A working model depicting the mechanisms of IκBζ expression regulated by short-term exposure to DMF.
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affected by nearby metal ions or basic amino acid residues, both of
which promote deprotonation of the thiol group (Poole, 2015). Due to
the presence of multiple basic amino acid residues in close proximity,
Cys151 of Keap1 is highly reactive and a preferred target of
electrophilic compounds, including DMF (Brennan et al., 2015;
Suzuki et al., 2019; Dayalan Naidu and Dinkova-Kostova, 2020).
The binding of DMF to Cys151 results in the inhibition of
Keap1 and thereby the activation of Nrf2-ARE signalling. In this
study, we found that DMF quickly promoted Nrf2 activation in a
manner that resembled its ability to deplete GSH, indicating that DMF
simultaneously acts on GSH and protein cysteine residues upon its
entrance into cells. Notably, multiple pieces of evidence from chemical
Nrf2 activation, Nrf2 overexpression, and Nrf2 knockout experiments
suggested that Nrf2 negatively regulates LPS-induced IκBζ expression.
To the best of our knowledge, this is the first study demonstrating the
connection between Nrf2 and IκBζ, which adds new insights into
understanding how Nrf2 activation constrains inflammatory
responses. However, how Nrf2 downregulates IκBζ is still unclear
and should be the focus of future exploration.

The results from Nrf2−/− BMDMs revealed that there is a mechanism
underlying DMF-mediated IκBζ inhibition in addition to Nrf2 activation.
Using a luciferase assay, we first confirmed that DMF suppresses the
promoter activity of Nfkbiz. Then, we found that DMF inhibits the
phosphorylation of STAT3 and reduces its translocation into the nucleus.
Phosphorylated STAT3 can recruit Sp1 and p65 to form transcription
complexes in the nucleus and thus promote inflammatory gene
transcription (Bharadwaj et al., 2020). The ChIP assay revealed that
DMF abrogates the binding of STAT3 to the Nfkbiz promoter, leading to
the suppression of Nfkbiz transcription.

In summary, combined with previous studies, our data suggest
that circulating parent DMF molecules could have a direct impact on
the immune system, which might generate additional therapeutic
benefits in addition to those of its metabolite, MMF. This
additional pharmacological activity of DMF has not been validated
in humans. Notably, MMF was recently approved by the FDA as a
monotherapy for MS based on the similar pharmacokinetic profiles of
MMF and DMF (Berger et al., 2021). Real-world data will disclose
whether these two drugs are truly bioequivalent, which will help
determine whether DMF contributes to the overall therapeutic
efficacy in humans and the importance of this mechanism.

5 Conclusion

This study demonstrates the rapid anti-inflammatory effects of DMF
both in vitro and in vivo. Short-term exposure to DMF inhibits LPS-
induced IκBζ expression in macrophages through multiple mechanisms,
including the depletion of GSH, activation of Nrf2 and inhibition of
constitutive STAT3 binding to the IκBζ promoter. These findings support
the idea that the parent DMF is likely to have a direct impact on immune
cells in vivo before being hydrolysed to MMF, providing key evidence for
the direct therapeutic effect of DMF.
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Anlotinib is an oral multi-targeted tyrosine kinase inhibitor as a third-line and
subsequent treatment for patients with small cell lung cancer (SCLC) in China.
The neurotoxicity is less reported. Posterior reversible encephalopathy syndrome
(PRES) is characterized by headaches, seizures, encephalopathy, and visual
disturbances, as well as focal reversible vasogenic edema seen on neuroimages.
Here, we presented a case of PRES in a small cell lung cancer (SCLC) patient
associated with anlotinib. A 37-year-old female patient, who had a history of
diabetes, with extensive-stage SCLC received anlotinib after third-line
chemotherapy. Ten cycles of anlotinib later, the patient experienced visual
disturbance and was diagnosed with PRES based on the typical demyelination of
whitematter obtained in the brainmagnetic resonance. During anlotinib therapy, the
patient did not develop anti-VEGF therapy-induced hypertension. Subsequently, the
patient stopped anlotinib, but she did not recover from symptoms. We also
summarized the characteristics of fifty-four cases of PRES caused by
antiangiogenic drugs in the literature. Based on our experience and the literature
review, the incidence of PRES induced by antiangiogenic drugs is low, and the
symptom can resolve upon stopping the medications. However, some cases still
have a poor prognosis and the underlying mechanism requires further investigation.
In addition, early detection and treatment of PRES are essential for physicians.

KEYWORDS

posterior reversible encephalopathy syndrome, anlotinib, antiangiogenic therapy, small cell
lung cancer, case report

Introduction

Small cell lung cancer (SCLC) accounts for approximately 15% of all newly diagnosed lung
cancer cases and about 60%–70% of patients present with extensive-stage disease (ES-SCLC) at
the initial visit (Siegel et al., 2017; Huang et al., 2021). Progress in the treatment of ES-SCLC
over the past 30 years has been modest. Chemotherapy with platinum (cisplatin or carboplatin)
plus etoposide is the standard first-line therapy for patients with ES-SCLC (Zugazagoitia and
Paz-Ares, 2022). To date, topotecan is the only Food and Drug Administration (FDA) approved
second-line drug for the treatment of recurrent metastatic SCLC (Ganti et al., 2021). Currently,
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there was no standard third-line therapy recommended in guidelines
(Dingemans et al., 2021; Ganti et al., 2021).

Anlotinib hydrochloride is an oral multi-targeted tyrosine kinase
inhibitor of vascular endothelial growth factor receptor (VEGFR)-1/2/
3, fibroblast growth factor receptor (FGFR)-1-4, platelet-derived
growth factor receptor-α/β (PDGFR-α/β) and c-kit-proto-
oncogene-protein (c-Kit). Cheng et al. launched a Phase 2 trial to
evaluate the efficacy and safety of anlotinib as a third-line and
subsequent treatment for patients with SCLC in China (ALTER
1202) and found that anlotinib showed improved PFS and OS than
placebo with favorable safety profile (Cheng et al., 2021). In this trial,
the most common adverse events (AEs) of anlotinib were
hypertension, fatigue, thyroid-stimulating hormone elevation,
anorexia, hypertriglyceridemia, hand-foot syndrome, and
hypercholesterolemia (Cheng et al., 2021). And the most common
grade 3 or higher AEs were hypertension (11 [13.6%]), gamma-
glutamyl transpeptidase elevation (4 [4.9%]), and hand and foot
skin reaction (4 [4.9%]) (Cheng et al., 2021). Similar results were
seen in the ALTER0303, ALTER 0703, ALTER 01031 and a double-
blind randomized phase 2 trials (Cheng et al., 2021; Chi et al., 2021;
Huang et al., 2021; Huang et al., 2021; Li et al., 2021). However, the
neurotoxicity was less reported. The most common AEs related to
nervous system disorder was reported to be headache (33 [11.2%]) in
the ALTER0303 trial (Han et al., 2018). In addition, there were a few
rare AEs reported such as insomnia, sensory neurotoxicity, and seizure
(Huang et al., 2021; Liu et al., 2021; Lu et al., 2022; Nie et al., 2022; Shao
et al., 2022; Zou et al., 2022). Although a few cases of posterior
reversible encephalopathy syndrome (PRES) caused by some anti-
angiogenic drugs were reported in the literature (Koopman et al., 2008;
Chelis et al., 2012; Myint et al., 2014; Sharma et al., 2016; Saraceno
et al., 2017; Miaris et al., 2019; Van Pelt et al., 2020), no PRES has been
previously reported in SCLC patients treated with anlotinib.

Here, we present a case with ES-SCLC who achieved a significant
progression-free survival benefit from anlotinib as fourth-line therapy,
report the PRES during anlotinib treatment, and review the
characteristics of PRES induced by antiangiogenic therapy.

Case presentation

A 37-year-old Chinese woman was admitted to the hospital with
repeated cough in February 2019. The patient had a 3-year history of
diabetes and no smoking history. Chest computed tomography (CT) scan
revealed amass in the lower lobe of the left lung. Fiberoptic bronchoscopy
revealed a tumor in the left lower lobe. Pathologic examination of the
biopsies showed SCLC. Positron emission tomography (PET)/CT scan
showed a huge soft tissue mass in the lower lobe of the left lung and left
hilar nodule metastasis. Accordingly, she was diagnosed with left lung
SCLC with limited-stage (LS-SCLC) based on the Veterans
Administration Lung Study Group (VALSG) 2-stage classification
scheme (Kalemkerian and Gadgeel, 2013). Subsequently, she received
first-line treatment with etoposide/cisplatin (EP) for four cycles plus
definitive thoracic radiotherapy (RT). However, 1 month after the
completion of initial therapy, abdominal CT revealed right adrenal
metastasis. Then she received four cycles of irinotecan as the second-
line treatment from November 2019 to January 2020 and followed by
radiation therapy for right adrenal metastasis. On 29 March 2020, her
brain magnetic resonance imaging (MRI) showed the left basal ganglia
metastasis (Figure 1A).Meanwhile, the abdominal CT scan discovered left

adrenal metastasis. And she was diagnosed with hyponatremia
(121 mmol/L) and the serum neuron-specific enolase (NSE) (45.1 ng/
mL) level was higher than the normal range. Then she received whole-
brain radiation therapy (WBRT) of a total dose of 37.5 Gy (in
15 fractions), which had achieved radiographic complete regression
(Figure 1B) and left adrenal gland radiation of a total dose of 46.0 Gy
(in 23 fractions) from 9 April to 11 May 2020. At the same time, she
received two cycles of chemotherapy with cyclophosphamide/
adriamycin/cisplatin (CAP).

However, the patient complained about increasing cough with
dyspnea on exertion and fatigue. The contrast-enhanced CT (10 June
2020) showed a 46 mm × 39mm mass in the left lower lobe, which was
larger than before (Figures 2A,B). No evidence of metastasis was found by
the brain MRI. In addition, the serum NSE (35.4 ng/mL) level was also
elevated. According to Response Evaluation Criteria in Solid Tumors
version 1.1 (RECIST 1.1), efficacy assessment was progression of disease
(PD). Subsequently, we administered anlotinib (10 mg/day once daily
orally, 2 weeks on and 1 week off) as the fourth-line treatment on 18 June
2020 according to the result of ALTER 1202 (Cheng et al., 2021).

After one cycle of anlotinib, we performed the first evaluation by
CT and brain MRI, which showed a stable disease (SD) (Figure 2C).
Simultaneously, not only the level of NSE (21.2 ng/mL) declined
rapidly, but also the sodium level was restored to normal. Then the
efficacy was evaluated once every two cycles. After six cycles, she had a
reduced cough with her Eastern Cooperative Oncology Group
(ECOG) performance status ≤1 point. Additionally, the serum
sodium and NSE level remained normal. Chest CT showed tumor
cavity formation and tumor assessment was SD (Figures 2D, E, F).

During the treatment with anlotinib (10 mg), the most severe
adverse effect was oral ulcer, which was evaluated as graded
3 according to National Cancer Institute Common Toxicity Criteria
for Adverse Events (NCI-CTCAE, version 5.0). As a result, we reduced
the dose of anlotinib from 10mg to 8 mg on 18 November 2020. Her
brain MRI showed mild demyelination of white matter after one cycle
with anlotinib and the extension of the demyelinating lesions increased
slowly (Figures 1D–I), but she had no neurological symptoms.
Encouraged by the result, the treatment was not interrupted.

After taking anlotinib for 7.5 months, the patient suffered from
loss of appetite, weight loss, excessive fatigue, and visual disturbance.
The enhanced CT scan showed multiple metastatic lesions in the
bilateral ovaries on 2 February 2021. Her contrast-enhanced MRI
showed the demyelination of white matter in T2-weighted fluid
attenuated inversion recovery (FLAIR) images and the pons had
enhancement lesions, which was considered metastasis (Figure 1C).
We thought the visual disturbance was related to PRES, not brain
metastases. The tumor assessment was PD. So anlotinib was
discontinued. During the anlotinib therapy, the patient did not
develop anti-VEGF therapy-induced hypertension. Two months
later, the blurred vision was not restored, and there were no
significant changes in her brain MRI. In conclusion, she gained a
progression-free survival (PFS) of 7.5 months. Later, the patient had
received a clinical trial and the best supportive treatment. Sadly, she
passed away on 14 January 2022.

Discussion

PRES, also known as Reversible posterior leukoencephalopathy
syndrome (RPLS), is a brain-capillary leak syndrome related to
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FIGURE 1
Brain magnetic resonance imaging images at different time points. (A) Brain metastases were newly diagnosed after second-line treatment. (B) One
month after brain radiation therapy. (C) New brain metastasis after taking anlotinib 10 cycles. The PRES developed gradually after taking anlotinib for (D)
1 cycle, (E) 3 cycles, (F) 4 cycles, (G) 6 cycles, (H) 8 cycles, and (I) 10 cycles.

FIGURE 2
Chest CT scans of the patient. (A) The scan was performed after second-line treatment. (B) The scan was performed after third-line treatment. (C) The
scan was performed after taking anlotinib for one cycle. (D)The scan showed tumor cavity formation after taking anlotinib for six cycles. (E) The scan showed
tumor cavity was larger after taking anlotinib for eight cycles. (F) The tumor cavity didn’t change significantly after taking anlotinib for 10 cycles.
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hypertension, fluid retention, and the cytotoxic effects of
immunosuppressive agents on the vascular endothelium,
characterized by seizures, headache, altered mental status, and
visual disturbances (Mergen et al., 2021). At present, the diagnosis
of PRES mainly relies on MRI findings (Lee et al., 2012), characterized
by white matter vasogenic edema affecting the brain’s posterior
occipital and parietal lobes (Fugate and Rabinstein, 2015). Classical
MRI findings include high signal intensity on T2-weighted and FLAIR
images, predominantly in the posterior regions, particularly parieto-
occipital lobes (Lee et al., 2012). However, there were PRES cases also
occurring in the frontal lobes, basal ganglia, thalamus, and brainstem
(Ahn et al., 2004). If promptly recognized and treated, the prognosis is
usually favorable and the changes, seen in MRI, resolve over days to
weeks (Fugate and Rabinstein, 2015).

Many drugs can cause PRES (Abughanimeh et al., 2018; Vilas-
Boas and Corte-Real, 2019; Kaur et al., 2020). With new antitumor
agents widely used in the clinic in recent years, accumulating case
reports have reported the occurrence of PRES in patients receiving
targeted therapies, particularly antiangiogenic agents, such as
bevacizumab (Hamid et al., 2018; Katada et al., 2018), sunitinib
(Saraceno et al., 2017; Rifino et al., 2020), sorafenib (Dogan et al.,
2010; Laruelle et al., 2018), pazopanib (Deguchi et al., 2018;
Tatsumichi et al., 2021) and regorafenib (Aanes et al., 2018).

From 2006 to 2022, 54 cases of PRES receiving antiangiogenic
therapies from the “PubMed” database were reported. Articles were

limited to human cases and be published in English. The
characteristics of 54 included cases were shown in Table 1. Of the
54 patients, 41 were females and 13 males, and the female-to-male
ratio was about 3:1. The median age of patients was 56 years old at the
time of diagnosis of PRES. Fifteen patients had a hypertension history
and two patients had a diabetes history. Of these patients, 7 cases
didn’t develop hypertension and 41 cases developed grade 3 to
4 hypertension according to NCI-CTCAE (version 5.0) during the
antiangiogenic therapy. The median time interval from the start of
antiangiogenic agents to PRES diagnosis was 33.5 days. As for the
patients who had a hypertension history before receiving
antiangiogenic therapies, the median time interval from the start of
antiangiogenic agents to PRES diagnosis was 21 days, which was
earlier than patients without a hypertension history. After
discontinuing antiangiogenic therapy and receiving symptomatic
treatments, almost all (98.2%) patients achieved complete response,
but one patient died.

Table 2 summarized the commonMRI findings in 54 PRES patients.
Thirty-three patients’ imaging findings were symmetrical hemispheric
vasogenic edema in the parietal occipital regions, fourteen in basal ganglia,
frontal lobe, brainstem, cerebellar hemisphere and unilateral lesion, and
seven in the watershed areas of the frontal, parietal, and occipital lobes.

Anlotinib demonstrated its efficacy and safety in the ALTER01031
(Li et al., 2021), ALTER0303 (Zhou et al., 2019), and ALTER1202 trials
(Cheng et al., 2021), and no PRES was reported.We presented a female

TABLE 1 Cases of PRES associated with antiangiogenic treatment.

Drugs N Median
age

M:F Median
time (days)

Hypertension Diabetes Hypertension
(3–4)

Reference No.

Bevacizumab 27 52 5:22 77 5 1 20 Allen et al. (2006), Ozcan et al. (2006), Burki
et al. (2008), Koopman et al. (2008), Peter
et al. (2008), Dos Reis Simões da Silva et al.
(2011), Lau and Paunipagar (2011), Lou et al.
(2011), Chang et al. (2012), Lazarus et al.
(2012), Sclafani et al. (2012), Seet and
Rabinstein (2012), Abbas et al. (2013),
Dersch et al. (2013), Goto and Mimura
(2014), Sawaya et al. (2014), Wang et al.
(2014), Elmalik et al. (2015)

Sunitinib 9 65 2:7 14 3 0 9 Martin et al. (2007), Cumurciuc et al. (2008),
Chen and Agarwal (2009), Dos Reis Simões
da Silva et al. (2011), Padhy et al. (2011),
Khan et al. (2012), Duchnowska et al. (2013),
Saraceno et al. (2017)

Pazopanib 7 56 1:6 30 3 0 4 Chelis et al. (2012), Asaithambi et al. (2013),
Foerster et al. (2013), Arslan et al. (2017),
Miaris et al. (2017), Deguchi et al. (2018),
Tatsumichi et al. (2021)

Sorafenib 4 70 1:1 26 3 0 2 Dogan et al. (2010), Furubayashi et al.
(2017), Laruelle et al. (2018)

Apatinib 2 52 1:1 51 0 0 1 Li et al. (2018), Lv et al. (2019)

Axitinib 2 58 0:2 8 0 0 2 Levy et al. (2014), Nakamura et al. (2017)

Regorafenib 2 54 1:1 37 0 0 1 Aanes et al. (2018), Van Pelt et al. (2020)

Cediranib 1 65 1 86 1 1 1 Kim et al. (2014)

N, cases, M, male, F, female, median age, the age of diagnosis of PRES, median time, from the start of antiangiogenic agents to PRES diagnosis, hypertension, the number of patients with hypertension

history, diabetes, the number of patients with diabetes history, hypertension (3–4), the number of patients developing grade 3 to 4 hypertension during antiangiogenic therapy.
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patient who contributed to PRES caused by anlotinib. This patient had
only hyperglycemia without any other clinical or metabolic
derangements and didn’t develop hypertension during the
treatment. Of note, after discontinuation of anlotinib, she did not
recover from the blurred vision and her brainMRI showed no decrease
in cerebral white matter lesions.

The mechanism of PRES induced by antiangiogenic drugs is
still unclear. A leading theory of the pathophysiological changes
underlying PRES was that rapidly developing hypertension
exceeded the upper limit of cerebral blood flow auto-regulation
and caused hyper-perfusion (Fugate and Rabinstein, 2015;
Parasher and Jhamb, 2020). Based on the literature review, 41 of
54 patients with PRES developed grade 3 to 4 hypertension.
Therefore, anti-VEGF therapy-induced hypertension might be a
major mechanism of PRES. However, this mechanism could not
explain the development of PRES in the 15%–20% of patients who
have no hypertension. Additional mechanisms to cause PRES in
patients receiving antiangiogenic therapies might exist.
Antiangiogenic drugs could lead to vasoconstriction and hypo-
perfusion, leading to cerebral ischemia and subsequent vasogenic
edema (Morbidelli et al., 2016; Shah, 2017; Gewirtz et al., 2021)
(Supplementary Figure 1). Previous studies demonstrated that
increased serum pro-inflammatory cytokines including
circulating levels of interleukin (IL)-6 and tumor necrosis
factor-alpha (TNF-alpha) regulated the expression of vascular
endothelial growth factor and they might increase vascular
permeability leading to vasogenic edema and cause endothelial
damage or dysfunction in PRES (Esposito et al., 2002; Fugate and
Rabinstein, 2015). Development of hyperglycemia results in
increased serum pro-inflammatory cytokines, such as interleukin
(IL)-6 and IL-1b, and C-reactive protein, which stimulates
endothelial cells to secrete vasoactive factors and increases
vascular permeability (Pickup, 2004; Vaarala and Yki-Järvinen,
2012; Li et al., 2014). Nishanth et al. previously reported one case
with hyperglycemia-induced PRES (Dev et al., 2019). From what
has been discussed above, hyperglycemia and anlotinib might
jointly lead to PRES.

In the reviewed cases, we found that after drug withdrawal
almost all (98.2%) patients achieved complete response, which
was higher than the incidence (56%–72%) of PRES induced by
other causative factors (Bartynski and Boardman, 2007; Legriel

et al., 2012). The underlying reversible mechanism was related to
reversible dysregulation of the cerebral vasculature (Singhal,
2021), which was completely different from the neurotoxic
transformation caused by neurofibrillary tangles in Alzheimer’s
disease (Zeng et al., 2022). Higher glycemia on day 1 was a strong
predictor of poor outcomes by day 90 after admission for severe
PRES in a retrospective cohort study (Legriel et al., 2012). Our
case gave the similar outcome, the irreversible changes such as
blurred vision. In addition, the patient received WBRT before
taking anlotinib. Late radiation-related complications usually
occurred more than 6 months after radiotherapy, tended to be
irreversible and often progressive (Wujanto et al., 2021). The
pathogenesis of late complications was often seen in the white
matter and was linked to persistent demyelination, reduced
neurogenesis with altered neural stem cell differentiation,
inflammatory response through oxidative damage, and
disruption of microvasculature resulting in ischaemia and toxic
neuro-excitation (Wilke et al., 2018). Thus, hyperglycemia and
WBRT was likely to exacerbate the irreversible neurological
injury of this case. As we know, once PRES induced by anti-
VEGF therapy was confirmed, the therapy should be
discontinued. However, how to improve the therapeutic effects
for unrecovered patients still requires further investigation.

Conclusion

Based on our experience and the literature review, the incidence
of PRES induced by antiangiogenic drugs including anlotinib is low,
and the symptom can resolve upon stopping the medications.
However, some cases still have a poor prognosis and the
underlying mechanism requires further investigation. In addition,
early detection and treatment of PRES are very important for
physicians.
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TABLE 2 MRI imaging findings in PRES patients.

MRI imaging findings Cases Reference no.

Parieto-occipital white matter and cortex were involved, with varying degrees
of temporal lobe involvement

33 (Allen et al., 2006; Ozcan et al., 2006; Martin et al., 2007; Burki et al., 2008; Koopman
et al., 2008; Peter et al., 2008; Dos Reis Simões da Silva et al., 2011; Lau and Paunipagar,
2011; Lou et al., 2011; Padhy et al., 2011; Chang et al., 2012; Chelis et al., 2012; Khan et al.,
2012; Lazarus et al., 2012; Sclafani et al., 2012; Seet and Rabinstein, 2012; Abbas et al.,
2013; Asaithambi et al., 2013; Goto and Mimura, 2014; Levy et al., 2014; Sawaya et al.,
2014; Eryılmaz et al., 2016; Miller et al., 2016; Nakamura et al., 2017; Saraceno et al.,
2017; Aanes et al., 2018; Deguchi et al., 2018; Katada et al., 2018; Li et al., 2018; Rifino
et al., 2020; Van Pelt et al., 2020)

Vasogenic edema in the watershed areas of the frontal, parietal, and occipital
lobes

7 (Ozcan et al., 2006; Cumurciuc et al., 2008; Koopman et al., 2008; Dersch et al., 2013;
Miaris et al., 2017; Katada et al., 2018; Lv et al., 2019)

Basal ganglia, frontal lobe,brainstem, cerebellar hemisphere and unilateral
lesion

14 (Koopman et al., 2008; Chen and Agarwal, 2009; Sclafani et al., 2012; Seet and
Rabinstein, 2012; Abbas et al., 2013; Dersch et al., 2013; Kim et al., 2014; Elmalik et al.,
2015; Arslan et al., 2017; Massey, 2017; Deguchi et al., 2018; Tatsumichi et al., 2021)
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Dlg1 deletion in microglia
ameliorates chronic restraint
stress induced mice
depression-like behavior

Xiaoheng Li1, Zhixin Peng1, Lingling Jiang1,2, Ping Zhang1,2,
Pin Yang1,3, Zengqiang Yuan1* and Jinbo Cheng1,4*
1The Brain Science Center, Beijing Institute of Basic Medical Sciences, Beijing, China, 2Hengyang Medical
College, University of South China, Hengyang, Hunan, China, 3School of Basic Medical Sciences, Anhui
Medical University, Hefei, Anhui, China, 4Center on Translational Neuroscience, College of Life and
Environmental Science, Minzu University of China, Beijing, China

Background: Major depression is one of the most common psychiatric disorders
worldwide, inflicting suffering, significant reduction in life span, and financial
burdens on families and society. Mounting evidence implicates that exposure
to chronic stress can induce the dysregulation of the immune system, and the
activation of brain-resident innate immune cells, microglia, leading to depression-
like symptoms. However, the specific mechanisms need to be further elucidated.

Method: Animal models of depression were established by chronic restraint stress
(CRS), and depression-like behavior was assessed by sucrose preference test
(SPT), open field test (OFT), tail suspension test (TST) and forced swimming test
(FST). Microglial activation was visualized by immunofluorescent and
immunohistochemical staining, and microglial morphological changes were
further analyzed by skeleton analysis. The levels of inflammatory cytokines
were detected by western blotting and qPCR.

Result: Microglial Dlg1 knockout ameliorates CRS-induced mice depression-like
behavior. In contrast to the effect of Dlg1 in the LPS-induced mouse model, Dlg1
knockout had little effect on microglial density, but significantly decreased the
number of activated microglia and reversed microglia morphological changes in
mice challenged with CRS. Moreover, the upregulation of inflammatory cytokines
following CRS exposure was partially reversed by Dlg1 deletion.

Conclusion: Our study provides the evidence that Dlg1 ablation in microglia
remarkedly reverses microglial activation and depression-like behavior in mice
exposed to CRS, implicating a potential target for the treatment of clinical
depression.

KEYWORDS

Dlg1, microglia, neuroinflammation, chronic restraint stress, depression

Introduction

Major depression, a common psychiatric disorder throughout the world, is a leading cause of
disability, with an estimated 5.0% of the adults suffering, according to the WHO. As a major
contributor to suicide, especially in adolescent, major depression also increases susceptibility to
other illnesses with much poorer prognosis (Benros et al., 2013). Despite the recent decades
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witnessed advances in the understanding of major depression, the
underlining mechanism remains to be elucidated. Cumulative
evidence shows that depression and neuroinflammation have
reciprocal connections (Wohleb et al., 2016; Beurel et al., 2020).
Inflammation is involved in depression, and depression can be
induced by immune challenge, the way between depression and
immune-activation is bidirectional (Licinio and Wong, 1999; Dowlati
et al., 2010; Wong et al., 2016; Colasanto et al., 2020; Cao et al., 2021).
Accordingly, studies aiming at neuroinflammation might provide
valuable insights into the understanding of major depression.

Neuroinflammation, termed as pathological immune processes
within the central nervous system (CNS), is mainly mediated by
microglia. Evidence demonstrates that microglial activation can be
induced by stress exposure, which has been recognized as a trigger
for depression in human (McLaughlin et al., 2010; Park et al., 2015) or
depression-like behavior in animals (Yang et al., 2015; Hao et al., 2019;
Song et al., 2020). As the innate immune cells in the CNS parenchyma,
microglia not only play vital roles in immune surveillance and defense,
but also in brain development, homeostatic maintenance, as well as
disease initiation and progression (Sierra et al., 2019; Wright-Jin and
Gutmann, 2019; Lukens and Eyo, 2022). The delicate ramified processes
and highly motile identity allow microglia to sense and react to the local
environment (Umpierre and Wu, 2021). During stress exposure,
microglia response to these neuronal changes as well as
neurotransmitters and hormone alterations, subsequently contribute to
stress-induced neuroinflammation, thus shaping neuronal function and
associated behavior (Wohleb et al., 2016; Schramm andWaisman, 2022).
However, the complexity of stress conditions and communication
between microglia and other cells make the exact mechanism of
microglial activation remains mostly unclear.

Discs large homolog 1 (Dlg1), a member of the membrane-
associated guanylate kinase family, which has been reported to be
involved in the peripheral immune response and to be a risk factor for
neuropsychiatric disorders (Oliva et al., 2012; Zanin-Zhorov et al., 2012;
Gupta et al., 2018). In our previous study, we demonstrated that
microglial Dlg1 is a regulator of NF-κB signaling, and Dlg1 deletion
inhibits microglial activation and inflammatory cytokine production,
thereby alleviating LPS-induced depression behavior (Peng et al., 2021).
Despite being considered an acute model of depression, pain, lethargy,
hypersensitivity, and reduced social interaction induced by LPS
challenge are often considered sickness behaviors, which are hard to
differentiate from depression-like behaviors (Dantzer et al., 2008;
Wohleb et al., 2016). We therefore employed chronic restraint stress
(CRS) model to induce depressive like behavior in mice in this study,
and found that microglia activated upon CRS exposure, and Dlg1
deletion in microglia significantly reverses this activation and thus
ameliorates depressive like behavior induced by CRS. Collectively, our
studies elucidate that Dlg1 microglia-specific knockout not only
mitigates inflammation-initiated depression, but also stress-induced
depression as well as associated microglial activation.

Materials and methods

Mice

CX3CR1CreER mice were purchased from the Jackson Laboratory
(Sacramento, CA, United States). Dlg1flox/flox mice were gifted by Dr.

Wanli Liu (Tsinghua University, China) as previously described
(Peng et al., 2021). To induce Dlg1 microglia-specific knockout,
tamoxifen (S1238, Selleck) was given to mice at the age of 6-week by
gavage, and each mouse was administrated a total dose of 18 mg of
tamoxifen for three consecutive days. CRS was performed 6 weeks
after tamoxifen administration followed by behavioral and
pathological analysis. All mice were housed in the Animal Care
Facility at the Institute of Basic Medical Sciences with free access to
standard rodent chow and clean water. All animal experiments were
approved by the Institutional Animal Care and Use Committee of
the Beijing Institute of Basic Medical Sciences.

CRS procedures

Chronic restraint stress (CRS) was modified from the procedure
previously described (Li et al., 2018). Briefly, the mice were placed in
a 50 mL conical tube, with 0.5 cm air holes for breathing, for 3 h per
day for 14 consecutive days.

RNA isolation and qPCR

Total RNA from brain tissue was extracted using TRIzol™
reagent (# 15596018, Invitrogen). cDNA was synthesized with a
One-step First-strand cDNA synthesis kit (AE311-03, TransGen
Biotech, Beijing, China). qPCR was performed using 2 × SYBR green
master mix to measure the expression of genes. The primer
sequences for qPCR are as follows:

GAPDH forward: 5′-AGGTCGGTGTGAACGGATTTG-3′;
GAPDH reverse: 5′-TGTAGACCATGTAGTTGAGGTCA-3′;
TNFα forward: 5′-CCCTCACACTCAGATCATCTTCT-3′;
TNFα reverse: 5′-GCTACGACGTGGGCTACAG-3′;
Il-6 forward: 5′-CCAAGAGGTGAGTGCCTTCCC-3′;
Il-6 reverse: 5′-CTGTTGTTCAGACTCTCTCCCT-3′;
Il-1β forward: 5′-GCAACTGTTCCTGAACTCAACT-3′;
Il-1β reverse: 5′-ATCTTTTGGGGTCCGTCAACT-3′.

Western blotting

The hippocampal tissue was lysed on ice using RIPA lysis buffer
containing a cocktail of protease and phosphatase inhibitors. The
lysates were centrifuged at ×15,000 g for 15 min at 4°C, then
supernatants were collected and protein concentration was
determined by BCA assays and was adjusted to the same final
concentration. After heat denaturation, samples were separated by
SDS-PAGE and transferred to Nitrocellulose membranes which were
blocked in 5% non-fatmilk and subsequently incubated overnight with
the primary antibody. Relevant Horseradish Peroxidase (HRP)-
conjugated secondary antibodies were incubated, and the
immunoreactive proteins were then detected using an enhanced
chemiluminescent (ECL) substrate. The protein signal was
visualized using an X-Ray Film Processor (Optimax, New York,
United States). The following antibodies were used: anti-iNOS/NOS
Type II (# 610332, BD Biosciences, San Jose, CA, United States), anti-
Iba1 (019-19741, Wako, Richmond, VA, United States), anti-Gapdh
(#CW0266A, CWBiotech, Beijing, China).
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Immunohistochemistry and
immunofluorescence

Mice were anesthetized, perfused and sacrificed. Brains were
then removed, fixed in 4% paraformaldehyde for 48 h, and
dehydrated with gradient sucrose in phosphate buffered saline
(PBS). The brains were embedded in optimal cutting temperature
compound (OCT) and sectioned on a freezing microtome
(CM3050S, Leica, Wetzlar, Germany). The coronal sections
(40 μm in thickness) were incubated overnight with anti-goat
Iba1 antibody (1:400, 019-19741, Wako, Richmond, VA,
United States) and anti-mouse Gfap antibody (1:400; MAB360,
Millipore, Darmstadt, Germany).

For immunohistochemical staining, the slices were incubated with
biotinylated immunoglobulin G (IgG), followed by streptavidin-
conjugated horseradish peroxidase (VECTASTAIN ABC Kit,
Zhongshan Jinqiao, Beijing, China), and finally was visualized by
reacting with hydrogen peroxide (DAB Kit, Zhongshan Jinqiao).
Images were captured using a Leica SCN400 scanner.

For immunofluorescent staining, the sections were labeled with
TRITC AffiniPure goat anti-rabbit IgG (111-025-003, Jackson
ImmunoResearch) fluorescent secondary antibody, and the images
were acquired by Nikon confocal microscope (Nikon, Melville, NY,
United Stats). For activated microglia quantification, we determined
the activated microglia by larger soma area, shorter and bolder
processes.

Behavioral tests

For all behavioral tests, mice, in their home cages, were
habituated for 2 h in the quiet and dimly lit test room before testing.

Open field test (OFT)

During the test, spontaneous activity of mice was monitored for
a 5-min period as they moved in the apparatus (50 × 50 × 20 cm),
time spent in the central area and total distances traveled were
analyzed by ANY-maze software.

Tail suspension test (TST)

Mice were suspended by the tails on the instrument with a clip
(50 cm above the floor) using a medical tape placed 1 cm from the
tip of the tail. The test was recorded for 6 min and the immobility
time was measured in the last 4 min of the test.

Forced swimming test (FST)

Mice were allowed to swim in water for 2 min the day before the
test for habituation. During the test, mice were placed in a clear glass
cylinder (diameter 25 cm), which was filled with water (21°C–23°C)
up to a height of 25 cm from the bottom. The test was recorded for
6 min and the immobility time was measured in the last 4 min of
the test.

Sucrose preference test (SPT)

The sucrose preference test is performed to evaluate
anhedonia in mice. Briefly, mice were given two identical
standard drinking bottles and habituated to two bottles filled
with water (1 day) and with 1% sucrose water (1 day) for 2 days.
After being deprived of food and water for 12 h, mice had free
access to two drinking bottles, one containing 1% sucrose and the
other with normal drinking water for 5 days. The positions of
these two bottles were switched every 12 h to avoid side
preferences. The overall sucrose and water intakes were
measured, and the sucrose preference rate was calculated as
100% × (sucrose intake/sucrose intake + water intake).

Microglial skeleton analysis

Skeleton analysis of microglia was performed as described in our
previous study (Cheng et al., 2021). Briefly, microglial images were
obtained on Nikon A1 Confocal Microscope with ×20 objective
at ×5 zoom. Skeletonize [two-dimensional (2D)/3D] plugin and
Analyze Skeleton plugin of the software ImageJ were used for the
skeleton analysis.

Statistical analysis

Data are expressed as mean ± SEM of at least two independent
experiments. Statistical differences between the two groups were
analyzed using Student’s t-test. Statistical differences for multiple
comparisons were analyzed by application of ordinary two-way
ANOVA (Tukey’s multiple comparison test). Statistical
significance was determined as follows: *p < 0.05, **p < 0.01, and
***p < 0.001. GraphPad Prism software (version 9.0, GraphPad, San
Diego, United States) was used for statistical analysis.

Results

Dlg1 depletion in microglia alleviates CRS
induced mice depression-like behavior

To evaluate the role of microglial Dlg1 on depression, we
established chronic restraint stress (CRS) model, which has higher
etiological similarities to depression. Specifically,Dlg1 cKOmice (Dlg1f/f;
CX3CR1creER) and their control littermates (Dlg1f/f, term as Dlg1 f/f)
were subjected to tamoxifen at 6 weeks of age to induce microglia-
specific knockout of Dlg1. These mice were then randomly assigned to
either the control or CRS group. 6 weeks after tamoxifen
administration, mice in the CRS group underwent chronic restraint,
whereas mice in the control group were handled in a separate home
cage at an equivalent length of time. After 2 weeks, behavioral tests,
namely sucrose preference test (SPT), open field test (OFT), tail
suspension test (TST), and forced swimming test (FST) were carried
out (Figure 1A). We found that CRS mice exhibited no overt anxiety-
like behavior (Figure 1B), but they displayed more prominent
depression-like behaviors than non-stressed controls (Figures 1C–F).
StressedDlg1 f/f mice showed reduced locomotion in OFT (Figure 1C),
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less sucrose consumption in SPT (Figure 1D), and more immobility
time in TST and FST (Figures 1E, F), indicating that the CRSmodel was
established successfully. However, these depression-like behaviors
induced by CRS were significantly alleviated in microglial Dlg1
deleted mice. These results suggest that ablation of Dlg1 in microglia
ameliorates CRS-induced depression-like behavior.

Dlg1 ablation or CRS exposure has little
effect on microglial density

After characterizing that specific knockout of Dlg1 in
microglia alleviates depression-like behavior, we next sought
to investigate the effects of deleting Dlg1 on microglia. To
address this, we performed immunohistochemical staining of
brain slices from Dlg1 cKO and their control littermates in both
control and CRS group (Figure 2A). The number of microglia in
different brain regions, including the cortex (CTX), dentate
gyrus (DG), and CA1 of the hippocampus, was nearly
unchanged in Dlg1 f/f mice subjected to CRS compared to
Dlg1 f/f mice in the control group. Deletion of Dlg1 also
showed no effect on microglia density in either the control
or CRS groups (Figure 2B). Considering that astrocytes are
known to communicate with microglia in a variety of disease

states, in addition, we performed immunostaining for Gfap, a
commonly used marker of astrocytes, and found that the
number of astrocytes were not affected by CRS or deletion of
Dlg1 from microglia (Figures 2C, D).

Dlg1 deletion reverses microglial activated
state found in mice with CRS exposure

All four groups had compatible microglial densities, but some
microglia in the CRS group exhibited alterations in morphology. In
light of this, we performed immunofluorescence staining for Iba1, a
microglia-specific marker, and found that the number of activated
microglia, which possessed a larger volume of soma as well as
shorter and bolder processes, were markedly increased in the
Dlg1 f/f mice subjected to CRS (Figures 3A–C). It is interesting
to note that this increase was significantly reversed by microglia-
specific knockout of Dlg1 (Figure 3C). In light of the fact that
microglia morphology and function are closely linked, we further
analyzed the detail changes in microglia morphology (Figure 3D).
We found that the soma area of microglia was notably increased
while branch number and total branch length were markedly
reduced in stressed Dlg1 f/f mice, As expected, these activated
morphology changes were significantly absent in Dlg1 deleted

FIGURE 1
Microglial Dlg1 knockout alleviates CRS-induced depression-like behavior in mice. (A) The scheme of tamoxifen administration, stress stimuli and
behavioral tests. (B–C) Travel-time spent in the central area and total travel-distance in the OFT of Dlg1 f/f and Dlg1 cKO mice with and without CRS
exposure. (D) Sucrose preference ofDlg1 f/f andDlg1 cKOmice with and without CRS exposure. (E–F) Immobility time ofDlg1 f/f andDlg1 cKOmice with
and without CRS exposure in the TST and FST. Data are presented as the mean ± SEM; *p < 0.05; **p < 0.01, ***p < 0.001, two-way ANOVA with
Turkey’s multiple comparisons test.
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microglia (Figures 3E–H). These results demonstrate that CRS
provokes microglial activation, and knockout of Dlg1
prominently reverses this effect.

Stress-induced microglial inflammation was
diminished by Dlg1 deletion

We next determined microglial status by examining the
inflammatory cytokines. The protein level of inducible nitric
oxide synthase (iNOS), termed as a marker of inflammation, was
significantly upregulated in Dlg1 f/f mice of CRS group, and
Dlg1 knockout reversed this upregulation (Figures 4A, B). In
contrast, other cytokines like tumor necrosis factor α (TNFα),
interleukin 6 (IL-6) and interleukin 1β (IL-1β) were found to
have similar levels among four groups (Figures 3D–F). These
results indicate that microglia display a mild activated state in
CRS model, and deletion of Dlg1 in microglia recruits its normal
state.

Discussion

In this study, we demonstrated that Dlg1 ablation in microglia
remarkedly reversed microglial activation and depression-like
behavior in mice induced by exposure to CRS, indicating a
potential target to suppress microglial activation, limit
neuroinflammation, and thereby ameliorate depression.

Clinical researches demonstrate that perturbation of microglia
homeostasis, like bacterial and viral infections [e.g., coronavirus
(Mazza et al., 2020; Rogers et al., 2020), Ebola (Karafillakis et al.,
2016)], and inflammation conditions in disease, such as stroke
(Medeiros et al., 2020), neurodegenerative diseases (Galts et al.,
2019), could contribute to major depression. These immune
challenges induce microglial activation and cytokine production.
Moreover, the cytokine levels in plasma are highly correlated with
the severity of major depression and antidepressant responses
(Miller et al., 2009; Black and Miller, 2015; Yirmiya et al., 2015).
However, not all patients with depression display an overt
inflammation. There are pathophysiological differences among

FIGURE 2
MicroglialDlg1 knockout or CRS exposure has little effect onmicroglial density. (A) Immunohistochemical staining for Iba1 (microglia) ofDlg1 f/f and
cKO mice brain slices with and without CRS exposure in indicated brain regions. (Scale bars, 25 μm) (B)Quantifications of microglia density in indicated
brain regions. (C) Immunohistochemical staining of Gfap (astrocytes) of Dlg1 f/f and cKO mice brain slices with and without CRS exposure in DG
(hippocampus). (Scale bars, 100 μm) (D) Quantification of astrocyte density in DG region. Data are presented as the mean ± SEM; *p < 0.05, **p <
0.01, ***p < 0.001, two-way ANOVA with Turkey’s multiple comparisons test.
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each subtype of major depression (Lamers et al., 2013). In animal
model of depression, an often-used immune challenge to establish
depression model is lipopolysaccharide (LPS) (O’Connor et al.,
2009), which provokes robust microglial activation and cytokine
secretion and induces depression-like symptoms. Nevertheless, LPS
administration does not cause prolonged anhedonia, lethargy or
despair (DellaGioia and Hannestad, 2010). Given the
pathophysiological features of different subtypes of depression,
stress-induced depression model is needed to study the role of
immune dysregulation in depression.

Our previous study adopted the LPS-induced model of
depression, and we observed that microglia are activated, with
a larger soma volume and shorter, bolder processes, and that
microglial density is markedly increased (Peng et al., 2021). In
contrast, in the current study, CRS-induced depression model,
microglia activated in a much milder manner, without
alterations in density, and morphological changes occur in
only a fraction of microglia. Furthermore, cytokine levels in
the brain that were significantly elevated in mice exposed to LPS

showed comparable levels in mice with and without CRS
exposure. Interestingly, however, deletion of Dlg1 in microglia
inhibits microglial activation and ameliorates depression-like
behavior in both the LPS- and CRS-induced models of
depression, prompting us to hypothesize that Dlg1 deletion
protects the animal from depression more than by targeting
NF-κB signaling but restores microglia to homeostasis from a
state of stress-induced dysregulation. Numerous studies have
revealed that voltage-gated potassium channels are necessary for
the activation of microglia, and Kv1.3 is particularly crucial
among them (Pike et al., 2022; Zhang et al., 2022; Yuan et al.,
2023). Kv1.3 potassium channel regulates microglial activation
and is highly expressed in neuroinflammatory diseases
(Rangaraju et al., 2017; Pike et al., 2022; Zhang et al., 2022;
Yuan et al., 2023). Interestingly, Dlg1 interacts with the
Kv1.3 through the PDZ binding domain (Tejedor et al.,
1997). Moreover, Kv1.3 expression is downregulated upon
Dlg1 deletion in dendritic cells (Dong et al., 2019). These
studies provide an insight into the potential mechanism by

FIGURE 3
Microglial Dlg1 deletion reverses microglia overactive state found in chronic restraint stressed mice. (A) Immunofluorescence staining for Iba1 of
Dlg1 f/f and cKO mice brain slices with and without CRS exposure. (B)Quantification of microglia density in indicated four groups. (C) Quantification of
the number of activatedmicroglia in a single field of view. (D)Representative images ofmicroglia (Iba1 immunostaining, red) and skeletonizedmicroglia of
Dlg1 f/f and cKOmice brain slices with and without CRS exposure. (E,F)Quantitative analysis of microglial soma area (E), branch number (F), average
branch length (G), and total branch length (H). Data are presented as the mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA with Turkey’s
multiple comparisons test.
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which Dlg1 regulates microglial activation. Dlg1 knockout might
maintain the microglial resting state by downregulating Kv1.3,
which requires further study.

Emerging evidence demonstrates that exposed to chronic
stress induces alterations in microglial density (Tynan et al.,
2010; de Pablos et al., 2014; Kreisel et al., 2014). According to
Tynan et al.’s study, the number of microglia was significantly
elevated after CRS exposure. In our study, however, we found
almost no alterations in microglia density between stressed and
non-stressed Dlg1 f/f mice. Interestingly, according to previous
studies, the effects of chronic stress on microglial activation are
heterogeneous (Yirmiya et al., 2015). In addition to the
proliferation of microglia, which is peaked at 2–4 days after
stress, chronic stress also induces the apoptosis of microglia
(Kreisel et al., 2014; Tong et al., 2017; Schramm and Waisman,
2022). After exposure to stress for several weeks, the microglia
density even decreases in some specific brain region (e.g., DG of
hippocampus) (Tong et al., 2017; Schramm and Waisman, 2022).
In the present study, we sacrificed the mice after performing
behavioral tests, and that was 10 days after mice were stressed,
while animals were euthanized 24 h after the final stress session in
Tynan et al. (2010)’s study. It is possible that the different time
points had different effect on the numbers of microglia that were
undergoing apoptosis, leading to the different results in microglial
density. Additionally, the differences in the animal species, the
exact brain regions, the CRS protocol, and the method that the

number of microglia was determined may also account for the
different outcomes.

Microglia are especially sensitive to the local environment.
They react rapidly to what they encountered, thus making them
not only a therapeutic target, but also a suitable indicator for
monitoring the disease progression and therapeutic effect. Studies
aiming at microglia inhibition have achieved promising results in
alleviating depression. By blocking microglial activation with
minocycline, depression-like behavior can be attenuated (Henry
et al., 2008; Wang et al., 2020; Bassett et al., 2021). Clinical study
provides more direct evidence in patients with unipolar psychotic
depression by using minocycline as an adjunctive therapy
(Miyaoka et al., 2012). Other anti-inflammatory drugs, like
non-steroidal anti-inflammatory drugs (NSAIDs) also exhibit
anti-depressive properties (Lehrer and Rheinstein, 2019). Our
studies demonstrate that deletion of Dlg1 attenuates
depression-like behavior in both LPS- and CRS- induced mouse
models, providing a novel target for the development of treatment
strategies.

Data availability statement
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the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

FIGURE 4
Microglial Dlg1 ablation partially decreases inflammation state in the mouse brain. (A) Immunoblots of iNOS, Iba1, and Gapdh in the hippocampus
tissue of Dlg1 f/f and cKO mice brain slices with and without CRS exposure. (B,C) Quantitative analysis of iNOS and Iba1 protein levels normalized to
Gapdh. (D–F) RT-PCR analysis of TNF-α, IL-6, and IL-1β mRNA levels in the hippocampus tissues of Dlg1 f/f and cKO mice brain slices with and without
CRS exposure. Data are presented as themean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVAwith Turkey’s multiple comparisons test.
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Neurodegenerative diseases (NDs) are common chronic disorders associated with
progressive nervous system damage, including Alzheimer’s disease, Parkinson’s
disease, and Huntington’s disease, among others. Mitochondria are abundant in
various nervous system cells and provide a bulk supply of the adenosine
triphosphate necessary for brain function, considered the center of the free-
radical theory of aging. One common feature of NDs ismitochondrial dysfunction,
which is involved in many physiopathological processes, including apoptosis,
inflammation, oxidative stress, and calcium homeostasis. Recently, genetic
studies revealed extensive links between mitochondrion impairment and
dysregulation of non-coding RNAs (ncRNAs) in the pathology of NDs.
Traditional Chinese medicines (TCMs) have been used for thousands of years
in treating NDs. Numerous modern pharmacological studies have demonstrated
the therapeutic effects of prescription, herbal medicine, bioactive ingredients, and
monomer compounds of TCMs, which are important for managing the symptoms
of NDs. Some highly effective TCMs exert protective effects on various key
pathological features regulated by mitochondria and play a pivotal role in
recovering disrupted signaling pathways. These disrupted signaling pathways
are induced by abnormally-expressed ncRNAs associated with mitochondrial
dysfunction, including microRNAs, long ncRNAs, and circular RNAs. In this
review, we first explored the underlying ncRNA mechanisms linking
mitochondrial dysfunction and neurodegeneration, demonstrating the
implication of ncRNA-induced mitochondrial dysfunction in the pathogenesis
of NDs. The ncRNA-induced mitochondrial dysfunctions affect mitochondrial
biogenesis, dynamics, autophagy, Ca2+ homeostasis, oxidative stress, and
downstream apoptosis. The review also discussed the targeting of the disease-
related mitochondrial proteins in NDs and the protective effects of TCM formulas
with definite composition, standardized extracts from individual TCMs, and
monomeric compounds isolated from TCM. Additionally, we explored the
ncRNA regulation of mitochondrial dysfunction in NDs and the effects and
potential mechanisms of representative TCMs in alleviating mitochondrial
pathogenesis and conferring anti-inflammatory, antioxidant, and anti-apoptotic
pathways against NDs. Therefore, this review presents an overview of the role of
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mitochondrion-related ncRNAs and the target genes for TCM-based therapeutic
interventions in NDs, providing insight into understanding the “multi-level
compound-target-pathway regulatory” treatment mechanism of TCMs.

KEYWORDS

mitochondrial dysfunction, multi-targeting, neurodegenerative diseases, non-coding
RNAs, traditional Chinese medicine

1 Introduction

Neurodegenerative diseases (NDs) are a set of disorders with
intricate etiologies manifesting as heterogeneous symptoms which
impact different areas of the brain and spinal cord. Mitochondrial
dysfunction is a major pathogenic factor in the occurrence and
development of NDs associated with aging, such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), Amyotrophic lateral
sclerosis (ALS), and Huntington’s disease (HD). When the brain
ages, its metabolic rate decreases, resulting in pathological features
such as mitochondrial malfunction, abnormal energy metabolism,
calcium imbalance, cell cycle deregulation, apoptosis, and reactive
oxygen species (ROS) production. Mitochondria are the synthesis
site of 90% of adenosine triphosphate (ATP) and the power source
which maintains various vital activities in the body. Several studies
reported that many patients with NDs exhibit abnormal glucose
metabolism in the cerebral cortex and hippocampus, which damages
the oxidative phosphorylation system, before developing obvious
clinicopathological symptoms, such as neuron loss and cognitive
decline (Jadiya et al., 2021). This suggested that mitochondrial

dysfunction may be an early sign of NDs. Therefore,
mitochondrial impairments are regarded as common
neurodegeneration signatures during aging.

Mitochondria are involved in various cellular activities,
including ROS production, ionic homeostasis maintenance, fatty
acid decomposition, and apoptosis regulation. Alterations in
mitochondrial motility, biogenesis, morphology, dynamics, or
mutations of the mitochondrial DNA cause variation in nuclear-
encoded mitochondrial genes, affecting normal mitochondrial
functions via anterograde signalings. Mitochondrial dysfunction
can cause neurodegeneration through various mechanisms,
including interference with cell signaling pathways, oxidative
stress, apoptosis, and microglia activation (Johnson et al., 2021).
Neurodegeneration can also exacerbate mitochondrial dysfunction
and further aggravate NDs, creating a vicious cycle. However, the
detailed molecular mechanisms by which mitochondrial
dysfunction affects neurodegeneration remain largely unknown.
Recently, there have been increasing reports that non-coding
RNAs (ncRNAs) and various endogenous regulators, including
microRNAs (miRNAs), long ncRNAs (lncRNAs), and circular
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RNAs (circRNAs), are implicated in mitochondrial dysfunction and
mitochondrion associated signaling transduction (du Mee et al.,
2020; Zeng et al., 2021; Sun et al., 2022a; Jiang et al., 2022). A small
proportion of ncRNAs found in mitochondria are reportedly
transcribed from the mitochondrial genome, while the majority
are nuclear-encoded ncRNAs that enter the mitochondria from the
nucleus (Sharma et al., 2019). These ncRNAs directly regulate
mitochondrial gene expression or indirectly act on different
signaling pathways resulting in mitochondrial dysfunction.
Therefore, ncRNAs have been demonstrated to play an important
role in the etiology of NDs by mediating neurodegeneration via
mitochondrial dysfunction.

Traditional Chinese medicine (TCM) has become one of the
most important sources for exploring and developing modern
medicines due to their application in treating various diseases for
more than 5,000 years (Wang et al., 2018). Additionally, TCM can
be further optimized to treat complex diseases due to its multi-
component, multi-target, and multi-pathway synergistic effects (Liu
et al., 2021a; Cai et al., 2022a). Over the past few years, TCM has
received increasing attention in treating NDs, and many NDs
treatments of TCM origin are in different clinical trial stages
(Shan et al., 2018). In this review, we discuss the mitochondrial
dysfunction regulatory mechanisms of ncRNAs implicated in NDs
and summarize various TCMs that treat NDs by regulating
mitochondrial dysfunction from modern pharmacological studies.
We also highlight the possibility that some TCMs can treat NDs by
interfering with ncRNAs to regulate mitochondrial dysfunction
(Figure 1). Thus, this review emphasizes the broad application
prospects of TCM, aiming to provide new insights and strategies
for treating NDs.

2 ncRNAs target mitochondria to
regulate NDs

Mitochondrial dysfunction, such as reduced mitochondrial
biogenesis, impaired mitochondrial dynamics, abnormal
mitochondrial autophagy (mitophagy), Ca2+ overload, activation
of ROS-mediated oxidative stress, and downstream apoptosis, are
the main research areas in NDs. Mitochondria are susceptible to
various genetic and environmental factors. ncRNAs regulate the
intersection of mitochondrial signaling pathways by modulating the
levels of transcriptional and post-transcriptional mitochondrion-
related genes. Therefore, identifying ncRNA-mediated
mitochondrion-targeting drugs may provide new therapeutic
targets for NDs. Figure 2 highlights the mitochondrial
dysfunctions during NDs and summarizes the corresponding
dysfunction of ncRNAs.

2.1 ncRNAs regulate mitochondrial gene
expression

Regulation of mitochondrial biogenesis and dynamics,
accompanied by mitochondrial clearance and quality control, has
been used as a possible treatment strategy for mitochondrial
diseases. microRNA-181a and 181b (miR-181a/b), belonging to
the miR-181 family, have been highly expressed in various brain
regions of AD patients. Additionally, miR-181a/b has been recently
shown to target key genes regulating mitochondrial biogenesis and
mitophagy. These genes included PPARG coactivator 1-alpha
(PPARGC1A), nuclear respiratory factor 1 (NRF1) (major

FIGURE 1
Traditional Chinese medicine (TCM) modulates mitochondrial dysfunction by directly acting on ncRNAs to alleviate various neurodegenerative
diseases (NDs).
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regulators of mitochondrial biogenesis), cytochrome c oxidase
copper chaperone COX11 (COX11), coenzyme Q10B (COQ10B)
(involved in mitochondrial respiratory chain assembly), and
autophagy-related 5 (ATG5) and parkin RBR E3 ubiquitin-
protein ligase (PARK2) (key players in mitophagy). Knockdown
of miR-181a/b enhanced the expression of mitochondrial
biogenesis-related genes and mitophagy protein markers,
maintaining mitochondrial homeostasis and alleviating neural
deformation (Indrieri et al., 2019; Figure 2).

The stability of the internal mitochondrial metabolism is
regulated by the dynamic processes of mitochondrial fusion and
fission. A recent study found that miR-351-5p directly targeted
mitochondrial Rho GTPase 2 (MIRO2), inhibiting its expression
and causing large mitochondrial fission and fragmentation, thereby
leading to neural progenitor cell death in the hippocampus (Woo
et al., 2020; Figure 2). Furthermore, such miRNA regulation is
reportedly associated with a functional correlation between
mitochondrial dynamics and mitophagy. Excessive mitochondrial
fission promotes mitophagy through the PTEN-induced kinase 1
(PINK1)/Parkin-mediated mitophagy pathway, with a convergence
of the miR-351-5p/MIRO2 axis in the pathology of AD (Chen et al.,
2016). With the ongoing development of high-throughput
sequencing and microarray technologies, many novel ncRNAs
with regulatory roles in NDs are being identified (Cai et al.,
2022b; Sun et al., 2022b; Zhao et al., 2022). For example, miR-

455-3p is a newly discovered miRNA that showed significant up-
regulation in AD (Kumar et al., 2017), and its overexpression
positively regulated the expression of mitochondrial biogenesis
genes. This increased the mRNA and protein levels of key genes
[PPARGC1A, NRF1, NRF2, transcription factor A, and
mitochondrial (TFAM)] in mitochondrial biogenesis. Moreover,
miR-455-3p decreased the mitochondrial fission proteins
[Dynamin-related protein 1 (DRP1) and mitochondrial fission 1
(FIS1)] but significantly increased the fusion proteins [Optic nerve
atrophy 1 (OPA1), Mitogen 1 (MFN1), and 2 (MFN2)], protecting
the mitochondria from the toxic effects of β-amyloid (Aβ) (Kumar
et al., 2019; Figure 2).

2.2 ncRNAs regulate Ca2+ homeostasis,
ROS-mediated oxidative stress, and
downstream apoptotic machinery in
mitochondria

In addition to their role in bioenergy production, mitochondria
display other important cellular functions, including regulating Ca2+

homeostasis, ROS signaling, and apoptosis. Intracytoplasmic Ca2+

homeostasis is essential for neurons to conduct and sustain their
physiological activities. Mitochondria are calcium buffering sites
that protect cells against high cytoplasmic Ca2+. However, impaired

FIGURE 2
The non-coding RNAs (ncRNAs) that regulate mitochondrial dysfunction in neurodegenerative diseases (NDs). Various mitochondrial dysfunctions
are associated with the dysregulation of ncRNAs in NDs. These dysfunctions include the pathogenesis ofmitochondrial biogenesis, dynamics, autophagy,
calcium dyshomeostasis, reactive oxygen species (ROS)-mediatedmitochondrial oxidative stress, and downstream apoptosis. Cyt c, cytochrome c; ROS,
reactive oxygen species; MMP, mitochondrial membrane potential.
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TABLE 1 List of traditional Chinese medicine (TCM) formulas treating neurodegenerative diseases (NDs) by alleviating mitochondrial dysfunction.

Disease Formulations Composition In-vitro/in-vivo
models/human
trial

Mode of action References

AD Bushen Tiansui
Recipe

Asparagus cochinchinensis (Lour.) Merr.
(Tiandong), Rehmannia glutinosa (Gaertn.)
DC. (Shudihuang), Panax ginseng C.A.Mey.
(Renshen), Phellodendron chinense
C.K.Schneid. (Huangbo), Wurfbainia villosa
(Lour.) Škorničk. and A.D.Poulsen (Sharen),
Glycyrrhiza glabra L. (Gancao), Ligustrum
lucidum W.T.Aiton (Nüzhenzi), Lycii Fructus
(Gouqizi), Epimedium brevicornu Maxim.
(Yinyanghuo), Conioselinum anthriscoides
‘Chuanxiong’ (Chuanxiong), Hirudo (Shuizhi)

Aβ(1–42)-induced AD
rats

↑SOD, ↓MDA, ↓Mitochondrial
swelling, ↑Antioxidation

Cao et al. (2019)

AD, PD Dihuang Yinzi Polygala tenuifolia Willd. (Yuanzhi), Acorus
calamus var. angustatus Besser (Shichangpu),
Rehmannia glutinosa (Gaertn.) DC.
(Shudihuang), Cornus officinalis Siebold &
Zucc. (Shanzhuyu), Ophiopogon japonicus
(Thunb.) Ker Gawl. (Maidong), Schisandra
chinensis (Turcz.) Baill. (Wuweizi),
Dendrobium nobile Lindl. (Shihu), Cistanche
deserticolaMa (Roucongrong), Gynochthodes
officinalis (F.C.How) Razafim. & B.Bremer
(Bajitian), Aconitum carmichaelii Debeaux
(Fuzi), Cinnamomum verum J.Presl
(Guangui), Poria (Fuling), Zingiber officinale
Roscoe (Shengjiang), Ziziphus jujuba Mill.
(Dazao), Mentha canadensis L. (Bohe)

Aβ(1–42)-induced AD
rats; PD patients

↑PDH, ↑KGDH, ↓Mitochondrial
swelling, ↑MMP, ↑Cognitive
function

Huang et al. (2018),
Zhu et al. (2021)

PD Da-Bu-Yin-Wan
(DBYW)

Phellodendron chinense C.K.Schneid.
(Huangbo), Anemarrhena asphodeloides
Bunge (Zhimu), Rehmanniae Radix
Preaparata (Shudihuang), Testudinia Crapax
et Plastrum (Guijia)

MPP+-treated SH-
SY5Y cells

↑Mitochondrial mass,
↑Mitochondrial complex I activity,
↑Cellular ATP content

Zhang et al. (2016)

AD Huangpu Tongqiao
capsule

Rheum officinale Baill. (Dahuang), Acorus
calamus var. angustatus Besser (Shichangpu),
Panax ginseng C.A.Mey. (Renshen),
Conioselinum anthriscoides ‘Chuanxiong’
(Chuanxiong), Reynoutria multiflora
(Thunb.) Moldenke (Zhiheshouwu), Alpinia
oxyphylla Miq. (Yizhi)

Aβ(25–35)-induced AD
rats

↓Oxidative stress, ↓Mitochondrial
apoptosis

Cai et al. (2018)

AD Kaixin Powder Ginseng Radix et Rhizoma (Renshen), Poria
(Fuling), Acorus calamus var. angustatus
Besser (Shichangpu), Polygala tenuifolia
Willd. (Yuanzhi)

APP/PS1 transgenic
mice

↓Mitochondrial damage,
↓Mitochondrial swelling,
↓Oxidativve stress

Xu et al. (2021)

AD Sijunzi Decoction Ginseng Radix et Rhizoma (Renshen),
Atractylodes macrocephala Koidz. (Baizhu),
Poria (Fuling), Glycyrrhiza glabra L. (Gancao)

D-Galactose (D-gal)
induced AD rats

↑Mitochondrial complex CII and
CIV activity, ↓AMPK

Liu et al. (2019a)

AD Tianqi Yizhi granules Hedysarum polybotrys Hand.-Mazz.
(Hongqi), Rhodiola crenulata (Hook.f. and
Thomson) H.Ohba (Hongjingtian)

Aβ(1–42)-induced AD
rats

↑MMP, ↑Mitochondrial complex I,
II, III, IV activity

Wu et al. (2015)

AD Tongluo Xingnao
effervescent tablet

Conioselinum anthriscoides ‘Chuanxiong’
(Chuanxiong), Scutellaria baicalensis Georgi
(Huangqin), Angelica sinensis (Oliv.) Diels
(Danggui)

APP/PS1 transgenic
mice

↑MMP, ↑Energy charge levels,
activity of respiratory chain
complexes, ↑Na+/K+-ATPase
activity

Yuan et al. (2016)

PD Yinxing Pingchan
Recipe

Lonicera japonica Thunb. (Jinyinhua), Coptis
chinensis Franch. (Huanglian), Astragalus
mongholicus Bunge (Huangqi), Rehmannia
glutinosa (Gaertn.) DC. (Shudihuang), Ginkgo
biloba L. (Yinxingye), Pueraria montana var.
lobata (Willd.) Maesen and S.M.Almeida ex
Sanjappa & Predeep (Gegen), Rhodiola
crenulata (Hook.f. and Thomson) H.Ohba
(Dayehongjingtian), Paeonia lactiflora Pall.
(Baishao), Gastrodia elata Blume (Tianma),
Uncaria rhynchophylla (Miq.) Miq.
(Gouteng), Glycyrrhiza glabra L. (Gancao)

MPTP-induced PD
mice

↑Mitochondrial enzyme complex
activity, ↑Mitochondrial function

Sun et al. (2005)
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synaptic function and synaptic loss cause a continuous increase of
Ca2+ concentration in the neuron cytoplasm, leading to
mitochondrial oxidative stress, membrane potential changes,
reduced ATP production, and ultimately affecting mitochondrial
function. The highly neuro-specific lncRNA, NeuroLNC, affected
calcium dynamics by interacting with the RNA-binding protein
TAR DNA binding protein (TARDBP), which promotes selective
stabilization of presynaptic protein-encoded mRNA (Keihani et al.,
2019; Figure 2). Moreover, mutations in miR8485, another ncRNA
that binds TARDBP, led to overexpression of neurexin 1 (NRXN1),
resulting in presynaptic Ca2+ overload, mitochondrial Ca2+ uptake,
and neurodegeneration (Fan et al., 2014; Kattimani and Veerappa,
2018). Under pathological conditions of NDs, intramitochondrial
calcium overload, caused by intracellular calcium imbalance,
promotes ROS production from different sources and induces
downstream apoptosis by complementary action of ROS
overexposure (Baev et al., 2022; Figure 2).

In addition to directly regulating mitochondrial genes, some
ncRNAs, such as miR-34a and miR-7, can also regulate
mitochondrial oxidative stress and downstream apoptosis to
influence the onset and progression of NDs (Figure 2). miR-34a, a
miRNA specifically up-regulated in AD and used in distinguishing AD
patients from those with PD or HD, disrupts mitochondrial oxidative
phosphorylation by inhibiting the expression of electron transport
chain components (Sarkar et al., 2016). Moreover, overexpressing
miR-34a reduced the PPARGC1A, NRF1, and TFAM levels
significantly, inhibiting mitochondrial biogenesis (Thounaojam
et al., 2019). Knockdown of miR-34a increased the levels of

autophagy-related proteins, such as microtubule-associated protein
one light chain three alpha (LC3) II/I, beclin 1 (BECN1), and ATG7,
accelerated degradation of P62, and induced abnormal expression of
DRP1 and MFN2. This improved autophagy and mitochondrial
dynamics (Kou et al., 2017). In addition, miR-34a was reportedly
up-regulated in the frontal cortex and hippocampus of early AD
patients in the BraaK phase III/IV and was shown to be embedded
in an upstream regulator of oxidative stress (Nunomura and Perry,
2020). Furthermore, targeting the anti-apoptotic protein
BCL2 apoptosis regulator (BCL2) with miR-34a inhibited
endogenous apoptosis and promoted neuroprotection (Cosín-
Tomás et al., 2017). The multi-target effects of miR-34a reported
on oxidative stress, mitochondrial health, and apoptosis in AD are due
to its multi-functional activities in mitochondria. miR-7 significantly
reduced the brain regions associated with dopaminergic
neurodegeneration among PD patients. Currently, miR-7
replacement therapy has been proposed to slow PD progression
from the early stages by modulating mitochondrial function,
apoptosis, oxidative stress, and directly targeting PD-related genes.
This reduces α-synuclein (α-Syn) accumulation in Lewy bodies and
enhances the survival of the remaining neurons, indicating the
potential for key mechanisms involved in neuropathology (Titze-
de-Almeida and Titze-de-Almeida, 2018). Recent studies have
shown that lncRNA small molecule RNA host gene 1 (SNHG1)
up-regulated in PD can regulate the expression of BCL2 associated
X, an apoptosis regulator (BAX), by interacting with miR-216a-3p
(Wang et al., 2021a). SNHG1 can also regulate apoptosis in PD by
binding miR-153-3p to modulate PTEN/Akt/mTOR signaling (Zhao

TABLE 2 List of standardized extracts from individual traditional Chinese medicines (TCMs) exerting anti-neurodegenerative disease (anti-ND) effects by
modulating mitochondrial dysfunction.

Disease Single TCM extract Family In-vitro/in-vivo models/
human trial

Mode of action References

AD 20% ethanol extract of Angelica
sinensis (Oliv.) Diels (Danggui)

Apiaceae Aβ(25–35) treated neuro 2A
neuroblastoma cells

↓ROS, ↓TBARS, ↓GSH,
↑Neuroprotection, ↑MMP

Huang et al. (2008)

PD 30% ethanol extract of
Eleutherococcus senticosus (Rupr.
and Maxim.) Maxim. (Ciwujia)

Araliaceae MPTP-induced PD mice ↑MMP, ↓Mitochondrial swelling Liu et al. (2018)

ND Water extract of Coptis chinensis
Franch. (Huanglian)

Ranunculaceae t-BOOH-induced SH-SY5Y cells ↓Apoptosis, ↑MMP Friedemann et al.
(2014)

ND GBE Ginkgoaceae Aβ(25–35), Aβ(1–40), and Aβ (1–42) induced
hippocampal primary cultured cells;
paraquat-induced PC12 cells

↑MMP, ↓Apoptosis, ↓RIP1-
mediated mitochondrial
dysfunction

Kang et al. (2007),
Tu et al. (2020)

PD GP Araliaceae PINK1B9 mutant drosophila
melanogaster

↑Dopamine, ↑Mitochondrial
unfolded protein response,
↑Mitochondrial function

Liu et al. (2020)

PD Methanol extract of Ganoderma
lucidum (Lingzhi)

Polyporaceae MPTP-induced PD mice ↑Antioxidation, ↑Mitochondrial
function, ↑Autophagy, ↓Apoptosis

Ren et al. (2019)

PD 70% ethanol extract of Paeonia ×
suffruticosa Andrews (Mudanpi)

Ranunculaceae MPP-induced rat mesencephalic
dopaminergic cells, MPTP-induced PD
mice

↑Motor function, ↓Mitochondria-
mediated apoptosis

Kim et al. (2014)

AD Water extract of Polygonum
multiflorum (Thunb.) Moldenke
(Heshouwu)

Polygonaceae Aβ(1–40)/Aβ(25–35)-induced rats ↑Mitochondrial COX activity,
↑Mitochondrial membrane fluidity

Um et al. (2006),
Hou et al. (2008)

AD RGE Araliaceae Aβ-induced HT22 Cells, 5×FAD mice ↑Mitochondrial dynamics, ↓Aβ
deposits

Shin et al. (2019)
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et al., 2020). Moreover, silencing SNHG1 reportedly protected SK-N-
SH and MN9D cells from 1-methyl-4-phenylpyridinium (MPP+)-
induced oxidative stress (Xiao et al., 2021) and promoted
mitophagy (Qian et al., 2019). These multi-linked activities make
SNHG1 a potential therapeutic target for treating PD (Figure 2). So
far, compared to miRNAs and lncRNAs, there are fewer studies on the
involvement of circRNAs in NDs. CircDLGAP4 is reportedly down-
regulated in the in vivo and in vitro PD models. However, up-
regulating circDLGAP4 promoted cell viability and autophagy and
inhibited apoptosis and mitochondrial damage, thereby alleviating the
pathological changes of PD (Feng et al., 2020; Figure 2). These findings
indicate that ncRNAs contribute to mitochondrial dysfunction by
altering multiple mitochondrion-encoding genes, prompting the
question of whether ncRNA-mediated mitochondrion-targeting
therapeuticsmay be a viable treatment strategy for heterogeneousNDs.

3 TCM improves NDs by regulating
mitochondrial dysfunction

Several clinal trials have been conducted to demonstrate the
potential of NDs treatment using TCM. Approximately one-quarter
of modern drugs are derived from natural products (Musthaba et al.,
2010). Many TCMs exert neuroprotective effects to modulate
mitochondrial dysfunction (Jiang et al., 2019). These effects
include antioxidation, apoptosis inhibition, restoration of
mitochondrial structure, biogenesis and dynamics, and
mitophagy activation. The following section summarizes the
TCM formulas with definite composition (Table 1), standardized
extracts from individual TCMs (Table 2), and monomeric
compounds isolated from TCM (Table 3) that can modulate
mitochondrial dysfunction in ND-related models.

3.1 TCM formulas with a definite
composition

Many classical formulas documented in ancient Chinese medical
books can exert neuroprotective effects, and the efficacy of these formulas
in treating NDs has been demonstrated by several studies using modern
testing techniques. The compatibility of TCM formulas ensures a
synergistic effect by increasing the dissolution rate of the major active
compounds while reducing the content of toxic components in TCM.
This provides a good safety profile of the compounds while exerting
therapeutic effects. One study summarized the drug use pattern of TCM
formulas for AD treatment and found that 150 TCMs were used with
132 formulas, among which Acorus calamus var. angustatus Besser
(Shichangpu) was the most frequently used TCM (Hu et al., 2012;
Ma et al., 2015).

Dihuang Yinzi, consisting of twelve Chinese herbs, improved the
daily living and cognitive activities in patients with mild to moderate
AD in clinical trials, and its efficacy might be superior to that of
donepezil (Zhang et al., 2018). The medicinal chemistry of the
cerebrospinal fluid was evaluated after administering Dihuang Yinzi,
and five migrating components were found in the cerebrospinal fluid.
Among the five components, one was the prototype component
contained in Dihuang Yinzi [schizandrin derived from Schisandra
chinensis (Turcz.) Baill. (Wuweizi)] and four were novel metabolites

produced by Schisandra chinensis (Turcz.) Baill. (Wuweizi), Polygala
tenuifoliaWilld. (Yuanzhi), Ophiopogon japonicus (Thunb.) Ker Gawl.
(Maidong), and Gynochthodes officinalis (F.C.How) Razafim. and B.
Bremer (Bajitian). The four novel components might be the main
pharmacologically active compounds that prevent cognitive
dysfunction (Guo, 2016). Recent studies showed that Dihuang Yinzi
significantly increased the PDH and KGDH levels, the key enzymes of
themitochondrial tricarboxylic acid cycle, in the brain of AD rats. Thus,
Dihuang Yinzi promoted the tricarboxylic acid cycle and improved
glucose utilization. It also significantly increased the mitochondrial
membrane potential (MMP), protected the integrity of the inner
mitochondrial membrane, and reduced mitochondrial swelling by
depolarizing the inner mitochondrial membrane (Huang et al., 2018).

Relevant research has found that the water extract of Sijunzi
decoction facilitates Aβ transportation across the blood-brain barrier
(BBB) and reduces the aggregation of Aβ plaques in the brain (Guo et al.,
2020). Further analysis of the pharmacological ingredients of Sijunzi
decoction revealed that ginsenoside Rh2, panaxadiol, Poria cocos
polysaccharide, and isoliquiritigenin were the principal active
ingredients of the decoction (Zhang et al., 2021b). Furthermore,
recent studies showed that Sijunzi decoction promotes central energy
generation andminimizes behavioral abnormalities inADbymodulating
the activities of respiratory complex II and III of the mitochondrial
electron transport chain and AMP-dependent protein kinase (AMPK)
signaling pathway (Liu et al., 2019a). AMPK first activates factors related
to the mitochondrial quantity and quality regulation to provide
mitochondrial protection. Recent studies reported that AMPK inhibits
the expression of ATP synthase inhibitor protein, suggesting that AMPK
inhibition may stimulate the oxidative respiratory chain and promote
energy production. Moreover, the AMPK content was reduced in the
groups treated with Sijunzi decoction, indicating that Sijunzi decoction
might effectively treat AD by stimulating the mitochondrion-dominated
central energy production.

Yinxing Pingchan recipe, composed of eleven herbal medicines, is a
TCM product with years of clinical application in PD therapy. This
recipe can significantly modulate the antioxidant system of cells,
increasing their ability to resist free radical damage and effectively
reduceMDA production (Zhang et al., 2004). The dismantled formulas
of Yinxing Pingchan recipe (such as Ginkgo biloba L. (Yinxingye),
Pueraria montana var. lobata (Willd.) Maesen and S.M.Almeida ex
Sanjappa & Predeep (Gegen), and Rhodiola crenulata (Hook.f. and
Thomson) H.Ohba (Dayehongjingtian)) also have significant
antioxidant effects, which reduce free radicals and lipid peroxide
levels. These effects have been demonstrated to be associated with
the ability to enhance the survival of DA neurons. Additionally, these
dismantled formulas inhibited MPTP-induced DA neuron loss and
apoptosis to varying degrees in the substantia nigra of the PD mouse
model. Thus, it is speculated that the Yinxing Pingchan recipe may
protect the mitochondria and prevent apoptosis of DA neurons by
enhancing mitochondrial enzyme complex activity, eventually slowing
down the progression of PD (Sun et al., 2005).

3.2 Standardized extracts from individual
TCMs

Several preclinical and human trials suggested that standardized
extracts from individual TCMsmay have anti-AD activities.Ginseng
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TABLE 3 List of monomeric compounds isolated from traditional Chinese medicines (TCMs) exerting anti-neurodegenerative disease (anti-ND) effects by
regulating mitochondrial dysfunction.

Disease Compound Source In-vitro/in-vivo models/
clinical trials

Mode of action References

AD, PD Acteoside Cistanche deserticola Ma
(Roucongrong)

ICV-STZ induced AD rats; Aβ
(25–35)-induced SH-SY5Y cells

↓ROS, ↑AMPK
phosphorylation,
↓Mitochondria injury,
↑Autophagy

Aimaiti et al. (2021),
Chen et al. (2021)

AD, PD Andrographolide Andrographis paniculata
(Burm.f.) Nees
(Chuanxinlian)

APP/PS1 transgenic mice; MPTP-
induced PD mice

↓Oxidative stress,
↓Mitochondrial swelling,
↑Mitophagy

Geng et al. (2018), Geng
et al. (2019)

AD, PD Amentoflavone Selaginellae Herba
(Juanbai)

Aβ(25–35)-induced mice; MPTP-
induced PD mice

↑ ratio of BCL2/BAX,
↑Autophagy

Cao et al. (2017), Cao
et al. (2021)

AD, PD Berberine and berberine
derivative BBRP

Coptis chinensis Franch.
(Huanglian)

Aβ(1–42)-induced primary
cultured hippocampal neurons;
MPTP-induced zebrafish

↓Toxicity, ↑MMP and ATP
levels, ↓ROS, ↓MDA

Zhao et al. (2019), Wang
et al. (2021b)

AD, PD Cryptotanshinone Salvia miltiorrhiza Bunge
(Danshen)

PD-human-induced neuronal
progenitor cells (hiNPCs); Aβ42-
insulted SH-SY5Y cells

↓Cytotoxicity, ↓Apoptosis,
↑Mitochondrial restoration

Mei et al. (2012), Lee
et al. (2020)

ND Curcumin Curcuma longa L.
(Jianghuang)

hydroxynonenal-induced
PC12 cells; tert-butyl
hydroperoxide-induced AD rats

↓Apoptosis, ↑Antioxidation,
↓Mitochondrial dysfunction

Kumar and Singh
(2015), Bagheri et al.
(2020)

AD, PD Crocin Crocus sativus L.
(Xihonghua)

L-glutamate-damaged HT22 cell;
MPP+-induced P12 cells

↓ROS, ↓Cyt c release,
↓intracellular Ca2+,
↓mitochondrial dysfunction

Zhang et al. (2015a),
Wang et al. (2019a)

PD Celastrol Tripterygium wilfordii
Hook F. (Leigongteng)

MPP+-induced SH-SY5Y cells,
MPTP-induced PD mice

↑Mitophagy (PINK1↑, DJ1↑,
LRRK2↓), ↓Mitochondrial
membrane depolarization,
↑Neuroprotection

Lin et al. (2019)

AD Chikusetsusaponin V Panax notoginseng
(Burkill) F.H.Chen (Sanqi)

MPP-induced SH-SY5Y cells;
H2O2-induced SH-SY5Y cells

↑MMP, ↓BCL2, ↑BAX, ↑BCL2/
BAX ratio

Wang et al. (2021e)

AD, PD Genistein Many TCMs Aβ(25–35)-induced cultured
hippocampal neurons;
intraperitoneal injection of
D-galactose and intracerebral
injection of Aβ (25–35) to build an
AD rat model; rotenone-induced
SH-SY5Y cell

↓Mitochondrial apoptotic
pathway, ↑Antioxidation,
↑Autophagy

Yan et al. (2016), Wu
et al. (2018),
Pierzynowska et al.
(2019)

AD, PD Geniposide Gardenia jasminoides
J.Ellis (Zhizi)

Oligomeric Aβ(1–42)-indeuced
cortical neuron; APP/
PS1 transgenic mice; MPTP-
induced PD mice

↓Apoptosis, ↑Antioxidation,
↓ROS, ↓Mitochondrial
dysfunction

Lv et al. (2014), Zhao
et al. (2016), Chen et al.
(2015)

AD Huperzine A Huperzia serrata (Thunb.)
Trev. (Qiancengta)

Aβ(25–35)-insulted rat brain
mitochondria; oligomeric Aβ42-
induced primary rat neurons

↓Mitochondrial swelling, ↓ROS,
↑Mitochondrial respiration,
↑ATP synthesis

Gao et al. (2009), Lei
et al. (2015)

PD Isorhynchophylline Uncaria rhynchophylla
(Miq.) Miq. (Gouteng)

MPP-induced PC12 cells ↑ASK1/JNK signaling-mediated
mitochondria-dependent
apoptosis pathway

Li et al. (2017b)

PD Kukoamine A Lycii Cortex (Digupi) 6-OHDA-induced PD model of
PC12 cells

↓Mitochondrial apoptosis,
↑MMP, ↓ROS, ↓MDA, ↑SOD

Li et al. (2021b)

ND Morroniside Cornus officinalis Siebold
& Zucc. (Shanzhuyu)

H2O2-induced SK-N-SH human
neuroblastoma cells

↑Antioxidation, ↓Apoptosis,
↓JNK and p38 MAPK
phosphorylation

Zhang et al. (2017)

AD Notoginsenoside R1 Panax notoginseng
(Burkill) F.H.Chen (Sanqi)

PC12 neuronal cells incubated
with Aβ (25–35)

↑Antioxidation, ↓Apoptosis,
↑MMP, ↓MAPK signaling

Ma et al. (2014)

AD,
PD, ALS

Oxymatrine Sophora flavescens Aiton
(Kushen)

Aβ(1–42)-induced primary
neuronal cells; MPTP-induced
mice, MPP+-induced mice

↑BCL2/BAX, ↓caspase-3,
↓HMGB1/TLR4/NF-κB
signaling

Dong et al. (2019), Gan
et al. (2020), Zhang et al.
(2021a)

(Continued on following page)
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Radix et Rhizoma Rubra (Hongshen) and Ginseng Radix et Rhizoma
(Renshen) are from the same family and have similar
pharmacological effects due to their partially identical
compounds. The water extract of Talinum paniculatum (Jacq.)
Gaertn. (RGE) significantly alleviated Aβ-induced mitochondrial
pathology by reducing the mitochondrial fusion/fission imbalances
and restoring damaged mitochondrial respiratory chains in the in
vivo and in vitro AD models. This suggested that RGE may be a
mitochondria-targeted medicine for treating AD (Shin et al., 2019).

Eleutherococcus senticosus (Rupr. and Maxim.) Maxim.
(Ciwujia) extract (EAS) demonstrated extensive therapeutic
effects via EAS-enhanced motor coordination in a PD mouse
model. Analysis at the superstructural level revealed that EAS
prevented diencephalon mitochondrial swelling and attenuated
the decrease of MMP. EAS also inhibited oxidative stress and
restored the normal expression of PD-related proteins [Parkin,
PINK1, DJ1, α-syn, and leucine-rich repeat kinase 2 (LRRK2)],
demonstrating that EAS exerts its neuroprotective effects in PD by
ameliorating mitochondrial dysfunction and structural damage (Liu
et al., 2018). Modern pharmacological studies showed that the active
compounds of Ginseng Radix et Rhizoma (Renshen) have a
protective effect against neurotoxicity in different PD models.

Ginseng protein (GP) is an important pharmacologically active
compound that has been shown to exhibit neuroprotective effects
in AD (Li et al., 2017a). It was found that GP treatment delayed the
onset of PD-like phenotypes, promoted mitochondrial function, and
protected mitochondria from oxidative stress-induced damage (Liu
et al., 2020). This further confirmed the potential and therapeutic
mechanisms of Ginseng Radix et Rhizoma (Renshen) as a valuable
PD treatment.

Ginkgo biloba extract (GBE), a mixture obtained from Ginkgo
biloba L. (Yinxingye), has a unique pharmacological activity making
it one of the most commonly used drugs in the clinical prevention
and treatment of AD. GBE contains two classes of
pharmacologically active components; terpenes (including
bilobalide and ginkgolide A, B, and C) and flavonoids (including
meletin, isorhamnetin, and kaempferol). GBE has been
demonstrated to directly regulate mitochondria through multiple
mechanisms in various in vivo and in vitro ADmodels. For example,
GBE improves mitochondrial function by increasingMMP and ATP
levels or stimulating mitochondrial biogenesis by improving the
damaged mitochondrial respiratory chain (Stockburger et al., 2018).
EGb761 contains 24% of flavonoid glycosides and 6% of terpenes
(ginkgolide A, B, and C, 2.8%–3.4%; bilobalide, 2.6%–3.2%), and the

TABLE 3 (Continued) List of monomeric compounds isolated from traditional Chinese medicines (TCMs) exerting anti-neurodegenerative disease (anti-ND) effects
by regulating mitochondrial dysfunction.

Disease Compound Source In-vitro/in-vivo models/
clinical trials

Mode of action References

primary microglia; SOD1-G93A
transgenic mice

PD Paeoniflorin Paeonia lactiflora Pall.
(Baishao)

Rotenone-induced PC12 cells ↑MMP, ↓Apoptosis Liu et al. (2016)

AD, PD Quercetin Many TCMs 6-OHDA-treated PC12 cells;
streptozotocin (STZ)-induced AD
rats

↑Cell viability, ↓Mitochondrial
damage, ↑α7nAChR/Nrf2/HO-
1-mediated neuroprotection

Wang et al. (2021d),
Singh and Garabadu
(2021)

AD,
PD, HD

Resveratrol Reynoutria japonica
Houtt. (Huzhang)

APP/PS1 transgenic mice;
rotenone-induced PC12 cells;
YAC128 transgenic mice
embryos, HD human
lymphoblasts

↓ROS, ↑Autophagy,
↑Mitochondria
dynamics, ↑MMP

Peng et al. (2016), Naia
et al. (2017), Han et al.
(2020)

ND Salidroside Rhodiola crenulata
(Hook.f. and Thomson)
H.Ohba (Hongjingtian)

Aβ(1–42)-induced PC12 cells;
MPP+-injured SN4741 cells,
MPTP-lesioned mice

↓Apoptosis, ↑Mitochondrial
MEF2D-ND6 pathway, ↑ERK1/
2 and AKT signaling pathways

Liao et al. (2019), Li et al.
(2020)

AD, PD Silibinin (Silymarin) Silybum marianum (L.)
Gaertn. (Shuifeiji)

PC12APPsw cells; MPTP-induced
PD mice

↓ROS, ↑MMP, ↓Mitochondrial
fission, ↑Mitochondrial fusion,
↑Mitophagy

Liu et al. (2021b), Liu
et al. (2021c), Esselun
et al. (2021)

AD Triptolide Tripterygium wilfordii
Hook F. (Leigongteng)

Aβ(25–35)-induced PC12 cells ↓Intracellular Ca2+, ↓Apoptosis Xu et al. (2016)

AD, PD β-asarone Acorus calamus var.
angustatus Besser
(Shichangpu)

APP/PS1 transgenic mice,
Aβ(1–42)-induced PC12 cells;
unilateral medial forebrain bundle
lesion PD rats

↑Mitochondrial autophagy Huang et al. (2017),
Wang et al. (2021c)

AD Vitegnoside Vitex negundo L.
(Huangjin)

copper-treated SH-SY5Y cell line
carrying the Swedish mutation

↑MMP, ↓Cyt c release, ↓BAX/
BCL2 ratio, ↓caspase-9/-
3 activity

Wang et al. (2019b)

PD 2,3,5,4’-
tetrahydroxystilbene-2-O-β-
d-glucoside (TSG)

Reynoutria multiflora
(Thunb.) Moldenke
(Heshouwu)

MPTP-induced PD mice ↓ROS, ↓Mitochondria-
mediated apoptosis

He et al. (2015)
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ginkgolide and bilobalide showed significant mitochondrial
protective characteristics (Lejri et al., 2019). Furthermore, in vivo
and in vitro experiments showed that treating AD with
EGb761 significantly increased the viability of mitochondrial
complex I, IV, and V and reversed MMP and ATP production in
a dose-dependent manner. A clinical trial indicated that
EGb761 protected patients from neurological dysfunction and
improved their cognitive ability by inhibiting the damaging
effects of oxidative free radicals on neurons (Zhu et al., 2017).
GBE also has efficacy in treating other NDs; for example,
EGb761 protected against MPTP-induced neuronal or neuron-
like cell apoptosis in PD by increasing the activation of BCL2,
maintaining the stability of MMP, and reducing the activation of
caspase-3 through a mitochondrion-dependent pathway. This
indicated the potential of EGb761 therapy in treating AD (Kang
et al., 2007). Additionally, in vivo and in vitro preclinical studies and
relevant clinical trials suggest that EGb761 may have promising
therapeutic effects for preventing and treating AD and other age-
related NDs (Singh et al., 2019).

3.3 Monomeric compounds isolated from
TCMs

TCMs exert their curative effects through the isolated active
compounds. Many TCMs have been pharmacodynamically
characterized, and some, such as Andrographis paniculata
(Burm.f.) Nees (Chuanxinlian), Crocus sativus L. (Xihuanghua),
Gardenia jasminoides J.Ellis (Zhizi), Tripterygium wilfordii Hook
F. (Leigongteng), have been shown to effectively improve damaged
neurological function.

Andrographolide (AG), a diterpene lactone compound, is one of the
main active ingredients of Andrographis paniculata (Burm.f.) Nees
(Chuanxinlian). With the recent continuous research on the
pharmacological functions of AG, several studies have shown that AG
has good neuroprotective effects and promising clinical applications (Lu
et al., 2019). A seven-month-long prophylactic administration of AG
sulfonate reduced the oxidative stress and mitochondrial swelling in the
Aβ precursor protein (APP)/Presenilin-1 (PS1) transgenic mice (Geng
et al., 2018). AG also prevented excessive mitochondrial fission and
neuronal damage in the striatumof PDmice by binding toDRP1, a target
AG protein (Geng et al., 2019).

Crocin, an ester compound with antioxidant and anti-inflammatory
effects from Crocus sativus L. (Xihonghua), reportedly delays the
development of neurological diseases (Farkhondeh et al., 2018).
Crocin pretreatment in an in vitro AD model significantly increased
cell viability, reduced apoptosis, alleviated mitochondrial dysfunction,
and inhibited intracellular oxidative stress andCa2+ overload (Wang et al.,
2019a). Furthermore, crocin also inhibited mitochondrial dysfunction in
PD by restoringMMP and ATP synthesis and inhibiting the cytochrome
c (Cyt c) release into the cytoplasm (Zhang et al., 2015a). In addition to
Crocus sativus L. (Xihuanghua), crocin is also one of the active
compounds of Gardenia jasminoides J.Ellis (Zhizi). However, the
main pharmacologically active ingredient of G. jasminoides J.Ellis
(Zhizi) is geniposide, which exhibits similar pharmacological effects as
crocin. Research has proven that geniposide is protective against
mitochondrial dysfunction by preventing AD progression (Lv et al.,
2014; Zhao et al., 2016). Moreover, geniposide also exerted

neuroprotective effects in PD through the mitochondrion-mediated
apoptotic pathway (Chen et al., 2015). Among many anti-free radical
natural products, silibinin is one of the few drugs widely used in clinical
practice. The exact efficacy and low toxicity of silibinin were
demonstrated through clinical applications over the last 30 years.
Recent studies reported that silibinin alleviated motor dysfunction in a
PDmouse model by inhibiting oxidative stress, neuroinflammation, and
imbalance of mitochondrial dynamics and promoting mitophagy and
mitochondrial biogenesis (Liu et al., 2021b; Liu et al., 2021c). In an in vivo
AD model, the silibinin intervention significantly reduced the Ca2+

overload-induced mitochondrial swelling and improved the fluidity of
the mitochondrial membrane (Esselun et al., 2021).

Huperzine A (HupA) is a sesquiterpenoid alkaloid isolated from
Huperzia serrata (Thunb.) Trev. (Qiancengta), whose potential in
treating AD has been demonstrated through numerous preclinical
studies and clinical trials (Yang et al., 2013). HupA exhibited a good
safety profile in clinical trials without serious adverse events. It has been
proposed that the neuroprotective mechanism of HupA involves
improving energy metabolism and preserving the mitochondrial
structure. This was evidenced by the inhibition of Aβ-induced
decrease in mitochondrial respiration, ATP synthesis, and
transmembrane potential, and the effective prevention of Cyt c
release, ROS increase, and mitochondrial swelling in the in vivo and
in vitro experiments (Gao et al., 2009; Lei et al., 2015). Early studies
suggested that salidroside, the main active compound of Rhodiola
crenulata (Hook.f. and Thomson) H.Ohba (Hongjingtian), is a
potential neuroprotective agent (Zhong et al., 2018). Salidroside
improved cell viability by inhibiting Aβ1-42-induced cytotoxicity and
the mitochondrion-mediated endogenous apoptotic pathway (Liao et al.,
2019). Damaged mitochondrial complex I and oxidative stress play a
crucial role in degenerating dopaminergic (DA) neurons during PD
progression. Studies showed that treating PD with salidroside improved
cell viability, inhibited apoptosis, restored MMP and Mitochondrial
Complex I activity, and protected DA neurons by mediating the
mitochondrial MEF2D-ND6 pathway (Li et al., 2020). Triptolide (a
diterpenoid) and celastrol (a triterpenoid) are the most active
components of Tripterygium wilfordii Hook F. (Leigongteng), which
have been used to effectively treat several rheumatic diseases and immune
system disorders (Tong et al., 2021). Several studies demonstrated that
triptolide and celastrol have protective effects on neurons and glial cells
but through different mechanisms. The apoptosis and oxidative stress
inhibition is the key protective mechanism of triptolide against AD (Xu
et al., 2016). Unlike triptolide, celastrol ensures mitochondrial quality by
isolating damaged mitochondria for autophagosome degradation. This
suggests that celastrol reduces DA neuronal death, mitochondrial
membrane depolarization, and ATP reduction by activating
mitochondrial autophagy to degrade damaged mitochondria, and
inhibiting apoptosis of DA neurons, providing a new prevention and
treatment mechanism for PD (Lin et al., 2019).

4 TCM prevents mitochondrial
dysfunction in NDs by regulating
ncRNAs

Currently, the active compounds of TCM reportedly regulate the
expression of genes through ncRNAs, which participate in various
signaling pathways associated with different therapeutic activities,
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such as anti-tumor, anti-inflammation, and anti-atherosclerosis
activities. However, there are fewer reports on anti-ND research,
especially mitochondrial dysfunction modulation for treating NDs,
which is still in its early stages. The TCMs regulating various
mitochondrial dysfunctions by targeting ncRNAs associated with
NDs are listed in Table 4. The subsequent section summarizes
several active compounds of TCM that have been well-studied.

Curcumin is a polyphenol and a principal bioactive component of
Curcuma longa L. (Jianghuang), whose neuroprotective effects have
been well-studied because of its pleiotropy and broad-spectrum targets
in the brain. Several studies reported that curcumin maintains
mitochondrial dynamics, biogenesis, synaptic transmission, and
integrity by improving mitochondrial fusion/fission balance (Reddy
et al., 2016). Moreover, curcumin exhibits better effects when used with
other compounds, such as quercetin (Waseem and Parvez, 2016) and
berberine (Lin et al., 2020). Various curcumin derivatives improve its
bioavailability, stability, and BBB permeability and enhance its
neuroprotective and mitochondrial-protective effects (Bagheri et al.,
2020). Further research investigated whether curcumin treatment of
NDs is associated with ncRNAs. The results showed that during AD
development, miR-125b, miR-146a, and miR-15b-5p were significantly
up-regulated (Li et al., 2011). A recent study found that curcumin, an
NF-κB inhibitor, significantly reduced miR-146a and miR-125b levels
(Pogue et al., 2011) by up-regulating the expression of the complement
factor H protein, inhibiting M1 microglia phenotype, reducing the
inflammatory response, and promoting phagocytosis and clearance of
Aβ plaques (Gong and Sun, 2020). Another study showed that
curcumin up-regulated miR-15b-5p expression to reduce APP and
Aβ levels in swAPP695-HEK293 cells (Liu et al., 2019b). Furthermore,
curcumin modulated oxidative stress, apoptosis, and

neuroinflammation-mediated mitochondrial dysfunction by targeting
miRNAs, indicating its potential development as a drug for treating
NDs (Xu et al., 2019).

The role of berberine (isoquinoline alkaloid), the main active
ingredient extracted from Coptis chinensis Franch. (Huanglian), in
neurological disorders has been increasingly explored. In recent
years, berberine has been developed to protect motor neurons and
exhibits potential therapeutic effects in neurodegenerative lesions.
Additionally, some studies have confirmed the role of berberine in
maintaining synaptic structure and function. Berberine improved
mitochondrial dynamics and biogenesis and prevented synaptic loss
by maintaining the MMP and preventing ATP reduction (Zhao et al.,
2019). Although the underlying protective mechanisms of berberine
remain elusive, results demonstrated the berberine derivative, BBRP,
rapidly and specifically accumulated in mitochondria and inhibited the
accumulation of PINK1 protein when it exerted anti-PD effects. This
suggested that the potential berberine target in the brain for PD therapy
is mitochondria (Wang et al., 2021b). It has been reported that
berberine could inhibit the NF-κB pathway by down-regulating
LINC00943 and up-regulating miR-142-5p levels, thereby protecting
the cells from MPP-induced neuronal injury (Li et al., 2021a).
Furthermore, berberine elevated circRNA HDAC9 expression and
reduced miR-142-5p level, attenuating the toxicity in human nerve
cells in AD (Zhang et al., 2020). Another study showed that berberine
inhibited apoptosis and oxidative stress but activated synaptic activity
and plasticity by acting on lncRNABACE1-AS to up-regulatemiR-132-
3p level in neurons, inducing a significant restoration of Aβ-induced
neuronal cell viability (Ge et al., 2020). Moreover, it was shown that
berberine accelerated cell viability and inhibited caspase-3 activity and
apoptosis through the miR-188/NOS1 axis, thereby reducing neuronal

TABLE 4 Summary of traditional Chinese medicines (TCMs) alleviating mitochondrial dysfunction in neurodegenerative diseases (NDs) by modulating non-coding
RNAs (ncRNAs).

Disease TCM ncRNAs In-vitro/in-vivo models/
human trial

Mode of action References

PD Eleutherococcus senticosus
(Rupr. and Maxim.) Maxim.
(ciwujia)

miR-205, miR-433,
miR-153

MPP+-induced PC12 cells ↓Mitochondrial swelling,
↑MMP, ↓ROS

Liu et al. (2018), He et al.
(2019)

AD Ampelopsin miR-34a D-gal-induced rats ↓Apoptosis, ↓Astrocyte
activation, ↑Autophagy

Kou et al. (2016)

AD Berberine lncBACE1-AS/miR-132-
3p, circHDAC9/miR-142-
5p, LINC00943/miR-142-
5p, miR-188

Aβ(25–35)-induced HPN and SK-N-SH
cells; Aβ42-induced human neuronal
cells; Aβ-treated BV2 and N2a cells

↑Neuroprotection, ↓ROS,
↓Apoptosis

Chen et al. (2020), Ge
et al. (2020), Zhang et al.
(2020), Li et al. (2021a)

AD Curcumin miR-146a, miR-125b,
miR-15b-5p

magnesium-, iron-, gallium-, and
aluminum-sulfate-stressed human-
astroglial (HAG) cells; 5 different
transgenic mouse models; swAPP695-
HEK293 cells

↓ROS, ↑Autophagy,
↓Neuroinflammation

Li et al. (2011), Pogue
et al. (2011), Liu et al.
(2019b), Gong and Sun
(2020)

AD Ginsenoside Rg1 and Acorus
calamus var. angustatus
Besser (Shichangpu) extract

miR-873-5p SAMP1 and SAMP8 mice ↓Apoptosis Shi et al. (2018)

AD, PD Resveratrol miR-134, miR-214,
MALAT1/miR-129

MPTP-induced PD mice, MPP+-
induced SH-SY5Y cells; APP/
PS1 transgenic mice

↑Antioxidation,
↓Apoptosis,
↑Neuroprotection

Zhao et al. (2013), Wang
et al. (2015), Shen et al.
(2018), Xia et al. (2019)

PD Tanshinone IIA miR-153 6-hydroxydopamine (6-OHDA)-
treated SH-SY5Y cells

↑MMP, ↓Cyt c
translocation

Zhang et al. (2015b)
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injury (Chen et al., 2020). Thus, based on these studies, berberine exerts
its neuroprotective effects by targeting multiple miRNAs, lncRNAs,
circRNAs, and various signaling pathways, providing new targets for the
treatment action of NDs.

Resveratrol, a natural polyphenol, is one of the active ingredients
of Reynoutria japonica Houtt. (Huzhang) and is found in various
natural plants. Numerous in vivo and ex vivo experiments showed
that resveratrol exerts neuroprotective effects in various NDs,
including AD, PD, HD, and ALS. Moreover, resveratrol regulates
mitochondrial dysfunction in NDs through different mechanisms.
In AD, resveratrol prevented Aβ-induced mitochondrial fusion/
fission imbalance by maintaining the levels of dynamics-related
genes (MFN2 and DRP1). Resveratrol also inhibited the activity of
Cyt c oxidase, alleviating mitochondrial swelling and fragmentation
(Yang et al., 2020). In addition to the aforementioned molecular
mechanisms, resveratrol might also act by down-regulating miR-134
and miR-124 expression, stimulating the CREB/BDNF signaling
pathway and restoring synaptic plasticity to improve learning and
memory (Zhao et al., 2013; Shen et al., 2018). In PD, resveratrol
administration modulated mitochondrial biogenesis by enhancing
mitochondrial mass and fusion/fission balancing, increasing the
ATP levels (Peng et al., 2016). Moreover, the level of miR-214
was significantly reduced in the mesencephalon of PD mice and
MPP+-induced SH-SY5Y cells; however, treatment with resveratrol
increased the miR-214 expression level in the PD-associated models
and reduced mRNA and protein expression of α-syn (Wang et al.,
2015). Recently, miR-214 has been suggested to target genes
regulating neuronal growth and differentiation in various ND
models. Furthermore, resveratrol administration ameliorated PD
symptoms by modulating the MALAT1/miR-129/SNCA pathway
involved in mitochondrion-mediated apoptosis (Xia et al., 2019),
suggesting a potential association of resveratrol action with miRNA
function and mitochondrial signal.

5 Summary and prospect

Because of their diverse phenotypes and complex pathogenesis,
there have been no effective drugs to cure NDs. However, due to
their therapeutic effects, TCMs may act as potential ncRNA
regulators, providing a new perspective for elucidating the
“multi-compound-multi-target-multi-pathway” treatment
mechanism of NDs. Mitochondrial dysfunction is an early
pathological phenomenon in NDs, important for drug discovery
in preclinical studies. This review explored the mechanisms by
which the most studied ncRNAs contributed to the
mitochondrial dysfunction in NDs. The review also focused on
the TCM formulas (including Sijunzi Decoction and Dihuang
Yinzi), standardized extracts from individual TCMs [e. g.
Eleutherococcus senticosus (Rupr. and Maxim.) Maxim. (Ciwujia)

extract and GBE] and the monomeric compounds isolated from
various TCMs (such as andrographolide, crocin, and silibinin) with
promising clinical applications in treating NDs. These active
components of TCM formulas exerted neuroprotective effects in
various ND models by targeting mitochondria. The neuroprotective
effects included inhibiting oxidative stress, suppressing apoptosis,
activating mitophagy, and maintaining mitochondrial homeostasis.
Furthermore, we reviewed the ongoing research efforts on
representative components which regulate ncRNA-evoked
mitochondrial function and pathways for NDs therapy. Given the
complexity and instability of the TCM ingredients, further analysis
and exploration of the multi-targets and multi-pathways involved in
the ncRNA-mitochondrial regulation network are needed.
Therefore, understanding the role and mechanisms of ncRNAs in
mitochondrial function will help discover new targets and potential
drug candidates for NDs.

Author contributions

ZC and ML wrote the manuscript; LZ, KZ, CW, and TS
participated in writing; RL and ZL supervised and revised the
draft. All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (No. U1803281 and 82173806), Non-profit
Central Research Institute Fund of Chinese Academy of Medical
Sciences (2022-JKCS-08), and Chinese Academy of Medical
Sciences (CAMS) Innovation Fund for Medical Science (2021-1-
I2M-030 and 2022-I2M-2-002).

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.

Frontiers in Pharmacology frontiersin.org12

Cai et al. 10.3389/fphar.2023.1123188

53

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1123188


References

Aimaiti, M., Wumaier, A., Aisa, Y., Zhang, Y., Xirepu, X., Aibaidula, Y., et al. (2021).
Acteoside exerts neuroprotection effects in the model of Parkinson’s disease via
inducing autophagy: Network pharmacology and experimental study. Eur.
J. Pharmacol. 903, 174136. doi:10.1016/j.ejphar.2021.174136

Baev, A. Y., Vinokurov, A. Y., Novikova, I. N., Dremin, V. V., Potapova, E. V., and
Abramov, A. Y. (2022). Interaction of mitochondrial calcium and ROS in
neurodegeneration. Cells 11 (4), 706. doi:10.3390/cells11040706

Bagheri, H., Ghasemi, F., Barreto, G. E., Rafiee, R., Sathyapalan, T., and Sahebkar, A.
(2020). Effects of curcumin on mitochondria in neurodegenerative diseases. Biofactors
46 (1), 5–20. doi:10.1002/biof.1566

Cai, B., Xie, D., Wang, Y., Li, J., Wang, T., Ye, S., et al. (2018). Effect of huangpu
tongqiao capsule on oxidative stress of hippocampal neurons and mitochondrial
apoptotic pathway in rats with Alzheimer’s disease. Chin. J. Integr. Tradit. West
Med. Chin. Ed. 38, 707–711. doi:10.7661/j.cjim.20171018.269

Cai, Z., Liu, M., Yuan, F., Zeng, L., Zhao, K., Sun, T., et al. (2022a). Exploration of the
molecular mechanisms ofHyssopus cuspidatus boriss treatment of asthma in anmRNA-
miRNA network via bioinformatics analysis. Biomed. Res. Int. 2022, 7111901. doi:10.
1155/2022/7111901

Cai, Z., Zhao, K., Zeng, L., Liu, M., Sun, T., Li, Z., et al. (2022b). The relationship
between the aberrant long non-coding RNA-mediated competitive endogenous RNA
network and Alzheimer’s disease pathogenesis. Int. J. Mol. Sci. 23 (15), 8497. doi:10.
3390/ijms23158497

Cao, B., Zeng, M., Zhang, Q., Zhang, B., Cao, Y., Wu, Y., et al. (2021). Amentoflavone
ameliorates memory deficits and abnormal autophagy in aβ25-35-induced mice by
mTOR signaling. Neurochem. Res. 46 (4), 921–934. doi:10.1007/s11064-020-03223-8

Cao, Q., Qin, L., Huang, F., Wang, X., Yang, L., Shi, H., et al. (2017). Amentoflavone
protects dopaminergic neurons in MPTP-induced Parkinson’s disease model mice
through PI3K/Akt and ERK signaling pathways. Toxicol. Appl. Pharmacol. 319, 80–90.
doi:10.1016/j.taap.2017.01.019

Cao, Y., Wang, Z., and Song,W. (2019). Effects of bushen tiansui fang on learning and
memory abilities and oxidative stress of mitochondria of Alzheimer’s disease model rat.
J. Tradit. Chin. Med. Univ. 39, 459–464.

Chen, J., Gao, L., Zhang, Y., Su, Y., Kong, Z., Wang, D., et al. (2021). Acteoside-
improved streptozotocin-induced learning and memory impairment by upregulating
hippocampal insulin, glucose transport, and energy metabolism. Phytother. Res. 35 (1),
392–403. doi:10.1002/ptr.6811

Chen, M., Chen, Z., Wang, Y., Tan, Z., Zhu, C., Li, Y., et al. (2016). Mitophagy
receptor FUNDC1 regulates mitochondrial dynamics andmitophagy. Autophagy 12 (4),
689–702. doi:10.1080/15548627.2016.1151580

Chen, M., Li, L., Liu, C., and Song, L. (2020). Berberine attenuates Aβ-induced
neuronal damage through regulating miR-188/NOS1 in Alzheimer’s disease. Mol. Cell
Biochem. 474 (1-2), 285–294. doi:10.1007/s11010-020-03852-1

Chen, Y., Zhang, Y., Li, L., and Holscher, C. (2015). Neuroprotective effects of
geniposide in the MPTP mouse model of Parkinson’s disease. Eur. J. Pharmacol. 768,
21–27. doi:10.1016/j.ejphar.2015.09.029

Cosín-Tomás, M., Antonell, A., Lladó, A., Alcolea, D., Fortea, J., Ezquerra, M., et al.
(2017). Plasma miR-34a-5p andmiR-545-3p as early biomarkers of Alzheimer’s disease:
Potential and limitations. Mol. Neurobiol. 54 (7), 5550–5562. doi:10.1007/s12035-016-
0088-8

du Mee, D., Bak, M., Østergaard, E., and Rasmussen, L. J. (2020). Mitochondrial
dysfunction induced by variation in the non-coding genome - A proposed workflow to
improve diagnostics. Mitochondrion 53, 255–259. doi:10.1016/j.mito.2020.05.013

Dong, P., Ji, X., Han, W., Han, H., Bak, M., Østergaard, E., et al. (2019). Oxymatrine
attenuates amyloid beta 42 (Abeta1-42)-induced neurotoxicity in primary neuronal
cells andmemory impairment in ratsMitochondrial dysfunction induced by variation in
the non-coding genome - a proposed workflow to improve diagnostics. Can. J. Physiol.
PharmacolMitochondrion 9753 (2), 99255–106259. doi:10.1139/cjpp-2018-0299

Esselun, C., Bruns, B., Hagl, S., Grewal, R., and Eckert, G. P. (2021). Impact of silibinin
A on bioenergetics in PC12APPsw cells and mitochondrial membrane properties in
murine brain mitochondria. Antioxidants (Basel) 10 (10), 1520. doi:10.3390/
antiox10101520

Fan, Z., Chen, X., and Chen, R. (2014). Transcriptome-wide analysis of TDP-43
binding small RNAs identifies miR-NID1 (miR-8485), a novel miRNA that
represses NRXN1 expression. Genomics 103 (1), 76–82. doi:10.1016/j.ygeno.
2013.06.006

Farkhondeh, T., Samarghandian, S., Shaterzadeh, Y. H., and Samini, F. (2018). The
protective effects of crocin in the management of neurodegenerative diseases: A review.
Am. J. Neurodegener. Dis. 7 (1), 1–10.

Feng, Z., Zhang, L., Wang, S., and Hong, Q. (2020). Circular RNA circDLGAP4 exerts
neuroprotective effects via modulating miR-134-5p/CREB pathway in Parkinson’s
disease. Biochem. Biophys. Res. Commun. 522 (2), 388–394. doi:10.1016/j.bbrc.2019.
11.102

Friedemann, T., Otto, B., Klatschke, K., Schumacher, U., Tao, Y., Leung, A. K., et al.
(2014). Coptis chinensis Franch. exhibits neuroprotective properties against oxidative

stress in human neuroblastoma cells. J. Ethnopharmacol. 155 (1), 607–615. doi:10.1016/
j.jep.2014.06.004

Gan, P., Ding, L., Hang, G., Xia, Q., Huang, Z., Ye, X., et al. (2020). Oxymatrine
attenuates dopaminergic neuronal damage and microglia-mediated neuroinflammation
through cathepsin D-dependent HMGB1/TLR4/NF-κB pathway in Parkinson’s disease.
Front. Pharmacol. 11, 776. doi:10.3389/fphar.2020.00776

Gao, X., Zheng, C. Y., Yang, L., Tang, X. C., and Zhang, H. Y. (2009). Huperzine A
protects isolated rat brain mitochondria against beta-amyloid peptide. Free Radic. Biol.
Med. 46 (11), 1454–1462. doi:10.1016/j.freeradbiomed.2009.02.028

Ge, Y., Song, X., Liu, J., Liu, C., and Xu, C. (2020). The combined therapy of berberine
treatment with lncRNA BACE1-AS depletion attenuates aβ25-35 induced neuronal
injury through regulating the expression of miR-132-3p in neuronal cells.
Neurochem. Res. 45 (4), 741–751. doi:10.1007/s11064-019-02947-6

Geng, J., Liu, W., Gao, J., Jiang, C., Fan, T., Sun, Y., et al. (2019). Andrographolide
alleviates Parkinsonism inMPTP-PDmice via targeting mitochondrial fission mediated
by dynamin-related protein 1. Br. J. Pharmacol. 176 (23), 4574–4591. doi:10.1111/bph.
14823

Geng, J., Liu, W., Xiong, Y., Ding, H., Jiang, C., Yang, X., et al. (2018).
Andrographolide sulfonate improves Alzheimer-associated phenotypes and
mitochondrial dysfunction in APP/PS1 transgenic mice. Biomed. Pharmacother. 97,
1032–1039. doi:10.1016/j.biopha.2017.11.039

Gong, J., and Sun, D. (2020). Study on the mechanism of curcumin to reduce the
inflammatory response of temporal lobe in Alzheimer’s disease by regulating miR-146a.
Minerva Med. 113 (1), 109–118. doi:10.23736/S0026-4806.20.06463-0

Guo, S. Q. (2016). Identification and analysis of constituents absorbed into
cerebrospinal fluid after oral administration of Dihuang Yinzi. J. North Pharm. 13
(2), 132–134.

Guo, Y., Zheng, Q., Wu, L., Zhang, M., Zhang, K., Xiao, S., et al. (2020). Effect of
Sijunzi Decoction on regulation of Aβ-related proteins across blood-brain
barrier. China J. Chin. Mat. Med. 45, 2924–2931. doi:10.19540/j.cnki.cjcmm.
20200217.402

Han, Y., Chu, X., Cui, L., Fu, S., Gao, C., Li, Y., et al. (2020). Neuronal mitochondria-
targeted therapy for Alzheimer’s disease by systemic delivery of resveratrol using dual-
modified novel biomimetic nanosystems. Drug Deliv. 27 (1), 502–518. doi:10.1080/
10717544.2020.1745328

He, H., Wang, S., Tian, J., Chen, L., Zhang, W., Zhao, J., et al. (2015). Protective effects
of 2,3,5,4’-tetrahydroxystilbene-2-O-β-D-glucoside in theMPTP-inducedmouse model
of Parkinson’s disease: Involvement of reactive oxygen species-mediated JNK, P38 and
mitochondrial pathways. Eur. J. Pharmacol. 767, 175–182. doi:10.1016/j.ejphar.2015.
10.023

He, X., Pan, S., Wu, C., Sun, H., and Bai, Y. (2019). Effective component of
acanthopanax senticosus on the expression of micro-RNA in cell of Parkinson’s
disease mode. Jilin J. Chin. Med. 39, 381–384. doi:10.13463/j.cnki.jlzyy.2019.03.030

Hou, D. R., Wang, Y., Xue, L., Tian, Y., Chen, K., Song, Z., et al. (2008). Effect of
polygonum multiflorum on the fluidity of the mitochondria membrane and activity of
COX in the hippocampus of rats with Abeta 1-40-induced Alzheimer’s disease. Zhong
Nan Da Xue Xue Bao Yi Xue Ban. 33 (11), 987–992.

Hu, Z., Huang, Y., Liu, G., Liu, F., Zhou, W., and Zhang, Y. (2012). Research progress
of the impact of Chinese medicine on hippocampus based on the animal model of VD.
Pharmacol. Clin. Chin. Mater Med. 28, 252–256. doi:10.13412/j.cnki.zyyl.2012.05.070

Huang, L., Deng, M., Zhang, S., Lu, S., Gui, X., and Fang, Y. (2017). β-asarone and
levodopa coadministration increases striatal levels of dopamine and levodopa and
improves behavioral competence in Parkinson’s rat by enhancing dopa decarboxylase
activity. Biomed. Pharmacother. 94, 666–678. doi:10.1016/j.biopha.2017.07.125

Huang, Q., Zhao, Y., Gao, J., Jing, Z., Zhang, N., and Ma, T. (2018). Effect of Dihuang
Yinzi on mitochondrial structure and function in central nerve of Alzheimer’s disease
rats. Chin. J. Exp. Tradit. Med. Formulae 24, 99–104. doi:10.13422/j.cnki.syfjx.20182137

Huang, S. H., Lin, C. M., and Chiang, B. H. (2008). Protective effects of Angelica
sinensis extract on amyloid beta-peptide-induced neurotoxicity. Phytomedicine 15 (9),
710–721. doi:10.1016/j.phymed.2008.02.022

Indrieri, A., Carrella, S., Romano, A., Spaziano, A., Marrocco, E., Fernandez-Vizarra,
E., et al. (2019). miR-181a/b downregulation exerts a protective action onmitochondrial
disease models. EMBO Mol. Med. 11 (5), e8734. doi:10.15252/emmm.201708734

Jadiya, P., Garbincius, J. F., and Elrod, J. W. (2021). Reappraisal of metabolic
dysfunction in neurodegeneration: Focus on mitochondrial function and calcium
signaling. Acta Neuropathol. Commun. 9 (1), 124. doi:10.1186/s40478-021-01224-4

Jiang, H., Fang, J., Xing, J., Wang, L., Wang, Q., Wang, Y., et al. (2019). Tilianin
mediates neuroprotection against ischemic injury by attenuating CaMKII-dependent
mitochondrion-mediated apoptosis andMAPK/NF-κB signaling. Life Sci. 216, 233–245.
doi:10.1016/j.lfs.2018.11.035

Jiang, H., Liu, J., Guo, S., Zeng, L., Cai, Z., Zhang, J., et al. (2022). miR-23b-3p rescues
cognition in Alzheimer’s disease by reducing tau phosphorylation and apoptosis via
GSK-3β signaling pathways. Mol. Ther. Nucleic Acids 28, 539–557. doi:10.1016/j.omtn.
2022.04.008

Frontiers in Pharmacology frontiersin.org13

Cai et al. 10.3389/fphar.2023.1123188

54

https://doi.org/10.1016/j.ejphar.2021.174136
https://doi.org/10.3390/cells11040706
https://doi.org/10.1002/biof.1566
https://doi.org/10.7661/j.cjim.20171018.269
https://doi.org/10.1155/2022/7111901
https://doi.org/10.1155/2022/7111901
https://doi.org/10.3390/ijms23158497
https://doi.org/10.3390/ijms23158497
https://doi.org/10.1007/s11064-020-03223-8
https://doi.org/10.1016/j.taap.2017.01.019
https://doi.org/10.1002/ptr.6811
https://doi.org/10.1080/15548627.2016.1151580
https://doi.org/10.1007/s11010-020-03852-1
https://doi.org/10.1016/j.ejphar.2015.09.029
https://doi.org/10.1007/s12035-016-0088-8
https://doi.org/10.1007/s12035-016-0088-8
https://doi.org/10.1016/j.mito.2020.05.013
https://doi.org/10.1139/cjpp-2018-0299
https://doi.org/10.3390/antiox10101520
https://doi.org/10.3390/antiox10101520
https://doi.org/10.1016/j.ygeno.2013.06.006
https://doi.org/10.1016/j.ygeno.2013.06.006
https://doi.org/10.1016/j.bbrc.2019.11.102
https://doi.org/10.1016/j.bbrc.2019.11.102
https://doi.org/10.1016/j.jep.2014.06.004
https://doi.org/10.1016/j.jep.2014.06.004
https://doi.org/10.3389/fphar.2020.00776
https://doi.org/10.1016/j.freeradbiomed.2009.02.028
https://doi.org/10.1007/s11064-019-02947-6
https://doi.org/10.1111/bph.14823
https://doi.org/10.1111/bph.14823
https://doi.org/10.1016/j.biopha.2017.11.039
https://doi.org/10.23736/S0026-4806.20.06463-0
https://doi.org/10.19540/j.cnki.cjcmm.20200217.402
https://doi.org/10.19540/j.cnki.cjcmm.20200217.402
https://doi.org/10.1080/10717544.2020.1745328
https://doi.org/10.1080/10717544.2020.1745328
https://doi.org/10.1016/j.ejphar.2015.10.023
https://doi.org/10.1016/j.ejphar.2015.10.023
https://doi.org/10.13463/j.cnki.jlzyy.2019.03.030
https://doi.org/10.13412/j.cnki.zyyl.2012.05.070
https://doi.org/10.1016/j.biopha.2017.07.125
https://doi.org/10.13422/j.cnki.syfjx.20182137
https://doi.org/10.1016/j.phymed.2008.02.022
https://doi.org/10.15252/emmm.201708734
https://doi.org/10.1186/s40478-021-01224-4
https://doi.org/10.1016/j.lfs.2018.11.035
https://doi.org/10.1016/j.omtn.2022.04.008
https://doi.org/10.1016/j.omtn.2022.04.008
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1123188


Johnson, J., Mercado-Ayon, E., Mercado-Ayon, Y., Dong, Y. N., Halawani, S., Ngaba,
L., et al. (2021). Mitochondrial dysfunction in the development and progression of
neurodegenerative diseases. Arch. Biochem. Biophys. 702, 108698. doi:10.1016/j.abb.
2020.108698

Kang, X., Chen, J., Xu, Z., Li, H., and Wang, B. (2007). Protective effects of Ginkgo
biloba extract on paraquat-induced apoptosis of PC12 cells. Toxicol Vitro 21 (6),
1003–1009. doi:10.1016/j.tiv.2007.02.004

Kattimani, Y., and Veerappa, A. M. (2018). Dysregulation of NRXN1 by mutant
MIR8485 leads to calcium overload in pre-synapses inducing neurodegeneration in
Multiple sclerosis. Mult. Scler. Relat. Disord. 22, 153–156. doi:10.1016/j.msard.2018.
04.005

Keihani, S., Kluever, V., Mandad, S., Bansal, V., Rahman, R., Fritsch, E., et al. (2019).
The long noncoding RNA neuroLNC regulates presynaptic activity by interacting with
the neurodegeneration-associated protein TDP-43. Sci. Adv. 5 (12), eaay2670. doi:10.
1126/sciadv.aay2670

Kim, H. G., Park, G., Piao, Y., Kang, M. S., Pak, Y. K., Hong, S. P., et al. (2014). Effects
of the root bark of Paeonia suffruticosa on mitochondria-mediated neuroprotection in
an MPTP-induced model of Parkinson’s disease. Food Chem. Toxicol. 65, 293–300.
doi:10.1016/j.fct.2013.12.037

Kou, X., Li, J., Liu, X., Chang, J., Zhao, Q., Jia, S., et al. (2017). Swimming attenuates
d-galactose-induced brain aging via suppressing miR-34a-mediated autophagy
impairment and abnormal mitochondrial dynamics. J. Appl. Physiol. 122 (6),
1462–1469. doi:10.1152/japplphysiol.00018.2017

Kou, X., Liu, X., Chen, X., Li, J., Yang, X., Fan, J., et al. (2016). Ampelopsin attenuates
brain aging of D-gal-induced rats through miR-34a-mediated SIRT1/mTOR signal
pathway. Oncotarget 7 (46), 74484–74495. doi:10.18632/oncotarget.12811

Kumar, A., and Singh, A. (2015). A review on mitochondrial restorative mechanism
of antioxidants in Alzheimer’s disease and other neurological conditions. Front.
Pharmacol. 6, 206. doi:10.3389/fphar.2015.00206

Kumar, S., Reddy, A. P., Yin, X., and Reddy, P. H. (2019). Novel MicroRNA-455-3p
and its protective effects against abnormal APP processing and amyloid beta toxicity in
Alzheimer’s disease. Biochim. Biophys. Acta Mol. Basis Dis. 1865 (9), 2428–2440. doi:10.
1016/j.bbadis.2019.06.006

Kumar, S., Vijayan, M., and Reddy, P. H. (2017). MicroRNA-455-3p as a potential
biomarker for Alzheimer’s disease: An update. Front. Aging Neurosci. 10, 41. doi:10.
3389/fnagi.2018.00041

Lee, J. E., Sim, H., Yoo, H. M., Lee, M., Baek, A., Jeon, Y. J., et al. (2020).
Neuroprotective effects of cryptotanshinone in a direct reprogramming model of
Parkinson’s disease. Molecules 25 (16), 3602. doi:10.3390/molecules25163602

Lei, Y., Yang, L., Ye, C. Y., Qin, M. Y., Yang, H. Y., Jiang, H. L., et al. (2015).
Involvement of intracellular and mitochondrial Aβ in the ameliorative effects of
huperzine A against oligomeric aβ42-induced injury in primary rat neurons. PLoS
One 10 (5), e0128366. doi:10.1371/journal.pone.0128366

Lejri, I., Agapouda, A., Grimm, A., and Eckert, A. (2019). Mitochondria- and oxidative stress-
targeting substances in cognitive decline-related disorders: From molecular mechanisms to
clinical evidence. Oxid. Med. Cell Longev. 2019, 9695412. doi:10.1155/2019/9695412

Li, H., Song, J., Zhang, J., Wang, T., Yan, Y., Tao, Z., et al. (2017a). Ginseng protein
reverses amyloid beta peptide and H2O2 cytotoxicity in neurons, and ameliorates
cognitive impairment in AD rats induced by a combination of D-galactose and AlCl3.
Phytother. Res. 31 (2), 284–295. doi:10.1002/ptr.5747

Li, H., Zhang, X. J., and Dong, M. X. (2017b). Isorhynchophylline attenuates MPP+-
Induced apoptosis through endoplasmic reticulum stress- andmitochondria-dependent
pathways in PC12 cells: Involvement of antioxidant activity. Neuromolecular Med. 19
(4), 480–492. doi:10.1007/s12017-017-8462-x

Li, T., Zhang, W., Kang, X., Yang, R., Li, R., Huang, L., et al. (2020). Salidroside
protects dopaminergic neurons by regulating the mitochondrial MEF2D-ND6 pathway
in the MPTP/MPP+-induced model of Parkinson’s disease. J. Neurochem. 153 (2),
276–289. doi:10.1111/jnc.14868

Li, X., Jiang, X., Chu, H., Zhao, Q., Ding, H., and Cai, C. (2021b). Neuroprotective
effects of kukoamine A on 6-OHDA-induced Parkinson’s model through apoptosis and
iron accumulation inhibition. Chin. Herb. Med. 13 (1), 105–115. doi:10.1016/j.chmed.
2020.12.004

Li, X., Su, Y., Li, N., Zhang, F. R., and Zhang, N. (2021a). Berberine attenuates MPP+-
Induced neuronal injury by regulating linc00943/miR-142-5p/KPNA4/NF-κB pathway
in SK-N-sh cells. Neurochem. Res. 46 (12), 3286–3300. doi:10.1007/s11064-021-
03431-w

Li, Y. Y., Cui, J. G., Hill, J. M., Bhattacharjee, S., Zhao, Y., and Lukiw, W. J. (2011).
Increased expression of miRNA-146a in Alzheimer’s disease transgenic mouse models.
Neurosci. Lett. 487 (1), 94–98. doi:10.1016/j.neulet.2010.09.079

Liao, Z. L., Su, H., Tan, Y. F., Qiu, Y. J., Zhu, J. P., Chen, Y., et al. (2019). Salidroside
protects PC-12 cells against amyloid β-induced apoptosis by activation of the ERK1/
2 and AKT signaling pathways. Int. J. Mol. Med. 43 (4), 1769–1777. doi:10.3892/ijmm.
2019.4088

Lin, L., Li, C., Zhang, D., Yuan, M., Chen, C. H., and Li, M. (2020). Synergic effects of
berberine and curcumin on improving cognitive function in an Alzheimer’s disease
mouse model. Neurochem. Res. 45 (5), 1130–1141. doi:10.1007/s11064-020-02992-6

Lin, M. W., Lin, C. C., Chen, Y. H., Yang, H. B., and Hung, S. Y. (2019). Celastrol
inhibits dopaminergic neuronal death of Parkinson’s disease through activating
mitophagy. Antioxidants (Basel) 9 (1), 37. doi:10.3390/antiox9010037

Liu, H. Y., Fu, X., Li, Y. F., Li, X. L., Ma, Z. Y., Zhang, Y., et al. (2019b). miR-15b-5p
targeting amyloid precursor protein is involved in the anti-amyloid eflect of curcumin in
swAPP695-HEK293 cells. Neural Regen. Res. 14 (9), 1603–1609. doi:10.4103/1673-
5374.255979

Liu, H., Yu, C., Xu, T., Zhang, X., and Dong, M. (2016). Synergistic protective effect of
paeoniflorin and β-ecdysterone against rotenone-induced neurotoxicity in PC12 cells.
Apoptosis 21 (12), 1354–1365. doi:10.1007/s10495-016-1293-7

Liu, H. Y., Wang, L., Liu, H., Ma, D., Liu, W., Yu, H., et al. (2019a). Effect of Sijunzi
tang on behavior and energy metabolism of hippocampal neurons in rats with
Alzheimer’s disease. Chin. J. Exp. Tradit. Med. Formulae 25, 1–6. doi:10.13422/j.
cnki.syfjx.20191538

Liu, M., Yu, S., Wang, J., Qiao, J., Liu, Y., Wang, S., et al. (2020). Ginseng protein
protects against mitochondrial dysfunction and neurodegeneration by inducing
mitochondrial unfolded protein response in Drosophila melanogaster PINK1 model
of Parkinson’s disease. J. Ethnopharmacol. 247, 112213. doi:10.1016/j.jep.2019.112213

Liu, S. M., Li, X. Z., Zhang, S. N., Yang, Z. M., Wang, K. X., Lu, F., et al. (2018).
Acanthopanax senticosus protects structure and function of mesencephalic
mitochondria in A mouse model of Parkinson’s disease. Chin. J. Integr. Med. 24
(11), 835–843. doi:10.1007/s11655-018-2935-5

Liu, X., Liu, W., Wang, C., Chen, Y., Liu, P., Hayashi, T., et al. (2021b). Silibinin
attenuates motor dysfunction in a mouse model of Parkinson’s disease by suppression
of oxidative stress and neuroinflammation along with promotion of mitophagy. Physiol.
Behav. 239, 113510. doi:10.1016/j.physbeh.2021.113510

Liu, X., Shan, G., Jiang, H., Zeng, L., Zhao, K., Li, Y., et al. (2021a). Identification of
miRNA and their regulatory effects induced by total flavonoids from dracocephalum
moldavica in the treatment of vascular dementia. Front. Pharmacol. 12, 796628. doi:10.
3389/fphar.2021.796628

Liu, X., Wang, C., Liu, W., Song, S., Fu, J., Hayashi, T., et al. (2021c). Oral
administration of silibinin ameliorates cognitive deficits of Parkinson’s disease
mouse model by restoring mitochondrial disorders in Hippocampus. Neurochem.
Res. 46 (9), 2317–2332. doi:10.1007/s11064-021-03363-5

Lu, J., Ma, Y., Wu, J., Huang, H., Wang, X., Chen, Z., et al. (2019). A review for the
neuroprotective effects of andrographolide in the central nervous system. Biomed.
Pharmacother. 117, 109078. doi:10.1016/j.biopha.2019.109078

Lv, C., Liu, X., Liu, H., Chen, T., and Zhang, W. (2014). Geniposide attenuates
mitochondrial dysfunction and memory deficits in APP/PS1 transgenic mice. Curr.
Alzheimer Res. 11 (6), 580–587. doi:10.2174/1567205011666140618095925

Ma, B., Meng, X., Wang, J., Sun, J., Ren, X., Qin, M., et al. (2014). Notoginsenoside
R1 attenuates amyloid-beta-induced damage in neurons by inhibiting reactive oxygen
species and modulating MAPK activation. Int. Immunopharmacol. 22 (1), 151–159.
doi:10.1016/j.intimp.2014.06.018

Ma, Y., Tian, S., Sun, L., Yao, S., Liang, Z., Li, S., et al. (2015). The effect of acori
graminei rhizoma and extract fractions on spatial memory and hippocampal
neurogenesis in amyloid beta 1-42 injected mice. CNS Neurol. Disord. Drug Targets
14 (3), 411–420. doi:10.2174/1871527314666150225124348

Mei, Z., Yan, P., Situ, B., Mou, Y., and Liu, P. (2012). Cryptotanshinione inhibits beta-
amyloid aggregation and protects damage from beta-amyloid in SH-SY5Y cells.
Neurochem. Res. 37 (3), 622–628. doi:10.1007/s11064-011-0652-6

Musthaba, M., Baboota, S., Athar, T. M., Thajudeen, K. Y., Ahmed, S., and Ali, J.
(2010). Patented herbal formulations and their therapeutic applications. Recent Pat.
Drug Deliv. Formul. 4 (3), 231–244. doi:10.2174/187221110793237538

Naia, L., Rosenstock, T. R., Oliveira, A. M., Oliveira-Sousa, S. I., Caldeira, G. L.,
Carmo, C., et al. (2017). Comparative mitochondrial-based protective effects of
resveratrol and nicotinamide in Huntington’s disease models. Mol. Neurobiol. 54
(7), 5385–5399. doi:10.1007/s12035-016-0048-3

Nunomura, A., and Perry, G. (2020). RNA and oxidative stress in Alzheimer’s disease:
Focus on microRNAs. Oxid. Med. Cell Longev. 2020, 2638130. doi:10.1155/2020/
2638130

Peng, K., Tao, Y., Zhang, J., Wang, J., Ye, F., Dan, G., et al. (2016). Resveratrol
regulates mitochondrial biogenesis and fission/fusion to attenuate rotenone-induced
neurotoxicity. Oxid. Med. Cell Longev. 2016, 6705621. doi:10.1155/2016/6705621

Pierzynowska, K., Podlacha, M., Gaffke, L., Majkutewicz, I., Mantej, J., Wegrzyn, A.,
et al. (2019). Autophagy-dependent mechanism of genistein-mediated elimination of
behavioral and biochemical defects in the rat model of sporadic Alzheimer’s disease.
Neuropharmacology 148, 332–346. doi:10.1016/j.neuropharm.2019.01.030

Pogue, A. I., Percy, M. E., Cui, J. G., Li, Y. Y., Bhattacharjee, S., Hill, J. M., et al. (2011).
Up-regulation of NF-kB-sensitive miRNA-125b and miRNA-146a in metal sulfate-
stressed human astroglial (HAG) primary cell cultures. J. Inorg. Biochem. 105 (11),
1434–1437. doi:10.1016/j.jinorgbio.2011.05.012

Qian, C., Ye, Y., Mao, H., Yao, L., Sun, X., Wang, B., et al. (2019). Downregulated
lncRNA-SNHG1 enhances autophagy and prevents cell death through the miR-221/
222/p27/mTOR pathway in Parkinson’s disease. Exp. Cell Res. 384 (1), 111614. doi:10.
1016/j.yexcr.2019.111614

Frontiers in Pharmacology frontiersin.org14

Cai et al. 10.3389/fphar.2023.1123188

55

https://doi.org/10.1016/j.abb.2020.108698
https://doi.org/10.1016/j.abb.2020.108698
https://doi.org/10.1016/j.tiv.2007.02.004
https://doi.org/10.1016/j.msard.2018.04.005
https://doi.org/10.1016/j.msard.2018.04.005
https://doi.org/10.1126/sciadv.aay2670
https://doi.org/10.1126/sciadv.aay2670
https://doi.org/10.1016/j.fct.2013.12.037
https://doi.org/10.1152/japplphysiol.00018.2017
https://doi.org/10.18632/oncotarget.12811
https://doi.org/10.3389/fphar.2015.00206
https://doi.org/10.1016/j.bbadis.2019.06.006
https://doi.org/10.1016/j.bbadis.2019.06.006
https://doi.org/10.3389/fnagi.2018.00041
https://doi.org/10.3389/fnagi.2018.00041
https://doi.org/10.3390/molecules25163602
https://doi.org/10.1371/journal.pone.0128366
https://doi.org/10.1155/2019/9695412
https://doi.org/10.1002/ptr.5747
https://doi.org/10.1007/s12017-017-8462-x
https://doi.org/10.1111/jnc.14868
https://doi.org/10.1016/j.chmed.2020.12.004
https://doi.org/10.1016/j.chmed.2020.12.004
https://doi.org/10.1007/s11064-021-03431-w
https://doi.org/10.1007/s11064-021-03431-w
https://doi.org/10.1016/j.neulet.2010.09.079
https://doi.org/10.3892/ijmm.2019.4088
https://doi.org/10.3892/ijmm.2019.4088
https://doi.org/10.1007/s11064-020-02992-6
https://doi.org/10.3390/antiox9010037
https://doi.org/10.4103/1673-5374.255979
https://doi.org/10.4103/1673-5374.255979
https://doi.org/10.1007/s10495-016-1293-7
https://doi.org/10.13422/j.cnki.syfjx.20191538
https://doi.org/10.13422/j.cnki.syfjx.20191538
https://doi.org/10.1016/j.jep.2019.112213
https://doi.org/10.1007/s11655-018-2935-5
https://doi.org/10.1016/j.physbeh.2021.113510
https://doi.org/10.3389/fphar.2021.796628
https://doi.org/10.3389/fphar.2021.796628
https://doi.org/10.1007/s11064-021-03363-5
https://doi.org/10.1016/j.biopha.2019.109078
https://doi.org/10.2174/1567205011666140618095925
https://doi.org/10.1016/j.intimp.2014.06.018
https://doi.org/10.2174/1871527314666150225124348
https://doi.org/10.1007/s11064-011-0652-6
https://doi.org/10.2174/187221110793237538
https://doi.org/10.1007/s12035-016-0048-3
https://doi.org/10.1155/2020/2638130
https://doi.org/10.1155/2020/2638130
https://doi.org/10.1155/2016/6705621
https://doi.org/10.1016/j.neuropharm.2019.01.030
https://doi.org/10.1016/j.jinorgbio.2011.05.012
https://doi.org/10.1016/j.yexcr.2019.111614
https://doi.org/10.1016/j.yexcr.2019.111614
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1123188


Reddy, P. H., Manczak, M., Yin, X., Grady, M. C., Mitchell, A., Kandimalla, R., et al.
(2016). Protective effects of a natural product, curcumin, against amyloid beta induced
mitochondrial and synaptic toxicities in Alzheimer’s disease. J. Investig. Med. 64 (8),
1220–1234. doi:10.1136/jim-2016-000240

Ren, Z. L., Wang, C. D., Wang, T., Ding, H., Zhou, M., Yang, N., et al. (2019).
Ganoderma lucidum extract ameliorates MPTP-induced parkinsonism and protects
dopaminergic neurons from oxidative stress via regulating mitochondrial function,
autophagy, and apoptosis. Acta Pharmacol. Sin. 40 (4), 441–450. doi:10.1038/s41401-
018-0077-8

Sarkar, S., Jun, S., Rellick, S., Quintana, D. D., Cavendish, J. Z., and Simpkins, J. W.
(2016). Expression of microRNA-34a in Alzheimer’s disease brain targets genes linked
to synaptic plasticity, energy metabolism, and resting state network activity. Brain Res.
1646, 139–151. doi:10.1016/j.brainres.2016.05.026

Shan, C. S., Zhang, H. F., Xu, Q. Q., Shi, Y. H., Wang, Y., Li, Y., et al. (2018). Herbal
medicine formulas for Parkinson’s disease: A systematic review and meta-analysis of
randomized double-blind placebo-controlled clinical trials. Front. Aging Neurosci. 10,
349. doi:10.3389/fnagi.2018.00349

Sharma, N., Pasala, M. S., and Prakash, A. (2019). Mitochondrial DNA: Epigenetics
and environment. Environ. Mol. Mutagen 60 (8), 668–682. doi:10.1002/em.22319

Shen, J., Xu, L., Qu, C., Sun, H., and Zhang, J. (2018). Resveratrol prevents cognitive
deficits induced by chronic unpredictable mild stress: Sirt1/miR-134 signalling pathway
regulates CREB/BDNF expression in hippocampus in vivo and in vitro. Behav. Brain
Res. 349, 1–7. doi:10.1016/j.bbr.2018.04.050

Shi, R., Zhang, S., Cheng, G., Yang, X., Zhao, N., and Chen, C. (2018). Ginsenoside
Rg1 and acori graminei rhizoma attenuates neuron cell apoptosis by promoting the
expression of miR-873-5p in Alzheimer’s disease. Neurochem. Res. 43 (8), 1529–1538.
doi:10.1007/s11064-018-2567-y

Shin, S. J., Jeon, S. G., Kim, J. I., Jeong, Y. O., Kim, S., Park, Y. H., et al. (2019). Red
Ginseng attenuates aβ-induced mitochondrial dysfunction and aβ-mediated pathology
in an animal model of Alzheimer’s disease. Int. J. Mol. Sci. 20 (12), 3030. doi:10.3390/
ijms20123030

Singh, N. K., and Garabadu, D. (2021). Quercetin exhibits α7nAChR/nrf2/HO-1-
Mediated neuroprotection against STZ-induced mitochondrial toxicity and cognitive
impairments in experimental rodents. Neurotox. Res. 39 (6), 1859–1879. doi:10.1007/
s12640-021-00410-5

Singh, S. K., Srivastav, S., Castellani, R. J., Plascencia-Villa, G., and Perry, G. (2019).
Neuroprotective and antioxidant effect of ginkgo biloba extract against AD and other
neurological disorders. Neurotherapeutics 16 (3), 666–674. doi:10.1007/s13311-019-
00767-8

Stockburger, C., Eckert, S., Eckert, G. P., Friedland, K., and Müller, W. E. (2018).
Mitochondrial function, dynamics, and permeability transition: A complex love triangle
as A possible target for the treatment of brain aging and Alzheimer’s disease.
J. Alzheimers Dis. 64 (1), S455–S467. doi:10.3233/JAD-179915

Sun, H., Bai, L., Zhang, J., Xu, H., and Cui, L. (2005). Effects of yinxing pingchan
recipe and its components on activity of mitochondrial enzyme complex in brain of
mice with Parkinson’s disease. Chin. J. Integr. Tradit. West Med. Chin. Ed. 25,
1008–1011. doi:10.7661/CJIM.2005.11.1008

Sun, T., Zeng, L., Cai, Z., Liu, Q., Li, Z., and Liu, R. (2022b). Comprehensive analysis of
dysregulated circular RNAs and construction of a ceRNA network involved in the
pathology of Alzheimer’s disease in a 5 × FAD mouse model. Front. Aging Neurosci. 14,
1020699. doi:10.3389/fnagi.2022.1020699

Sun, T., Zhao, K., Liu, M., Cai, Z., Zeng, L., Zhang, J., et al. (2022a). miR-30a-5p
induces Aβ production via inhibiting the nonamyloidogenic pathway in Alzheimer’s
disease. Pharmacol. Res. 178, 106153. doi:10.1016/j.phrs.2022.106153

Thounaojam, M. C., Jadeja, R. N., Warren, M., Powell, F. L., Raju, R., Gutsaeva, D.,
et al. (2019). MicroRNA-34a (miR-34a) mediates retinal endothelial cell premature
senescence through mitochondrial dysfunction and loss of antioxidant activities.
Antioxidants (Basel). 8 (9), 328. doi:10.3390/antiox8090328

Titze-de-Almeida, R., and Titze-de-Almeida, S. S. (2018). miR-7 replacement therapy
in Parkinson’s disease. Curr. Gene Ther. 18 (3), 143–153. doi:10.2174/
1566523218666180430121323

Tong, L., Zhao, Q., Datan, E., Lin, G. Q., Minn, I., Pomper, M. G., et al. (2021).
Triptolide: Reflections on two decades of research and prospects for the future. Nat.
Prod. Rep. 38 (4), 843–860. doi:10.1039/d0np00054j

Tu, J. L., Chen, W. P., Cheng, Z. J., Zhang, G., Luo, Q. H., Li, M., et al. (2020).
EGb761 ameliorates cell necroptosis by attenuating RIP1-mediated mitochondrial
dysfunction and ROS production in both in vivo and in vitro models of Alzheimer’s
disease. Brain Res. 1736, 146730. doi:10.1016/j.brainres.2020.146730

Um,M. Y., Choi, W. H., Aan, J. Y., Kim, S. R., and Ha, T. Y. (2006). Protective effect of
Polygonum multiflorum Thunb on amyloid beta-peptide 25-35 induced cognitive
deficits in mice. J. Ethnopharmacol. 104 (1-2), 144–148. doi:10.1016/j.jep.2005.08.054

Wang, C., Cai, X., Hu, W., Li, Z., Kong, F., Chen, X., et al. (2019a). Investigation of the
neuroprotective effects of crocin via antioxidant activities in HT22 cells and inmice with
Alzheimer’s disease. Int. J. Mol. Med. 43 (2), 956–966. doi:10.3892/ijmm.2018.4032

Wang, C., Jiang, H., Wang, L., Yi, H., Li, Z., and Liu, R. (2019b). Vitegnoside mitigates
neuronal injury, mitochondrial apoptosis, and inflammation in an Alzheimer’s disease

cell model via the p38 MAPK/JNK pathway. J. Alzheimers Dis. 72 (1), 199–214. doi:10.
3233/JAD-190640

Wang, H., Han, R., He, H. J., Li, J., Chen, S. Y., Gu, Y., et al. (2021d). Administration of
quercetin improves mitochondria quality control and protects the neurons in 6-OHDA-
lesioned Parkinson’s disease models. Aging (Albany NY) 13 (8), 11738–11751. doi:10.
18632/aging.202868

Wang, H., Sheng, W., Tan, Z., Ren, Q., Wang, R., Stoika, R., et al. (2021b). Treatment
of Parkinson’s disease in Zebrafish model with a berberine derivative capable of crossing
blood brain barrier, targeting mitochondria, and convenient for bioimaging
experiments. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 249, 109151. doi:10.
1016/j.cbpc.2021.109151

Wang, H., Wang, H., Pan, Q., Kang, J., Liang, Z., and Zhang, R. (2021c). The
combination of beta-asarone and icariin inhibits amyloid-beta and reverses cognitive
deficits by promoting mitophagy in models of Alzheimer’s disease. Oxid. Med. Cell
Longev. 2021, 7158444. doi:10.1155/2021/7158444

Wang, H., Xie, Q., Liu, Y., Jiang, S., Li, W., Li, B., et al. (2021e). Panax japonicus and
chikusetsusaponins: A review of diverse biological activities and pharmacology
mechanism. Chin. Herb. Med. 13 (1), 64–77. doi:10.1016/j.chmed.2020.12.003

Wang, H., Zhang, M., Wei, T., Zhou, J., Zhang, Y., and Guo, D. (2021a). Long non-
coding RNA SNHG1 mediates neuronal damage in Parkinson’s disease model cells by
regulating miR-216a-3p/Bcl-2-associated X protein. Ann. Transl. Med. 9 (10), 851.
doi:10.21037/atm-21-1613

Wang, J., Wong, Y. K., and Liao, F. (2018). What has traditional Chinese medicine
delivered for modern medicine? Expert Rev. Mol. Med. 20, e4. doi:10.1017/erm.2018.3

Wang, Z. H., Zhang, J. L., Duan, Y. L., Zhang, Q. S., Li, G. F., and Zheng, D. L. (2015).
MicroRNA-214 participates in the neuroprotective effect of Resveratrol via inhibiting α-
synuclein expression in MPTP-induced Parkinson’s disease mouse. Biomed.
Pharmacother. 74, 252–256. doi:10.1016/j.biopha.2015.08.025

Waseem, M., and Parvez, S. (2016). Neuroprotective activities of curcumin and
quercetin with potential relevance to mitochondrial dysfunction induced by oxaliplatin.
Protoplasma 253 (2), 417–430. doi:10.1007/s00709-015-0821-6

Woo, H. N., Park, S., Kim,H. L., Jung,M. K., Pack, C. G., Park, J., et al. (2020). miR-351-5p/
Miro2 axis contributes to hippocampal neural progenitor cell death via unbalanced
mitochondrial fission.Mol. Ther. Nucleic Acids 23, 643–656. doi:10.1016/j.omtn.2020.12.014

Wu, H. C., Hu, Q. L., Zhang, S. J., Wang, Y. M., Jin, Z. K., Lv, L. F., et al. (2018).
Neuroprotective effects of genistein on SH-SY5Y cells overexpressing A53T mutant α-
synuclein. Neural Regen. Res. 13 (8), 1375–1383. doi:10.4103/1673-5374.235250

Wu, Y., Zhao, J., Ma, T., and Wei, D. (2015). Effects of tianqi yizhi granules on
mitochondria of brain tissues and energy metabolism in alzheimer rats. Chin. J. Inf.
Tradit. Chin. Med. 22, 60–64.

Xia, D., Sui, R., and Zhang, Z. (2019). Administration of resveratrol improved
Parkinson’s disease-like phenotype by suppressing apoptosis of neurons via
modulating the MALAT1/miR-129/SNCA signaling pathway. J. Cell Biochem. 120
(4), 4942–4951. doi:10.1002/jcb.27769

Xiao, X., Tan, Z., Jia, M., Zhou, X., Wu, K., Ding, Y., et al. (2021). Long noncoding
RNA SNHG1 knockdown ameliorates apoptosis, oxidative stress and inflammation in
models of Parkinson’s disease by inhibiting the miR-125b-5p/MAPK1 Axis.
Neuropsychiatr. Dis. Treat. 17, 1153–1163. doi:10.2147/NDT.S286778

Xu, H., Nie, B., Liu, L., Zhang, C., Zhang, Z., Xu, M., et al. (2019). Curcumin prevents
brain damage and cognitive dysfunction during ischemic-reperfusion through the
regulation of miR-7-5p. Curr. Neurovasc Res. 16 (5), 441–454. doi:10.2174/
1567202616666191029113633

Xu, P., Wang, H., Li, Z., and Yang, Z. (2016). Triptolide attenuated injury via
inhibiting oxidative stress in Amyloid-Beta25-35-treated differentiated PC12 cells. Life
Sci. 145, 19–26. doi:10.1016/j.lfs.2015.12.018

Xu, Y., Shen, X., Lan, R., Zhu, S., Zhang, J., and Lu, F. (2021). Mechanism of kaixinsan
on learning and memory ability and synaptic function of APP/PS1 mice. Chin.
J. Exp. Tradit. Med. Formulae 27, 15–22. doi:10.13422/j.cnki.syfjx.20212036

Yan, W., Biao, C., Jing, S., Ting-ting, W., Run-ze, C., Chang-ju, M., et al. (2016).
Genistein suppresses the mitochondrial apoptotic pathway in hippocampal neurons in
rats with Alzheimer’s disease. Neural Regen. Res. 11 (7), 1153–1158. doi:10.4103/1673-
5374.187056

Yang, G., Wang, Y., Tian, J., and Liu, J. P. (2013). Huperzine A for Alzheimer’s
disease: A systematic review and meta-analysis of randomized clinical trials. PLoS One 8
(9), e74916. doi:10.1371/journal.pone.0074916

Yang, P., Sheng, D., Guo, Q., Wang, P., Xu, S., Qian, K., et al. (2020). Neuronal
mitochondria-targeted micelles relieving oxidative stress for delayed progression of
Alzheimer’s disease. Biomaterials 238, 119844. doi:10.1016/j.biomaterials.2020.119844

Yuan, D., Tao, M., Ren, X., Wei, J., Fu, W., Ma, Y., et al. (2016). Tongluo Xingnao
Effervescent Tablet preserves mitochondrial energy metabolism and attenuates
cognition deficits in APPswe/PS1De9 mice. Neurosci. Lett. 630, 101–108. doi:10.
1016/j.neulet.2016.07.044

Zeng, L., Jiang, H., Ashraf, G. M., Liu, J., Wang, L., Zhao, K., et al. (2021). Implications
of miR-148a-3p/p35/PTEN signaling in tau hyperphosphorylation and autoregulatory
feedforward of Akt/CREB in Alzheimer’s disease.Mol. Ther. Nucleic Acids 27, 256–275.
doi:10.1016/j.omtn.2021.11.019

Frontiers in Pharmacology frontiersin.org15

Cai et al. 10.3389/fphar.2023.1123188

56

https://doi.org/10.1136/jim-2016-000240
https://doi.org/10.1038/s41401-018-0077-8
https://doi.org/10.1038/s41401-018-0077-8
https://doi.org/10.1016/j.brainres.2016.05.026
https://doi.org/10.3389/fnagi.2018.00349
https://doi.org/10.1002/em.22319
https://doi.org/10.1016/j.bbr.2018.04.050
https://doi.org/10.1007/s11064-018-2567-y
https://doi.org/10.3390/ijms20123030
https://doi.org/10.3390/ijms20123030
https://doi.org/10.1007/s12640-021-00410-5
https://doi.org/10.1007/s12640-021-00410-5
https://doi.org/10.1007/s13311-019-00767-8
https://doi.org/10.1007/s13311-019-00767-8
https://doi.org/10.3233/JAD-179915
https://doi.org/10.7661/CJIM.2005.11.1008
https://doi.org/10.3389/fnagi.2022.1020699
https://doi.org/10.1016/j.phrs.2022.106153
https://doi.org/10.3390/antiox8090328
https://doi.org/10.2174/1566523218666180430121323
https://doi.org/10.2174/1566523218666180430121323
https://doi.org/10.1039/d0np00054j
https://doi.org/10.1016/j.brainres.2020.146730
https://doi.org/10.1016/j.jep.2005.08.054
https://doi.org/10.3892/ijmm.2018.4032
https://doi.org/10.3233/JAD-190640
https://doi.org/10.3233/JAD-190640
https://doi.org/10.18632/aging.202868
https://doi.org/10.18632/aging.202868
https://doi.org/10.1016/j.cbpc.2021.109151
https://doi.org/10.1016/j.cbpc.2021.109151
https://doi.org/10.1155/2021/7158444
https://doi.org/10.1016/j.chmed.2020.12.003
https://doi.org/10.21037/atm-21-1613
https://doi.org/10.1017/erm.2018.3
https://doi.org/10.1016/j.biopha.2015.08.025
https://doi.org/10.1007/s00709-015-0821-6
https://doi.org/10.1016/j.omtn.2020.12.014
https://doi.org/10.4103/1673-5374.235250
https://doi.org/10.1002/jcb.27769
https://doi.org/10.2147/NDT.S286778
https://doi.org/10.2174/1567202616666191029113633
https://doi.org/10.2174/1567202616666191029113633
https://doi.org/10.1016/j.lfs.2015.12.018
https://doi.org/10.13422/j.cnki.syfjx.20212036
https://doi.org/10.4103/1673-5374.187056
https://doi.org/10.4103/1673-5374.187056
https://doi.org/10.1371/journal.pone.0074916
https://doi.org/10.1016/j.biomaterials.2020.119844
https://doi.org/10.1016/j.neulet.2016.07.044
https://doi.org/10.1016/j.neulet.2016.07.044
https://doi.org/10.1016/j.omtn.2021.11.019
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1123188


Zhang, G. F., Ha, S., Wang, X. L., Shi, Y. L., Duan, S. S., and Li, Z. A. (2015b).
Tanshinone IIA protects dopaminergic neurons against 6-hydroxydopamine-induced
neurotoxicity through miR-153/NF-E2-related factor 2/antioxidant response element
signaling pathway. Neuroscience 303, 489–502. doi:10.1016/j.neuroscience.2015.06.030

Zhang, G. F., Zhang, Y., and Zhao, G. (2015a). Crocin protects PC12 cells against
MPP+-induced injury through inhibition of mitochondrial dysfunction and ER stress.
Neurochem. Int. 89, 101–110. doi:10.1016/j.neuint.2015.07.011

Zhang, J., Li, D., Yang, G., Zhang, X., Chen, L., Zhang, Y., et al. (2021a). Oxymatrine
extends survival by attenuating neuroinflammation in a mouse model of amyotrophic
lateral sclerosis. Neuroscience 465, 11–22. doi:10.1016/j.neuroscience.2021.04.019

Zhang, J., Sun, H., Bai, L., Xu, H., and Wu, H. (2004). The experimental study on
treatment of Yinxingchuchan Recipe and its different combination on free radical in the
model mouse with Parkinson disease. Chin. Arch. Tradit. Chin. Med. 911–913. doi:10.
13193/j.archtcm.2004.05.140.zhangj.072

Zhang, J. X., Wang, R., Xi, J., Shen, L., Zhu, A. Y., Qi, Q., et al. (2017). Morroniside
protects SK-N-SH human neuroblastoma cells against H2O2-induced damage. Int.
J. Mol. Med. 39 (3), 603–612. doi:10.3892/ijmm.2017.2882

Zhang, J., Zhou, X., Wu, D., Yang, M., Zheng, C., and Tong, T. (2021b). Study on
mechanism of Sijunzi Decoction in treating Alzheimer’s disease based on network
pharmacology. Nat. Prod. Res. Dev. 33, 313–321. doi:10.16333/j.1001-6880.2021.2.016

Zhang, L., Wang, Y. Y., Zhou, J. B., Ke, B., Yang, Y. B., Qin, J., et al. (2018). Effects and
mechanisms of Dihuang Yinzi Decoction on the treatment of Alzheimer’s disease
patients. China J. Tradit. Chin. Med. Pharm. 33 (11), 4948–4952.

Zhang, N., Gao, Y., Yu, S., Sun, X., and Shen, K. (2020). Berberine attenuates Aβ42-
induced neuronal damage through regulating circHDAC9/miR-142-5p axis in human
neuronal cells. Life Sci. 252, 117637. doi:10.1016/j.lfs.2020.117637

Zhang, Y., Gong, X. G., Wang, Z. Z., Sun, H. M., Guo, Z. Y., Gai, C., et al. (2016).
Protective effects of DJ-1 medicated Akt phosphorylation on mitochondrial function
are promoted by Da-Bu-Yin-Wan in 1-methyl-4-phenylpyridinium-treated human

neuroblastoma SH-SY5Y cells. J. Ethnopharmacol. 187, 83–93. doi:10.1016/j.jep.2016.
04.029

Zhao, C., Lv, C., Li, H., Du, S., Liu, X., Li, Z., et al. (2016). Geniposide protects
primary cortical neurons against oligomeric abeta1-42-induced neurotoxicity
through a mitochondrial pathway. PLoS One 89, 101–110. doi:10.1016/j.neuint.
2015.07.011

Zhao, C., Su, P., Lv, C., Guo, L., Cao, G., Qin, C., et al. (2019). Berberine alleviates
amyloid β-induced mitochondrial dysfunction and synaptic loss. Oxid. Med. Cell
Longev. 2019, 7593608. doi:10.1155/2019/7593608

Zhao, J., Geng, L., Chen, Y., and Wu, C. (2020). SNHG1 promotes MPP+-induced
cytotoxicity by regulating PTEN/AKT/mTOR signaling pathway in SH-SY5Y cells via
sponging miR-153-3p. Biol. Res. 53 (1), 1. doi:10.1186/s40659-019-0267-y

Zhao, K., Zeng, L., Cai, Z., Liu, M., Sun, T., Li, Z., et al. (2022). RNA sequencing-based
identification of the regulatory mechanism of microRNAs, transcription factors, and
corresponding target genes involved in vascular dementia. Front. Neurosci. 16, 917489.
doi:10.3389/fnins.2022.917489

Zhao, Y. N., Li, W. F., Li, F., Zhang, Z., Dai, Y. D., Xu, A. L., et al. (2013). Resveratrol
improves learning and memory in normally aged mice through microRNA-CREB
pathway. Biochem. Biophys. Res. Commun. 435 (4), 597–602. doi:10.1016/j.bbrc.2013.
05.025

Zhong, Z., Han, J., Zhang, J., Xiao, Q., Hu, J., and Chen, L. (2018). Pharmacological
activities, mechanisms of action, and safety of salidroside in the central nervous system.
Drug Des. Devel Ther. 12, 1479–1489. doi:10.2147/DDDT.S160776

Zhu, B., Wang, C., and Xu, Q. (2021). Clinical study on Dihuang Yinzi combined with
cognitive rehabilitation for mild cognitive impairment in Parkinson disease. New
J. Tradit. Chin. Med. 53, 38–41. doi:10.13457/j.cnki.jncm.2021.17.009

Zhu, J., Zhang, L., Dong, J., Lu, L., Zhang, L., and Zhang, L. (2017). The possible
protective mechanisms of hyperbaric oxygen and ginkgo biloba extract on Alzheimer’s
disease. J. Southeast Univ. Med. Sci. Ed. 36, 235–240.

Frontiers in Pharmacology frontiersin.org16

Cai et al. 10.3389/fphar.2023.1123188

57

https://doi.org/10.1016/j.neuroscience.2015.06.030
https://doi.org/10.1016/j.neuint.2015.07.011
https://doi.org/10.1016/j.neuroscience.2021.04.019
https://doi.org/10.13193/j.archtcm.2004.05.140.zhangj.072
https://doi.org/10.13193/j.archtcm.2004.05.140.zhangj.072
https://doi.org/10.3892/ijmm.2017.2882
https://doi.org/10.16333/j.1001-6880.2021.2.016
https://doi.org/10.1016/j.lfs.2020.117637
https://doi.org/10.1016/j.jep.2016.04.029
https://doi.org/10.1016/j.jep.2016.04.029
https://doi.org/10.1016/j.neuint.2015.07.011
https://doi.org/10.1016/j.neuint.2015.07.011
https://doi.org/10.1155/2019/7593608
https://doi.org/10.1186/s40659-019-0267-y
https://doi.org/10.3389/fnins.2022.917489
https://doi.org/10.1016/j.bbrc.2013.05.025
https://doi.org/10.1016/j.bbrc.2013.05.025
https://doi.org/10.2147/DDDT.S160776
https://doi.org/10.13457/j.cnki.jncm.2021.17.009
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1123188


Anti-depressant-like effects of
rannasangpei and its active
ingredient crocin-1 on chronic
unpredictable mild stress mice

Yang Du1, Yan-Li Wang1, Lei Chen1, Qi-En Li2* and
Yong Cheng1,3,4*
1Key Laboratory of Ethnomedicine ofMinistry of Education, Center on Translational Neuroscience, School
of Pharmacy, Minzu University of China, Beijing, China, 2Tibetan Medical College, Qinghai University,
Xining, Qinghai, China, 3Institute of National Security, Minzu University of China, Beijing, China, 4NHC Key
Laboratory of Birth Defect Research, Prevention and Treatment (Hunan Provincial Maternal and Child
Healthcare Hospital), Changsha, Hunan, China

Major depressive disorder is one of the most common neuropsychiatric diseases
and it is a global public health problem that leads to disabilities. Currently, there is a
growing need to explore novel strategy to cure major depressive disorder due to
the limitation of available treatments. Rannasangpei (RSNP) is a traditional Tibetan
medicine which acts as a therapeutic agent in various acute or chronic diseases,
including cardiovascular diseases and neurodegenerative diseases. Crocin-1 a
coloring ingredient of saffron which exhibited anti-oxidative and anti-
inflammatory properties. Here, we aimed to illustrate whether RSNP and its
active ingredient crocin-1 rescue depressive-like phenotypes in chronic
unpredictable mild stress (CUMS) induced mouse model of depression. Our
results showed that peripheral administration of RSNP or crocin-1 ameliorated
the depressive-like behaviors in CUMS-treated mice, as demonstrated by the
forced swimming test and tail suspension test. Furthermore, RSNP or crocin-1
treatment reduced oxidative stress in the peripheral blood and hippocampus of
the CUMS-treated mice. Additionally, the dysregulated immune system response,
as demonstrated by the increased expression of the pro-inflammatory factors
(tumor necrosis factor-α and interleukin-6) and the decreased expression of the
anti-inflammatory factor-interleukin-10 in the prefrontal cortex and/or
hippocampus of CUMS-treated mice, were at least partially restored by RSNP
or crocin-1 treatment. RSNP or crocin-1 also restored apoptotic protein marker
(Bcl-2 and Bax) levels in the prefrontal cortex and hippocampus of the CUMS-
treated mice. Moreover, our data indicated that RSNP or crocin-1 increased
astrocyte number and brain-derived neurotrophic factor levels in the
hippocampus of CUMS-treated mice after RSNP or crocin-1 administration.
Taken together, our study for the first time revealed an anti-depressant effect
of RSNP and its active ingredient crocin-1 in a mouse model of depression, with
involvement of oxidative stress, inflammatory response and apoptotic pathway.
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Introduction

Major depressive disorder (MDD) is one of the most common
neuropsychiatric diseases, and it is a global public health problem
that leads to disabilities (Li et al., 2021). Although the
pathogenesis of MDD is complex with involvement of genetics
and environmental factors, it is generally considered that stress is
a crucial risk factor for the onset and/or development of MDD
(Allen and Dwivedi, 2020). Additionally, studies have suggested
that stress-induced depression was accompanied by
abnormalities in various brain regions, particularly in
prefrontal cortex and hippocampus (Savitz and Drevets, 2009;
Jiang et al., 2018). Currently, the first-line antidepressants are
almost exclusively based on monoamine hypothesis which
dominated the pathophysiological role of MDD historically
(Davidson, 2010; Fakhoury, 2016). However, it has been
reported that approximately half of MDD patients failed to
respond to the first-line antidepressants (MacQueen et al.,
2017), and these were accompanied by side effects (Khawam
et al., 2006). More recently, ketamine has been approved by food
and drug administration as a rapid responsive antidepressant, but
it also showed intolerant side effects (Wei et al., 2020).
Nevertheless, finding novel or alternative treatments with
more efficacy and/or less side effects for MDD is an urgent
task in the field.

Over the last decade, there is a growing interest to utilize
natural products as therapeutic agents for treatment of
neurological disorders, such as Alzheimer’s disease,
Parkinson’s disease and MDD (Rehman et al., 2019; Dai et al.,
2022). These natural products include herbs and food extracted
from plants that have been used to treat various human diseases,
and it is very populous in different cultures partly due the low
economic costs and low risks of side effects (Atanasov et al.,
2021). Rannasangpei (RSNP), which is also known as 70 flavors
pearl pill, is a traditional Tibetan medicine, that has been widely
used in cardiovascular, gastrointestinal, and neurodegenerative
diseases, and these were documented in 2015 edition of
Pharmacopoeia of China (Nie et al., 2021). As a confidential
Tibetan prescription, the precise composition and preparation
method of RSNP have not been revealed to the scientists and
publics. However, it is known that the active constituents present
in RSNP included pearl, Hong-sik, Nine stone, Saffron, Bezoar,
Musk and Zuotai, and it has been suggested that saffron is a
critical player for the observed effects of RSNP (Nie et al., 2021).
Saffron, the dried stigmas of Crocus sativus L. is conventionally
used as a spice in the world, and it is also used to treat human
diseases such as genitourinary complications in different cultures
as traditional medicine (Hosseini et al., 2018). Of the compounds
extracted from saffron, crocin-1 is well known as a major
pharmacological active constituent (Inoue et al., 2018).
Additionally, crocin has been reported to be served as a
neuroprotective agent to protect against ischemia/reperfusion-
induced apoptosis of retinal ganglion cells via PI3K/Akt signaling
pathway (Qi et al., 2013).

These above results indicate that RSNP and its active ingredients
possess neuroprotective properties, and therefore may expand the
therapeutic potential into neuropsychiatric diseases. Here, we aimed
to test the potential effects of RSNP and its active ingredient crocin-1

on chronic unpredictable mild stress (CUMS) induced-depression
in mice. We showed that peripheral administration of RSNP or
crocin-1 exhibited anti-depressant-like effects in CUMS-treated
mice, we further analyzed oxidative stress status, immune system
response, apoptotic protein markers in CUMS-treated mice after
RSNP or crocin-1 administration.

Materials and methods

Animals

Six-week old male C57BL/6 mice were purchased from
Beijing Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China). All the animals were given food and water in
a temperature- and humidity-controlled room with a light: dark
cycle of 12 h. All animal experiments and protocols were
conducted in accordance with the National Institutes of
Health Laboratory Animal Care and Use Guidelines (NIH
Publication No. 80-23) and were approved by the Animal
Care and Use Committee of Minzu University of China.

CUMS model establishment and behavioral
tests

After 5-day acclimation, the mice were subjected to CUMS to
induce depressive-like behaviors according to our previous
publication (Wang et al., 2018). The mice were randomly divided
into four groups: control group, CUMS model group, CUMS model
plus RSNP group, CUMS model plus crocin-1 group. After 30 days
of CUMS treatment, the mice were intragastrically administered
with RSNP (1 g/kg, diluted in saline) or crocin-1 (molecular
structure see Figure 1A, 5 mg/kg) for 30 days (Figure 1B). It
should be noted that the dose selection of RSNP in this study
was based on the dose prescribed for humans. We used behavioral
tests to evaluate whether RSNP and crocin-1 had anti-depressant-
like effects. The day after the behavioral tests, all the mice were
sacrificed and their blood and brain tissues were collected for
biochemical assays. The experimental procedure is shown in
Figure 1B. Behavioral tests used in this study included forced
swimming test (FST), open-field test (OFT) and tail suspension
test (TST) which were performed as described in our recent
publication (Wang et al., 2018). Briefly, for OFT, each mouse
was carefully placed in the center of the open-field apparatus
(50 cm × 50 cm × 45 cm, Chengdu Taimeng Software Co. Ltd.,
Chengdu, China). The movement of each moue was recorded for
5 min by a video camera, and the data were analyzed using an open-
field software (Chengdu Taimeng Software Co. Ltd.). For FST, mice
were placed in a glass cylinder (Chengdu Taimeng Software Co.
Ltd.) filled with water (approximately 25°C) for a period of 6 min.
After the first 1 min of adaption, the immobility time of the mouse in
the last 5 min was recorded and analyzed by the FST software
(Chengdu Taimeng Software Co. Ltd.). For TST, the mouse was
individually suspended upside down in the tail suspension chamber
(Chengdu Taimeng Software Co. Ltd.). After 1 min of adaptation,
TST software was used to record and analyze the immobility time of
the mice over the subsequent 5 min.

Frontiers in Pharmacology frontiersin.org02

Du et al. 10.3389/fphar.2023.1143286

59

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1143286


Measurement of oxidative stress markers

Sample preparation for oxidative stress markers on hippocampal
tissues was performed as previously described (Wang et al., 2018).
Briefly, hippocampal tissues were lysed and the homogenates were
centrifuged to collect supernatants. The protein concentration in
supernatants was subsequently measured using the BCA protein
assay kit (Solarbio, Beijing, China). Then, the samples from
hippocampus and serum were used to investigate oxidative stress
marker levels in the mice after various treatments. Superoxide
dismutase (SOD), malondialdehyde (MDA), nitric oxide (NO),
total antioxidant capacity (T-AOC) and catalase activities or
levels were measured by the relative kits according to the
instructions provided by the manufacturer (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Quantitative real-time PCR (qRT-PCR)

Transcriptional expression levels of cytokines (IL-6, IL-10 and
TNF-α) and apoptosis-related markers (Bax and Bcl-2) were
examined by qRT-PCR according to our previous literature (Du
et al., 2020). Briefly, hippocampal and prefrontal cortical tissues
were dissected from mice under various treatments, and total RNAs
in the samples were extracted by trizol reagent (ThermoFisher
Scientific, Waltham, MA, US). Then RNAs were reverse-
transcribed into cDNAs using StarScript II RT Mix with gDNA
Remover (GenStar, Beijing, China). PCR amplification was carried
out in the presence of cDNA template, SYBR green I Master Mix
(Solarbio, Beijing, China) and forward and reverse primers, on a
LightCycler® 96 system (Roche, Basel, Switzerland). The cycling

conditions were: 10 min denaturation at 95°C and 40 cycles of DNA
synthesis at 95°C for 15 s and 60°C for 1 min. The primer sequences
were shown in Table 1. The relative transcriptional expression levels
were analyzed using the 2−ΔΔCT method. It should be noted that the
coordinates of the brain regions analyzed according to Bregma
ATLAS were: prefrontal cortex (Interaural: 6.88 mm–5.14 mm;
Bregma:3.08 mm–1.34 mm, lateral: 1.25 mm–3 mm);
Hippocampus (Interaural: 2.68 mm to −0.24 mm; Bregma:
0.94 mm to −4.04 mm, lateral:2 mm–4.25 mm).

Western blotting

Western blot analysis was performed as described previously
(Du et al., 2019). Briefly, 30 μg proteins in the lysate samples from
hippocampal and prefrontal cortical tissues were separated by
10% SDS-PAGE for 1.5 h and then transferred to a 0.22 μm
polyvinylidene fluoride membrane (ThermoFisher Scientific).
After membrane blocking, it was incubated with a primary
antibody at 4°C overnight, followed with three-time washing.
The membrane was then incubated with a horseradish
peroxidase-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories Inc., PA, United States). After
washing, the signals were visualized using a chemiluminescence
detection system (Tanon 4200, Shanghai, China), and the images
were quantified using the ImageJ software. Monoclonal mouse
BDNF (1:1000) and β-Actin (1:10000) antibodies were purchased
from Abcam (Cambridge, United Kingdom) and Cell Signaling
Technology (Boston, MA, United States), respectively. Secondary
goat anti-mouse and goat anti-rabbit antibodies were purchased
from Abcam.

FIGURE 1
RSNP and crocin-1 rescued stress-induced depressive–like behaviors inmice. (A) Themolecular structure of crocin-1. (B) Schematic representation
of the experimental design. RSNP or crocin-1 reduced immobility time in CUMS-treated mice as measured by the FST (C) and TST (D). (E) The OFT
suggested that locomotor activity in mice was not altered by RSNP or crocin-1 treatment (the y-axis represents the total distance traveled during the
entire testing period). FST, forced swimming test; OFT, open-field test; TST, tail suspension test; RSNP, rannasangpei; CUMS, chronic unpredictable
mild stress., represent OFT, TST and FST, respectively. N = 10. For ANOVA statistics: (C), F(3,40) = 7.472, p < 0.001; (D), F(3,40) = 3.905, p = 0.025; (E), F(3,40) =
0.965, p = 0.42; *p < 0.05, **p < 0.01, ***p < 0.001.
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Immunohistochemisty

Given it has been suggested that BDNF prevented astrocyte
death resulting in neuroprotection (Saba et al., 2018), we
immunostained glial fibrillary acidic protein (GFAP) in the
hippocampus to analyze astrocyte numbers in hippocampus of
mice under various treatments by immunohistochemistry as
described previously (Cheng et al., 2015). Mon + oclonal mouse
anti-GFAP antibody (1:1000) was from Cell Signaling Technology.
The Alexa Fluor 488 goat anti-mouse secondary antibody (1:1000)
was from ThermoFisher Scientific.

Statistical analysis

All data analyses were conducted using the GraphPad Prism
8.0 software. Results were expressed as the mean ± SEM (standard
error of the mean). Statistical significance was calculated using one-
way analysis of variance (ANOVA) followed by multiple
comparison tests. p values less than 0.05 (p < 0.05) were
considered statistically significant.

Results

RSNP and crocin-1 rescued depressive-like
behaviors in CUMS-treated mice

To assess the potential effects of RSNP and crocin-1 in depression,
we intragastrically administered RSNP and crocin-1 into the CUMS-
treated mice, and used FST, TST and OFT to evaluate the depressive-
like behaviors. The results from FST showed that the CUMS-treated
mice had higher levels of immobility than the saline-treated mice.
However, RSNP or crocin-1 administration significantly reduced
immobility time in the CUMS-treated mice, suggesting the anti-
depressant-like effects of RSNP and crocin-1 (Figure 1C). To further
confirm the rescue effects of RSNP and crocin-1 in depression, we
performed TST and demonstrated that RSNP or crocin-1 also
significantly decreased immobility time in the CUMS-treated mice
(Figure 1D). Additionally, OFT showed that RSNP or crocin-1
treatment did not significantly alter locomotor activity in the
CUMS-treated mice (Figure 1E), suggesting that the effects of RSNP
and crocin-1 were specific for depressive-like behaviors and were not

due to a general increase in motor activity. These results demonstrated
that RSNP and its active ingredient crocin-1 rescued depressive-like
behaviors in the CUMS-treated mice.

RSNP and crocin-1 reduced oxidative stress
in CUMS-treated mice

To evaluate the potential mechanisms underlying the anti-
depressant-like effects of RSNP and crocin-1, oxidative stress markers
in mice under various treatments were measured. The results showed
that compared to the saline-treated mice, the CUMS-treated mice had
significantly increased serum MDA levels. Interestingly, we found that
RSNP, but not crocin-1 administration significantly reduced serum
MDA levels in the CUMS-treated mice (Figure 2A). Consistently, the
decreased serum SOD activities found in the CUMS-treated mice were
significantly rescued by the treatment of RSNP, but not crocin-1
(Figure 2B). In contrast, our results indicated that catalase
(Figure 2C), NO (Figure 2D) and T-AOC (Figure 2E) activities or
levels in the CUMS-treated mice were lower than that of saline-treated
mice, and both RSNP and crocin-1 significantly increased catalase, NO
and T-AOC activities or levels in the CUMS-treated mice
(Figures 2C–E).

We further analyzed oxidative stress marker levels in the
hippocampus of mice under various treatments. In contrast to the
findings in serum, hippocampal MDA levels did not show significant
differences among groups (Figure 3A). However, catalase, SOD, NO
and T-AOC activities or levels were significantly reduced in the
hippocampus of when compared with saline-treated mice, and
RSNP or crocin-1 administration significantly increased
hippocampal catalase, SOD, NO and T-AOC activities or levels in
the CUMS-treated mice (Figures 3B–E).

These results demonstrated that both RSNP and crocin-1 had
strong antioxidant effects in the stressed mice, although RSNP
showed more potent effects than crocin-1.

RSNP and crocin-1 had anti-inflammatory
and anti-apoptotic effects in CUMS-treated
mice

Next, we analyzed cytokine and apoptosis-related marker
expressions in mice under various treatments. The results showed

TABLE 1 Primer sequences for qRT-PCR.

Primers Forward primer Reverse primer

m-IL-6 TGGCTAAGGACCAAGACCATCCAA AACGCACTAGGTTTGCCGAGTAGA

m-IL-10 CCAAGGTGTCTACAAGGCCA GCTCTGTCTAGGTCCTGGAGT

m-TNF-α GCTCCTCCACTTGGTGGTTTGT ACTCCAGGCGGTGCCTATGTC

m-Bax TGCTAGCAAACTGGTGCTCA CTTGGATCCAGACAAGCAGC

m-Bcl2 GGCCTTCTTTGAGTTCGGTG GCATGCTGGGGCCATATAGTT

m-Actin AGACCTCTATGCCAACACAGT TCCTGCTTGCTGATCCACAT

Note: qRT-PCR, Quantitative real-time Polymerase Chain Reaction; IL-6, interleukin six; IL-10, interleukin 10; TNF-α, tumour necrosis factor alpha-like; Bax, BCL2-associated X protein; Bcl 2,

BCL2 apoptosis regulator.
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TNF-α and IL-6 (pro-inflammatory genes) transcriptional expression
levels were significantly increased in the hippocampus of CUMS-treated
mice compared with saline-treated mice, and RSNP administration
reduced the TNF-α and IL-6 transcriptional levels in the CUMS-treated
mice (Figures 4A, B). Noticeably, crocin-1 reduced the IL-6, but not
TNF-α transcriptional expression levels in the hippocampus of CUMS-
treated mice (Figures 4A, B). Furthermore, the data indicated that the
reduced IL-10 (anti-inflammatory gene) mRNA levels in the
hippocampus of CUMS-treated mice were rescued by RSNP or
crocin-1 administration (Figure 4C). In the prefrontal cortex, we did
not find significant differences among groups evaluating IL-10 mRNA
levels (Figure 4D). However, we found that TNF-α and IL-6 mRNA
levels were significantly downregulated in the prefrontal cortex of
CUMS-treated mice compared to the saline-treated mice, whereas
RSNP or crocin-1 rescued the observed effects (Figures 4E, F).

For apoptosis-related markers, we measured Bcl-2 (anti-apoptotic
gene) and Bax (pro-apoptotic gene) mRNA expression levels. The data
suggested that Bax mRNA levels were significantly increased in the
prefrontal cortex and hippocampus of CUMS-treated mice relative to
the saline-treated mice, while RSNP or crocin-1 administration
significantly reduced Bax mRNA levels in the CUMS-treated mice
(Figures 5A, B). Consistently, the reduced Bcl-2 mRNA levels found in
the prefrontal cortex and hippocampus of CUMS-treated mice were
rescued by the treatment of RSNP or crocin-1 (Figures 5C, D). These
above results indicated that RSNP and crocin-1 had anti-inflammatory
and anti-apoptotic effects in CUMS-treated mice.

RSNP and crocin-1 increased astrocyte
proliferation and BDNF expression in CUMS-
treated mice

We then tested astrocyte number in the mice under various
treatments, and the results showed that the astrocyte number in the
CA1 region of CUMS-treated mice was decreased (Figures 6A, B),
which is consistent with the previous reports (Jiang et al., 2018; Shu
et al., 2019). Furthermore, we found that RSNP or crocin-1
administration restored the astrocyte proliferation in the CUMS-
treated mice (Figures 6A, B). Consistently, the reduced BDNF
protein levels detected in the hippocampus of CUMS-treated mice
were partially rescued by RSNP or crocin-1 treatment (Figure 6C), given
it has been suggested that BDNF prevented astrocyte death resulting in
neuroprotection (Saba et al., 2018). These results indicated that RSNP
and crocin-1 increased astrocyte proliferation and BDNF expression in
the hippocampus of CUMS-treated mice.

Discussion

The development of antidepressant drugs over the past few
decades has been limited by the pathological complexity of
depression. In the present study, however, an effective
antidepressant-like effect of RSNP and its active ingredient
crocin-1 in a mouse model of depression was validated, and the

FIGURE 2
RSNP and crocin-1 restored oxidative stress marker levels in serum of CUMS-treated mice (A) The CUMS-treated mice exhibited elevated serum
MDA levels, whereas RSNP, but not crocin-1 administration significantly reduced MDA levels in the CUMS-treated mice. (B) The decreased SOD activity
found in the CUMS-treated mice was restored by RSNP, but not crocin-1 administration. RSNP and crocin-1 significantly increased CAT (C), NO (D) and
T-AOC (E) activities or levels in the CUMS-treated mice. SOD, superoxide dismutase; MDA, malondialdehyde; CAT, catalase; NO, nitric oxide;
T-AOC, total antioxidant capacity; RSNP, rannasangpei; CUMS, chronic unpredictablemild stress. N = 8. For ANOVA statistics: (A), F(3,32) = 3.45, p=0.032;
(B), F(3,32) = 5.723, p = 0.0031; (C), F(3,32) = 11.47, p < 0.001; (D), F(3,32) = 5.136, p = 0.0057; (E), F(3,32) = 8.867, p < 0.001. *p < 0.05, **p < 0.01, ***p < 0.001.
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potential molecular pathways underlying the effects were evaluated
by a series of methods. We found that RSNP or crocin-1 exerts its
anti-depressant-like effects via various molecular pathways
reflective of MDD pathophysiology, including reduction of
oxidative stress, anti-inflammatory properties, and anti-apoptotic
effects. To the best of our knowledge, this research is the first to
demonstrate an anti-depressant-like effect of RSNP and/or its active
ingredient crocin-1.

It should be noted that there were brain-region specific
inflammation-related marker changes in response to chronic
stress and/or RSNP (crocin-1) treatment in the mice, and one
example was that there were no significant differences among
groups evaluating IL-10 mRNA levels in the prefrontal cortex,
whereas RSNP or crocin-1 administration significantly restored
IL-10 mRNA levels in the hippocampus of CUMS-treated mice.
Another example was that the reversal of TNF-α levels induced by
crocin-1 was only observed in the hippocampus, but not in the
prefrontal cortex. Although it is unclear the reason underlying the
brain region-specific changes of TNF-alpha levels induced by
crocin-1, a recent study by Naghibi et al. (2021) found that
treadmill exercise only reduced anhedonia-like behaviors and
hippocampal (but not prefrontal cortex) TNF-α levels in the
model rats, which was consistent the data from our present
study. Similarly, we observed tissue specific oxidative stress-
related marker changes, since MDA levels were modulated in the
serum (but not hippocampus) of mice under various treatments.
Additionally, the decreased serum SOD activities found in the

CUMS-treated mice were significantly rescued by the treatment
of RSNP (but not crocin-1), whereas both RSNP and crocin-1
restored hippocampal SOD activities in the model mice. A
limitation of this study is that the molecular mechanisms
underlying the tissue-region specific inflammation or oxidative
stress-related marker changes in response to chronic stress and/
or RSNP (crocin-1) treatment in the mice are unclear, and it
therefore requires further investigation into this phenomenon. In
contrast, the dysregulated Bcl-2 and Bax (apoptosis-related markers)
levels in the CUMS-treated mice were rescued by RSNP or crocin-1
both in the prefrontal cortex and hippocampus. Consistently, a
study utilized another traditional medicine-electroacupuncture, and
also showed that the inhibition of Bcl-2/Bax apoptosis pathway in
the hippocampus was involved in electroacupuncture-induced anti-
depressant-like effects in CUMS-treated mice (Guo et al., 2021).

Chronic stressful life events are predisposing factors for MDD
development, and it is well known that prolonged chronic stress
leads to MDD in humans and depressive-like behaviors in animal
models (Cheng et al., 2015; Seo et al., 2017). The mice exposed to the
CUMS paradigm showed various depressive-like characteristics,
such as increased immobility times in the FST and TST, which is
a method widely used to successfully establish MDD model and to
test the efficacy of new drugs (Yan et al., 2018). Here we showed that
the depressive-like behaviors induced by CUMS were reversed by
RSNP or crocin-1 treatment, and the changes of these behavioral
indices were similar to those induced by the typical antidepressants
such as fluoxetine described in the previously published literature

FIGURE 3
RSNP and crocin-1 restored oxidative stress marker levels in hippocampus of CUMS-treated mice (A) Hippocampal MDA levels did not show
significant differences among groups. RSNP and crocin-1 significantly increased hippocampal CAT (B), SOD (C), NO (D) and T-AOC (E) activities or levels
in the CUMS-treatedmice. SOD, superoxide dismutase; MDA,malondialdehyde; CAT, catalase; NO, nitric oxide; T-AOC, total antioxidant capacity; RSNP,
rannasangpei; CUMS, chronic unpredictable mild stress. N = 7. For ANOVA statistics: (A), F(3,28) = 0.1201, p = 0.947; (B), F(3,28) = 3.39, p = 0.042; (C),
F(3,28) = 3.425, p = 0.033; (D), F(3,28) = 4.523, p = 0.017; (E), F(3,28) = 4.604, p = 0.011.*p < 0.05, **p < 0.01, ***p < 0.001.
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(Yan et al., 2020). These results suggested that RSNP and its active
components are promising therapeutic target for treatment of MDD,
especially considering that the ingredients of RSNP are from natural
products and should be of low risks of side effects. In addition, the
autonomous motor abilities of MDD mice were similar in the four
groups tested in this study, suggesting that the differences in
immobility among groups are not due to locomotion deficits.

Although RSNP has been widely used as a Tibetan medicine to
treat various acute or chronic diseases such as neurodegenerative
diseases for hundreds of years, and listed in the 2015 edition of
Pharmacopoeia of China (Nie et al., 2021), the efficacy of this
medicine has not been validated by clinical trials and/or
preclinical studies for a very long period of time. However,
several preclinical studies have been reported to verify the effects
of RSNP in recent years. Wu et al. (2016) used a vascular dementia
rat model and showed that RSNP improved cognitive impairments
in the model rats, and it also rebalanced the oxidative stress status. In
another study, Fu et al. (2021) demonstrated that RSNP protected
against cerebral ischemia-reperfusion injury by regulating gut
microbiota and inhibiting the inflammatory response, and the
same group also showed that the beneficial effect of RSNP in
cerebral ischemia-reperfusion injury was via blood-brain barrier
and metabonomics with 18 identified active ingredients (Xu et al.,
2020). Furthermore, RSNP improved motor function and
ameliorated the pathological lesions in the brains of Parkinson’s

disease mice (Hu et al., 2020). Here we for the first time
demonstrated a therapeutic role of RSNP in a psychiatric disease
from an animal model of MDD, and therefore suggesting that the
Tibetan medicine may extend its applications into mental disorders.

One disadvantage of traditional medicine including Tibetan
medicine is that the active components mediating the beneficial
effects are largely unknown, and therefore limiting their
applications. We found that both RSNP and its active ingredient
crocin-1 exhibited anti-depressant-like effects, reduced oxidative
stress status and anti-inflammatory response in stressed mice.
There results were consistent with previous reports on
antioxidant and anti-inflammatory properties of crocin-1 (Qiu
et al., 2020). Thus, we hypothesized that the antidepressant-like
effects of RSNP found in this study were at least partially contributed
by crocin-1 through its antioxidant and anti-inflammatory
properties. Noticeably, the data from this study indicated that
RSNP had higher levels of antioxidant and anti-inflammatory
properties than crocin-1 in the CUMS-treated mice, and this is
reasonable given that other ingredients in RSNP may contribute to
its antioxidant and anti-inflammatory properties. Therefore, our
data support the hypothesis that alternative medicine or natural
products with two or more compounds are promising to treat acute
and chronic diseases, although this requires further validation.

It has long been known that the hippocampal morphology and
function were affected by the release of glucocorticoids caused by

FIGURE 4
RSNP and crocin-1 inhibited inflammatory response in the brains of CUMS-treated mice (A) RSNP, but not crocin-1 inhibited CUMS-induced
upregulation of TNF-α transcriptional expression in the hippocampus. (B) Both RSNP and crocin-1 inhibited CUMS-induced upregulation of IL-6
transcriptional expression in the hippocampus. (C) Both RSNP and crocin-1 restored CUMS-induced downregulation of IL-10 transcriptional expression
in the hippocampus. (D) IL-10 transcriptional expression levels did not show significant differences among groups in the prefrontal cortex. RSNP and
crocin-1 inhibited CUMS-induced upregulation of TNF-α (E) and IL-6 (F) transcriptional expression in the prefrontal cortex. It should be noted that all the
data were normalized to the saline group. TNF, tumor necrosis factor; IL, interleukin; RSNP, rannasangpei; CUMS, chronic unpredictable mild stress. N =
9. For ANOVA statistics: (A), F(3,36) = 8.050, p < 0.001; (B), F(3,36) = 4.283, p = 0.012; (C), F(3,36) = 3.833, p = 0.018; (D), F(3,36) = 1.280, p = 0.306; (E), F(3,36) =
3.885, p = 0.023; (F), F(3,36) = 8.922, p < 0.001. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 5
RSNP and crocin-1 ameliorated stress-induced apoptosis in the brains of mice (A) Prefrontal cortical and (B) Hippocampal Bax expression levels
were significantly upregulated in the CUMS-treated mice, while RSNP and crocin-1 administration abolished this alteration. (C) Prefrontal cortical and (D)
Hippocampal Bcl-2 expression levels were significantly downregulated in the CUMS-treatedmice, while RSNP and crocin-1 administration abolished this
alteration. It should be noted that all the data were normalized to the saline group. RSNP, rannasangpei; CUMS, chronic unpredictable mild stress.
N = 9. For ANOVA statistics: (A), F(3,36) = 4.638, p=0.012; (B), F(3,36) = 12.08, p < 0.001; (C), F(3,36) = 18.93, p < 0.001; (D), F(3,36) = 4.358, p=0.011; *p < 0.05,
**p < 0.01, ***p < 0.001.

FIGURE 6
RSNP and crocin-1 increased astrocyte proliferation and BDNF expression in the hippocampus of CUMS-treated mice (A) Representative images of
GFAP positive cells in the CA1 region of mice under various treatments. (B)Quantification of GFAP positive cells in the CA1 region of mice under various
treatments. (C) RSNP or crocin-1 treatment significantly increased BDNF protein levels in the hippocampus of CUMS model mice. RSNP, rannasangpei;
CUMS, chronic unpredictable mild stress; BDNF, brain-derived neurotrophic factor; GFAP, glial fibrillary acidic protein; N = 6. For ANOVA statistics:
(B), F(3,24) = 5.610, p = 0.0034; (C), F(3,24) = 5.969, p = 0.0024. *p < 0.05, **p < 0.01, ***p < 0.001.
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stress (McEwen, 2000). Glucocorticoid levels fluctuate with
menstrual cycles, which might lead to glucocorticoid receptor
resistance and sex hormone secretion, and therefore was
suggested to be associated with the pathogenesis of female
patients with MDD (Zhu et al., 2021). Stress-induced secretion of
glucocorticoids has been shown to decrease serotonin, and this may
lead to the decreased secretion of neurotrophic factors such as
BDNF (Cheng et al., 2015). In fact, clinical studies have
demonstrated peripheral blood BDNF levels were downregulated
in patients with MDD and it is a potential biomarker to inform the
treatment response (Molendijk et al., 2014; Peng et al., 2018).
Preclinical studies also revealed BDNF downregulation in the
brains of MDD model mice, and BDNF played a critical role in
the onset and/or development of depression (Moshe et al., 2016;
Zhang et al., 2019). Therefore, it is very likely that the observed
BDNF upregulation in the hippocampus of CUMS-treated mice
after RSNP or crocin-1 administration partially contributed to the
drug’s anti-depressant effects. Additionally, it has been reported that
glucocorticoids promotes apoptosis in hippocampus (Duman et al.,
1999), and imaging studies have revealed that the volume of
hippocampus in MDD patients were smaller than those in
healthy volunteers (Kempton et al., 2011). Interestingly,
antidepressants were found to increase neural progenitor cells in
the human hippocampus (Boldrini et al., 2009) and the reduced
hippocampal gray matter was largely restored by antidepressants in
the patients (Arnone et al., 2013). Therefore, it is reasonable to found
that RSNP or crocin-1 increased hippocampal astrocyte number and
reduced apoptosis in the hippocampus of CUMS-treated mice.
Based on these observations, we hypothesized that RSNP and its
active ingredients may act through different pathways to exert
neuroprotective and/or anti-depressant-like effects, and one
pathway was through BDNF regulation of cell proliferation and/
or apoptosis. However, one limitation of study is that we did not
investigate the potential of anti-depressant-like effects of RSNP or
crocin-1 in female mice, and sex should be taken into consideration
for future studies exploring novel therapeutic agents in MDD.
Another limitation of this study is that the toxicology of RSNP is
still largely unknown. It is well known that Zuotai, a Tibetan
medicine mixture containing β-HgS, has been included in various
Tibetan medicines, including RSNP. Liu et al. (2019) suggested that
the therapeutic effects and toxicity in Tibetan medicines were largely
contributed by chemical compositions of minerals (metals), and
RSNP was such an example. They further demonstrated that Zuotai
and Zuotai-containing 70W at clinical doses had minimal influence
on hepatic mRNA expression of Cyp1a2, Cyp2b10, Cyp3a11,
Cyp4a10 and Cyp7a1, and corresponding nuclear receptors in
mice, while HgCl 2 and MeHg produced significant effects,
suggesting that it is inappropriate to assess the safety of HgS-
containing RSNP via total Hg content (Nie et al., 2021).
Therefore, future well-designed preclinical and clinical studies are
encouraged to elucidate the toxicology of Tibetan medicines.

In conclusion, our results were the first to provide evidence that
the Tibetan medicine RSNP and its active ingredient crocin-1 had

anti-depressant-like effects in an animal model of depression, and
the effects were associated with restoration of oxidative stress status,
immune system response and apoptotic pathway. Furthermore,
RSNP had more potent antioxidant and anti-inflammatory
properties that crocin-1 in the stressed mice. Therefore, RSNP
and its active ingredients are promising targets to be developed
as antidepressants, and future investigations into this translation are
warranted, these include the toxicology of RSNP and its active
ingredients.
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Introduction: Major depression disorder (MDD) is a common and potentially life-
threatening mental illness; however, data on its pathogenesis and effective
therapeutic measures are lacking. Pathological changes in astrocytes play a
pivotal role in MDD. While hypidone hydrochloride (YL-0919), an
independently developed antidepressant, has shown rapid action with low side
effects, its underlying astrocyte-specific mechanisms remain unclear.

Methods: In our study, mice were exposed to chronic restraint stress (CRS) for 14
days or concomitantly administered YL-0919/fluoxetine. Behavioral tests were
applied to evaluate the depression model; immunofluorescence and
immunohistochemistry staining were used to explore morphological changes
in astrocytes; astrocyte-specific RNA sequencing (RNA-Seq) analysis was
performed to capture transcriptome wide alterations; and ATP and oxygen
consumption rate (OCR) levels of primary astrocytes were measured, followed
by YL-0919 incubation to appraise the alteration of energy metabolism and
mitochondrial oxidative phosphorylation (OXPHOS).

Results: YL-0919 alleviated CRS-induced depressive-like behaviors faster than
fluoxetine and attenuated the number and morphologic deficits in the astrocytes
of depressedmice. The changes of gene expression profile in astrocytes after CRS
were partially reversed by YL-0919. Moreover, YL-0919 improved astrocyte
energy metabolism and mitochondrial OXPHOS in astrocytes.

Conclusion: Our results provide evidence that YL-0919 exerted a faster-onset
antidepressant effect on CRS-mice possibly via astrocyte structural remodeling
and mitochondria functional restoration.
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Introduction

Major depressive disorder (MDD) is a pervasive and devastating
mental illness with heavy social and economic burdens and is
characterized by anhedonia, low motivation, cognitive and memory
impairment, high suicide rate, etc. (Malhi andMann, 2018). During the
COVID pandemic, the prevalence of MDD has grown dramatically
even among youths (Collaborators, 2021; Thapar et al., 2022). While
more than 350million people are currently affected byMDD, few novel
antidepressants are available with low side effects, rapid onset, and
sustained action (Oslin et al., 2022).

Astrocytes, a type of glia, are the most abundant cell population in
the central nervous system (CNS) and play a critical role in maintaining
brain homeostasis (Kofuji and Araque, 2021). In addition to basic
support and protection, astrocytes also participate in neuronal energy
supply, neurotransmitter recycling (Stobart et al., 2018), ion
homeostasis regulation, and synaptic transmission (Kruyer et al.,
2023), as well as neuroimmunomodulation and other roles (Diaz-
Castro et al., 2021). Therefore, their pathological deficits are closely
related to many CNS diseases (Lee et al., 2022). The classical theory
holds that antidepressants work by enhancing neuronal plasticity and
regulating neural circuit function. In recent years, cumulative evidence
has indicated that structural and functional abnormalities in astrocytes
are key mechanisms leading to MDD (Zhou et al., 2019). Notably,
astrocytes generate energy throughmitochondrial oxidativemetabolism
and “intelligently recharging” the neurons according to their activity;
thus, the mitochondria may determine astrocyte functional regulation
in depression. However, the specific mechanism remains unclear.

Hypidone hydrochloride (YL-0919) is a novel antidepressant in
phase II clinical trials that was developed by our laboratory. Previous
studies demonstrated its significant rapid antidepressant effects in a
variety of animal depression-like models (Zhang et al., 2017; Ran Y. H.
et al., 2018; Yin et al., 2020; Zhang et al., 2022). Furthermore, YL-0919
also promoted cognition and learning (Chen et al., 2018). However, the
underlying astrocyte-specific mechanisms require further exploration.

In the present study, we first validated the faster antidepressant
activity of YL-0919 compared to fluoxetine, which usually shows
effects after 3–5 weeks in a chronic stress depression model. Then,
we explored the effects of YL-0919 on astrocytes in the medial
prefrontal cortex (mPFC) and hippocampus (HIP), which are
critical for emotion regulation. Moreover, cell-specific and high-
throughput exploration by RNA-Seq showed that YL-0919 partially
reversed CRS-induced expression profile alterations in astrocytes.
Finally, we found that mitochondrial function may be the key to a
new astrocyte-specific mechanism by which YL-0919 shows
antidepressant effects. In summary, our findings shed light on
the mechanisms underlying the faster-onset antidepressant effect
of YL-0919 and advance our understanding of the complex
astrocytic pathogenesis of depression.

Methods and materials

Animals

Male C57BL/6 mice (7 weeks old) were purchased from Beijing
SPF Biotechnology (Beijing, China). The animals were housed
4–5 per cage under controlled temperature and kept on a 12-h

light/dark cycle (lights on between 07:00 and 19:00), with ad libitum
access to food and water. Initially, the mice were acclimated for
1 week to reduce stress and undergo the sucrose preference baseline
test. All experimental animal procedures were approved by the
Institutional Animal Care and Use Committee of the Beijing
Institute of Basic Medical Sciences. All surgical procedures were
performed under anesthesia, and every effort was made to minimize
suffering.

Chronic restraint stress procedure

The CRS procedure was performed as previously described
(Du Preez et al., 2021). CRS mice were individually placed into
a modified well-ventilated 50 mL centrifuge tube (NEST
Biotechnology) daily from 10 a.m. to 16 p.m. for 14 days. The
mice could change position from supine to prone but were not
able to move forward or backward in the tubes. The control mice
remained in their home cages and were allowed to move freely. After
restraint stress, the mice were released from the tube and returned to
their cages.

Pharmacology administration

YL-0919 (white powder, purity ≥99.8%, #D5222-18-001) was
purchased from Zhejiang Huahai Pharmaceutical Co., Ltd.
Fluoxetine was purchased from Sigma-Aldrich (#56296-78-7).
Both YL-0919 (2.5 mg/kg) and fluoxetine (5 mg/kg) were
dissolved in sterile physiological saline, as previously described
(Manosso et al., 2013; Qin, 2014; Li, 2020). The mice were
administered the drugs via intragastric gavage (i.g.) at a volume
of 10 mL/kg at the same time of the day, 1 h before restraint, and
continuously until euthanasia.

Behavioral assays

The behavioral assays described in the following paragraphs
are in the order of assay performance. After 14 days of treatment,
the mice were tested for behavior in the order from less to more
stressful tests, as indicated in Figure 1A, with a 24 h interval
between tests to permit ample resting of the mice and prevent
interference between tests.

Sucrose preference test

The sucrose preference test (SPT) was performed, as previously
described with minor modifications (Liu et al., 2018). The mice were
housed singly and habituated with two bottles of 1% (w/v) sucrose
solution for 1 day before being exposed to one bottle of 1% (w/v)
sucrose solution and one bottle of drinking water for 12 h in the dark
phase. The bottle positions were switched after 6 h to avoid place
preference. The total consumption of each fluid was measured by
micro-balance, and sucrose preference was defined as the average
sucrose consumption ratio (consumption of sucrose/consumption
of total liquid × 100%) during the 12-h test.
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Open field test

The open field test (OFT) was performed as previously
described with minor modifications (Shi et al., 2021). The
open field apparatus consisted of four 50 cm × 50 cm × 20 cm
opaque white arenas. The intensity of the ambient light in the
OFT was 200 ± 0.5 LUX. The mice were acclimated to the

experimental test room for at least 60 min before testing. To
start a session, a mouse was placed in the center of the arena and
allowed to freely explore for 15 min with video recording. The
total distance traveled (m), time (s) spent in the center zone
(25 cm × 25 cm), and center entries were automatically quantified
by software (ANY-maze, Stoelting, United States), and the last
10 min were used for statistical analysis.

FIGURE 1
YL-0919 concomitant treatment alleviates depression-like behaviors induced by CRS. (A) Experimental procedure. Timeline of mice adaption, CRS
exposure, drug administration strategy, and behavioral tests. (B) Representative trace recordings of the OFT. Quantification of the distance traveled in the
central zone (C, left) (F (3, 36) = 8.569, p= 0.0002) and the total distancemoved in the OFT (C, right) (F (3, 36) = 0.5748, p = 0.6353). (D) Percentage of 1%
sucrose consumption in the SPT after CRS exposure and drug treatment (F (3, 27) = 3.14, p = 0.0416). (E,F)Quantification of the time spent immobile
in the TST (F (3, 36) = 5.918, p= 0.0022) and FST (F (3, 36) = 9.143, p= 0.0001). Data are expressed asmean ± SEM, n = 10 in each group. For SPT, one-way
ANOVA, followed by Fisher’s LSD, was used; otherwise, Bonferroni’s multiple comparisons test was applied. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.
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Tail suspension test

The tail suspension test (TST) was performed as previously
described with minor modifications (Liu et al., 2007). Mice were
suspended individually with secured tails by adhesive tape and
dovetail clip to the ceiling of a shelf 40 cm above the floor. Each
mouse was suspended and recorded for 6 min, and the immobility
time for the last 4 min was measured. Immobility was defined as the
time that the mice spent suspended with all limbs motionless.

Forced swimming test

The forced swimming test (FST) was performed as described
previously (Armario, 2021). In brief, each mouse was placed for
6 min in a glass cylinder (height: 25 cm; diameter: 18.5 cm) filled
with water (24°C ± 1°C) to a depth of 15 cm. The water depth was
adjusted so that the animals were forced to swim or float without their
hind limbs touching the bottom. The duration of immobility was
measured for the last 4 min by averaging the results from two
researchers. Immobility was defined as the time during which mice
floated with all limbs motionless or just made the minimal movements
necessary to keep their heads above water. The mice were gently dried
after removal from the water and returned to their cages.

Immunofluorescence and
immunohistochemical staining

The mice were euthanized with tribromoethanol and then
intracardially perfused with ice-cold saline. The brains were fixed with
4% paraformaldehyde (PFA) for at least 48 h and processed for
immunochemistry. Coronal sections (30 μm) of the mouse brains
were cut using a cryostat (Leica, # CM3050S) and stored at −20°C in
cryoprotective storage solution (30% sucrose, 1% polyvinyl-pyrrolidone,
5 mMNa2HPO4, 20 mMNaH2PO4, and 30% ethylene glycol) until use.
Upon use, the sections were washed three times with PBS. For GFAP
staining, the sectionswere first subjected to heat-induced antigen retrieval
in a 50mM sodium citrate solution containing 0.05% Tween-20 for
30 min at 95°C. After natural cooling to room temperature, the brain
sections were washed three times with PBS and incubated with blocking
buffer (0.3%Triton-X-100, 5% goat serum, and 2%BSA in PBS) for 1.5 h
at room temperature, followed by incubation with primary antibody
(mouse monoclonal anti-GFAP, Millipore, #MAB360) overnight at 4°C.
On the second day, the sections were incubated with an Alexa Fluor
488 or TRITC conjugated isotype-specific secondary antibody for 1 h at
room temperature. Images were then acquired using a Nikon confocal
microscope. Immunohistochemical staining was carried out using an
SAP kit (ZSGB BIO, #SAP-9100) and visualized using a DAB kit (ZSGB
BIO, #ZLI-9018) after reaction with 30% hydrogen peroxide. The images
were then scanned using a Pannoramic Scan Ⅱ device (3DHISTECH)
and captured using CaseViewer.

Cell density measurement

In each image, regions of interest (ROIs) were defined using
free-hand drawing in Image-Pro. The areas of each ROI were

measured. For S100β+ or GFAP+ cell counting, at least half of the
cell nucleus was visible on the edge of the ROI, and the cells included
in the analysis were not adhered to blood vessels.

Morphological analysis

Morphological analysis was performed using the Ghosh Lab
Sholl analysis plugin in ImageJ. In brief, the maximum intensity
projection of confocal images containing GFAP-stained astrocytes
was generated and saved in TIFF format. The 2-D images were then
binarized in ImageJ. Next, we used the “analyze particles” tool to
eliminate the background using size exclusion. The centroid for
Sholl analysis was selected based on the morphology of the original
GFAP-stained images. The Ghosh Lab Sholl analysis plugin was
then used to generate Sholl analysis vectors. A 15-period moving
average was calculated for every cell to generate smooth curves for
the Sholl analysis. Approximately 30 cells (from three sections per
mouse) from three to four mice per group were used for Sholl
analysis per region per group. The results were represented as
mean ± SEM of all cells.

Astrocyte isolation

The mice were deeply anesthetized with pentobarbital sodium
and perfused transcardially with ice-cold saline. Whole brains
without the olfactory bulb and cerebellum were immediately
removed and washed with 4°C prechilled sterile phosphate-
buffered saline. The brain tissue was mechanically and
enzymatically dissociated using the Adult Brain Dissociation Kit
(Miltenyi Biotec, #130-107-677) according to the manufacturer’s
instructions. After myelin was removed using the cell debris removal
buffers, the total cell pellet was resuspended in PBS containing 0.5%
BSA, followed by the isolation of specific cell types. Briefly,
astrocytes were isolated using anti-ACSA-2 MicroBeads (Miltenyi
Biotec, #130-097-678) on aMACS®MultiStand Separator, according
to the manufacturer’s instruction. For RNA extraction, isolated cells
were frozen using liquid nitrogen and stored at −80°C before use.
Isolated cells from two mice were pooled for each sample.

RNA-sequencing (RNA-seq) analysis

RNA-sequencing analysis was completed by LC-Bio
Technologies (Hangzhou, China, order number 2022B24wyC00).
Briefly, the total RNA of primary mouse astrocytes was collected in
TRIzol reagent (Thermofisher, #15596018) with three biological
replicates for each group. A total of 5 μg of total RNA was used
for RNA-seq library construction. The 2 × 150bp paired-end
sequencing (PE150) was performed on an Illumina Novaseq™
6000 system, following the vendor’s recommended protocol. MI
technology was used to label each sequence fragment with sequence
tags, which minimized the interference of duplication generated by
PCR amplification on the quantitative accuracy of the
transcriptome. The RNA-seq reads of all samples were aligned to
themouse genome (GRCh37/hg19) using the Hisat2 (2.2.1) package.
Transcript abundance was quantified as fragments per kilobase of
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transcript per million mapped reads (FPKM) value for mRNA
expression levels. The threshold of significantly differential
expression was set at p < 0.05 and |log2 (fold change)| ≥ 1. We
performed gene set enrichment analysis (GSEA) using GSEA
(v4.1.0) and MSigDB software to identify whether a set of genes
showed significant differences between groups in specific GO terms
and KEGG pathways. GO terms, KEGG pathways meeting this
condition with |NES|>1, NOM p < 0.05, and FDR<0.25 were
considered to be different between two groups. The RNA-Seq
data presented in the study are deposited in the SRA repository,
accession number PRJNA944268.

Primary astrocyte culture

Primary astrocytes were generated from newborn C57BL/
6 mice within 24 h. The procedure was modified from a
previous report (Pan et al., 2022). Briefly, brains dissected
were taken after disinfection with 75% alcohol and then
transferred to a Petri dish containing precooled PBS to clean
the blood cells. The meninges and blood vessels on the brain
surface were stripped under the microscope. Next, 0.25% trypsin
was added for digestion at 37°C for 10 min and stopped with
complete medium DMEM-F12 (Invitrogen) with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin-streptomycin
(Invitrogen). After the brain tissue was fully dissociated and
no small clumps were observed, the liquid was passed through
a 70-μm nylon cell strainer. The filtrate was then centrifuged at
1500 rpm for 10 min, and the bottom cells were resuspended in
medium. After thoroughly blowing, the cells were inoculated into
the T25 culture flasks coated with poly-D-lysine and placed in an
incubator at 37°C and 5% CO2 for culture. The liquid was changed
every 2 days. After 10 days of culture, primary microglia were
separated with a slight bump and the astrocytes were collected for
the experiments.

Quantitative PCR

Total RNA was extracted from experimental cells using
TRIzol™ reagent (Invitrogen, #15596018), as previously
described (Peng et al., 2021). Total purified RNA (1 μg) was
used for the reverse transcriptase reaction using a cDNA
synthesis kit (Monad, #MR05001M) according to the
manufacturer’s instructions. Quantitative real-time PCR (qRT-
PCR) was performed using SYBR Green (GenStar #A304-10) on a
Bio-Rad iCycler iQ Real-Time PCR system (Thermo Fisher
Scientific). β-Actin was used as the optimal internal standard
control. The mRNA expression analysis was performed using the
-ΔΔCT method. The primer sequences for qPCR are listed in
Supplementary Table S1.

Cell viability assay

The cytotoxic effects of the indicated compounds on
experimental cells were determined using Cell Counting Kit-8
(CCK-8) (TransGen Biotech, #FC101-02), according to the

manufacturer’s protocol. Briefly, 5×103 cells per well were
plated into 96-well plates the night before and then treated
with drugs at the indicated doses for 24 h. Then, 10 μL of
CCK-8 solution was added at the indicated time and the plates
were incubated for 2 h in a cell culture incubator. The absorbance
at 450 nm was measured using a microplate reader (TECAN
M200, Switzerland).

Measurement of ATP levels

ATP levels were determined using CellTiter-Glo reagent
(Promega, #G7573) according to the manufacturer’s protocol.
In brief, primary astrocytes were plated onto 96-well plates and
cultured overnight. The following day, after the drug
treatments, 50 μL of supernatant was transferred to another
96-well plate for the measurement of extracellular ATP level
and the remaining liquid was discarded. For intracellular ATP
level measurement, 100 μL of lysis buffer containing luciferase
reagents was added to the cells and incubated for 10 min at
room temperature. Fluorescence intensity was determined
using a microplate reader, and the data were normalized to
protein concentration.

Seahorse extracellular flux assay

The oxygen consumption rate (OCR) was determined based
on mitochondria oxidative phosphorylation (OXPHOS) using a
Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies,
#103015-100) and measured on a Seahorse XFe96 Analyzer,
following the manufacturer’s instructions and modified
according to previous studies (Yao et al., 2020). In brief,
primary astrocytes were seeded onto a Seahorse XF 96-well
culture microplate overnight. The cells were then treated with
drugs after achieving adherence. Upon measurement, the cells
were washed twice with XF assay medium (Agilent Technologies,
#102353-100) and maintained in this medium. After the baseline
measurements, oligomycin (Oligo; 2 μM), p-trifluoromethoxy
carbonyl cyanide phenylhydrazone (FCCP; 1 μM), and
rotenone/antimycin A (0.5 μM) were injected into the wells
sequentially at specific time points for OCR analysis. Seahorse
XF 96 Wave software was used to analyze the data. The results
were normalized to protein concentration, and the data are
presented as pmol/min.

Statistical analysis

All data are expressed as means ± SEM. GraphPad Prism version
6.0 was used for statistical analysis. The significance of differences
was calculated using a two-tailed Student’s t-test or one-way
ANOVA or two-way ANOVA. Fisher’s LSD or Bonferroni’s
multiple comparisons test or Tukey’s post hoc test was performed
for comparisons among groups. All n represent biologically
independent experiments. For all tests, p < 0.05 was considered
statistically significant (pp < 0.05, ppp < 0.01, pppp < 0.001, and
ppppp < 0.0001).
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FIGURE 2
YL-0919 reverses astrocyte loss in mPFC and dHIP. (A) Schematic representation depicting coronal section areas of the mPFC and HIP. (B)
Quantitative analysis of S100β+ cell numbers in the mPFC (F (3,36) = 2.184, p = 0.1069). (C) Typical images of S100β immunohistochemical staining in the
PFC (upper panel, scale bar, 500 μm) and mPFC (lower panel, scale bar, 200 μm). Immunohistochemical staining of GFAP in the dorsal hippocampus
subfields including dVA1 (D), dCA3 (F), and dDG (G) (scale bar, 200 μm and 100 μm). Quantitative analysis of GFAP+ cell numbers in dCA1 (E) (F (3,
32) = 5.835, p = 0.0027), dCA3 (F) (F (3, 32) = 7.919, p = 0.0004), and dDG (G) (F (3, 32) = 7.671, p = 0.0005). Data are expressed as mean ± SEM, n = 10 in
each group. For S100β+ and GFAP+ numbers in the vCA1 analysis, one-way ANOVA, followed by Fisher’s LSD, was used; otherwise, Bonferroni’s multiple
comparisons test was applied. *p < 0.05; **p < 0.01.
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FIGURE 3
Effects of antidepressants on the morphology of astrocytes in the vHIP. (A) Immunofluorescent confocal images in the vHIP with astrocyte markers
GFAP (green) and DAPI (blue) (scale bar: 200 µm). (B) Typical images of the vCA1 and (D) vCA3 shown at highermagnification (upper panel) and schematic
representations of the Sholl analysis (lower panel, scale bar: 20 µm). Sum intersections of vCA1 (C) (F (3, 116) = 20.99, p < 0.0001) and vCA3 (E) astrocytes.
Number of intersections in vCA1 (F) (F (3, 1624) = 69.96, p < 0.0001) and vCA3 (G) (F (3, 1624) = 35.19, p < 0.0001) astrocytes in each group. Data are
mean ± SEM. n= 30 cells from fivemice per group. For Sholl analysis, two-way ANOVA, followed by Bonferroni’smultiple comparisons test, was used. For
sum intersection analysis, one-way ANOVA, followed by Tukey’s multiple comparisons test, was applied. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.
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Results

YL-0919 has a faster-onset antidepressant
effect in CRS mice

CRS is a widely used animal model of depression (Wang et al.,
2017; Zheng et al., 2022); hence, we used the CRS procedure
shown in Figure 1A. After 7-day habituation, the mice were
divided into four groups according to the sucrose preference
baseline as detailed: 1) control mice treated with vehicle (Ctrl); 2)
restrained mice treated with vehicle (Veh); 3) restrained mice
treated with the traditional antidepressant fluoxetine (Flx); and
4) restrained mice treated with YL-0919 (YL). A 14-day
treatment period is generally considered sub-chronic, which is
longer than the minimum requirement for antidepressant action.
To determine the astrocytic effects of YL-0919 in the CRS model,
we first applied the OFT to assess motor ability. The results
showed no significant difference in total distance across groups
(Figures 1B, C right, F (3,36) = 0.5748, p = 0.6353). Notably,
obvious depressive-like behaviors in mice were induced by CRS,
including a reduced distance in the central zone in the OFT
(Figures 1B, C left, p = 0.0004), a lower sucrose preference in the
SPT (Figure 1D, p = 0.0080), and increased immobility in the TST
(Figure 1E, p = 0.0124) and FST (Figure 1F, p < 0.0001). These
results indicated that YL-0919 but not fluoxetine concomitant
treatment significantly alleviated CRS-induced depression-like
behaviors.

YL-0919 alleviated the astrocyte deficits in
the mPFC and HIP induced by CRS

As the mPFC and HIP are crucial brain areas for emotion
disorders, we first assessed the number of astrocytes in the mPFC
and HIP marked with S100β or GFAP, respectively. The number of
S100β+ cells in the mPFC was significantly decreased after CRS,
which was partially increased following treatment with YL-0919 but
not fluoxetine (Figures 2B, C). Similarly, CRS significantly decreased
the number of GFAP+ cells in the dorsal HIP (dHIP) subfields,
which were partially restored only by YL-0919. YL-0919 treatment
led to an almost complete preservation of GFAP+ astrocytes
compared with the CRS group. In contrast, no significant
difference was observed between the Flx and CRS groups
(Figures 2D–G).

Based on the aforementioned results, we further performed
immunofluorescence staining to assess the morphology of
astrocytes in the ventral HIP (vHIP). Astrocytes displayed
abnormal morphology in the HIP after CRS (Figure 3A). The
complexity of astrocytes processes was estimated by Sholl
analysis, as previously described (Dinca et al., 2022). The CRS
mice showed fewer intersections in CA1 astrocytes compared
with the Ctrl group, which was more significant in processes
located 60–70 pixels from the nucleus (Figures 3B, C, F).
However, the reduction was more severe in vCA3 astrocyte
processes located 50–60 pixels from the nucleus (Figures 3D, E,
G). Interestingly, YL-0919 treatment reversed the reduction of
astrocyte arborization in both vCA1 and vCA3, while fluoxetine
showed partial improvement in vCA3 (Figures 3F, G). These results

demonstrated that YL-0919 alleviated the CRS-induced astrocyte
loss and atrophy in the mPFC and HIP.

RNA-Seq analysis of YL0919 acting through
astrocytes

To gain insights into the underlying astrocytic mechanisms of
YL-0919 treatment, we performed parametric RNA sequencing
(RNA-Seq) analysis to capture transcriptome-wide alterations of
brain astrocytes. To selectively isolate and purify astrocytes, we took
advantage of the ACSA-2 antibody, following a recently described
protocol for magnetic-assisted cell sorting (MACS) (Pan et al.,
2022). Cells isolated from Ctrl, CRS, and YL mice were used for
RNA-seq (Figure 4A). The gene expression profiles were first
compared between CRS and Ctrl, which revealed a total of
548 significantly differential expression genes (DEGs), including
262 that were upregulated and 563 that were downregulated (p <
0.05 and |log2 (fold change)| ≥ 1, Figure 4B). The top 20 DEGs are
displayed in Figure 4C. Compared to CRS mice, a total of 855 DEGs
were identified after YL-0919 treatment, most of which were
upregulated (567 vs. 288 that were downregulated) (p < 0.05 and
|log2 (fold change)| ≥ 1, Figures 4D, E). To annotate the properties of
DEGs in different biological functions, GO and KEGG analyses were
performed to compare the enrichment differences among different
groups. GO analysis showed that the biological process of
inflammatory response was the most significantly enriched in the
CRS group compared with the Ctrl group, while the molecular
functions of the immune system process were most significantly
enriched in the YL group compared with the CRS group (Figure 4F).
We also detected altered genes involved in “primary
immunodeficiency” and “hematopoietic cell lineage” in astrocytes
of the CRS group (Figure 4G), as well as “osteoclast differentiation,”
“cytokine–cytokine receptor interaction,” and “complement and
coagulation cascades” in the YL group.

To further narrow the scope of screening genes and identify
more core changes, we performed Venn visualization of the two
groups of differential genes, which revealed that 65 genes were
upregulated in the CRS model and downregulated after the
administration of YL-0919, while 167 genes were downregulated
in the CRS model and upregulated after the administration of YL-
0919 (Figure 5A; Supplementary Figure S3). In addition, gene
function enrichment analysis on these selected genes showed
significant enrichment of metabolic processes, ATP binding, and
mitochondrial matrix (Figure 5B). We then chose a total of 10 DEGs
for qRT-PCR analysis, which confirmed the reliability of the RNA-
Seq findings (Figure 5C). Taken together, these results indicated the
effects of YL-0919 on mitochondrial function in astrocytes which
leads to faster relief from a depressive state.

YL0919 improves mitochondrial OXPHOS in
astrocytes

Finally, to make up for the lack of effective information from
minor genes by traditional enrichment analysis, we further adopted
GSEA analysis, which can more comprehensively explain the
regulatory effects of a certain functional unit and complement
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FIGURE 4
Gene expression profiling of astrocytes in CRS and YL-0919-treated mice revealed by RNA-Seq analysis. (A) Schemes depicting the column-based
magnetic cell selection. (B) Heatmap and (C) volcano plot visualization of the gene profiling expression between the Ctrl and CRS groups. The heatmap
(D) and volcano (E) show DEGs between the YL and CRS groups. Red: significantly upregulated genes; gray: genes with no significant differential
expression; blue: significantly downregulated genes. The top 20 genes are shown (p < 0.05 and |log2FC| > 1). (F) Summary of gene ontology (GO)
analysis of DEGs from the Ctrl, CRS, and YL groups. (G) Comprehensive comparison of significantly enriched pathways (Q < 0.05) of all comparison
groups. The bubble colors and sizes, respectively, indicate the Q value and the number of differential genes of the pathway in the enrichment analysis. Q
value > 0.05, the bubble is missing.
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FIGURE 5
Venn screening and validation of oppositely changed DEGs. (A) Venn diagrams depicting the extent of overlap between genes downregulated
(upregulated) in CRS mice and upregulated (downregulated) in YL-0919 treated mice. (B) Functional enrichment analysis of the overlapping genes
indicating significantly enriched GO terms in the biological processes (red), cellular component (yellow), and molecular function (blue) categories. (C)
qRT-PCR validation of the RNA-Seq data set with selected genes. Data are represented as mean ± SEM. One-way ANOVA, followed by Fisher’s LSD,
was used. n = 3 in each group. Ctrl/YL vs. CRS. *p < 0.05; ****p < 0.0001.
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traditional enrichment analysis. The GSEA results suggested
changes in mitochondria-related functions including after CRS
treatment and YL-0919 administration (Figure 6A). Therefore,
we designed experiments to verify the effects of YL-0919 on the

energy metabolism of astrocytes. First, we treated isolated primary
astrocytes (Figure 6B) with different concentrations of YL-0919
(0–20 μM). Data from the CCK-8 test (Figure 6C) indicated no
significant change in cell viability after 24 h of incubation, following

FIGURE 6
Impact of YL-0919 onmitochondria function in primary astrocytes. (A) Summary of GSEA performed on the FDR-ranked gene list. (B)Representative
image of cultured primary astrocytes in vitro. GFAP (red) and DAPI (blue); scale bar, 200 μm. (C) Astrocyte cell viability was expressed as a percentage of
the control, which was set to 100%. Cells were treated with different concentrations of YL-0919 for 24 h. Data are expressed as means ± SEM and
analyzed by one-way ANOVA, F (5, 24) = 1.046, p = 0.4139, and n = 10. Intracellular (D) and extracellular (E) ATP levels of Veh and YL-0919-treated
astrocytes. (F) OCR measurements of Veh and YL-0919-treated astrocytes. Statistics on basic OCR (G left) and maximum OCR (G right). Data are
expressed as means ± SEM and analyzed by two-tailed Student’s t-test. n = 10 in ATP. n = 5 in OCR. *p < 0.05.
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YL-0919 treatment at any dosage (F (5, 24) = 1.046, p = 0.4139). ATP
levels measured after 24 h of incubation with Veh or YL-0919
(5 μM) showed that YL-0919 significantly increased intracellular
ATP levels (Figure 6D, p = 0.0111) but not extracellular ATP
production (Figure 6E, p = 0.9160) in astrocytes, while the
production of cellular ATP was mainly due to mitochondrial
oxidative phosphorylation and glycolysis. Therefore, we examined
the effect of YL-0919 on the oxygen consumption rate (OCR) of
astrocytes. The results showed that YL-0919 increased the oxidative
respiration capacity of astrocytes (Figure 6F), which manifested as
increased basal oxygen consumption (Figure 6G left, p = 0.0361) and
maximal oxygen consumption (Figure 6G right, p = 0.0248),
indicating that YL-0919 increased the oxidative phosphorylation
capacity of astrocytes, thus strongly supporting the role of YL-0919
in the energetic metabolism of astrocytes.

Discussion

Previous studies demonstrated the marked antidepressant
effects of YL0919 in different animal models (Zhang et al., 2017;
Ran Y. et al., 2018; Ran Y. H. et al., 2018; Sun et al., 2019; Yin et al.,
2020; Zhang et al., 2022); however, the astrocyte-specific mechanism
remains unclear. Therefore, the present study first demonstrated
that YL-0919 significantly ameliorated CRS-induced depression-like
behaviors in mice more rapidly than fluoxetine. Moreover, YL-0919
increased astrocyte numbers in the mPFC and HIP and reversed the
declining morphological complexity of astrocytes, especially in
vCA3. More importantly, RNA-Seq revealed that the
transcriptome alterations in astrocytes induced by CRS mainly
affected inflammatory and immune response and that the
expression levels returned to normal after YL-0919 treatment.
GO and KEGG analysis showed that the aforementioned genes
were mainly enriched in mitochondria-related functions. Further
experiments in vitro demonstrated that YL-0919 significantly
promoted astrocyte ATP synthesis and improved cellular
oxidative phosphorylation, which verified the accuracy of the
transcriptome sequencing results. Our data suggest that
astrocytes play an important role in stress-induced depression
and that the faster-onset antidepressant mechanism of YL-0919
may work by altering astrocyte plasticity and maintaining
mitochondrial metabolic function.

Substantial evidence has identified that structural and
functional abnormalities of astrocytes play a crucial role in
depression progression (Machado-Santos et al., 2021). The
long-term administration of fluoxetine can rescue the decline
in astrocyte number (Czeh et al., 2006). S100β acts as a
neurotrophic factor to stimulate the local proliferation of
astrocytes and fluoxetine can improve S100β levels in the HIP
and CSF (Baudry et al., 2010). GFAP is a key skeletal protein of
mature astrocytes and is often used as a marker of reactive
astrocytes (Huang et al., 2022). Mice in depression models
such as chronic unpredictable mild stress (CUMS) showed
decreased GFAP+ cell density, while riluzole reversed
decreased GFPA mRNA expression and promoted astrocyte
metabolism in CUMS mice (Banasr et al., 2010). Hence, we
examined astrocyte numbers via S100β or GFAP expression.
Our data showed that YL-0919 significantly increased S100β+

and GFAP+ cell density, respectively, in the mPFC and various
subfields in the HIP of CRS mice, suggesting that astrocytes are
key mediators of the faster-onset antidepressant effect of YL-0919
(Figures 1, 2).

Cumulative studies have indicated that the HIP is sensitive to
MDD progression. A reduction in HIP volume is inversely
correlated with the frequency and untreated duration of MDD
(Frodl et al., 2008) but can be partially rescued by antidepressant
therapy (Schermuly et al., 2011). Notably, the HIP has functional
heterogeneity along its dorsal-ventral axis. The dHIP mainly
performs cognitive functions, such as learning and memory,
while the vHIP is more associated with stress and mood
(Fanselow and Dong, 2010). Recent studies have found that
stress can result in decreased astrocyte numbers in the dHIP of
mice and induce atrophy and dysfunction (Murphy-Royal et al.,
2019), consistent with our results (Figure 2). However, few studies
have reported on the changes in astrocytes in the vHIP under
depression. Moreover, reduced HIP was found only in the CA2-4
regions in patients newly diagnosed with MDD and other
subregions, including the DG, subiculum, and CA, in patients
with recurrent MDD (Roddy et al., 2019). In our study, YL-0919
was found for the first time to significantly reverse the CRS-induced
astrocyte atrophy in the vCA3 region, while the 14-day fluoxetine
treatment showed no recovery of the depressive-like behaviors and
mPFC and HIP astrocytic loss. However, fluoxetine can increase the
morphological complexity of astrocytes in the vCA3 region
(Figure 3). In conclusion, the pathological changes of depression
and the effects of the drug first involve CA2-4, before gradually
extending to other subregions of the HIP. The enhancement of
astrocytic process complexity in vCA3 and the subsequent recovery
of morphology and number in the whole HIP are the pivotal
mechanisms of the faster onset of antidepressant effects by YL-0919.

To identify potential key molecules of MDD, large-scale
unbiased screenings are usually performed using omics (Wingo
et al., 2021). With advances in genomic approaches and genetic
manipulation, we can explore genomic changes in specific cell types
(Burda et al., 2022). TRAP-seq results showed that chronic stress
reduced the levels of genes associated with astrocyte plasticity,
including Rho GTPase and genes involved in growth factor
signaling transduction and transcriptional regulation, but
increased genes associated with extracellular matrix formation
(Simard et al., 2018). Therefore, we applied RNA-Seq to
comprehensively and specifically reveal changes in gene
expression after the development of depression or antidepressant
treatment. Enrichment analysis showed that the expression levels of
CRS vs Ctrl genes were mainly downregulated and enriched in
immune process, biological process of signal transduction, cellular
components of extracellular matrix and membrane, and molecular
function of protein binding, among others (Figure 4)
(Supplementary Figure S1). However, the comparison of
differential genes in YL vs CRS showed mainly upregulation and
enrichment, especially in the cellular components of cell projection,
synapse, cytoplasmic vesicle, and molecular function of ATP
binding (Figure 4) (Supplementary Figure S2). Our findings not
only shed light on the changes in gene expression profiles in
astrocytes after CRS but also demonstrate the novel astrocytic
mechanism of the antidepressant effects of YL-0919 at the
transcriptome level.
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Mitochondria are required to establish and maintain immune
cell phenotypes and functions (Mills et al., 2017). Recently, a
growing body of evidence suggests that mitochondrial
dysfunction may play a crucial role in MDD pathogenesis
(Simon et al., 2021). Mitochondrial perturbation and release of
mitochondrial components promoted cytokine production and
neuroinflammation in depression models (Allen et al., 2021);
conversely, pro-inflammatory cytokines may affect mitochondrial
function such as oxidative phosphorylation and the production of
ATP and ROS (reactive oxygen species), which exacerbate
inflammation. Mitochondria can rapidly transform from catabolic
organelles, which mainly produce ATP, to anabolic organelles,
which also synthesize macromolecules, to meet the metabolic
needs of various immune cells (Breda et al., 2019). Moreover,
mitochondria can activate multiple signaling pathways, including
changing the AMP/ATP ratio, release of ROS and TCA circulating
metabolites, and localization of immunomodulatory proteins on the
mitochondrial outer membrane (Voss et al., 2021). GSEA analysis in
the present study revealed the enrichment of genes related to the
mitochondrial function of astrocytes. The results of the Seahorse
extracellular flux assay verified the difference in the energy activity of
astrocytes after YL-0919 treatment (Figure 5), further validating that
YL-0919 has faster-onset antidepressant effects by improving the
mitochondrial function of astrocytes.

Astrocytes have extensive spatial heterogeneity (Batiuk et al.,
2020; Burda et al., 2022). The results of the whole-brain astrocyte
RNA-Seq revealed the potential mechanisms which occurred in but
were not specific to mPFC and HIP, providing the foundation for
subsequent research. However, due to several limitations, the
present study did not explore the genetic and functional changes
of astrocytes in different subregions across different subsets in
greater detail. Since drugs do not only act on a single type of
cells or molecules, future studies will further explore the
interactions between astrocytes and other cells and search for
potential targets of antidepressants via multiple mechanisms.

Conclusion

We have, for the first time, revealed a new astrocyte-specific
mechanism for the antidepressant YL-0919, in which YL-0919
improves CRS-induced number and morphological deficits in
astrocytes, partially reverses changes in the astrocyte transcriptome,
and promotes ATP production and mitochondrial oxidative
phosphorylation. Our results provide novel ideas for further
elucidating the pathogenesis of depression and discovering
promising targets of antidepressants based on astrocytes.
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of different cell origins in
traumatic brain injury: A
systematic review and network
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Xiong-Jie Xu, Chun-Hua Wang* and Chun-Mei Chen*

Department of Neurosurgery, Fujian Medical University Union Hospital, Fuzhou, Fujian, China

Background: There was still no effective treatment for traumatic brain injury (TBI).

Recently, many preclinical studies had shown promising efficacy of extracellular

vesicles (EVs) from various cell sources. Our aim was to compare which cell-

derived EVs were most effective in treating TBI through a network meta-analysis.

Methods: We searched four databases and screened various cell-derived EVs for

use in preclinical studies of TBI treatment. A systematic review and network meta-

analysis were conducted for two outcome indicators, modified Neurological

Severity Score (mNSS) and Morris Water Maze (MWM), and they were ranked by

the surface under the cumulative ranking curves (SUCRA). Bias risk assessment

was performed with SYRCLE. R software (version 4.1.3, Boston, MA, USA) was used

for data analysis.

Results: A total of 20 studies were included in this study, involving 383 animals.

Astrocyte-derived extracellular vesicles (AEVs) ranked first in response to mNSS at

day 1 (SUCRA: 0.26%), day 3 (SUCRA: 16.32%), and day 7 (SUCRA: 9.64%) post-TBI.

Extracellular vesicles derived from mesenchymal stem cells (MSCEVs) were most

effective in mNSS assessment on day 14 (SUCRA: 21.94%) and day 28 (SUCRA:

6.26%), as well as MWM’s escape latency (SUCRA: 6.16%) and time spent in the

target quadrant (SUCRA: 86.52%). The result of mNSS analysis on day 21 showed

that neural stem cell-derived extracellular vesicles (NSCEVs) had the best curative

effect (SUCRA: 6.76%).

Conclusion: AEVs may be the best choice to improve early mNSS recovery after

TBI. The efficacy of MSCEVs may be the best in the late mNSS and MWM after TBI.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier

CRD42023377350.
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traumatic brain injury, network meta-analysis, extracellular vesicles, preclinical research,
systematic review
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1. Introduction

Traumatic brain injury (TBI) is a kind of neurological or
even motor dysfunction caused by brain trauma, which can be
life-threatening in severe cases (Menon et al., 2010). In the
epidemiological report of 2016, more than 8 million TBI patients
will lead to Years Lived with Disability (YLDs), which brings a huge
burden to society (Badhiwala et al., 2019). Therefore, the treatment
of TBI has great significance for individuals, societies and countries.

To date, the recommended treatment for TBI includes
hypertonic therapy, neurotrophic drug therapy, surgical
decompression, and nutritional support (Maas et al., 2017,
2022). However, these methods do not work well. Therefore, new
therapies are urgently needed to enhance the efficacy and improve
the prognosis. As early as 20 years ago, there were studies showing
that cell therapy has good promise (Mahmood et al., 2001; Chopp
and Li, 2002). Therefore, a large number of studies have promoted
the progress of cell therapy (Harvey and Chopp, 2003; Mahmood
et al., 2004; Osanai et al., 2012). However, tumorigenicity and
immune rejection are still troubling researchers when cell therapy
is used in clinical studies (Liu et al., 2021).

Cell free therapy, an emerging therapy that is expected to
replace cell therapy, has attracted a large number of researchers’
attention (Dutta et al., 2021; Pischiutta et al., 2022). The so-
called cell-free therapy is the treatment of various diseases with
products secreted by cells (also known as extracellular vesicles)
(Han et al., 2022). Extracellular vesicle (EV) is a vesicle with
membrane structure and rich contents produced by cells through
endocytosis or exocytosis (van Niel et al., 2018). It has multiple
subtypes and plays an irreplaceable role in the physiological and
pathological processes of various diseases (Kalra et al., 2016).
Specific information can be referred to the relevant review
(Colombo et al., 2014; Thery et al., 2018).

In recent years, a large number of studies have shown that EVs
can effectively treat various neurodegenerative diseases, including
TBI (Guedes et al., 2020; Mot et al., 2022). There have also
been conventional meta-analysis showing that EVs can improve
neurological dysfunction after TBI (Muhammad et al., 2022).
However, in the study of cell therapy, it has been found that the
efficacy of different cells varies (Xu et al., 2022). This makes it all
the more important to select a particular cell to treat a particular
disease. To date, no studies have shown which cell-derived EVs
work better. Therefore, the purpose of this study is to provide a
cell source with the best curative effect by conducting a network
meta-analysis of the efficacy of EVs from different cell sources in
TBI, so as to provide ideas for preclinical research and promote the
progress of cell-free therapies into clinical research.

2. Methods

2.1. Search strategy

The literature search was conducted in strict accordance
with the expanded statement of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses statement (PRISMA)
(Hutton et al., 2015). The PROSPERO database registration
number was CRD42023377350. A comprehensive search was

conducted on PubMed, Ovid-Embase, The Cochrane Library, and
Web of Science databases until November 10, 2022. The search
strategy was based on English keywords and free words. Details
could be found in Supplementary Table 1.

2.2. Study selection

Two researchers independently screened the study based on
the inclusion and exclusion criteria established in strict accordance
with the PICOS principle. Controversial studies were evaluated by
a third investigator for resolution. Preclinical studies of EVs for the
treatment of TBI were included regardless of the cellular origin
of EVs. The outcome measures included modified Neurological
Severity Score (mNSS) and Morris Water Maze (MWM) (Gold
et al., 2013). The mNSS had been used to assess neural function after
TBI, and MWM had been used to test learning and memory ability
in animals. Exclusion criteria included: (1) in vitro and clinical
studies; (2) Reviews, letters and comments; (3) There was no mNSS
or MWM outcome indicator.

2.3. Data extraction and quality
assessment

The data were extracted independently by two specialized
researchers and examined by another trained researcher. A third
researcher was also involved in discussing and resolving their
conflicting data. Information extracted included authors, year,
country, groups, sample size, animal species, sex, age, weight,
type of model, EVs source, immunocompatibility, EVs separation
method, time, dose, frequency and method of administration,
and outcome indicators. The raw data for outcome metrics was
extracted using GetData Graph Digitizer (version 2.24). Two
evaluators independently assessed the quality of each included
study using the Systematic Review Center for Laboratory Animal
Experimentation (SYRCLE) bias risk assessment tool1 (Hooijmans
et al., 2014). Review Manager 5.4.1 was used to draw bias risk maps
and summaries.

2.4. Statistical analysis

The network meta-analysis based on the Bayesian approach was
performed using R software (version 4.1.3, Boston, MA, USA) for
statistical analysis (Jansen et al., 2008). The nodes in the network
diagram represent the intervention and the control group, and
the sample size is represented by the node size. The line between
nodes represents a direct comparison between two nodes, and the
number of studies of direct comparison can be seen in the width
of the line. When Markov Chain Monte Carlo (MCMC) method
was used, the annealing times were 20,000, and the iteration times
were 50,000 (Gressani et al., 2022). The continuous variables were
evaluated using mean difference (MD) and 95% confidence interval
(95% CI), and the corresponding results were presented in the

1 http://www.biomedcentral.com/1471-2288/14/43
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form of forest map. League tables were used to show the results of
direct and indirect comparisons. The surface under the cumulative
ranking curves (SUCRA) was used to evaluate the ranking of
different interventions (Salanti et al., 2011). The tightly controlled
inclusion and exclusion criteria make this network meta-analysis
maintain good similarity (Salanti, 2012). The consistency of data
can be judged by comparing the deviance information criterion
(DIC) values of different models (Zhu et al., 2014). The smaller
the difference value is, the higher the consistency is. By definition,
there are no local inconsistencies in a closed-loop study (White
et al., 2012). Heterogeneity between studies could be assessed by the
I2 value. Non-statistically significant heterogeneity results showed
an I2 value <50%. The publication bias was checked by using
funnel plot and Egger’s regression test. Testing for publication bias
was not required for meta-analyses with fewer than 10 studies
(Stang, 2010).

3. Results

3.1. Study characteristics

A total of 1,479 studies were obtained through a comprehensive
search of relevant databases. 128 duplicates were excluded. After
preliminary screening of 1313 studies by title and abstract, 38
studies remained after excluding 1313 studies. After reading the full

text, 18 studies without relevant outcome indicators were excluded.
Finally, a total of 20 eligible studies were included in the network
meta-analysis (Figure 1).

The included studies were published between 2015 and 2022,
with three from the United States (15%), one from Iran (5%),
and the rest all from China (80%). The study included a sample
size of 383 animals. Seven of the studies involved mice (35%) and
13 involved rats (65%). All used male animals (90%), except for
one study (5%) in which the animals were not gender-specific and
one (5%) in which female rats were used. The ages ranged from
6 to 14 weeks, with mice weighing 20–25 g and rats weighing
200–352.8 g. The majority of the studies (80%) chose the CCI
model, while a small percentage (10%) chose the WD model.
Only one study chose the FPI model (5%). There’s even one study
(5%) that didn’t exactly describe how it’s made. Cell sources for
EVs were mesenchymal stem cell (MSC, 65%), astrocyte (20%),
microglia (10%) and neural stem cell (NSC, 5%). Allogeneic (50%)
and xenogeneic (50%) were used for EVs cell origin studies.
The majority of studies (65%) used traditional ultracentrifugation
methods to isolate EVs. Some (25%) used EVs isolation kits. EVs
had also been obtained using ultrafiltration (5%) and density-
gradient ultracentrifugation (5%) methods. Most studies (80%)
gave the EVs within 1 day of injury. One study (5%) administered
drugs 35 days after injury. Another study (5%) compared 1, 4, and
7 days of administration. However, there were also two studies
(10%) that did not specify the timing of dosing. The majority

FIGURE 1

Flow chart of screening study.
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TABLE 1 Characteristics of included studies.

References Country Groups
(sample size)

Animal
species

Sex Age Weight Type of
model

EVs
source

Immuno-
compatibility

EVs separation
method

Time, dose,
frequency, and
method of
administration

Outcome
indicators

Zhang et al., 2015 United States 1. TBI + EVs (n= 8)
2. TBI + PBS (n= 8)
3. Sham (n= 8)

Wistar rats Male 2−3 months 325± 11 g CCI MSC Allogeneic Kit 1 day after TBI, 100 µg,
1 dose, and Intravenous
injection

mNSS and
MWM

Kim et al., 2016 United States 1. TBI + EVs (n= 10)
2. TBI + PBS (n= 15)
3. Sham (n= 10)

C57BL/6J
mice

Male 7−8 weeks Unclear CCI MSC Xenogeneic Ultracentrifugation 1 h after TBI, 30 µg, 1
dose, and Intravenous
injection

MWM

Zhang et al., 2017 United States 1. TBI + EVs from MSCs in
3D culture (n= 8)
2. TBI + EVs from MSCs in
2D culture (n= 8)
3. TBI + liposomes (n= 8)
4. Sham (n= 8)

Wistar rats Male 2−3 months 317± 10 g CCI MSC Xenogeneic Kit 1 day after TBI, 100 µg,
1 dose, and Intravenous
injection

mNSS and
MWM

Li et al., 2019 China 1. TBI + miR-124−3p-
downregulated EVs (n= 8)
2. TBI + miR-124−3p-
upregulated EVs (n= 8)
3. TBI + EVs (n= 8)
4. TBI + PBS (n= 8)
5. Sham (n= 8)

C57BL/6J
mice

Male 10−12 weeks 20−25 g CCI Microglia Allogeneic Ultracentrifugation 1 h after TBI, 30 µg, 1
dose, and Intravenous
injection

mNSS and
MWM

Ni et al., 2019 China 1. TBI + EVs (n= 7)
2. TBI + PBS (n= 7)
3. Sham (n= 7)

C57BL/6J
mice

Male 12−14 weeks Unclear CCI MSC Allogeneic Ultracentrifugation 15 min after TBI, 30 µg,
1 dose, and
Retro-orbital injection

mNSS

Wang and Han,
2019

China 1. TBI + EVs carrying
pIRES2-EGFP-Bcl-2 plasmid
and EGFP-C1-Bax shRNA
plasmid (n= 15)
2. TBI + EVs (n= 15)
3. Sham (n= 15)

C57BL/6J
mice

Unclear Unclear Unclear CCI Astrocyte Allogeneic Ultracentrifugation 1 h after TBI, 10 µg, 1
dose, and
Intraventricular
injection

MWM

Yang et al., 2019 China 1. TBI + miR-124 Enriched
EVs (n= 6)
2. TBI (n= 6)
3. Sham + miR-124 Enriched
EVs (n= 6)
4. Sham (n= 6)

SD rats Male 8−10 weeks 250−300 g CCI MSC Allogeneic Kit 1 day after TBI, 100 µg,
1 dose, and Intravenous
injection

NSS and MWM

Chen et al., 2020 China 1. TBI + MSC (n= 8)
2. TBI + EVs (n= 8)
3. TBI + PBS (n= 8)
4. Sham (n= 8)

SD rats Male 6−8 weeks 300± 11 g WD MSC Xenogeneic Ultracentrifugation 1 day after TBI, 20 µg, 1
dose, and
Intraventricular
injection

mNSS
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TABLE 1 (Continued)

References Country Groups
(sample size)

Animal
species

Sex Age Weight Type of
model

EVs
source

Immuno-
compatibility

EVs separation
method

Time, dose,
frequency, and
method of
administration

Outcome
indicators

Ge et al., 2020 China 1. TBI + miR-124 enriched
EVs (n= 10)
2. TBI + EVs (n= 10)
3. TBI (n= 10)
4. Sham (n= 10)

C57BL/6J
mice

Male 12 weeks 20−25 g CCI Microglia Allogeneic Ultracentrifugation 35 days after TBI,
3× 10∧10 particles, 1
dose, and Intravenous
injection

MWM

Liu et al., 2020 China 1. TBI + EVs by injury brain
extract (n= 12)
2. TBI + EVs (n= 12)
3. TBI (n= 12)
4. Sham (n= 12)

SD rats Male 8 weeks 250−300 g FPI MSC Xenogeneic Ultrafiltration Immediately after TBI,
EVs releasing from
1.5× 10∧6 cells, 1 dose,
and Intraventricular
injection

MWM

Long et al., 2020 China 1. TBI + miR-873a-5p
enriched EVs (n= 5)
2. TBI (n= 5)
3. Sham + miR-873a-5p
enriched EVs (n= 5)
4. Sham (n= 5)

C57BL/10ScNJ
mice

Male 10−12 weeks 20−22 g CCI Astrocyte Allogeneic Ultracentrifugation 20 min after TBI,
Unclear, and
Intraventricular
injection

mNSS

Xu et al., 2020 China 1. TBI + BDNF-induced EVs
(n= 6)
2. TBI + EVs (n= 6)
3. TBI + PBS (n= 6)
4. Sham (n= 6)

SD rats Male Unclear 220−250 g CCI MSC Allogeneic Ultracentrifugation 1 day after TBI, 100 µg,
1 dose, and Intravenous
injection

mNSS and
MWM

Zhang et al., 2020 China 1. TBI + 200 µg EVs (n= 8)
2. TBI + 100 µg EVs (n= 8)
3. TBI + 50 µg EVs (n= 8)
4. TBI + PBS (n= 8)
5. Sham (n= 8)

Wistar rats Male 3 months 339.2± 13.6 g CCI MSC Xenogeneic Ultracentrifugation 1, 4, or 7 days after TBI,
50, 100, or 200 µg, 1
dose, and Intravenous
injection

mNSS and
MWM

He et al., 2021 China 1. TBI + EVs NKILA (n= 15)
2. TBI + EVs (n= 15)
3. TBI (n= 15)
4. Sham (n= 15)

C57BL/10ScNJ
mice

Male 10−12 weeks 20−22 g CCI Astrocyte Xenogeneic Ultracentrifugation Unclear, 3± 0.75 µg, 1
dose, and
Intraventricular
injection

mNSS

Zhang W. et al.,
2021

China 1. TBI + EVs (n= 8)
2. TBI (n= 8)
3. Sham + EVs (n= 8)
4. Sham (n= 8)

SD rats Male Unclear 210−260 g CCI Astrocyte Allogeneic Ultracentrifugation 30 min after TBI,
100 µg, 1 dose, and
Intravenous injection

mNSS and
MWM

(Continued)
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TABLE 1 (Continued)

References Country Groups
(sample size)

Animal
species

Sex Age Weight Type of
model

EVs
source

Immuno-
compatibility

EVs separation
method

Time, dose,
frequency, and
method of
administration

Outcome
indicators

Zhang Y. et al.,
2021

China 1. TBI + miR-17−92 enriched
EVs (n= 8)
2. TBI + EVs (n= 8)
3. TBI + PBS (n= 8)
4. Sham (n= 8)

Wistar rats Male 2−3 months Unclear CCI MSC Xenogeneic Ultracentrifugation 1 day after TBI, 100 µg,
1 dose, and Intravenous
injection

mNSS and
MWM

Abedi et al., 2022 Iran 1. TBI + NSC (n= 10)
2. TBI + EVs (n= 10)
3. TBI (n= 10)

Wistar rats Male Unclear 220−250 g Unclear NSC Xenogeneic Kit Unclear, 63 µg, 1 dose,
and Intraventricular
injection

mNSS

Cui et al., 2022 China 1. TBI + EVs (n= 15)
2. TBI + PBS (n= 15)
3. Sham (n= 15)

SD rats Female Unclear 200−220 g WD MSC Xenogeneic Ultracentrifugation 1 day after TBI, 200 µg,
1 dose, and Intravenous
injection

mNSS

Zhang et al., 2022 China 1. TBI + EVs (n= 15)
2. TBI + PBS (n= 15)
3. Sham (n= 15)

SD rats Male Unclear 250−300 g CCI MSC Xenogeneic Density-gradient
ultracentrifugation

1 day after TBI, 100 µg,
1 dose, and Intravenous
injection

mNSS and
MWM

Zhuang et al.,
2022

China 1. TBI + SB203580 (n= 7)
2. TBI + EVs (n= 7)
3. TBI + PBS (n= 7)
4. Sham (n= 7)

SD rats Male 6−8 weeks 250± 50 g CCI MSC Allogeneic Kit 1 h after TBI, 100 µg, 1
dose, and Intravenous
injection

MWM

TBI, traumatic brain injury; EVs, extracellular vesicles; CCI, controlled cortical impact; FPI, fluid percussion injury; WD, weight-drop; MSC, mesenchymal stem cell; NSC, neural stem cell; SD, Sprague-Dawley; MWM, Morris Water Maze; mNSS, modified Neurological
Severity Score; PBS, phosphate buffer saline; EGFP, enhanced green fluorescent protein; BDNF, brain-derived neurotrophic factor; NKILA, nuclear factor-κB interacting lncRNA p38 MAPK inhibitor SB203580.
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FIGURE 2

Comparison of the efficacy of extracellular vesicles (EVs) from different cell sources in modified Neurological Severity Score (mNSS) at day 1
post-traumatic brain injury (TBI). (A) Network plot; (B) Forest plot; (C) Surface under the cumulative ranking curves (SUCRA); (D) Funnel plot. The
dotted lines represent 95% confidence interval (95% CI). AEVs, astrocyte-derived extracellular vesicles; MEVs, microglia-derived extracellular
vesicles; MSCEVs, mesenchymal stem cell-derived extracellular vesicles; NSCEVs, neural stem cell-derived extracellular vesicles.

of studies (85%) were dosed in a single dose of 3−200 µg. One
study (5%) quantified EVs dose using particle count. Another
study (5%) quantified the number of EVs-derived cells. Of course,
one study (5%) did not specify dose or frequency. EVs was
administered intravenously (65%), intraventricular (30%), and
retroorbital (5%). Table 1 summarized the research characteristics.
By comparing the DIC values of different models (Supplementary
Table 2), it was found that the consistency of all outcome indexes
was high.

3.2. Comparison of the efficacy of EVs
from different cell sources in mNSS at
day 1 post-TBI

The mNSS neurological function assessment at day 1 after TBI,
a total of 12 studies were eligible (Zhang et al., 2015, 2017, 2020;

Li et al., 2019; Ni et al., 2019; Chen et al., 2020; Long et al., 2020;
Xu et al., 2020; He et al., 2021; Zhang W. et al., 2021; Zhang Y.
et al., 2021; Cui et al., 2022). The network diagram (Figure 2A)
showed three interventions and control comparisons, including
astrocyte-derived extracellular vesicles (AEVs), microglia-derived
extracellular vesicles (MEVs) and mesenchymal stem cell-derived
extracellular vesicles (MSCEVs). The results of forest map
(Figure 2B) showed that, compared with control [MD: −2.7,
95%CI: (−3.6, −1.6)], MEVs [MD: −2.6, 95%CI: (−4.2, −0.71)]
and MSCEVs [MD: −2.4, 95%CI: (−3.5, −1.2)], AEVs were more
effective. The result of SUCRA (Figure 2C) showed that AEVs
(0.26%) had the best curative effect, followed by MSCEVs (52.32%),
MEVs (65.98%) and Control (81.44%). For mNSS, the lower the
score, the better the recovery of neural function. Therefore, the
closer the SUCRA value is to 0%, the better the efficacy is. The
funnel plot (Figure 2D) and Egger’s test (Table 2, p-value= 0.0986)
showed that publication bias did not exist.
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3.3. Comparison of the efficacy of EVs
from different cell sources in mNSS at
day 3 post-TBI

Six studies qualified for the mNSS neurological function
assessment at day 3 after TBI (Li et al., 2019; Ni et al., 2019; Chen
et al., 2020; Long et al., 2020; He et al., 2021; Cui et al., 2022).
The network diagram (Figure 3A) showed three interventions and
control comparisons, including AEVs, MEVs, and MSCEVs. No
statistically significant comparison was found between the results
of forest map (Figure 3B). The result of SUCRA (Figure 3C)
showed that AEVs (16.32%) had the best curative effect, followed
by MSCEVs (27.67%), MEVs (73.47%), and Control (82.54%).

3.4. Comparison of the efficacy of EVs
from different cell sources in mNSS at
day 7 post-TBI

The mNSS neurological function assessment at day 7 after TBI,
a total of 15 studies were eligible (Zhang et al., 2015, 2017, 2020;
Li et al., 2019; Ni et al., 2019; Yang et al., 2019; Chen et al., 2020;
Long et al., 2020; Xu et al., 2020; He et al., 2021; Zhang W. et al.,
2021; Zhang Y. et al., 2021; Abedi et al., 2022; Cui et al., 2022;
Zhang et al., 2022). The network diagram (Figure 4A) showed
four interventions and control comparisons, including AEVs,
MEVs, neural stem cell-derived extracellular vesicles (NSCEVs)
and MSCEVs. The results of forest map (Figure 4B) showed that
compared with the control, AEVs [MD: −3.1, 95% CI: (−4.2,
−2.0)], MSCEVs [MD: −2.8, 95% CI: (−3.4, −2.1)] and NSCEVs
[MD: −2.0, 95% CI: (−3.9, −0.14)] could effectively improve

the neurological function after TBI. Compared with MEVs, AEVs
[MD: −3.9, 95% CI: (−6.2, −1.5)] and MSCEVs [MD: −3.5, 95%
CI: (−5.7, −1.3)] were more beneficial to neurological recovery
after TBI. The result of SUCRA (Figure 4C) showed that AEVs
(9.64%) had the best curative effect, followed by MSCEVs (23.87%),
NSCEVs (42.76%), Control (80.2%), and MEVs (93.53%). The
funnel plot (Figure 4D) and Egger’s test (Table 2, p-value= 0.0926)
showed that publication bias did not exist.

3.5. Comparison of the efficacy of EVs
from different cell sources in mNSS at
day 14 post-TBI

The mNSS neurological function assessment at day 14 after
TBI, a total of 14 studies were eligible (Zhang et al., 2015, 2017,
2020; Li et al., 2019; Ni et al., 2019; Yang et al., 2019; Chen
et al., 2020; Long et al., 2020; Xu et al., 2020; He et al., 2021;
Zhang Y. et al., 2021; Abedi et al., 2022; Cui et al., 2022; Zhang
et al., 2022). The network diagram (Figure 5A) showed four
interventions and control comparisons, including AEVs, MEVs,
NSCEVs, and MSCEVs. The results of forest map (Figure 5B)
showed that, compared with the control, AEVs [MD: −2.7, 95%
CI: (−4.1, −1.2)], MSCEVs [MD: −2.7, 95% CI: (−3.4, −2.1)]
and NSCEVs [MD: −2.5, 95% CI: (−4.5, −0.45)] could effectively
improve the neurological function after TBI. Compared with
MEVs, AEVs [MD: −2.7, 95% CI: (−5.3, −0.017)] and MSCEVs
[MD: −2.7, 95% CI: (−5.0, −0.46)] significantly improved mNSS
neural function scores. The results of SUCRA (Figure 5C) showed
that MSCEVs (21.94%) had the best curative effect, followed by
AEVs (25.11%), NSCEVs (30.32%), MEVs (85.5%), and Control

TABLE 2 Egger’s test of relevant outcome indicators.

Linear regression test of funnel plot asymmetry

mNSS-D1 Test result: t = 1.82, df= 10, p-value= 0.0986

bias se.bias intercept se.intercept

3.978 2.1844 −0.529 0.5582

mNSS-D7 Test result: t =−1.82, df= 13, p-value= 0.0926

bias se.bias intercept se.intercept

−3.7083 2.043 4.1243 0.7703

mNSS-D14 Test result: t =−2.48, df= 12, p-value= 0.0289

bias se.bias intercept se.intercept

−4.8067 1.9369 4.1811 0.58

mNSS-D21 Test result: t =−1.03, df= 8, p-value= 0.3315

bias se.bias intercept se.intercept

−3.7254 3.6037 4.2349 1.0319

MWM-escape latency Test result: t = 1.09, df= 11, p-value= 0.2978

bias se.bias intercept se.intercept

3.7029 3.3883 5.1648 5.6664

MWM-time spent in the goal quadrant Test result: t =−1.90, df= 12, p-value= 0.0820

bias se.bias intercept se.intercept

−6.5814 3.4669 −0.1414 3.4923
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FIGURE 3

Comparison of the efficacy of extracellular vesicles (EVs) from different cell sources in modified Neurological Severity Score (mNSS) at day 3
post-traumatic brain injury (TBI). (A) Network plot; (B) Forest plot; (C) Surface under the cumulative ranking curves (SUCRA). AEVs, astrocyte-derived
extracellular vesicles; MEVs, microglia-derived extracellular vesicles; MSCEVs, mesenchymal stem cell-derived extracellular vesicles; NSCEVs, neural
stem cell-derived extracellular vesicles.

(87.12%). The results of funnel plot (Figure 5D) and Egger’s test
(Table 2, p-value = 0.0289) indicated that publication bias might
exist. Therefore, we found four “missing” studies on the right side
of the funnel plot by the trim and fill analysis method (Figure 5E).

3.6. Comparison of the efficacy of EVs
from different cell sources in mNSS at
day 21 post-TBI

The mNSS neurological function assessment at day 21 after
TBI, a total of 10 studies were eligible (Zhang et al., 2015, 2017,
2020; Li et al., 2019; Yang et al., 2019; Chen et al., 2020; Zhang Y.
et al., 2021; Abedi et al., 2022; Cui et al., 2022; Zhang et al., 2022).
The network diagram (Figure 6A) showed three interventions and
control comparisons, including MEVs, NSCEVs, and MSCEVs.
The results of forest map (Figure 6B) showed that MSCEVs [MD:

−3.1, 95% CI: (−4.2, −2.0)] and NSCEVs [MD: −4.5, 95% CI:
(−7.6, −1.4)] could effectively improve the neurological function
after TBI compared with the control. The results of SUCRA
(Figure 6C) showed that NSCEVs (6.76%) had the best curative
effect, followed by MSCEVs (28.82%), MEVs (80.07%), and Control
(84.35%). The funnel plot (Figure 6D) and Egger’s test (Table 2,
p-value= 0.3315) showed that publication bias did not exist.

3.7. Comparison of the efficacy of EVs
from different cell sources in mNSS at
day 28 post-TBI

A total of 8 studies were eligible for mNSS neurological function
assessment at day 28 after TBI (Zhang et al., 2015, 2017, 2020; Yang
et al., 2019; Chen et al., 2020; Zhang Y. et al., 2021; Abedi et al.,
2022; Zhang et al., 2022). The network diagram (Figure 7A) showed
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FIGURE 4

Comparison of the efficacy of extracellular vesicles (EVs) from different cell sources in mNSS at day 7 post-traumatic brain injury (TBI). (A) Network
plot; (B) Forest plot; (C) Surface under the cumulative ranking curves (SUCRA); (D) Funnel plot. The dotted lines represent 95% confidence interval
(95% CI). AEVs, astrocyte-derived extracellular vesicles; MEVs, microglia-derived extracellular vesicles; MSCEVs, mesenchymal stem cell-derived
extracellular vesicles; NSCEVs, neural stem cell-derived extracellular vesicles.

two interventions and control comparisons, including NSCEVs
and MSCEVs. The results of forest map (Figure 7B) showed
that MSCEVs [MD: −3.0, 95% CI: (−4.0, −1.9)] had significant
curative effect compared with the control. The results of SUCRA
(Figure 7C) showed that MSCEVs (6.26%) had the best curative
effect, followed by NSCEVs (50.5%) and Control (93.24%).

3.8. Comparison of the efficacy of EVs
from different cell sources in escape
latency of MWM

We extracted data from the last day of escape latency in MWM
for evaluation. A total of 13 studies were included in the network

meta-analysis (Kim et al., 2016; Zhang et al., 2017, 2020; Li et al.,
2019; Wang and Han, 2019; Yang et al., 2019; Ge et al., 2020; Liu
et al., 2020; Xu et al., 2020; Zhang W. et al., 2021; Zhang Y. et al.,
2021; Zhang et al., 2022; Zhuang et al., 2022). The network diagram
(Figure 8A) showed three interventions and control comparisons,
including AEVs, MEVs, and MSCEVs. The results of forest map
(Figure 8B) showed that AEVs [MD:−10.0, 95% CI: (−19.0,−1.5)]
and MSCEVs [MD: −15.0, 95% CI: (−19.0, −11.0)] reduced the
escape latency time more than the control group, indicating that
they could effectively improve the spatial memory ability after TBI.
Compared with MEVs, MSCEVs [MD: −12.0, 95% CI: (−22.0,
−2.4)] showed better efficacy. The shorter the escape latency time
is, the better the spatial memory ability is. Therefore, the closer
the SUCRA value is to 0%, the better the efficacy is. The results of
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FIGURE 5

Comparison of the efficacy of extracellular vesicles (EVs) from different cell sources in modified Neurological Severity Score (mNSS) at day 14
post-traumatic brain injury (TBI). (A) Network plot; (B) Forest plot; (C) Surface under the cumulative ranking curves (SUCRA); (D) Funnel plot; (E)
Funnel plot by the trim and fill analysis method. The dotted lines represent 95% confidence interval (95% CI). AEVs, astrocyte-derived extracellular
vesicles; MEVs, microglia-derived extracellular vesicles; MSCEVs, mesenchymal stem cell-derived extracellular vesicles; NSCEVs, neural stem
cell-derived extracellular vesicles.
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FIGURE 6

Comparison of the efficacy of extracellular vesicles (EVs) from different cell sources in modified Neurological Severity Score (mNSS) at day 21
post-traumatic brain injury (TBI). (A) Network plot; (B) Forest plot; (C) Surface under the cumulative ranking curves (SUCRA); (D) Funnel plot. The
dotted lines represent 95% confidence interval (95% CI). AEVs, astrocyte-derived extracellular vesicles; MEVs, microglia-derived extracellular
vesicles; MSCEVs, mesenchymal stem cell-derived extracellular vesicles; NSCEVs, neural stem cell-derived extracellular vesicles.

SUCRA (Figure 8C) showed that MSCEVs (6.16%) had the best
curative effect, followed by AEVs (31.06%), MEVs (71.97%), and
Control (90.82%). The funnel plot (Figure 8D) and Egger’s test
(Table 2, p-value = 0.2978) showed that publication bias did not
exist.

3.9. Comparison of the efficacy of EVs
from different cell sources in time spent
in the goal quadrant in MWM

We extracted data from the last day of time spent in the goal
quadrant in MWM for evaluation. A total of 14 studies were
included in the network meta-analysis (Zhang et al., 2015, 2017,

2020; Kim et al., 2016; Li et al., 2019; Wang and Han, 2019; Yang
et al., 2019; Ge et al., 2020; Liu et al., 2020; Xu et al., 2020; Zhang W.
et al., 2021, Zhang Y. et al., 2021, Zhang et al., 2022; Zhuang et al.,
2022). The network diagram (Figure 9A) shows three interventions
and control comparisons, including AEVs, MEVs and MSCEVs.
The results of forest map (Figure 9B) showed that AEVs [MD: 8.3,
95% CI: (1.2, 16.0)] and MSCEVs [MD: 9.3, 95% CI: (6.1, 13.0)]
spent more time in the target quadrant than the control group,
indicating that they could effectively improve the spatial memory
ability after TBI. Compared with MEVs, MSCEVs [MD: 8.7, 95%
CI: (0.91, 16.0)] showed better efficacy. The longer the time spent
in the target quadrant, the better the spatial memory. Therefore,
the closer the SUCRA value is to 100%, the better the efficacy is. The
results of SUCRA (Figure 9C) showed that MSCEVs (86.52%) had
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FIGURE 7

Comparison of the efficacy of extracellular vesicles (EVs) from different cell sources in modified Neurological Severity Score (mNSS) at day 28 post-
traumatic brain injury (TBI). (A) Network plot; (B) Forest plot; (C) Surface under the cumulative ranking curves (SUCRA). AEVs, astrocyte-derived
extracellular vesicles; MEVs, microglia-derived extracellular vesicles; MSCEVs, mesenchymal stem cell-derived extracellular vesicles; NSCEVs, neural
stem cell-derived extracellular vesicles.

the best curative effect, followed by AEVs (77.2%), MEVs (21.63%),
and Control (14.65%). The funnel plot (Figure 9D) and Egger’s test
(Table 2, p-value = 0.0820) showed that publication bias did not
exist.

3.10. Risk of bias assessment

The results of the risk of bias assessment in this study were
shown in Supplementary Figures 1A, B. Only two studies (10%)
did not account for random sequence generation. About 50% of
the studies were low risk for selection bias, performance bias, and
detection bias. However, for all the included studies, it was not clear
whether they processed incomplete outcome data. Therefore, all
studies had the unclear risk of attrition bias. Moreover, only one

study (5%) reported low risk, and the rest (95%) were unclear. For
other bias, nine studies (45%) showed low risk of bias and five
studies (25%) showed unclear risk of bias. However, there was a
high risk of bias in six studies (30%). All in all, the included studies
were of average quality.

4. Discussion

A total of 20 studies and 383 animals were included in this
network meta-analysis. Our results suggested that AEVs, MEVs,
NSCEVs, and MSCEVs were all effective in mNSS at day 1, 3,
and 7 after TBI. Among them, the efficacy of AEVs was the
most significant. Astrocytes are the most abundant glial cells in
the central nervous system, and they play a crucial role in many
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FIGURE 8

Comparison of the efficacy of extracellular vesicles (EVs) from different cell sources in escape latency of Morris Water Maze (MWM). (A) Network
plot; (B) Forest plot; (C) Surface under the cumulative ranking curves (SUCRA); (D) Funnel plot. The dotted lines represent 95% confidence interval
(95% CI). AEVs, astrocyte-derived extracellular vesicles; MEVs, microglia-derived extracellular vesicles; MSCEVs, mesenchymal stem cell-derived
extracellular vesicles; NSCEVs, neural stem cell-derived extracellular vesicles.

neurodegenerative diseases (Hara et al., 2017; Escartin et al., 2021).
After TBI, they play a role in maintaining the homeostasis of the
internal environment and transmitting signals and communication
between cells (Li et al., 2022; Yuan and Wu, 2022). In recent
years, EV has been widely studied as a popular intercellular
communication tool. It contains lipids, proteins, RNA and DNA
and is responsible for its functional diversity (Colombo et al.,
2014; Thery et al., 2018). A large number of studies have also
shown that AEVs can be used to treat TBI, which can not only
reduce the lesion volume, but also reduce cell apoptosis (Wang
and Han, 2019; Long et al., 2020). In the early stages of TBI,
astrocytes play an important role, which explains why AEVs are
the most effective (Perez et al., 2017). However, due to the non-
renewable nature of astrocytes, with the aggravation of secondary
damage, the efficacy of AEVs diminishes with its depletion (Ridet
et al., 1997; Sofroniew and Vinters, 2010). Therefore, it is not
surprising that the efficacy of AEVs did not rank first in the late

stage of TBI. However, NSCEVs ranked first in mNSS at day 21
after TBI. This result should be considered with caution as only
one of the included studies used NSCEVs. Although studies have
shown that NSCEVs can enhance the function of endogenous NSC
after TBI, thus contributing to the recovery of neural function (Sun
et al., 2020). However, the result of network meta-analysis showed
NSCEVs were statistically significant compared with the control
group, and there was no statistical difference between direct and
indirect comparisons with other interventions in mNSS at day 21
after TBI. Therefore, more studies are needed to prove the efficacy
of NSCEVs.

Moreover, AEVs, MEVs, NSCEVs, and MSCEVs were equally
effective in mNSS at day 14 and 28 after TBI. Among them,
MSCEVs ranked first in efficacy. As for the results of the network
meta-analysis of the MWM test, AEVs, MEVs, and MSCEVs all had
some effect. Among them, MSCEVs ranked first in the outcome
analysis of escape latency and spent time in the target quadrant. As
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FIGURE 9

Comparison of the efficacy of extracellular vesicles (EVs) from different cell sources in time spent in the goal quadrant in Morris Water Maze (MWM).
(A) Network plot; (B) Forest plot; (C) Surface under the cumulative ranking curves (SUCRA); (D) Funnel plot. The dotted lines represent 95%
confidence interval (95% CI). AEVs, astrocyte-derived extracellular vesicles; MEVs, microglia-derived extracellular vesicles; MSCEVs, mesenchymal
stem cell-derived extracellular vesicles; NSCEVs, neural stem cell-derived extracellular vesicles.

is well-known, MSC is a pluripotent stem cell with differentiation
ability and therapeutic potential, which has been widely studied
in various fields (Das et al., 2019; Shao et al., 2019). Stem cell
therapies have also been used in clinical trials (Shahror et al.,
2020). The efficacy of MSC in neurodegenerative diseases has
also been widely reported (Peruzzaro et al., 2019; Köhli et al.,
2021). However, although MSC has also been found to improve
neurological function after TBI, inhibit the expression of apoptosis-
related proteins Bax and Caspase−3, and also inhibit the secretion
of pro-inflammatory and anti-inflammatory factors (Zhang et al.,
2013; Shahror et al., 2019). Although MSC is easy to isolate
and has homing function (Hsuan et al., 2016). However, it still
has some unavoidable shortcomings such as tumorigenicity, easy
contamination and immune rejection (Liu et al., 2021). Luckily,
the discovery of MSCEVs is a bright spot. After TBI, the use of
MSCEVs significantly improved the motor function and spatial
memory ability of TBI animals (Patel et al., 2018; Moss et al.,

2021). At the cellular level, MSCEVs can not only reduce apoptosis
and neuroinflammatory response, but also promote the growth
of progenies (Wen et al., 2022). One study has also shown that
MSCEVs play a neuroprotective role by regulating the interaction
between astrocytes and neurons through the PI3K/AKT signaling
pathway (Turovsky et al., 2022). MSC contributes to the functional
recovery of various endogenous cells and plays a more indirect role
through continuous retention in the body (Andrzejewska et al.,
2021). It also has the potential to differentiate into various cells,
helping to replenish the cells consumed after TBI, thus exerting its
curative effect. Therefore, it is natural that its efficacy ranked first
in the late evaluation of mNSS and MWM. For another MEVs with
therapeutic potential, it has been found to be useful in the treatment
of early TBI. And they can also significantly inhibit inflammation.
As resident macrophages of the central nervous system, microglia
play an important role in the early stage of injury (Liddelow et al.,
2017). The early inflammatory cascade reaction will affect axon
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regeneration, and microglia will also produce two polarization
states of M1 and M2, affecting the secretion of inflammatory factors
(Kigerl et al., 2009). One study has shown that EVs derived from
microglia can promote axon regeneration through overexpression
of miRNA, thus improving motor function after TBI (Zhao et al.,
2021). Although MEVs were statistically significant compared to
controls, they were less effective than other cell-derived EVs. It
is possible that the intense early inflammatory response requires
a large number of microglia, which are in short supply. It is also
possible that some MEVs are affected by M1 microglia and turn into
EVs that are not effective, thus playing a harmful role. Therefore,
more studies are needed to further support the conclusion that
MEVs can be used in the treatment of TBI.

Our Bayesian network meta-analysis provided a basis for future
research by comparing EVs from different cell sources for TBI to
select the EVs with the most significant efficacy. Our study not only
assessed neural function, but also analyzed spatial memory ability.
It is helpful for researchers to choose EVs which is more suitable for
their research direction. To explore the mechanism of early efficacy,
the use of MEVs and AEVs as intervention may be a better choice.
MSCEVs and NSCEVs may be the best solution for researchers who
want to further study the mechanism of neural function recovery
after injury, or who want to compare the efficacy of stem cells and
EVs. While providing strong evidence for preclinical research, it
can reduce the detours in the transformation to clinical research.

There were some limitations to our Bayesian network meta-
analysis. First, the number of studies included and the sample size
were too small. The number of studies on some outcome measures
was so small that some interventions had only been studied in
one study, compromising the confidence of the results. Secondly,
the quality of the included studies was uneven, and there were
still studies with a high risk of bias. This might have something
to do with the types of studies included. The unsatisfactory
quality of preclinical research was still common due to the lack
of systematic guidelines and inconsistent laboratory conditions.
Moreover, the outcome indexes were all subjective results. The two
outcome indicators, mNSS and MWM, were not objective enough,
which might increase the risk of bias. Finally, SUCRA results
used to assess efficacy rankings might have their own limitations
affecting the results.

5. Conclusion

The results of our network meta-analysis suggested that AEVs
might be the best option in the treatment of early TBI in mNSS. In

the later stages of TBI, MSCEVs might have the best efficacy, both
in neural function and spatial memory. However, more research is
needed to confirm our findings and provide sufficient basis for its
transformation into clinical research.
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Depression is a major neuropsychiatric disease that considerably impacts
individuals’ psychosocial function and life quality. Neurotrophic factors are now
connected to the pathogenesis of depression, while the definitive neurotrophic
basis remains elusive. Besides, phytotherapy is alternative to conventional
antidepressants that may minimize undesirable adverse reactions. Thus, further
research into the interaction between neurotrophic factors and depression and
phytochemicals that repair neurotrophic factors deficit is highly required. This
review highlighted the implication of neurotrophic factors in depression, with a
focus on the brain-derived neurotrophic factor (BDNF), glial cell line-derived
neurotrophic factor (GDNF), vascular endothelial growth factor (VEGF), and nerve
growth factor (NGF), and detailed the antidepressant activities of various
phytochemicals targeting neurotrophic factors. Additionally, we presented
future opportunities for novel diagnostic and therapeutic strategies for
depression and provided solutions to challenges in this area to accelerate the
clinical translation of neurotrophic factors for the treatment of depression.

KEYWORDS

depression, neurotrophic factors, pathogenesis, neurotrophic basis, phytotherapy,
phytochemicals, antidepressant

1 Introduction

Depression is one of the most common and serious neuropsychiatric disorders, affecting
people’s thoughts, behaviors, interests, and feelings. Clinical patients with depression are
characterized by several manifestations such as gloomy mood, loss of interest, sleep
disturbances, etc. (Malhi and Mann, 2018; Wang et al., 2021a). While the pathogenesis
of depression is multifactorial and poorly understood. Its diverse manifestations, erratic
course and prognosis, and inconsistent responsiveness to therapy pose a challenge to its
detection, diagnosis, and management (Leung et al., 2022). Therefore, it is necessary to
investigate theoretical underpinnings and novel targets for early prevention and accurate
diagnosis of depression. Additionally, conventional antidepressants display remarkable
limitations, such as the delayed onset of action, low response rates, and relapse
following medication discontinuation, impeding treatment compliance in patients with
depression (Sabella, 2018). Accordingly, identifying non-adverse and side-effect-free
alternatives to traditional antidepressants is vital to improving drug adherence in
depressed individuals.
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2 Neurotrophic basis of depression

Neuroplasticity is responsible for neurogenesis and the
modification of mature neuronal morphology (Allen and Lyons,
2018). Limiting neurogenesis prevents antidepressant action and has
been substantiated to depression-like syndromes, especially under
stressful situations (Castreń, 2013). Therefore, neurogenesis has
been proposed to facilitate stress resilience, which might be the
foundation of antidepressant therapeutic benefits. Neurotrophic

factors are essential mediators of neuroplasticity among several
candidates (Song et al., 2017), to boost neuroplasticity,
particularly synaptic plasticity, neurotransmission, and neuronal
survival, growth, and differentiation (Thoenen, 1995; Wang et al.,
2022). Furthermore, the increase in neuroplasticity is expected to
attract antidepressant benefits (Figure 1). The secretion of
neurotrophic production increased after antidepressant treatment,
promoting the survival of neurons and shielding them from stress-
related damage. As a result, the onset of depression is implicated in
the impairment of neurotrophic factor signaling (Table 1). Although
efforts have been made to understand the neurotrophic basis of the
pathogenesis of depression, many fundamental questions regarding
their mechanisms of action remain to be addressed systematically to
better understand the complicated neurotrophic basis in depression
treatment.

2.1 Brain-derived neurotrophic factor and
depression

Brain-derived neurotrophic factor (BDNF), an essential member
of the neurotrophic factor family, was initially discovered in the
brain of a pig by Barde in the 1980s (Leibrock et al., 1989). BDNF,
primarily synthesized in neurons, is ubiquitously distributed
throughout the central nervous system (CNS). It is involved in
the repair of synaptic plasticity, the transduction of 5-
hydroxytryptamine (5-HT) signaling, and the level of 5-HT in
the brain (Bhattarai et al., 2020; Costa et al., 2022). Consistent
reports have certified that BDNF is associated with the occurrence,
development, and management of depression, and it has received
the most attention in the neurobiology of depression among any
neurotrophic factors.

Researchers are constantly investigating the relationship
between variations in activity and content of BDNF and the
occurrence or outcome of depression. BDNF deficiency in the
amygdala is visible in women with major depressive disorder

FIGURE 1
Neurotrophic factors increase neuroplasticity, especially
synaptic plasticity, neurotransmission, and neuronal survival, growth,
and differentiation. An increase in neuroplasticity is likely to induce
antidepressant effects. BDNF, brain-derived neurotrophic factor;
TrkB, tropomyosin-related kinase receptor B; GDNF, glial cell line-
derived neurotrophic factor; GFRα1, GDNF-family receptor-α1; VEGF,
vascular endothelial growth factor; VEGFR, vascular endothelial
growth factor receptor; NGF, nerve growth factor; TrkA,
tropomyosin-related kinase receptor A.

TABLE 1 Relationship between neurotrophins and the pathogenesis of depression.

Neurotrophins First
discovered

Changes in MDD References

BDNF 1980s ↓Amygdala Hofer and Barde, (1988), Leibrock et al., 1989, Guilloux et al., 2012, Wook Koo et al., 2016, Zhang,
(2011)

Barde ↓Plasma

↓Serum

↓DG

↑NAc

GDNF 1993 ↓Serum Lin et al., 1993, Zhang et al., 2009

Lin

VEGF 1989 ↓Plasma Leung et al., 1989, Isung et al., 2012, Castillo et al., 2020, Lee and Kim, (2012)

Ferrara ↑Plasma

NGF 1956 ↓Serum Levi-Montalcini and Angeletti, (1968), Wiener et al., 2015

Levi-Montalcini

MDD, major depressive disorder; BDNF, brain-derived neurotrophic factor; GDNF, glial cell-derived neurotrophic factor; VEGF, vascular endothelial growth factor; NGF, nerve growth factor;

↓, decrease; ↑, increase; DG, dentate gyrus; NAc, nucleus accumbens.
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(MDD) (Guilloux et al., 2012). Postmortem analysis revealed that
plasma BDNF levels are lower in depressed patients than that in
controls (Gadad et al., 2021). Moreover, a series of experiments have
confirmed that intracerebral administration of BDNF has
antidepressant efficacy in depressive animal models (Deltheil
et al., 2009). Antidepressant studies targeting BDNF have the
potential to be one of the most valid strategies for the
development of novel antidepressant medications. Subsequently,
Fukumoto et al. demonstrated that the antidepressant effect of
(2R, 6R)-Hydroxynorketamine [(2R, 6R)-HNK], a ketamine
metabolite that can produce rapid and sustained antidepressant
actions in animal models without side effects of ketamine, was
mediated through active-dependent release of BDNF in the medial
prefrontal cortex (mPFC), sufficiently demonstrating the
indispensable role of BDNF in antidepressant treatment
(Fukumoto et al., 2019).

However, the association between BDNF and depression has not
yielded conclusive results. Tropomyosin-related kinase B (TrkB), a
specific BDNF receptor, has been pointed to activate BDNF-TrkB
signaling to exert the antidepressant action (Rantamäki et al., 2007),
and ketamine improves postoperative depression symptoms by
upregulating BDNF-TrkB signaling as well. However, Wook Koo
et al. pointed out that chronic social defeat stress increased BDNF
expression level in the nucleus accumbens, and local knockout of the
BDNF gene in the ventral tegmental area reduced depression-like
phenotypes, demonstrating that BDNF signaling induces depression
susceptibility (Wook Koo et al., 2016). The role of BDNF acts
variably in diverse brain regions, warranting additional study of
individual mechanisms. Besides, a substantial reduction in BDNF
levels in rheumatoid arthritis patients with depression were detected
(Cheon et al., 2018; Nerurkar et al., 2019), and the severity of
depression is related to fatigue, poor BDNF expression, and serious
state of rheumatoid arthritis. Therefore, BDNF levels might be
potential biomarkers for the prediction or monitoring of depression.

Much work on BDNF has recently been reported in this field,
while the following issues should be highlighted: there are
differences in the stability of BDNF levels measured by different
laboratories in whole blood, serum, and plasma (Karege et al., 2005;
Suwalska et al., 2010; Arosio et al., 2021), which may be attributed to
differences in enzyme-linked immunosorbent assay methods or
sampling tubes; the discrepant level and mechanism of BDNF in
various brain regions are different, which deserves further study; the
more stable and accurate BDNF measurements should be
determined and find out which source of BDNF is the most
reliable biomarker of MDD, as concentrations of BDNF markers
in the circulation do not always reflect the CNS concentrations.

2.2 Glial cell line-derived neurotrophic
factor and depression

Glial cell line-derived neurotrophic factor (GDNF) is a
neurotrophic factor of the β family that is widely distributed
throughout the brain and regulates the noradrenergic and
GABAergic systems. It was first purified and named in 1993 by Lin
et al. (Lin et al., 1993). GDNF is one of themost efficient neurotrophins,
influencing the growth, survival, and activity of midbrain dopaminergic
neurons, protecting neurons from oxidative stress, and constituting

major players in the development and function of hippocampal neurons
(Yang et al., 2001; Bonafina et al., 2019).

A postmortem study on characters with MDD found that the
level of GDNF decreased in PFC and the concentration of GDNF in
the amygdala reduced as well (Michel et al., 2008; Järvelä et al., 2011;
Tang et al., 2023), implying that lower serum GDNF may be
involved in the pathophysiology of MDD. Zhang et al.
investigated whether the serum GDNF of patients with MDD
differed from that of the healthy control group before
antidepressant treatment and whether it could affect serum
GDNF expression in patients with MDD after antidepressant
treatment (Zhang et al., 2010). The results revealed that serum
GDNF levels were conspicuously lower in MDD patients before
treatment than that in healthy volunteers. Antidepressants could
increase GDNF mRNA and protein levels, suggesting the increased
GDNF might contribute to the improvement of depression (Maheu
et al., 2015). Furthermore, central GDNF signaling may also be a
potential antidepressant target. High plasma GDNF levels may be
implicated in the pathophysiology of late-onset depression and
cognitive impairment in late-onset depression patients (Wang
et al., 2011). Consequently, a reduction in GDNF levels might be
a biomarker of depressed status.

Based on the above studies on the interaction between GDNF
and depression, researchers can recognize that: whether the
influence of peripheral and central GDNF on the pathogenesis of
depression is not completely clear; supplementation of exogenous
GDNF has an antidepressant effect. When it comes to exogenous
GDNF supplied to serum, plasma, and whole blood, the optimal
strategy must be determined.

2.3 Vascular endothelial growth factor and
depression

Vascular endothelial growth factor (VEGF) is an effective mitogen
and survival factor for endothelial cells and neurons, as well as a
modulator of synaptic transmission (Vargish et al., 2017). In 1989,
Ferrara et al. isolated and cloned this substance and named it (Leung
et al., 1989). In addition to angiogenic action (Apte et al., 2019), current
research has revealed the neurotrophic and neuroprotective potentiality
of VEGF in the CNS (Jin et al., 2002; Sene et al., 2015). For example,
VEGF influences the pathophysiology of hippocampal neurogenesis
and depression, contributes to the occurrence of hippocampal neurons,
and shields stress-related neurons from damage (Cao et al., 2004; Kirby
et al., 2015), which is essential for antidepressant therapy. Inhibiting the
expression of VEGF receptor 2 in nerve cells impairs hippocampal-
dependent synaptic plasticity and emotionalmemory consolidation (De
Rossi et al., 2016).

Current clinical research on the correlation between VEGF and the
onset of depression has not yielded consistent results. When compared
to that in healthy volunteers, the expression of VEGF in patients with
depression tends to increase in serum and plasma (Castillo et al., 2020),
while quite a few studies have detected an average decrease in VEGF
levels in patients with depression (Du Preez et al., 2021), which may be
due to inadequate assessment of environmental factors such as gender,
age, and body mass index. VEGF can predict the response of
antidepressant treatment, suggesting that it is a possible biomarker
and mediator engaged in neuroplastic processes (Castillo et al., 2020).
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TABLE 2 Antidepressant effects induced by phytochemicals based on neurotrophic factors.

Phytochemicals Behavioral effects Neurotrophic mechanisms References

Auraptene ↓Immobility time in FST and TST ↑GDNF mRNA Amini-Khoei et al., 2022, Furukawa et al., 2020

Baicalein ↓Immobility time in FST and TST ↑BDNF/TrkB/CREB pathway Zhao et al., 2021, Liu et al., 2022

↑Sucrose preference in SPT ↓Inflammatory cytokines

↑OFT ↑BDNF

Catalpol ↓Immobility time in FST ↓NLRP3 inflammasome and
neuroinflammation

Wang et al., 2021d, Wang et al., 2015, Xu et al.,
2010

↑OFT ↑BDNF expression and TrkB, ↓COX-2
expression and PGE2

↑GDNF

Chrysin ↓Immobility time in FST ↑BDNF Filho et al., 2016, Ma et al., 2020

↓Cytokines and 5-HT

↑OFT ↓Ca2+ availability

↑cAMP/PKA and NO/cGMP signaling
pathways

Curcumin ↓Immobility time in FST ↑Hippocampal synaptic plasticity Fan et al. (2021)

↑Sucrose preference in SPT ↑Hippocampal BDNF

Dimethyl fumarate ↓Immobility time in FST ↑Hippocampal BDNF and β-catenin Abd El-Fattah et al. (2018)

↑Sucrose preference in SPT

↑Sucrose preference in SPT

Emodin ↓Immobility time in FST and TST ↑BDNF Ahn et al., 2016, Zhang et al., 2021b

↑Sucrose intake in SPT ↓Inflammatory responses

Eugenol ↓Immobility time in FST ↑BDNF Irie et al. (2004), Norte et al., 2005

Genipin ↓Immobility time in FST and TST ↑Hippocampal BDNF Ye et al. (2018)

Ginsenosides Rb1 ↑social interaction ↑BDNF Jiang et al., 2022, Zhang et al., 2021a, Liang et al.,
2010

↓Immobility time in FST and TST ↑NGF

Ginsenoside Rg1 ↓Immobility time in FST and TST ↑Hippocampal BDNF Wang et al., 2021c, Jiang et al., 2012, Liang et al.,
2010, Wang et al., 2021b

↑Sucrose preference in SPT ↑NGF

↑OFT ↑Cx43-based gap junction

Hesperidin ↑Sucrose preference in SPT ↑BDNF Sharma et al., 2021, Li et al., 2016, Zhu et al., 2020

↓Immobility time in FST and TST ↑GDNF

Hyperforin ↓Immobility time in TST ↑BDNF Pochwat et al. (2018)

Hypericin ↑Sucrose preference in SPT ↓PI3K/Akt pathway Zhai et al., 2015, Zhang et al., 2015, Thong et al.,
2006, Lavie et al., 2005

↑Body weight ↑VEGF

↓Immobility time in TST ↓Phosphorylation of ERK1/2

Macranthol ↑Sucrose preference in SPT ↑BDNF Luo et al., 2015, Weng et al., 2019

Magnolol ↑Sucrose preference in SPT ↓M1 polarization Tao et al. (2021)

Naringenin ↑Sucrose preference in SPT ↑BDNF Bansal et al., 2018, Eraky et al., 2023

↓Inflammatory cytokines

Naringin ↓Immobility time in FST and TST ↑BDNF/TrkB/CREB pathway Gao et al., 2022, Rong et al., 2012, Viswanatha et al.,
2022

↑VEGF

(Continued on following page)
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The findings make an important contribution to this
expanding field of VEGF research, which can be emphasized
as follows: even though BDNF is currently the most studied
neurotrophic factor in neurobiology in MDD, the effects of VEGF
on the pathogenesis of depression should not be underestimated,
which means that the relationship between VEGF and depression
should be investigated thoroughly; the correlation between VEGF
and depression remains inconsistent, so the effect of VEGF on
depression should be designed to combine with environmental
variables.

2.4 Nerve growth factor and depression

Nerve growth factor (NGF), an essential member of the
neurotrophic factor family, was first isolated in 1956 by Levi-
Montalcini (Levi-Montalcini and Angeletti, 1968). It is primarily
generated in the cortex, hippocampus, and hypothalamus, but it is
also found in the peripheral nervous system and the immune system
(Meng et al., 2022). NGF has a strong affinity for TrkA (Riccio et al.,
1997; Deppmann et al., 2008). Owing to its participation in
neuroplasticity, learning, and memory, NGF is essential for the
response to stress and the regulation of the neuro-endocrine-
immunity system (Mohammadi et al., 2018).

NGF plays an important role in the pathogenesis of
depressive symptoms and the response to antidepressant
treatment, which can be seen from that exogenous NGF could
induce antidepressant-like effects in rodent depression models
(Mezhlumyan et al., 2022). In a study examining the effects of
NGF on depression, NGF improved depression-like behaviors
like fluoxetine and amitriptyline (McGeary et al., 2011),
suggesting NGF is involved in the pathogenesis of depressive
symptoms and the response to antidepressant treatment. To test
whether NGF is associated with the etiology of depression or
suicide risk, Wiener et al. examined changes in serum NGF levels
in MDD patients with or without suicidal risk (Wiener et al.,
2015). The results showed that the serum levels of NGF in the
MDD group and MDD along with suicide risk group were
significantly reduced, however, there was no difference
between the MDD group and MDD along with suicide risk
group, from where we could point out that NGF was a
biomarker of MDD. It may be associated with the diagnosis of
MDD but not with the severity of symptoms. Early adverse
experiences in humans, for instance, maternal deprivation, are
linked to an increased risk of mental illnesses such as anxiety and
MDD, and data from Cirulli et al. showed that NGF was a
potential candidate for adverse events in brain dysfunction
and a neuroendocrine marker for the different responses of

TABLE 2 (Continued) Antidepressant effects induced by phytochemicals based on neurotrophic factors.

Phytochemicals Behavioral effects Neurotrophic mechanisms References

Oleanolic acid ↓Immobility time in FST and TST ↑Hippocampal BDNF Fajemiroye et al. (2014)

Olive polyphenol _ ↑GDNF and NGF in the hippocampus and
olfactory bulbs

De Nicoló et al. (2013)

Orcinol glucoside ↓Immobility time in FST and TST ↑BDNF/TrkB/CREB pathway Li et al. (2021)

↑Sucrose preference in SPT

↑OFT

Paeoniflorin ↑Sucrose preference in SPT ↑ERK1/2 pathway Tang et al., 2021, Tian et al., 2021

↑function of balance control and motor
coordination in the BBT

↓Pyroptosis CASP-11/GSDMD pathway

Piperine ↑Sucrose preference in SPT ↑BDNF Ren and Zuo, (2019), Mao et al., 2014,
Wattanathorn et al., 2008

↑Spontaneous locomotor behavior

↓Immobility time in FST

Quercetin ↑Bodyweight gain ↑BDNF in both the hippocampus and PFC Ke et al. (2020)

↑Saccharin preference index

↓Immobility time in FST

Resveratrol ↑Sucrose preference in SPT ↑Peroxisome proliferator–activated receptor-γ
coactivator

Abd El-Fattah et al., 2018, Smeding et al., 2012

1α abundance and function

BDNF in both the hippocampus and PFC

Tetrandrine ↓Immobility time in TST and FST ↑BDNF Gao et al. (2013)

FST, forced swimming test; TST, tail suspension test; SPT, sucrose preference test; OFT, open field test; BBT, beam balance test; GDNF, glial cell-derived neurotrophic factor; BDNF, brain-

derived neurotrophic factor; VEGF, vascular endothelial growth factor; NGF, nerve growth factor; TrkB, tyrosine kinase receptor B; cAMP, cyclic adenosine monophosphate; CREB, cAMP-

response element binding protein; NLRP3, NOD-like receptor thermal protein domain associated protein 3; COX-2, cyclooxygenase-2; PGE2, prostaglandin E2; GDNF, PKA, protein kinase A;

CASP-11, caspase-11; GSDMD, pore-forming protein gasdermin D; PFC, prefrontal cortex.
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male and female rhesus monkeys suffering from maternal
deprivation (Cirulli et al., 2009).

Based on the above NGF and depression studies, researchers can
find that the presence of suicide risk does not affect the serum levels
of NGF, suggesting NGF may be associated with the diagnosis of
MDD but not with the severity of symptoms.

3 Phytotherapy on depression targeting
neurotrophic factors

Despite the fact that conventional antidepressant therapy can
help relieve symptoms of depression, concerns have been raised
regarding complementary therapies due to the drawbacks of the
current medications. Phytochemical constituents, a ubiquitous
class of plant secondary metabolites, have revealed their
therapeutic benefits in many indications, including mental
disorders (Raimundo et al., 2022). The use of phytochemicals
is a complementary method to conventional antidepressants to
provide therapeutic advantages and avoid unwanted adverse
reactions. To date, subsequent evidence indicates that
impairment in neurotrophic basis is associated with
depression, and phytochemicals targeting neurotrophic factors
exert antidepressant properties. It is thus not surprising that the
focus of the pharmacological study on phytochemicals for the
treatment of depression has been targeting neurotrophic factors,
among which BDNF, GDNF, VEGF, and NGF are the most
relevant neurotrophins. For example, curcumin, one of the few
phytochemicals that have found its way into human studies,
exerts antidepressant effects by improving the levels of
hippocampal BDNF (Sanmukhani et al., 2014; Fusar-Poli
et al., 2020). Besides, resveratrol is a natural polyphenol that
could improve the reduction in sucrose preference in rats by
promoting BDNF and GDNF levels (Liu et al., 2014; Couteur
et al., 2021). GDNF and NGF could be inducted by olive
polyphenol administration in the hippocampus and olfactory
bulbs of mice (De Nicoló et al., 2013). Naringin increased the
expression of BDNF and VEGF in rat models (Rong et al., 2012;
Viswanatha et al., 2022). Table 2 manifested other
phytochemicals targeting neurotrophic factors for depression
treatment.

In conclusion, it suggests that antidepressant-like effects of
phytochemicals may be mediated, at least in part, by enhanced
neurotrophic factors produced in the brain. Phytochemicals
targeting neurotrophic factors are the potential to be profoundly
developed and used in the future. Research into the biochemical and
pharmacological effects of these bioactive constituents may uncover
novel treatments for psychiatric illness or yield fresh insights into
basic disease mechanisms.

4 Conclusion and perspectives

Depression is one of the most serious health challenges that
affect the quality and duration of life substantially and disastrously.
In terms of the therapeutic efficacy of depression, the limitations of
traditional antidepressants remain notable. For example, a
significant portion of patients with depression is prone to

recurrence or unresponsive to various antidepressants (Daly
et al., 2019). Additionally, it delays several weeks for 5-HT
reuptake inhibitors, the mainstream antidepressants, to take
action. Nevertheless, innovative therapeutics are still rare, owing
in part to the difficulty of uncovering the underlying biological
mechanisms of depression. As a result, the development of
identifying novel therapeutic targets for depression is urgently
required.

The expression and levels of BDNF, GDNF, VEGF, and NGF
appear to be differentially altered in MDD patients compared to
healthy persons, indicating that these molecules may constitute
crucial roles in the pathophysiology of depression and
antidepressant activity of treatment interventions. Coupled with
new insights into the underlying mechanisms of depression, the rich
abundance of chemical entities derived from herbs is proving to be
an enticing resource in the search for effective therapy. Phytotherapy
with a long history of useful applications is gaining popularity in
pharmaceutical research. The active ingredients operating on
multiple neurotrophic factors have been identified and
extensively evaluated for therapeutic efficacies. Phytochemical
components are more broadly available, tolerable, and
presumably possess fewer negative effects in comparison to
synthetic pharmaceutical medications, making them especially
appealing for further exploitation and characterization for
potential application in depression. Although animal research has
yielded a plethora of candidates for phytotherapy, only a limited
number of these compounds have made it into clinical trials. It is
necessary to perform clinical trials to establish the therapeutic
potential and validate the efficacy and safety of natural
antidepressants.
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Epilepsy is a chronic disorder of the central nervous system characterized by
recurrent unprovoked seizures resulting from excessive synchronous discharge of
neurons in the brain. As one of the most common complications of many
neurological diseases, epilepsy is an expensive and complex global public
health issue that is often accompanied by neurobehavioral comorbidities, such
as abnormalities in cognition, psychiatric status, and social-adaptive behaviors.
Recurrent or prolonged seizures can result in neuronal damage and cell death;
however, the molecular mechanisms underlying the epilepsy-induced damage to
neurons remain unclear. Ferroptosis, a novel type of regulated cell death
characterized by iron-dependent lipid peroxidation, is involved in the
pathophysiological progression of epilepsy. Emerging studies have
demonstrated pharmacologically inhibiting ferroptosis can mitigate neuronal
damage in epilepsy. In this review, we briefly describe the core molecular
mechanisms of ferroptosis and the roles they play in contributing to epilepsy,
highlight emerging compounds that can inhibit ferroptosis to treat epilepsy and
associated neurobehavioral comorbidities, and outline their pharmacological
beneficial effects. The current review suggests inhibiting ferroptosis as a
therapeutic target for epilepsy and associated neurobehavioral comorbidities.
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1 Introduction

Epilepsy is a chronic disorder of the central nervous system (CNS) affecting
approximately 65 million individuals worldwide (Devinsky et al., 2018; Patel et al., 2019;
Akyüz et al., 2023), with a global lifetime prevalence of 7.6 per 1,000 individuals (Van Loo
et al., 2022). Epilepsy is characterized by aberrant neuronal activity and recurrent
unprovoked seizures as a result of excessive synchronous neuronal discharge. Some
forms of epilepsy are more common, while others are rare. Multiple environmental and
genetic factors are thought to contribute to common forms of epilepsy, whereas high-impact
rare genetic variants have been associated with rarer forms of epilepsy (Fiest et al., 2017).
Epilepsy can be classified into two broad categories, idiopathic or genetic, according to the
suspected underlying cause. Epilepsy can occur as a result of acute brain injuries, such as
neurotrauma, stroke, brain tumors, or status epilepticus, genetic mutation, CNS infection,
metabolic disorders, and autoimmune diseases (Vezzani et al., 2019).

Seizures are caused by an acute pathological insult or lesion that leads to a series of
changes in molecular, cellular, and physiological properties, including inflammation
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(Vezzani et al., 2011), blood-brain barrier (BBB) injury (van Vliet
et al., 2007), neurodegeneration (Dingledine et al., 2014), and
functional changes in ion channels, transporters, receptors, and
enzymes involved in neurotransmission (Devinsky et al., 2013).
Epilepsy ultimately leads to epileptogenesis, resulting in the
damage or loss of neurons, synaptic reorganization, axonal
sprouting, and structural and functional changes in glial cells,
particularly microglia and astrocytes.

The mechanisms underlying neuronal loss during epilepsy
include oxidative stress, inflammation, iron overload, and
excitotoxicity (Fabisiak and Patel, 2022; Parsons et al., 2022;
Ramos-Riera et al., 2023). Due to inadequately equipped with
antioxidant defense systems, the mammalian brain is prone to
oxidative damage, which can be attributed to the enrichment of
neuronal membrane lipids with poly-unsaturated fatty acyl (PUFA)
side-chains, especially docosahexaenoic acid (DHA, C22:6)
(Halliwell, 2006), high oxygen consumption (approximately 20%
of total oxygen supply), abundance of iron (Burdo and Connor,
2003; Zecca et al., 2004; Ward et al., 2014), generation of
mitochondrial reactive oxygen species, and accumulation of
peroxisomal hydrogen peroxide (H2O2) (Halliwell, 2006).
Previous studies have also identified multiple paradigms in
regulated cell death (RCD) based on neuronal loss after epilepsy,
including pyroptosis, autophagy, necroptosis, and apoptosis
(Galluzzi et al., 2018; Mao et al., 2019a). However,
epileptogenesis and the molecular mechanisms underlying
neuronal loss after epilepsy are not completely understood.
Therefore, further investigation is required to gain insight into
the pathogenesis of epilepsy and epileptogenesis and identify
clinically meaningful and effective targets for the development of
new therapies for epilepsy.

In recent years, ferroptosis, a non-apoptotic iron-dependent
lipid peroxide (LPO)-driven form of RCD, has been gaining
attention in epilepsy research (Cai and Yang, 2021; Akyüz et al.,
2023). Since the first study to report that ferroptosis was
involved in seizure-induced cell death in rats and the
associated cognitive comorbidities of kainic acid (KA)-
induced temporal lobe epilepsy (Ye et al., 2019), emerging
evidence has confirmed a role for ferroptosis in the
pathogenesis of epilepsy (Cai and Yang, 2021), with several
compounds exerting therapeutic effects through the
pharmacological inhibition of ferroptosis in experimental
epilepsy models. In this review, we briefly describe the core
molecular mechanisms underlying ferroptosis and their role in
epilepsy. Furthermore, we outline the beneficial
pharmacological effects of compounds that inhibit ferroptosis
and highlight their potential use in the treatment of epilepsy and
associated neurobehavioral comorbidities.

2 Molecular mechanisms of ferroptosis

Ferroptosis occurs when ferroptosis-inducing factors, including
iron-dependent reactive oxygen species (ROS) and LPOs,
significantly override the antioxidant defense system, resulting in
the lethal accumulation of LPO in cellular membranes, and
ultimately membrane rupture (Tang and Kroemer, 2020; Lei
et al., 2022). Two key signals, i.e., accumulation of free iron and

inhibition of SLC7A11/GSH/GPX4 system are required to induce
ferroptosis, as shown in Figure 1 (Chen et al., 2021).

2.1 SLC7A11-GSH-GPX4 axis

Cellular antioxidant systems that directly neutralize lipid
peroxides comprise four anti-ferroptosis defense systems with
distinct subcellular localizations. Ferroptosis defense systems
include the SLC7A11/GSH/GPX4 (solute carrier family
7 member 11/glutathione/glutathione peroxidase 4), DHODH-
CoQH2 (dihydroorotate dehydrogenase-dihydroubiquione),
GCH1-BH4 (GTP cyclohydrolase 1-tetrahydrobiopterin), and
FSP1-CoQ10 (ferroptosis suppressor protein 1-coenzyme Q10)
pathways (Lei et al., 2022). SLC7A11/GSH/GPX4 is involved in
amino acid metabolism and is a major cellular anti-ferroptosis
defense system (Lei et al., 2022; Sun et al., 2022).

SLC7A11 and solute carrier family 3 member 2 (SLC3A2) make
up the cystine/glutamate antiporter system Xc−. xCT, also known as
xCT, is a core component of system Xc− working as the transporter
subunit of system Xc−, importing extracellular cystine and exporting
intracellular glutamate to mediate the antiporter activity and (Sato
et al., 1999; Koppula et al., 2018). The xCT-mediated uptake of
extracellular cystine is promptly reduced to cysteine by a reduction
reaction that consums nicotinamide adenine dinucleotide
phosphate (NADPH) in the cytosol. Cysteine functions as a rate-
limiting precursor for GSH biosynthesis, which is the principal
cofactor for GPX4-mediated LPO detoxification (Koppula et al.,
2021). As part of the GPX protein family, whose main biological role
is protect lipids from peroxidation (Brigelius-Flohé and Maiorino,
2013; Brigelius-Flohé and Flohé, 2020), GPX4 has been identified as
a key inhibitor of ferroptosis (Dixon et al., 2012; Friedmann Angeli
et al., 2014; Yang et al., 2014; Ingold et al., 2018; Forcina and Dixon,
2019) and is regulated by epigenetic factors, transcription factors,
and post-translational modifications (PTMs) (Cui et al., 2022).
GPX4 simultaneously converts phospholipid hydroperoxides (PL-
OOH) to non-toxic phospholipid alcohols and oxidizes two GSH
molecules to oxidized glutathione (GSSG) (Ursini et al., 1982; Seibt
et al., 2019). Previous studies have shown that the inhibition of
SLC7A11 activity, or cystine depletion, in culture media can induce
ferroptosis (Koppula et al., 2021).

2.2 Iron homeostasis

As an essential redox-active metal for neuronal activity and
normal physiological function, iron plays a vital role in energy
metabolism, biosynthesis, neurotransmission, and myelination
(Crichton et al., 2011). Iron metabolism in humans is regulated
through iron transport, absorption, and recycling. Iron homeostasis
is highly modulated by iron regulatory proteins (IRPs), which
include IRP1 and IRP2 (Piccinelli and Samuelsson, 2007;
Muckenthaler et al., 2008; Ward et al., 2014), which bind to the
iron response element (IRE) of iron-metabolizing genes and regulate
their expression, leading to changes in cellular iron metabolism
(Wang and Pantopoulos, 2011; Gao et al., 2019) and preventing the
excessive accumulation of iron (Reichert et al., 2020; Sun et al.,
2022). When intracellular iron is low, iron-sulfur (Fe-S) is released
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from the active site of the IRP, permitting IRP to bind to the IRE of
divalentmetal-iontransporter-1 (DMT1) and transferrin receptor
(TfR) gene transcripts to activate TfR translation, while IRPs
bind to ferroportin (FPN) gene transcripts to inhibit FPN
translation, resulting in the promotion of free iron absorption to
increase the intracellular concentration and reduce the excretion of
cellular iron (Reichert et al., 2020; Wei et al., 2020; Sun et al., 2022).

Iron (Fe3+) binds to circulating Tf to form the holotransferrin
(holo-Tf) complex, (Ganz, 2008), which binds to transferrin
receptor 1 (TfR1) and thereby enters brain microvascular
endothelial cells (BMECs) through clathrin-mediated endocytosis
(McCarthy and Kosman, 2012). TfR1, expressed on the luminal side
of the BMECs, regulates the iron homeostasis in order to maintain
proper brain function (Pardridge et al., 1987; Ward et al., 2014). The
Fe3+-Tf-TfR complex is then transported into the endosome, where
Fe3+ detaches from Tf and is reduced to Fe2+ by metalloreductases,
duodenal cytochrome b (DCYTB) (Tulpule et al., 2010) or six-
transmembrane epithelial antigen of prostrate 3 (STEAP3) (Ohgami
et al., 2005). Fe2+ enters the cytosol via DMT1 (De Domenico et al.,
2008). The unbound redox-active iron (Fe2+) in the cytosol forms a
labile iron pool (LIP), which acts as an intermediate between stored,
utilized, or imported iron, and feeds iron-catalyzed ROS production
(Hassannia et al., 2021). Excess unbound Fe2+ can be exported to
cells via FPN with the help of ceruloplasmin or hephaestin to oxidize
Fe2+ and form Fe3+ (Andrews and Schmidt, 2007; Andrews, 2010).
Alternatively, ferritin that consists of two isoforms: ferritin heavy
(FTH) and ferritin light (FTL) stores unbound Fe2+ as non-reactive
Fe3+. FTH exhibits activity of ferroxidase and is involved in rapid
iron uptake and reutilization, while FTL take part in the long-term
storage of iron through nucleation (Mills et al., 2010; Crichton et al.,

2011; Singh et al., 2014; Ward et al., 2014). Ferritin can be degraded
via ferritinophagy, an autophagy-like process that releases labile iron
to facilitate LPO-mediated ferroptosis (Hadian and Stockwell, 2020).
The utilized unbound Fe2+ can be transported to the mitochondria
for heme biosynthesis, iron-sulfur cluster formation, and as a
cofactor for mitochondrial enzymes.

Dysregulation and accumulation of free iron causes oxidative
stress-dependent damage to neurons in the CNS, resulting in
neurological diseases, including epilepsy (Chen S. et al., 2020).
Free iron accumulation is involved in free radical formation and
propagation of LPO, leading to the accumulation of lethal LPOs and
the initiation of ferroptosis (Chen et al., 2021). Iron catalyzes the
Fenton reaction, which induces the generation of free radicals that
attack membrane-bound PUFAs in the non-enzymatic LPO
pathway, while arachidonate lipoxygenases (ALOXs), the
nonheme iron-containing enzymes, initiate the dioxygenation of
membrane phospholipids containing PUFAs from linoleic acid (LA,
18:2 n-6) to arachidonic acid (AA, 20:4 n-6) in the enzymatic LPO
pathway (Ryter et al., 2007; David et al., 2022). Alternatively, iron
functions as an essential cofactor for cytochrome
P450 oxidoreductase (POR) or ALOXs, both which promote the
induction of LPO (Lei et al., 2022). The generated free radicals near
the membrane react with PUFAs to produce lipid hydroperoxides,
which are highly susceptible to degradation to form a variety of lipid
derived α,β-unsaturated 4-hydroxyaldehydes, of which 4-
hydroxynonenal (4-HNE) is the most prominent (Sayre et al.,
2006; Schneider et al., 2008). Meanwhile, iron can promote the
activity of iron-dependent peroxidases, including LOXs; thus,
making cells are increasingly sensitive to ferroptosis (Chen X.
et al., 2020).

FIGURE 1
Core mechanisms of ferroptosis.
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Emerging studies have shown the levels of cell GSH and the
labile iron pool are intimately linked (Chen J. et al., 2022). Reduced
cysteine levels lead to the depletion of GSH levels and reduction of
GPX4 levels and activity, resulting in the accumulation of
unrepaired lipid peroxides and ferrous ions (Friedmann Angeli
et al., 2014; Stockwell et al., 2017). GSH is a very important
component of Fe2+ in unstable iron pools, it binds to Fe2+ to
prevent lipid peroxidation, directly inhibiting GSH biosynthesis
and triggering ferroptosis (Hider and Kong, 2011). GSH play a
role in providing a ligand for the cytosolic iron pool (Hider et al.,
2021). GSH depletion is one of the earliest detectable events in the
substantia nigra (SN) of Parkinson’s disease, and a reduced levels of
GSH in immortalized midbrain-derived dopaminergic neurons
results in increases in the cellular labile iron pool (LIP). This
increase is independent of either iron regulatory protein/iron
regulatory element (IRP/IRE) or hypoxia inducible factor (HIF)
induction but is both H2O2 and protein synthesis-dependent. This
study suggest a novel mechanistic link between dopaminergic GSH
depletion and increased iron levels based on translational activation
of TfR1 (Kaur et al., 2009). Taken together, although the two
pathways,i.e.,.SLC7A11-GSH-GPX4 axis and iron homeostasis,
implicated in ferroptosis are indicated as separate, combined
contribution of the two pathways in ferroptosis might vary in
different systems.

2.3 Lipid peroxidation

Phospholipids with polyunsaturated acyl tails (PL-PUFAs) are
the substrates for LPO during ferroptosis (Hadian and Stockwell,
2020) and are generated by acyl-coenzyme A (CoA) synthetase,
long-chain family member 4 (ACSL4) and lysophosphatidylcholine
acyltransferase (LPCATs). In the non-enzymatic LPO pathway,
PUFAs are ligated with CoA by ACSL4 to produce acyl-CoA,
which can be re-esterified into phospholipids by LPCATs. Iron
initiates the non-enzymatic Fenton reaction and can be
incorporated into ROS producing enzymes, acting as an essential
cofactor for ALOXs and POR, which promote LPO, generating lipid
peroxides or peroxidated PL-PUFAs(PL-PUFA-OOH), and
eventually triggering cell death is the last step of ferroptosis
(Hadian and Stockwell, 2020; Zou et al., 2020).

3 The role of ferroptosis in epilepsy

3.1 The role of ferroptosis in epilepsy-
associated neuronal death

Ferroptosis has gained substantial attention and sparked great
interest in the epilepsy research community in recent years. Given
that ferroptosis has also been implicated in epilepsy pathogenesis,
the pharmacological inhibition of ferroptosis may provide new
therapeutic opportunities to treat this debilitating disease.
Ferroptosis was first observed in the kainic acid-induced
temporal lobe epileptic rat model (Ye et al., 2019), and was later
corroborated in other studies and models of epilepsy (Mao et al.,
2019b; Li et al., 2019). Mao et al. (2019a) demonstrated the induction
of ferroptosis in mice models of pilocarpine (Pilo)and

pentylenetetrazole (PTZ) kindling-induced seizures (Mao et al.,
2019b). Previous indications that ferroptosis is involved in
epilepsy were substantiated by hematological findings in children
with epilepsy, which showed a consistent increase in 4-
hydroxynonenal (4-HNE) and NAPDH oxidase 2 (NOX2),
depletion of GSH, and inactivation of GPX4 (Petrillo et al., 2021).

Emerging evidence indicates that specific regulators modulate
ferroptosis in epilepsy. For example, lysyl oxidase (LysOX) has been
implicated in the pathogenesis of seizure-induced neuronal damage
through extracellular signal-regulated protein kinase (ERK)-
dependent 5-lipoxygenase (ALOX5) (Mao et al., 2022). In this
study, lysOX promoted LPO in neurons by activating ERK-
dependent ALOX5, which subsequently promotes ferroptosis.
The enforced expression of LysOX increased the sensitivity of
neurons to ferroptosis and aggravated seizure-induced
hippocampal damage. Furthermore, inhibition of LysOX by β-
aminopropionitrile (BAPN) significantly alleviated neuronal
damage by preventing seizure-induced ferroptosis, revealing the
LysOX-ERK-ALOX5 pathway as a target for ferroptosis
regulation and therapeutic intervention (Mao et al., 2022).
Another study has shown that circadian locomotor output cycles
kaput (CLOCK) functions as an inhibitor of ferroptosis by
increasing expression of GPX4 and peroxisome proliferator-
activated receptor gamma (PPAR-γ) to protect against KA-
induced seizures in mice (Wang et al., 2022). Knockout of
CLOCK in mice exacerbated KA-induced seizures and reduced
hippocampal expression of GPX4 and PPAR-γ in mice and N2a
cells, while CLOCK overexpression inhibited ferroptosis by
upregulating GPX4 and PPAR-γ. Together, this indicates that
CLOCK inhibits GPX4 and PPAR-γ-dependent ferroptosis in
KA-induced seizure mice.

3.2 The role of astrocyte activation-induced
neuronal ferroptosis in epilepsy

Emerging evidence indicates that astrocytes, which are
specialized neural cells of neuroepithelial origin, are crucial to the
initiation and progression of epilepsy (Vezzani et al., 2022).
Astrocytic activation is closely related to the emergence of
ferroptosis in neurons. Neurotoxic A1 astrocytes mediate
neuronal death by secreting neurotoxic long-chain saturated
lipids (Guttenplan et al., 2021). A recent study revealed a
correlation between astrocytic activation and neuronal ferroptosis
in C57BL/6J male mice models of PTZ kindling-induced epileptic
seizures and showed that A1 astrocytes induce ferroptosis via the
chemokine receptor CXCL10/CXCR3 axis in epilepsy (Liang et al.,
2023). Additionally, they found that ferroptosis inhibition prevented
A1 astrocyte activation-induced neurotoxicity. CXCL10 increased
the production of lipid ROS in a dose-dependent manner, which was
blocked by the ferroptosis inhibitors ferrostatin-1 (Fer-1) and GSH
in N2a cells. Similarly, NSC74859, a signal transducer and activator
of transcription 3 (STAT3) inhibitor, reversed the CXCL10-induced
downregulation of SLC7A11 and GPX4 and upregulation of lipid
ROS. These findings suggest that A1 astrocyte-secreted
CXCL10 activates STAT3 and suppresses SLC7A11/GPX4 in
neurons via CXCR3, leading to ferroptosis (Liang et al., 2023).
Clinical evidence also supported this correlation between
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TABLE 1 Emerging compounds targeted key regulators of ferroptosis to attenuate epilepsy.

Compounds Experimental model Epilepsy type Findings Mode of
action

References

Quercetin Kainic acid/Male C57BL/6J
mice

Temporal lobe epilepsy ↓Seizure-like behaviors; ↓cognitive
impairment; ↓ glutamate-induced
HT22 neuronal cell death; ↑SIRT1/Nrf2/
SLC7A11/GPX4

Nrf2/SLC7A11/
GPX4

Xie et al. (2022)

GIF-0726-r Glutamate/HT22 cells - ↑Cell viability; ↓Lipd ROS; ↓ferrous ions Ions Hirata et al.
(2021)

GIF-0726-r Erastin/HT22 cells - ↑Cell viability; ↓Lipd ROS; ↓ferrous ions Ions Hirata et al.
(2021)

BAPN ↓Ferroptosis Mao et al. (2022)

Ferrostatin-1 Kainic acid/rats Temporal lobe epilepsy ↓Initiation and progression of ferroptosis in
the hippocampus; ↑GPX4; ↑GSH; ↓lipid
peroxides; ↓iron accumulation; ↓hippocampal
neuronal loss; ↑cognitive function

GPX4 Ye et al. (2019)

Ferrostatin-1 Kainic acid/adult male SD rats Temporal lobe epilepsy ↓Cognitive impairment; ↓activation of
P38 MAPK; ↑synaptophysin; ↑postsynaptic
density protein 95

P38 MAPK Ye et al. (2020)

Lapatinib Kainic acid/Male C57BL/6J
mice

Temporal lobe epilepsy ↓Epileptic seizures; ↓seizure-induced
hippocampal damage and electrical activity;
↓4-HNE; ↓PTGS2 (mRNA)

GPX4 Jia et al. (2020)

Lapatinib Erastin/HT22 cells Temporal lobe epilepsy ↑Cell viability; ↓lipid ROS; ↓4-HNE; ↓ MDA;
↑SLC7A11; ↑GPX4; ↓5-LOX; ↓ACSL4

GPX4 Jia et al. (2020)

Lapatinib Glutamate/HT22 cells Temporal lobe epilepsy ↑Cell viability; ↓ lipid ROS; ↓4-HNE; ↓ MDA;
↑SLC7A11; ↑GPX4; ↓5-LOX; ↓ACSL4

GPX4 Jia et al. (2020)

Dihydroartemisinin Kainic acid/Balb/c nude mice Temporal lobe epilepsy ↑TrxR; ↑GSH Shao et al. (2022)

Apigenin Kainic acid/Male C57BL/6J
mice

Temporal lobe epilepsy ↓Epileptic symptoms; ↓oxidative stress;
↑SIRT1; ↓Ac-p53; ↑GPX4; ↑TrxR; ↑GSH

GPX4 Shao et al. (2020)

Apigenin Kainic acid/SH-SY5Y - ↓Intracellular superoxide; ↓lipid peroxidation
accumulation; ↑GPX4

GPX4 Shao et al. (2020)

D-Penicillamine Kainic acid/Male C57BL/6J
mice

Temporal lobe epilepsy ↓Seizure-induced neuronal injury; ↑Neuronal
survival; ↓ACSL4; ↓Ptgs2; ↓lipid peroxide

Aqp11/ACSL4 Yang et al.
(2022)

D-Penicillamine Glutamate or erastin/
HT22 cells

- ↑Cell viability; ↓lipid ROS; ↓Ptgs2; ↓ACSL4;
↑Aqp11

Aqp11/ACSL4 Yang et al.
(2022)

Baicalein FeCl3/mouse Posttraumatic epilepsy ↓Seizure score; ↓number of seizures; ↓average
seizure duration; ↓4-HNE; ↓ 12/15-LOX

12/15-LOX Li et al. (2019)

Baicalein Ferric ammonium citrate/
HT22 cells

- ↑Cell viability; ↓Lipd ROS; ↓4-HNE; ↑GPX4;
↓PTGS2

GPX4; PTGS2 Li et al. (2019)

Baicalein Erastin/HT22 cells - ↑Cell viability; ↓Lipd ROS; ↓4-HNE; ↑GPX4;
↓12/15-LOX

GPX4; 12/
15-LOX

Li et al. (2019)

Ferrostatin-1 FeCl3/Male C57BL/6J mice Posttraumatic epilepsy ↓Hippocampal damage; ↓seizure score;
↓spikes; ↓epileptiform discharge; ↓seizures per
day; ↓the number of seizures; ↑seizure latency;
↓time in seizure; ↓epileptogenic progression;
↑cognitive deficits; ↓4-HNE; ↑GPX4

GPX4 Chen et al.
(2022b)

Quercetin Kainic acid/Male C57BL/6J
mice

Temporal lobe epilepsy ↓Hippocampal damage; ↓seizure-like
behaviors; ↓cognitive impairment; ↑SIRT1;
↑Nrf2; ↑SLC7A11; ↑GPX4; ↓morphological
changes of mitochondria

Nrf2/SLC7A11/
GPX4

Xie et al. (2022)

Quercetin Glutamate/Erastin/HT22 cells - ↑Cell viability; ↓4-HNE; ↓MDA; ↓lipid ROS;
↑SIRT1; ↑Nrf2; ↑SLC7A11; ↑GPX4

Nrf2/SLC7A11/
GPX4

Xie et al. (2022)

Seratrodast Pentylenetetrazole/Male
C57BL/6J mice

Generalized clonic-tonic
convulsions

↓Hippocampal damage; ↑ latency of the initial
myoclonic jerks and GTCS; ↓seizure score;
↓seizure duration; ↑GPX4; ↓ p-JNK

GPX4 Hao et al. (2022)

(Continued on following page)
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A1 astrocytes and neuronal ferroptosis in patients with epilepsy.
Therefore, A1 astrocyte activation-induced neuronal ferroptosis is a
novel therapeutic target for epilepsy precision medicine.

3.3 The role of ferroptosis in epilepsy-
associated cognitive deficits

A recent study showed that the anti-aging protein Klotho
improved cognitive deficits in a rat model of temporal lobe
epilepsy by inhibiting ferroptosis (Xiang et al., 2021). In a rat
model of lithium chloride and pilocarpine (LiCl-Pilo)-induced
temporal lobe epilepsy, Klotho overexpression effectively
ameliorated cognitive deficits and prevented ferroptosis, as
evidenced by the reduced iron accumulation, downregulated

DMT1 expression, and increased FPN in the hippocampus.
Furthermore, Klotho significantly increased GPX4 and GSH
levels and suppressed ROS production (Xiang et al., 2021). In
summary, Klotho exerted neuroprotection against epilepsy-
associated cognitive deficits by inhibiting ferroptosis in a LiCl
Pilo-induced temporal lobe epilepsy rat model.

4 Pharmacological inhibition of
ferroptosis to treat epilepsy

Once ferroptosis was shown to play role in the pathogenesis of
epilepsy, scientists immediately began exploring the possibility of
treating epilepsy by pharmacologically inhibiting ferroptosis (Kahn-
Kirby et al., 2019; Ye et al., 2019; Akyüz et al., 2023). Previously,

TABLE 1 (Continued) Emerging compounds targeted key regulators of ferroptosis to attenuate epilepsy.

Compounds Experimental model Epilepsy type Findings Mode of
action

References

Seratrodast Erastin/HT22 cells - ↑Cell viability; ↓ mitochondria damage; ↓lipid
ROS; ↓ROS; ↓MDA; ↑SLC7A11; ↑GPX4;
↑GSH/GSSG; ↓p-JNK; ↓p53

SLC7A11/GPX4 Hao et al. (2022)

Vitamin E Pentylenetetrazole/SD rat Generalized clonic-tonic
convulsions

↓Epileptic grade; ↓seizure latency; ↓number of
seizures; ↓15-LOX; ↓MDA; ↓iron
accumulation; ↑GPX4; ↑GSH

GPX4 Zhang et al.
(2022)

12/15-LOX, 12/15-lipoxygenase; ACSL4, acyl-coA, synthetase long chain family member 4; ACSL4, long-chain acyl-CoA, synthetase 4; BAPN,β-aminopropionitrile; Nrf2, nuclear factor

(erythroid-derived 2)-like 2; HO-1, haem-oxygenase-1; ACSL4, acyl-coA, synthetase long chain family member 4; ALOX5,5-lipoxygenase; MDA, malondialdehyde; GSH, glutathione; GSSG,

oxidized glutathione; ALOX5, arachidonate 5-lipoxygena; Ptgs2,prostaglandin-endoperoxide synthase PTGS2, p synthase 2; TrxR, thioredoxin r.

FIGURE 2
Pharmacological inhibition of ferroptosis to treat epilepsy.

Frontiers in Pharmacology frontiersin.org06

Jin et al. 10.3389/fphar.2023.1185071

115

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1185071


inhibition of ferroptosis by Fer-1 prevented hippocampal neuronal
loss and ameliorated cognitive impairment in KA-induced temporal
lobe epilepsy in rats (Ye et al., 2019). Another report demonstrated
the role of ferroptosis in the pathogenesis of mitochondrial disease-
associated epilepsies and found that α-tocotrienol quinone (EPI-
743) potently dose-dependently ameliorated ferroptosis in the cells
of patient of five distinct pediatric epilepsy syndromes by reducing
LPO and 15-hydroxyeicosatetraenoic acid (15-HETE), a specific 15-
LO product (Kahn-Kirby et al., 2019). Baicalein has also been shown
to significantly inhibit epilepsy in an iron chloride (FeCl3)-induced
posttraumatic epilepsy mouse model and in ferric ammonium
citrate (FAC)-induced HT22 hippocampal neuron cells by
decreasing lipid ROS and 4-HNE, downregulating prostaglandin
endoperoxide synthase 2 (PTGS2), and inhibiting the expression of
12/15-lipoxygenase (12/15-LOX). This suggests that baicalein exerts
neuroprotection against posttraumatic epilepsy seizures by
suppressing ferroptosis (Li et al., 2019). In both Pilo- and PTZ
kindling-induced epileptic seizure mouse models, Fer-1 treatment
potently ameliorated seizures by increasing the levels of GPX4 and
GSH, inhibiting the production of 4-HNE and malondialdehyde,
and decreasing accumulation of iron and the expression of PTGS2
mRNA in the hippocampus (Mao et al., 2019a). Mounting evidence
indicates that the pharmacological inhibition of ferroptosis exerts
neuroprotective effects in vitro and in vivo epileptic disease models
(Table 1; Figure 2).

5 Conclusions and perspectives

This review summarizes the recent progress in understanding of
the pathological role and regulatory mechanisms of ferroptosis in
epilepsy and highlights the use of ferroptosis inhibitors to reduce
neuronal death and as a new therapeutic target for epilepsy.
Ferroptosis is involved in epilepsy at three main stages: 1)
ferroptosis-mediated epilepsy-associated neuronal death, 2)
astrocyte activation-induced neuronal ferroptosis, and 3)
ferroptosis-mediated epilepsy-associated cognitive deficits.
However, given that current research investigating the role of
ferroptosis in epilepsy is still in the initial stage, the specific
mechanism by which ferroptosis orchestrates diverse cellular
events in epilepsy is still poorly understood. First, the regulatory
mechanism of ferroptosis in epilepsy needs to be elucidated. Second,
identifying the diverse regulators of ferroptosis in epilepsy remains a
challenge to be resolved. Third, although neuron-glia interactions
have a clear role in the pathophysiology of epilepsy, whether other
cells, such as oligodendrocytes, astrocytes, and microglia, are
involved in modulating ferroptosis has yet to be determined.

Lastly, recent investigations have been obtained from
experimental studies that have a far-reaching clinical impact;
thus, more clinical studies are needed. However, the potential
drawbacks or limitations of the proposed pharmacological
interventions such as ferrostatin as iron chelator causing systemic
iron deprivation and thew role of multidrug resistance transporter
P-glycoproteins that limit drug efficacy is uncertain (Lazarowski
et al., 2007; Auzmendi et al., 2021). It remains an open conundrum
for future investigate on whether inhibiting ferroptosis also renders
drug resistance. Recent study have shown that P-glycoprotein
confers resistance to ferroptosis inducers in cancer (Frye et al.,
2023), suggesting that it is of fundamental importance to confirm
whether P-glycoproteins play a role of confers drug resistance to
ferroptosis inhibitors for epilepsy treatment. Nevertheless,
pharmacological inhibition of ferroptosis is a promising
therapeutic target for epilepsy.
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Background:Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune
central nervous system (CNS) inflammatory and demyelinating disorder that can
lead to serious disability and mortality. Humoral fluid biomarkers with specific,
convenient, and efficient profiles that could characterize and monitor disease
activity or severity are very useful. We aimed to develop a sensitive and high-
throughput liquid chromatography–tandem mass spectrometry (LC-MS)/MS-
based analytical method for novel biomarkers finding in NMOSD patients and
verified its function tentatively.

Methods: Serum samples were collected from 47 NMOSD patients, 18 patients
with other neurological disorders (ONDs), and 35 healthy controls (HC).
Cerebrospinal fluid (CSF) samples were collected from 18 NMOSD and 17 OND
patients. Three aromatic amino acids (phenylalanine, tyrosine, and tryptophan)
and nine important metabolites that included phenylacetylglutamine (PAGln),
indoleacrylic acid (IA), 3-indole acetic acid (IAA), 5-hydroxyindoleacetic acid
(HIAA), hippuric acid (HA), I-3-carboxylic acid (I-3-CA), kynurenine (KYN),
kynurenic acid (KYNA), and quinine (QUIN) were analyzed by using the liquid
chromatography–tandem mass spectrometry (LC-MS/MS)-based method. The
profile of IAwas further analyzed, and its functionwas verified in an astrocyte injury
model stimulated by NMO-IgG, which represents important events in NMOSD
pathogenesis.

Results: In the serum, tyrosine and some of the tryptophanmetabolites IA and I-3-
CA decreased, and HIAA increased significantly in NMOSD patients. The CSF levels
of phenylalanine and tyrosine showed a significant increase exactly during the
relapse stage, and IA in the CSFwas also increasedmarkedly during the relapse and
remission phases. All conversion ratios had similar profiles with their level
fluctuations. In addition, the serum IA levels negatively correlated with glial
fibrillary acidic protein (GFAP), and neurofilament light (NfL) levels in the serum
of NMOSD patients were measured by using ultra-sensitive single-molecule
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arrays (Simoa). IA showed an anti-inflammatory effect in an in vitro astrocyte injury
model.

Conclusion: Our data suggest that essential aromatic amino acid tryptophan
metabolites IA in the serum or CSF may serve as a novel promising biomarker
to monitor and predict the activity and severity of NMOSD disease. Supplying or
enhancing IA function can promote anti-inflammatory responses and may have
therapeutic benefits.

KEYWORDS

neuromyelitis optica spectrum disorders, aromatic amino acids and metabolites, liquid
chromatography mass spectrometry, humoral fluids, indoleacrylic acid

Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is an
autoimmune disease associated with central nervous system
(CNS) inflammation and demyelination and is characterized by a
frequent relapsing course that mainly affects the optic nerves and
spinal cord, resulting in optic neuritis, transverse myelitis, and often
severe disability (Wingerchuk et al., 2015). Although NMOSD is
rare, it occurs all over the world and is especially more prevalent in
non-Caucasians and observed in Asian countries (Hor et al., 2020),
with a high incidence in women aged from 45 to 65 years. The
incidence of NMOSD in China per 100,000 person-years is 0.278,
with 0.347 in adults (Tian et al., 2020).

The pathology of NMOSD is complicated, with recurrent attacks
of the target antigen aquaporin-4 water channel enriched on the foot
processes of astrocytes by a highly specific serum autoantibody
(NMO-IgG) being confirmed as one of the primary pathogenesis
(Wingerchuk et al., 2015; Huda et al., 2019). Patients often develop
severe residual disability from repeated attacks; therefore, early
diagnosis, accurate prediction of relapse, and initiation of attack-
preventing medications are very important to improve the
prognosis. miRNAs or hyperphosphorylation of specific signaling
pathways have been implicated in neurological dysfunction diseases
(Jiang et al., 2019; Zeng et al., 2022). To identify more specific,
convenient, and efficient biomarkers, a novel approach with the
ability to characterize and monitor disease activity and severity in
patients with NMOSD should be developed urgently.

In recent years, advanced metabolite profiling of body fluids like
serum/plasma, cerebrospinal fluid (CSF), or urine, known as
“metabolomics,” has become a powerful and promising tool to
identify novel biomarkers or “metabolic fingerprints”
characteristic for various diseases at different stages (Arneth
et al., 2019; Fitzgerald et al., 2021). According to our knowledge,
no publications have been reported so far that have described the
profile of aromatic amino acids and their metabolites in the serum or
CSF of NMOSD patients. Metabolic abnormalities have been
observed on MR spectroscopy in NMO patients of normal-
appearing white matter (NAWM) and normal-appearing gray
matter (NAGM) when compared with healthy subjects (de Seze
et al., 2010). They found that N-acetyl-aspartate (NAA) was often
decreased, and choline was found increased in NMO patients, even
in NAWM. As we know, microbes (Peptostreptococcus species)
metabolize tryptophan (Trp) to IA by utilizing intestinal mucins
(Wlodarska et al., 2017). Although how microbiota dysbiosis
contributes to the onset and progression of NMOSD remains

unclear and requires further study, reports reveal dysbiosis of
intestinal bacteria in patients with NMOSD (Shi et al., 2020).
Therefore, we aimed to develop a sensitive and high-throughput
liquid chromatography–tandem mass spectrometry (LC-MS)/MS-
based analytical method for the simultaneous determination of three
aromatic amino acids that includes phenylalanine (Phe), tyrosine,
Trp, and their metabolites phenylacetylglutamine (PAGln),
indoleacrylic acid (IA), 3-indole acetic acid (IAA), 5-
hydroxyindoleacetic acid (HIAA), hippuric acid (HA), I-3-
carboxylic acid (I-3-CA), kynurenine (KYN), kynurenic acid
(KYNA), and quinine (QUIN) in the serum and CSF from
NMOSD patients.

With the development of the ultra-sensitive single-molecule
array (Simoa) approach, peripheral glial fibrillary acidic protein
(GFAP) and neurofilament light (NfL) levels have been reported to
indicate early astrocytic or neuronal axonal damage and as clinically
useful biomarkers of disease activity and disability in NMOSD
(Watanabe et al., 2019; Aktas et al., 2021; Chang et al., 2021;
Chen et al., 2021; Schindler et al., 2021). As a result, associations
between candidate biomarkers screening from aromatic amino acid
metabolites and NfL or GFAP levels or clinical parameters in
NMOSD patients have been assessed to evaluate technology
sensitivity. Furthermore, the function of the novel candidate
metabolic biomarker IA was measured in an in vitro damaged
astrocytes model that represents one of the important events in
NMOSD pathogenesis. Evaluation and characterization of a wide
range of metabolic compositions in the serum and CSF would assist
in understanding the basic pathogenesis, gaining knowledge about
the pathophysiological process, and identifying biomarkers for the
early diagnosis or prognosis of NMOSD.

Materials and methods

Chemical and reagents

Standards of Phe, tyrosine, and Trp and their metabolites
PAGln, IA, IAA, HIAA, HA, I-3-CA, KYN, KYNA, and QUIN,
as well as an internal standard (IS) were all purchased from Sigma-
Aldrich (St. Louis, MO, United States). The reagents and chemicals
utilized in this investigation were of analytical or LC-MS grade
obtained from commercial sources. Water was deionized and
filtered using a Milli-Q Plus apparatus (Millipore Corporation,
Bedford, MA, United States). All standard stocks were stored
at −80°C in light-protected containers in brown Eppendorf tubes.
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TABLE 1 Clinical and demographic information of participants who donated serum samples.

NMOSD (n = 47) NMOSD HC (n = 35) OND (n = 18) p

Relapse (n = 12) Remission (n = 35)

Gender (F/M) 42/5 11/1 31/4 14/21 10/8 <0.05a,b

Age, mean ± SD, years 37.9 ± 13.4 40.3 ± 12.3 37.0 ± 13.9 33.1 ± 11.0 43.2 ± 10.4 >0.05c

EDSS at measurement, median (range) 4.5 (1.0–8.5) 5.5 (3.5–8.5) 3.0 (1.0–8.5) — — 0.008d

Medication within last 6 months

Glucocorticoids 25/47 9/12 16/35 — —

Gamma globulin 5/47 2/12 3/35 — —

Plasma exchange 2/47 0/12 2/35 — —

Disease-modifying therapy 21/47 4/12 17/35 — —

Neurotrophic drugs 7/47 4/12 3/35 — —

Traditional Chinese Medicine 3/47 3/12 0/35 — —

Continuous variables are shown as means ± SD, and noncontinuous variables are shown as the median (range). Count data are detected by the chi-square test.

NMOSD, neuromyelitis optica spectrum disorders; HC, healthy control; OND, other neurological diseases; EDSS, expanded disability status scale. Disease-modifying therapies include mycophenolate mofetil, rituximab, cyclophosphamide, and azathioprine.
aNMOSD-remission vs. HC or OND.
bMOSD-relapse vs. OND.
cAll detective groups compare with each other.
dNMOSD-relapse vs. NMOSD-remission.
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Sample collection

This study was approved by the Ethics Committee of Beijing
Tiantan Hospital, Capital Medical University (KY 2021-069-01),
and all participants gave their written informed permission. All
serum and CSF samples from NMOSD and other neurological
disorder (OND) patients were obtained before therapeutic
administration. NMOSD was diagnosed based on 2015 Revised
International Criteria (Wingerchuk et al., 2015). In serum
collection, the OND group included patients with benign
intracranial hypertension (n = 8), occasional limb numbness (n =
1), hypotensive headache (n = 1), venous sinus thrombosis (n = 1),
psychogenic movement disorders (n = 1), normal pressure
hydrocephalus (n = 1), Paget’s disease of bone (n = 1), benign

paroxysmal positional vertigo (n = 1), sleep disturbance (n = 1),
vitamin B12 deficiency (n = 1), and hypertension (n = 1). In the CSF
collection, the OND group included patients with benign
intracranial hypertension (n = 12), psychogenic movement
disorders (n = 1), benign paroxysmal positional vertigo (n = 1),
and multiple cranial nerve impairments (n = 3). None of the OND
patients had any other autoimmune diseases.

Serum

The serum samples were collected from 47 NMOSD patients at
the Department of Neuroinfection and Neuroimmunology; 18 OND
patients at the Department of Neurology, Beijing Tiantan Hospital

TABLE 2 Clinical and demographic information of participants who donated cerebrospinal fluid samples.

NMOSD (n = 18) NMOSD OND (n = 17) p

Relapse (n = 12) Remission (n = 6)

Gender (F/M) 16/2 12/0 4/2 9/8 0.009a

Age, mean ± SD, years 40.1 ± 13.3 34.6 ± 9.6 51.2 ± 13.2 43.8 ± 10.7 0.008b

EDSS at measurement, median (range) 3.8 (1.0–8.0) 3.8 (2.0–8.0) 3.5 (1.0–5.5) — 0.421b

Medication within last 6 months

Glucocorticoids 14/18 10/12 4/6 —

Gamma globulin 4/18 2/12 2/6 —

Plasma exchange 1/18 1/12 0/6 —

Disease-modifying therapy 9/18 5/12 4/6 —

Neurotrophic drugs 13/18 8/12 5/6 —

Traditional Chinese Medicine 1/18 0/12 1/6 —

Continuous variables are shown as the means ± SD, and noncontinuous variables are shown as the median (range). Count data are detected by the chi-squared test.

NMOSD, neuromyelitis optica spectrum disorders; OND, other neurological diseases; EDSS, expanded disability status scale. Disease-modifying therapies include mycophenolate mofetil,

rituximab, cyclophosphamide, and azathioprine.
aNMOSD-relapse vs. OND.
bNMOSD-relapse vs. NMOSD-remission.

TABLE 3 List of chromatographic parameters for all analytes.

Name Molecular formula RT (min) MW (g/mol) Q3 mass

Phe C9H11NO2 3.20 166.1 120.1

Tyr C10H14NO3 3.60 182.1 136.0

PAGln C13H11D5N2O4 2.38 265.2 130.2

Trp C11H12N2O2 1.86 205.1 146.0

IA C2H4O2 1.83 188.1 115.0

HIAA C10H9NO2 2.47 192.0 146.0

IAA C10H9NO2 3.18 176.1 130.0

I-3-CA C9H7NO2 1.84 146.1 118.1

HA C9H9NO3 2.59 179.9 104.7

RT, retention time; MW, molecular weight; Phe, phenylalanine; Tyr, tyrosine; PAGln, phenylacetylglutamine; Trp, tryptophan; IA, indoleacrylic acid; HIAA, 5-hydroxyindole acetic acid; IAA,

3-indole acetic acid; I-3-CA, I-3-carboxylic acid; HA, hippuric acid.
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affiliated with Capital Medical University, between May 2017 and
September 2019; and 35 healthy controls (HC) from the Health
Management Center, Beijing Tiantan Hospital Capital Medical
University. The serum samples were centrifuged, immediately
aliquoted, and stored in 1.5 mL polypropylene tubes at −80 °C
until analysis. The clinical and demographic characteristics of all
participants who donated serum samples are summarized in Table 1.

Cerebrospinal fluid

The CSF samples from 18 NMOSD and 17 OND patients were
collected at the Department of Neurology, Beijing Tiantan Hospital,
between May 2017 and August 2019. Six precious CSF samples from
NMOSD patients in their remission phase were collected. All CSF
samples from the OND patients were collected before treatment
during the acute stage. The CSF samples were centrifuged,
immediately aliquoted, and stored in 1.5 mL polypropylene tubes
at −80 °C until analysis. The clinical and demographic characteristics
of all participants who donated the CSF samples are summarized in
Table 2.

Sample preparation for liquid
chromatography–tandem mass
spectrometry chromatography

Before the experimental procedure, the samples were taken out
of the refrigerator, thawed, and rewarmed to room temperature.
Twenty microliters of serum or CSF samples with 80 µL of internal
calibration standard was prepared according to a previous method
(Fazio et al., 2015). Briefly, the serum samples were vortex-mixed for
30 s and centrifuged at 20,000×g for 20 min at 4 °C. Fifty microliters
of the clean upper layer was transferred to a vial for the autosampler.
After centrifugation at 3,000×g, 4 °C for 15 min, the supernatant of
the CSF sample was collected and evaporated to dryness under a
gentle stream of nitrogen. The dried extract was reconstituted to
40 µL of the acidified mobile phase. A total of 5 μL was injected into
the LC-MS/MS chromatographic system.

Liquid chromatography–tandem mass
spectrometry system

The LC-MS/MS system consists of a SCIEX QTRAP 6500+
mass spectrometer (SCIEX, Foster City, CA, United States),
coupled to HPLC binary pump and an autosampler (Shimadzu
Scientific Instruments, INC., Columbia, MD, United States). The
mass spectrometer was operated in the positive ESI mode with a
capillary voltage of 5.5 kV. The temperature of desolvation was
set at 550°C. Chromatographic separation was performed on a 5-
µm EVO C18 column (2.1 × 100 mm, 2.6 μm, 100 Å pore size,
00F-4633-E0, Phenomenex Kinetex, United States). The column
was maintained at 35°C. The mobile phase for LC analysis
consisted of two solutions: A, methanol or isopropyl alcohol in
water (3/2, v/v) combined with 0.2% formic acid (Merck,
Darmstadt, Germany) and B, 5 mmol/L ammonium acetate.
Elution was performed at a flow rate of 300 μL/min. The

mobile phase gradient program started at 0%–40% of B (v/v)
at 0–0.1 min, then 40%–100% of B (v/v) at 0.1–5.0 min, and held
for 1.5 min at 100% of B. The column was equilibrated for
2–3 min. Data acquisition and processing were carried out
using the Analyst® software version 1.7.3 (SCIEX) and
MultiQuant 3.2 (SCIEX). Chromatographic parameters for all
detectable aromatic amino acids and metabolites are presented in
Table 3. All sample measurements were done blinded, that is, the
analysts were unaware of any clinical or diagnostic information.

In this study, ceramide labeled with a stable isotope (C24:1) was
used as an IS. Linearity was determined using a series of putrescine
solutions of 0, 1.25, 2.5, 5, 7.5, 10, 15, and 20 μM mixtures of 5 μM
ceramide (C24:1). As shown previously, the calibration curve
included a zero sample (only IS added). The calibration curves
were constructed based on the peak area ratio of the ceramide to
ceramide (C24:1).

Measurement of NfL and GFAP in serum of
NMOSD patients

Serum samples were centrifuged at 2,000×g for 10 min at room
temperature and stored at −80°C within 3 h of collection. The serum
levels of NfL and GFAP were measured using the Simoa technology
by the ultra-high-sensitivity protein molecular detection instrument
(Simoa HD-1, Quanterix, MA, United States) and Simoa NfL
(502153, Quanterix, MA, United States) and GFAP (102336,
Quanterix, MA, United States) reagent kits.

Primary astrocyte culture and treatment

Primary astrocyte culture and NMO-IgG purification process
have been described previously (Du L. S. et al., 2020; Wang et al.,
2022). IgG was isolated from sterile-filtered serum pools (NMOSD
with positive AQP4-IgG or HC) using HiTrap Protein G HP (GE
Healthcare, Bio-sciences, Piscataway, NJ, United States). The serum
samples were diluted 1:1 with a binding buffer. After filling the
column with the binding buffer, the samples were applied to the
columns. Thereafter, the columns were washed again with the binding
buffer, and antibodies were eluted following the manufacturer’s
directions. Finally, the antibodies were concentrated on Amicon
Ultra-4 centrifugation units (Merck Millipore, Billerica, MA,
United States) with 10,000MW cut-offs. The titer of AQP4-IgG in
NMOSD samples was 53.43 units/mL, determined by the AQP-4 Ab
ELISA Kit (RSR LIMITED, Lot. 2KAQE62D). Finally, the
concentrated IgG was sterile-filtered at 0.22 μm and then stored
at −80 °C. Briefly, the mixed glial cultures were prepared from the
cerebral cortices of 1-day postnatal rats. The mixed glial cells were
filtered and cultured in Dulbecco’s modified Eagle’s medium/F12
(Gibco, Grand Island, NY, United States) supplemented with 10%
heat-inactivated fetal bovine serum (Gibco) and 1% penicillin/
streptomycin (Gibco) at 37 °C in a humidified atmosphere of 5%
CO2-95% air. The medium was completely replaced every 3–4 days.
At about day 12, microglia, endothelial cells, and oligodendrocyte
lineage cells were removed from the mixed glial cells via shaking.
More than 95% of the cells were positive for GFAP staining, which is a
specific marker of astrocytes.
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Astrocytes were treated with NMO-IgG (AQP4-IgG, 4 units/
mL) at 37 °C for 4 h to mimic NMOSD damage. To determine the
effects of IA or KYN on NMO-IgG-induced interleukin-6 (IL-6),
chemokine (C-C motif) ligand 2 (CCL2), and aryl hydrocarbon
receptor (AHR) expression, IA (40 µM) or KYN (50 µM) was pre-
incubated with astrocytes before NMO-IgG stimulation.

RNA isolation and quantitative-PCR

As described previously (Du L. et al., 2020; Wang et al., 2022),
total RNA was isolated from the astrocytes using a TRIzol reagent
(Invitrogen, Carlsbad, CA, United States). RNA purity and
concentration were determined using a NanoDrop® ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
United States). RNA (1 µg) was subjected to cDNA synthesis by
using the Roche Transcriptor First Strand cDNA Synthesis Kit
(Roche, Basel, Switzerland) with anchored oligo (dT) and
random hexamer primers. SYBR Green–based qPCR was
performed to measure the relative mRNA expression of IL-6,
CCL2, and AHR, which was normalized to that of GAPDH. All

primers were designed and ordered from BGI Genomics Co., Ltd.
The primer sequences are as follow: IL-6 forward, 5′-AGTTGGATG
GTCTTGGTCCTTAGC-3′, IL-6 reverse, 5′-AGCCAGAGTCAT
TCAGAGCAATACT-3′; CCL2 forward, 5′-AGGTCTCTGTCA
CGCTTCTG-3′, CCL2 reverse, 5′-GTTCTCCAGCCGACTCAT
TG-3′; AHR forward, 5′-CTGCTTCATTTGTCGTGTCC-3′,
AHR reverse, 5′-TTTCCTTGGAACTGCATAGTCA-3′; CYP1a1
forward, 5′-TTCTCTTTGGTTTGGGCAAG-3′, CYP1a1 reverse,
5′-GCCCATAGGCAGGAGTCATA-3′; CYP1b1 forward, 5′-GGA
CAAGGACGGCTTCATTA-3′, CYP1b1 reverse, 5′-GCGAGGATG
GAGATGAAGAG-3′; GAPDH forward, 5′-AAGTTCAACGGC
ACAGTCAAG-3′, GAPDH reverse, 5′-ACATACTCAGCACCA
GCATCA-3′. The 2−ΔΔCt method calculated the fold difference in
expression relative to GAPDH.

Statistical analysis

LC-MS raw data were processed using the Analyst 1.7.3 software
(SCIEX) for peak integration. Metabolite peaks were compared
against reference standards to confirm identities. All statistical

FIGURE 1
Levels of phenylalanine (Phe) and its metabolites in the peripheral blood of all participants and their conversion ratios. The serum of 35 healthy
controls (HC), 18 with other neurological diseases (OND), and 47 (12 in relapse and 35 in remission) neuromyelitis optica spectrum disorder (NMOSD)
patients were analyzed by liquid chromatography–tandemmass spectrometry (LC-MS/MS)-basedmethod. Serum levels of Phe (A), tyrosine (B), and their
metabolites phenylacetylglutamine [PAGln, (C)] were evaluated. Conversion ratio of tyrosine/Phe (D) and PAGln/Phe (E) among all detective groups.
Statistical significance was determined by the Student’s t-test or Mann–Whitney U test. Data are presented as themean ± SD. *p < 0.05, **p < 0.01, ***p <
0.001.
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FIGURE 2
Serum levels of tryptophan (Trp) and its metabolites in all participants and their conversion ratios. All serum samples provided by subjects who
included 35 healthy controls (HC), 18 with other neurological diseases (OND), and 47 (12 in relapse and 35 in remission) neuromyelitis optica spectrum
disorder (NMOSD) patients were analyzed by liquid chromatography–tandem mass spectrometry (LC-MS/MS)-based method. Trp and its five
metabolites of indole metabolism pathways were evaluated. Serum levels of Trp (A), indoleacrylic acid [IA, (B)], 5-hydroxyindoleacetic acid [HIAA,
(C)], I-3-carboxylic acid [I-3-CA, (D)], 3-indole acetic acid [IAA, (E)] and hippuric acid [HA, (F)] were evaluated. The conversion profiles of Trp metabolites
IA/Trp (G), HIAA/Trp (H), I-3-CA/Trp (I), IAA/Trp (J), and HA/Trp (K) are shown. Statistical significance was determined by the Student’s t-test or
Mann–Whitney U test; data are presented as the mean ± SD. **p < 0.01 and ***p < 0.001.
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analyses were performed using GraphPad Prism 8 (GraphPad
Software, San Diego, CA, United States) and IBM SPSS Statistics.
The significant differences between the groups were determined by a
2-tailed unpaired Student’s t-test or Mann–Whitney U test when the
samples were not distributed normally. Count data were detected by
the chi-squared test. All data are represented as mean ± standard
deviation (SD). Each in vitro experiment was repeated at least
thrice. The statistical significance level was assumed for p
values < 0.05.

To investigate correlations between the metabolite levels in the
serum or CSF and clinical parameter expanded disability status scale
(EDSS), a two-tailed Spearman’s rank correlation coefficient was
used to ascertain the associations. Univariate linear regression
models and a 95% confidence interval were conducted. A value
of p < 0.05 was considered statistically significant. Correlation
analyses were performed only in the all enrolled NMOSD
patients who provided serum or CSF samples and were not
performed in the relapse/remission subgroups due to limited
sample size.

Results

Demographics

The demographic and clinical characteristics of all subgroups
(patients who provided serum samples) are presented in Table 1.
Forty-seven patients with NMOSD (12 in relapse and 35 in
remission), 18 patients with OND, and 35 healthy volunteers
were recruited. There was no significant difference in the mean
age among all groups (p > 0.05). We observed a significant difference
in the gender distribution of NMOSD, where females accounted for
a higher proportion, consistent with previous reports (Papp et al.,
2021). More women in the NMOSD group during the remission (31/
35) stage enrolled in this study than in the HC (14/21) and OND
(10/8) groups (p = 0.013). Moreover, there were more women in the
NMOSD group at the relapse stage (31/35) (p = 0.049) than in the
OND groups (p = 0.049). The median EDSS score at the sample
check-point of NMOSD during the relapse phase was 5.5 (3.5–8.5),
which is significantly higher than for the NMOSD patients during
the remission phase (3.0, 1.0–8.5, and p = 0.008). We also provide
the medication information of enrolled patients within the last
6 months (Table 1). In addition, whether NMOSD patients
obtained immunosuppressive drugs or not had no significant
effect on the metabolite levels of the serum (Supplementary
Figure S1).

Table 2 shows the demographic and clinical data of subjects who
provided CSF samples. Twelve patients with NMOSD in relapse,
6 patients with NMOSD in remission, and 17 OND patients were
recruited. There was a significant difference in the mean ages
between the NMOSD patients in the relapse and remission
groups (p = 0.008). A significantly higher proportion of female
patients was observed in NMOSD patients of the relapse phase than
in the OND group (p = 0.009). The median EDSS score at the time
point of sample collection in the NMOSD patients during the relapse
phase was 3.8 (2.0–8.0), and 3.5 (1.0–5.5) for NMOSD patients
during the remission phase (p = 0.421). The medication information
of the enrolled NMOSD patients within the last 6 months was

provided (Table 2). Furthermore, whether NMOSD patients
obtained immunosuppressive drugs or not had no significant
effect the on metabolite levels of the CSF (Supplementary Figure S2).

Aromatic amino acids and their metabolites
in serum

A total of 12 aromatic amino acids and metabolite biomarkers
were measured in the serum of NMOSD and OND patients or HC
groups. However, the serum levels of KYNA, KYN, and QUIN were
below the detectable thresholds due to sensitivity and technique
limitations.

Phe and its metabolites

Phe, one of the aromatic amino acids, can convert into tyrosine
by Phe hydroxylase. Figure 1 shows that serum concentrations of
tyrosine decreased significantly in NMOSD patients at both relapse
(32.3 ± 6.6 μmol/L) and remission (32.4 ± 7.0 μmol/L) phases, when
they were compared with HC (41.8 ± 9.6 μmol/L and p = 0.003) or
OND patients (59.3 ± 24.5 μmol/L and p < 0.001). However, there
were no significant differences in the tyrosine levels between the two
NMOSD subgroups (Figure 1B). The serum levels of PAGln were
increased significantly in the NMOSD group (1.5 ± 1.3 μmol/L) and
also in NMOSD patients during remission (1.6 ± 1.4 μmol/L) when
compared to the HC group (0.9 ± 0.7 μmol/L and p < 0.05); no
significant concentration alterations were found among all the other
detective groups (Figure 1C). Furthermore, no significant difference
was observed regarding Phe concentrations among all detective
groups (Figure 1A).

Similarly, the conversion ratios of Phe into its metabolite
tyrosine and PAGln were both analyzed. The ratio of tyrosine/
Phe decreased markedly in NMOSD patients (51.7% ± 13.0%), both
in the relapse (48.5% ± 7.6%) and remission (52.7% ± 14.3%) stages
of NMOSD patients, when compared to those of the OND (98.7% ±
35.7%, p < 0.001) or HC (62.5% ± 12.4%, p < 0.001) group. No
significant differences were found in the tyrosine/Phe ratio between
the two NMOSD subgroups (Figure 1D). The conversion ratio of
PAGln/Phe was significantly increased in the NMOSD group
(2.5% ± 2.2%) and also in NMOSD patients during the remission
phase (2.5% ± 2.4%) when compared to those in the HC group
(1.5% ± 1.3%, p < 0.05); no significant conversion ratio was found
among all the other detective groups (Figure 1E).

Trp and its metabolites

Trp is a nutritionally essential amino acid for both humans and
animals. Trp and its metabolites are crucial for maintaining
neurological function, immunity, and homeostasis in the body. In
the present study, we measured Trp and its five metabolites in Trp
metabolism pathways leading to serotonin and indole in the serum
of NMOSD patients by using the specific LC-MS/MS method.
Unexpectedly, no significant differences were found in the serum
levels of Trp and its metabolites IAA and HA among all evaluated
groups (Figures 2A,E,F). The serum levels of IA were markedly
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decreased in NMOSD patients (73.6 ± 19.6 μmol/L) when compared
to the HC group (123.7 ± 43.5 μmol/L, p < 0.001) and also decreased
during both the relapse (71.1 ± 23.7 μmol/L) and remission (74.5 ±
18.4 μmol/L) phases. Conversely, IA was markedly higher in
NMOSD patients (73.6 ± 19.6 μmol/L) than in the OND group
(46.6 ± 11.2 μmol/L and p < 0.001) and was also significantly
increased during both the relapse and remission phases (p <
0.01 and p < 0.001, respectively) (Figure 2B). The serum
concentrations of HIAA were significantly higher in NMOSD
patients (0.2 ± 0.2 μmol/L) than in those of the HC (0.1 ±
0.1 μmol/L and p < 0.001) or OND (0.1 ± 0.1 μmol/L and p <
0.001) groups and also found increased obviously in the two
subgroups of NMOSD patients (0.2 ± 0.1 and 0.2 ± 0.2 μmol/L
for relapse and remission phase, respectively) (Figure 2C).

Metabolite I-3-CA was significantly lower in NMOSD patients
(0.7 ± 0.2 μmol/L) than in OND patients (1.6 ± 0.7 μmol/L, p <
0.001) and also found significantly decreased in both NMOSD
subgroups (0.7 ± 0.3 and 0.7 ± 0.2 μmol/L for relapse and
remission phases, respectively). No significant difference was
found between the NMOSD and HC groups for serum levels of
I-3-CA (Figure 2D). All Trp metabolites detected in this study
showed no significant difference between the two subsets of
NMOSD during the relapse and remission phases.

The conversion profiles of Trp metabolites IA/Trp, HIAA/Trp,
I-3-CA/Trp, IAA/Trp, and HA/Trp showed similar tendencies to
the level alteration profiles of the metabolites themselves (Figures
2G–K). The conversion ratio of IAA was significantly increased in
NMOSD patients at the remission phase (85.8% ± 67.2%) when

FIGURE 3
Levels of aromatic amino acids and their metabolites in cerebrospinal fluid (CSF) of neuromyelitis optica spectrum disorder (NMOSD) and other
neurological disease (OND) patients. CSF samples were collected from 18 (12 in relapse and 6 in remission) NMOSD and 17 OND patients. Phenylalanine
[Phe, (A)], tyrosine (B), tryptophan [Trp, (C)] and metabolites 3-indoleacrylic acid [IA, (D)] and kynurenine [KYN) (E)] were analyzed using the liquid
chromatography–tandem mass spectrometry (LC-MS/MS)-based method. The conversion profiles of tyrosine/Phe (F), IA/Trp (G), and KYN/Trp (H)
are shown. Statistical significance was determined by the Student’s t-test or Mann–Whitney U test; data are presented as the mean ± SD. **p < 0.01 and
***p < 0.001.
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compared to the HC group (58.1% ± 29.5% and p = 0.04)
(Figure 2J). Our data suggest that some of the Trp metabolites
may be involved in the pathogenesis or endogenous repair
initiation of NMOSD.

Aromatic amino acids and their metabolites
in CSF

A total of 12 aromatic amino acids and metabolite biomarkers
were measured in the CSF derived from NMOSD and OND
patients. However, due to the sensitivity and limitation of
technique, the CSF levels of PAGln, HA, KYNA, HIAA, IAA,
I-3-CA, and QUIN were below detectable values. Among all the
detectable aromatic amino acids and metabolites, the CSF levels
of Phe and tyrosine showed a significant increase in NMOSD
patients (9.2 ± 2.2 ng/mL and 9.0 ± 3.0 ng/mL for Phe and
tyrosine, respectively, p < 0.01 and p < 0.05), especially at the
relapse stage (9.7 ± 2.3 ng/mL for Phe and 9.6 ± 3.3 ng/mL for
tyrosine, respectively, p < 0.01, Figures 3A,B). The CSF levels of
IA were markedly increased in NMOSD patients (3.9 ± 1.3 ng/
mL) when compared to the OND group (0.4 ± 0.4 ng/mL, p <
0.001) and also increased obviously during both relapse (3.9 ±
1.4 ng/mL) and remission (3.9 ± 1.0 ng/mL) phases (Figure 3D).
No significant difference was found in CSF Trp and KYN levels
between NMOSD and OND patients (Figures 3C,E). There were
no other significant differences observed in all detected amino
acids and metabolites between the two NMOSD subgroups. The
conversion profiles of Trp metabolite IA/Trp showed the same
tendency as the level alteration profiles of the metabolites
themselves (Figure 3G). No significant differences were found

in the conversion ratio of tyrosine/Phe and KYN/Trp in the CSF
samples among all detective groups (Figures 3F,H).

Correlation of IA, HIAA, and I-3-CA levels in
serum with clinical parameter EDSS

In the NMOSD patients who had provided serum samples, the
correlation analysis revealed that there were no significant
associations between serum-IA levels and EDSS scores
(r = −0.204 and p = 0.240), serum-HIAA and EDSS scores (r =
0.036 and p = 0.865), and serum-I-3-CA and EDSS scores (r =
0.020 and p = 0.909) (Figures 4A–C).

Correlation of IA and KYN levels in CSF with
clinical parameter EDSS

In the NMOSD patients who had provided CSF samples,
correlation analyses revealed a significant negative correlation
between CSF-IA and EDSS scores (r = −0.681 and p = 0.002)
(Figure 4D). No significant correlations were found between
CSF-KYN levels and EDSS scores (r = −0.366 and p = 0.135)
(Figure 4E).

Correlation of IAwith GFAP andNfL in serum

Based on the novel ultra-sensitive Simoa technology, the
peripheral GFAP and NfL levels of 17 NMOSD patients who had
provided serum samples were evaluated. The correlation analysis

FIGURE 4
Correlations of tryptophan metabolite levels in serum or cerebrospinal fluid (CSF) samples with expanded disability status scale (EDSS) scores in
neuromyelitis optica spectrum disorder (NMOSD) patients. The serum levels of tryptophan metabolites IA (A), HIAA(B), and I-3-CA (C) were analyzed for
correlations with their EDSS scores in 47 NMOSD patients. The correlation of CSF levels for IA (D) and KYN (E) with EDSS scores in 18 NMOSD patients
were analyzed. CSF-IA levels were correlated with the EDSS negatively (**p = 0.002, (D). Correlation analyses were determined by Spearman’s rank
correlation coefficient. Dashed lines refer to the standard errors.
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showed that the Trp metabolite IA was negatively correlated with
GFAP (r = −0.512 and p = 0.043) (Figure 5A) and NfL
(r = −0.679 and p = 0.005) levels in the serum (Figure 5B). A
positive correlation between the GFAP and EDSS scores was
observed markedly (r = 0.653 and p = 0.016) (Figure 5C), which
is consistent with previous literature reports (Schindler et al., 2021).

Anti-inflammatory effect of IA in in vitro
astrocyte model injured by NMO-IgG

Stimulation of rat primary astrocytes with NMO-IgG
(normalized by 4 units/mL AQP4-IgG) for 4 h resulted in the
significant enhancement of IL-6 and CCL2 mRNA expressions

(Figures 6A,B). When astrocytes were pre-treated with IA
(40 µM) for 16 h (Du L. S. et al., 2020), the expressions of IL-6
mRNA decreased markedly. IA has a more potent effect on IL-6
increase than does KYN (Figure 6A), which is a knownAHR agonist,
suggesting that IA may be a more efficient and stronger anti-
inflammatory ligand. Meanwhile, the expression of AHR
following IA or KYN pre-treatment was significantly lower than
that for the NMO-IgG stimulated group and still higher than that for
the CON-IgG group (Figure 6C), indicating that AHR may mediate
anti-inflammatory effects when the AHR ligand is present.

Upon AHR activation by its ligand, AHR translocates into the
nucleus and dimerizes with the AHR nuclear translocator (ARNT);
the heterodimer then binds to dioxin-responsive elements (DREs)
located upstream of its target genes such as CYP1a1 and CYP1b1,
leading to a wide variety of toxic responses. IA or KYN pre-
treatment increased the mRNA expressions of CYP1a1
(Figure 6D) and decreased that of CYP1b1 (Figure 6E) genes.
The change trend of CYP1b1 is consistent with that of AHR,
indicating that CYP1b1 may be the target gene located
downstream that is activated by ligands in combination with the
heterodimers in NMO-IgG damaged astrocytes.

Discussion

We have shown in this study that some aromatic amino acids or
their metabolites in the serum or CSF of NMOSD patients may wave
and reflect disease activity and severity immediately. In the present
study, we identified three aromatic amino acids and nine important
metabolites, and the main findings are as follows: 1) tyrosine and
Trp metabolite IA decreased significantly in the serum of NMOSD
patients during both the relapse and remission phases; I-3-CA levels
were remarkably lower in both NMOSD subgroups than in the OND
group; HIAA was significantly increased during relapse and
remission in NMOSD patients when compared to HC and OND
groups; 2) the CSF levels of Phe and tyrosine showed a significant
increase in NMOSD during relapse when compared to OND
patients; Trp metabolite IA increased markedly in the CSF of
NMOSD patients during both the relapse and remission phases
when compared to the OND group, and the increased IA in the CSF
showed a significant correlation with EDSS decline; 3) IA negatively
correlated with peripheral GFAP and NfL levels in the serum; 4) as
an AHR ligand, IA showed anti-inflammatory effects by alleviating
IL-6 mRNA increase induced by NMO-IgG stimulation.

KYN, KYNA, and QUIN are all metabolites derived from the
kynurenine pathway of Trp. Metabolites of the kynurenine pathway
have both neurotoxic and neuroprotective effects. Disturbances in
the kynurenine metabolic pathway in both the gut and brain may be
associated with the pathogenesis of neuropsychiatric disorders
(Pukoli et al., 2021). Accumulation of KYN in the brain has been
associated with depression and schizophrenia (Metidji et al., 2018).
The level of KYN in the serum is undetectable, and there is no
significant difference in the level of CSF-KYN between the NMOSD
and OND groups. Consistent with the aforementioned information,
most patients who accepted the Hamilton Anxiety (HAMA) and
Hamilton Depression (HAMD) scale evaluations show only mild or
moderate anxiety or depression symptoms (Supplementary Table
S1). No significant associations were found between the CSF KYN

FIGURE 5
Correlations of glial fibrillary acidic protein (GFAP) and
neurofilament light (NfL) in the serum of neuromyelitis optica
spectrum disorder (NMOSD) patients with serum indoleacrylic acid
(IA). Serum IA was negatively correlated with GFAP (A) and NfL (B)
in NMOSD patients (n = 17). (C) Correlations of GFAP with the
expanded disability status scale (EDSS) scores. Correlation analyses
were determined by Spearman’s rank correlation coefficient. Dashed
lines refer to the standard errors.
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levels and EDSS scores. KYNA, a natural antagonist of the
N-methyl-d-aspartate (NMDA) receptor, and QUIN, an agonist
of the NMDA receptor, are considered to be endogenous
excitotoxins in the brain. However, we did not obtain the KYNA
and QUIN concentration profiles among all groups in this study.
The possible physiological reasons for the serum levels of KYNA,
KYN, and QUIN being below the detectable thresholds are as
follows: KYN production derived from gut microbiota permeated
through the blood–brain barrier and converted into neurotoxic
metabolites such as 3-HK, QUIN, and KYNA, which induced
further neuronal damage (Eryavuz et al., 2022). QUIN is
produced from activated macrophages or microglia in the CNS.
Recent studies suggest that the activation of macrophages with either
interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), or
other cytokines can lead to QUIN production (Pemberton et al.,
1997). Elevated QUIN levels in the CNS showed a relationship with
the severity of neurologic impairments and macrophage activation
(Guillemin et al., 2003). The given QUIN is derived mainly from the
microglia or macrophages, and the level of QUIN in the peripheral
blood is lower. A study reported that mental symptoms may be
related to QUIN levels (Kanchanatawan et al., 2018). However, no
significant mental abnormalities were observed in the NMOSD

patients. Patients who accepted the Anxiety and Depression scale
evaluations showed only little or mild anxiety or depression
symptoms (Supplementary Table S1). It may be another reason
for the lower level of QUIN. The conversion from KYN to KYNA
was catalyzed via kynurenic aminotransferase (KAT), in which
KYNA acted as a neuroprotective agent under physiological
conditions. Decreases in KAT enzyme activities were correlated
with lower levels of KYNA in the brain section of multiple sclerosis
patients (Fathi et al., 2022). We deduced that it may be a similar
situation in NMOSD patients. Taken together, KYN may enter the
CNS and further turn into other metabolites such as picolinic acid
(PA) or xanthurenic acid (XA), resulting in a lower level of KYN in
the serum.

All three aromatic amino acids are substrates of human gut
microbiota, which produce dozens of metabolites that accumulate in
the bloodstream. These small molecules commonly reach
concentrations similar to those achieved by pharmaceutical
agents, which are involved in diabetes (Dodd et al., 2017; Arneth
et al., 2019), inflammatory bowel disease (Lavelle and Sokol, 2020),
atherosclerotic cardiovascular disease (Xue et al., 2022), Alzheimer’s
disease, and so on (Wu et al., 2021). Cognitive dysfunctions have
been reported in 35%–67% of patients with NMOSD, specifically in

FIGURE 6
Effect of indoleacrylic acid (IA) on mRNA expressions of IL-6, CCL2, and nuclear transcription factor aryl hydrocarbon receptor (AHR) in an in vitro
neuromyelitis optica spectrum disorder (NMOSD) model. Human-IgGs from NMOSD patients exposed to astrocytes represented one of the important
events in NMOSD pathogenesis. Rat primary astrocytes were pre-incubatedwith IA (40 μM) or kynurenine (KYN, 50 μM, positive control) for 16 h and then
stimulated with NMO-IgG (4 units/mL) for 4 h; mRNA levels were determined by RT-PCR. (A) IA preincubation decreased IL-6 mRNA expression
significantly. (B)Changes in the CCL2mRNA expression. (C) The AHRmRNA levels increased significantly by NMO-IgG stimulation, while both IA and KYN
preincubation could reduce the AHR increase caused by NMO-IgG, and the inhibition efficiency was more potent in the IA group (D, E) Changes in the
AHR downstream effector genes CYP1a1 and CYP1b1 expressions. Dimethyl sulfoxide (DMSO, 0.1%) was added as the vehicle control. Data are presented
as the mean ± SD from at least three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, ns, no significance.
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attention, memory, and information processing speed (Eizaguirre
et al., 2017). Tyrosine, an essential amino acid and the precursor of
catecholamines, may improve the cognition and emotional state in
patients by elevating brain catecholamines (Fazio et al., 2015;
Mccann et al., 2021). We observed that tyrosine levels
significantly decreased in the serum and increased in the CSF
during relapse in NMOSD patients, suggesting that tyrosine
concentration fluctuations may be associated with cognitive
decline in patients, and the shortened reaction time of tyrosine
imbalance may be associated with endogenous repair response
activation and better cognitive performance during remission.

IA, HIAA, and I-3-CA are all metabolites of the essential
amino acid Trp via the indole pathway, with rare reports of HIAA
and I-3-CA functions. IA, produced by Peptostreptococcus
species, has been reported to promote anti-inflammatory
responses and may have therapeutic benefits in inflammatory
bowel disease (Wlodarska et al., 2017). To our knowledge,
metabolic characteristics of Trp metabolites in NMOSD
patients have never been reported. In the present study, IA
decreased in the peripheral (serum) and increased in the
central (CSF) system of NMOSD patients during the acute
phase, and we deduced that IA may penetrate into the CNS
and have an impact on the mitigation of the immune
inflammatory response in the brain. To evaluate the effect of
IA on the inflammatory transcriptional response induced by
NMOSD damage, we stimulated astrocytes with NMO-IgG,
which enhanced IL-6 and CCL2 mRNA expressions. The
mRNA level of AHR, a cytoplasmic receptor of IA, was also
increased obviously by NMO-IgG stimulation. IA pre-treatment
prevented IL-6 and AHR from increasing, suggesting that the
AHR ligand IA may have an important anti-inflammatory
function in NMOSD pathogenesis. However, there were no
significant correlations between AQP4 antibody titers and IA
levels in the serum (Supplementary Figure S3). During the relapse
phase of NMOSD, IA entered into the CNS to mitigate the
inflammatory response. It may be the reason why IA decreased
in the periphery and increased in the CSF. Furthermore, IA had a
weak effect on CYP1a1 but a potent effect on CYP1b1, suggesting
that the anti-inflammatory effect of IA may mediate through
targeting CYP1b1 transcription.

We report in this study a rapid and sensitive LC-MS/MSmethod
for determining three aromatic amino acids and nine of their
metabolites in a single run and within a few minutes. Despite the
hydrophilic nature of some metabolites such as KYNA and QUIN,
they cannot be detected in either the serum or CSF under present
conditions. Metabolites that are not detected may be because their
sample signals in the serum or CSF are below lower limits of
quantitation (LLOQ). Of course, it would be fantastic if our
approach could be further refined in the future to identify these
metabolites. Furthermore, the method overcomes challenges of
marked differences in endogenous baseline levels among analytes
and has been applied over a wide concentration range (~1,000 folds),
not just for the serum in the periphery but is also sensitive enough to
reliably measure most of the metabolites in the CSF. Recently, Simoa
is an important technique in preclinical and clinical sample analyses,
which can be easily applied and deliver robust results once
established. NfL is a component of the neuronal cytoskeleton and
is released into the CSF and blood after neuronal axonal injury, and

it was used as a common biomarker for neuroaxonal damage (Chang
et al., 2021). GFAP is a principal intermediate filament that
contributes to the astrocytic cytoskeleton and represents a
marker of astrocytic injury (Aktas et al., 2021; Chang et al.,
2021). Simoa technology enables the detection of the two
aforementioned markers in the serum. This method reveals that
serum the NfL and GFAP levels are high in patients with NMOSD,
and NfL and GFAP are regarded as biomarkers for neurons or
astrocyte injury (Watanabe et al., 2019). However, the measurement
of multiple compounds or several biomarkers together becomes
increasingly important during different disease statuses, and LC-
MS/MS enables multiple biomarker measurements simultaneously
in a single study (Fuertig et al., 2016; Ma et al., 2017). The short
analytical runtime, simple sample preparation procedure, and low
sample volumes of only a few microliters of the serum and CSF can
be reliably measured with adequate sensitivity. Approaches with
more time- and cost-efficient analyses can be expanded to further
molecules and research compounds. Targeted metabolomics
techniques will increase our understanding of the
pathophysiological process during disease development.

A limitation of our clinical sample study is its retrospective
design without clinical follow-up information. The patient cohort
was small, and not all NMOSD patients had their serum GFAP and
NfL levels evaluated, or their anxiety and depression symptoms
measured. We could not adequately analyze the levels of aromatic
amino acids or their metabolites after the initial onset. Therefore, a
well-organized longitudinal prospective study should be conducted
in the future to confirm our findings. However, we believe that our
data provide the foundation for future longitudinal studies that have
to enroll more patients to establish the prognostic value and disease-
activity monitoring potential of aromatic amino acids and their
metabolites in NMOSD.

In conclusion, these findings underscore the potential key role
of aromatic amino acid metabolites, especially IA, in the
pathogenesis of NMOSD. During the relapse phase of
NMOSD, IA decreased markedly in the serum and increased
significantly in the CSF measured using the LC-MS/MS-based
analytical method. Our in vitro data suggest that Trp metabolite
IA can effectively inhibit the release of pro-inflammatory factors
IL-6 from astrocytes induced by NMO-IgG, and its anti-
inflammatory effect may be mediated by AHR, at least
partially. This may indicate that IA is a promising biomarker
candidate for disease activity and severity monitoring and
improving symptoms of NMOSD, which is worth further
exploration.
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Background: A rat model of levodopa-induced dyskinesia (LID) showed enlarged

axon terminals of striatal direct pathway neurons in the internal segment of the

globus pallidus (GPi) with excessive gamma-aminobutyric acid (GABA) storage in

them. Massive GABA release to GPi upon levodopa administration determines the

emergence of LID.

Objectives: We examined whether LID and axon terminal hypertrophy gradually

develop with repeated levodopa treatment in Parkinsonian rats to examine if the

hypertrophy reflects dyskinesia priming.

Methods: 6-hydroxydopamine-lesioned hemiparkinsonian rats were randomly

allocated to receive saline injections (placebo group, 14 days; n = 4), injections

of 6 mg/kg levodopa methyl ester combined with 12.5 mg/kg benserazide

(levodopa-treated groups, 3-day-treatment; n = 4, 7-day-treatment; n = 4, 14-

day-treatment; n = 4), or injections of 6 mg/kg levodopa methyl ester with

12.5 mg/kg benserazide and 1 mg/kg 8-hydroxy-2-(di-n-propylamino)tetralin for

14 days (8-OH-DPAT-treated group; n = 4). We evaluated abnormal involuntary

movement (AIM) scores and axon terminals in the GPi.

Results: The AIM score increased with levodopa treatment, as did the hypertrophy

of axon terminals in the GPi, showing an increased number of synaptic vesicles in

hypertrophied terminals.

Conclusion: Increased GABA storage in axon terminals of the direct pathway

neurons represents the priming process of LID.

KEYWORDS

GABA, abnormal involuntary movement, synaptic plasticity, priming, levodopa-treated
rats, synaptic vesicles, axon terminals
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1. Introduction

Levodopa is the gold standard in treating Parkinson’s disease
(PD) (Mercuri and Bernardi, 2005). However, with disease
progression, patients experience troublesome levodopa-induced
dyskinesia (LID) (Aquino and Fox, 2015). The onset of LID has
been correlated with the over-reduction of the firing frequency
and altered firing patterns in the internal segment of globus
pallidus (GPi) in the primate model of PD (Papa et al., 1999;
Boraud et al., 2001). Although the exact mechanism is unknown,
it has been demonstrated that LID improves dramatically
with GPi pallidotomy (Lang et al., 1997; Fine et al., 2000).
These observations show that GPi may have a central role in
LID.

We have previously demonstrated that intermittent levodopa
administration to 6-hydroxydopamine (6-OHDA)-lesioned
hemiparkinsonian rats causes LID-like abnormal involuntary
movements (AIM) and axon terminal hypertrophy of striatal spiny
projection neurons (SPNs) in the GPi (Nishijima et al., 2020).
In this paper, to simplify the discussion of similarities between
primates and rodents, we use the same terminology in rodents
used in primates to discuss the globus pallidus subdivisions. We
term the structure referred to as the entopeduncular nucleus in
rodents as GPi according to widely accepted homology (Paxinos
and Watson, 1998). We showed that the enlarged axon terminals
in GPi of LID model rats originated from direct pathway neurons
and contained high levels of gamma-aminobutyric acid (GABA)
(Nishijima et al., 2020). Furthermore, excessive GABA was
released into the GPi upon levodopa treatment, and the GABA
release determined the emergence of LID (Nishijima et al., 2020).
These results indicate that GABA storage in axon terminals
of direct pathway SPNs and the resultant hypertrophy could
explain the priming process of LID. However, such neuroplastic
changes were found in an established LID model using a high
dose of levodopa (50 mg/kg) in which even the first dose of
levodopa-induced LID in all animals (Nishijima et al., 2020).
This study explored whether the development of LID and the
hypertrophy of axon terminals in the GPi gradually developed
with repeated levodopa treatment and confirmed that GABA
storage in axon terminals is associated with the priming process of
LID.

2. Materials and methods

2.1. Animals

Male Wistar rats (Clea, Japan) weighing 280–320 g were
used following the Hirosaki University School of Medicine’s
Guidelines for Animal Experimentation issued and the Guide
for the Care and Use of Laboratory Animals [National
Institutes of Health (NIH), USA]. Animals were housed in
a temperature-controlled room and exposed to 12 h light-
dark cycles. The Hirosaki University School of Medicine
reviewed and approved this animal study with the approval
number: M20001. Foods were provided ad libitum. Every
effort was made to minimize the number of animals and
their suffering.

2.2. Unilateral 6-OHDA-lesion

Lesions in the dopaminergic system were generated on the right
side of rats by 6-OHDA injection into the right medial forebrain
bundle. The rat head was fixed in a stereotactic apparatus (David
Kopf, USA) with the incisor bar set 3.3 mm below the horizontal
after anesthesia with an intraperitoneal injection of pentobarbital
(40 mg/kg body weight), medetomidine hydrochloride (0.02 mg/kg
body weight) and midazolam (0.3 mg/kg body weight). Thirty
minutes before the 6-OHDA injection, the rat was intraperitoneally
injected with desipramine (25 mg/kg) to prevent the denervation
of noradrenergic neurons. 6-OHDA was then injected through
a stainless steel needle (0.4 mm outer diameter) that was
inserted through a small burr hole on the right side of the
skull. The needle tip was placed 4.5 mm posterior to the
bregma, 1.2 mm lateral to the sagittal suture, and 8.5 mm
ventral to the skull surface, according to the atlas of Paxinos
and Watson (1998). 6-OHDA (8 µg/4 µl in saline with 0.01%
ascorbic acid) was injected over 4 min, after which the needle
was left in place for another 4 min to prevent backflow
leakage.

Rats underwent rotational behavior testing after 2 weeks
to evaluate the extent of 6-OHDA lesioning. Apomorphine
(0.05 mg/kg) was administered subcutaneously, and rats were
placed in a stainless-steel bowl 10 min later. After a 5-min
accommodation period, the number of turns-to-the left (the side
contralateral to the lesion) made by the rat was counted for 5 min.
More than 20 contralateral turns indicated the loss of more than
99% of dopamine content in the striatum (Tanaka et al., 1999).
We injected 6-OHDA in 35 rats. Twenty of the 35 injected rats
passed the apomorphine test criteria and were included in this
study.

2.3. Grouping and treatment

Five weeks post-operatively, 20 6-OHDA-lesioned rats
were randomly allocated to receive saline injections (placebo
group, 14 days; n = 4), injections of 6 mg/kg levodopa methyl
ester combined with 12.5 mg/kg benserazide hydrochloride
(levodopa-treated groups, 3-day-treatment; n = 4, 7-day-
treatment; n = 4, 14-day-treatment; n = 4), or injections of
6 mg/kg levodopa methyl ester with 12.5 mg/kg benserazide and
1 mg/kg 8-hydroxy-2-(di-n-propyl amino)tetralin (8-OH-DPAT)
for 14 days (8-OH-DPAT-treated group; n = 4). 8-OH-DPAT
is a serotonin-1A receptor agonist, and its administration with
levodopa could affect levodopa metabolism by suppressing
dopamine release into the synaptic terminal (Kannari et al.,
2001). We used 8-OH-DPAT because it has anti-LID effects in
this rat model (Lindenbach et al., 2015). All groups received
intraperitoneal injections twice daily for each dosing period,
and all drugs [purchased from Sigma (Japan), except 8-OH-
DPAT, obtained from Research Biochemicals International
(USA)] were dissolved in saline. Based on previous reports,
we set the therapeutic dose at 6 mg/kg levodopa, which
can induce involuntary movements in all rats when a high
degree of denervation is achieved (Lundblad et al., 2002;
Nishijima et al., 2018).
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2.4. Behavioral analysis

The behavioral effects of administering levodopa to 6-OHDA-
lesioned rats were examined by recording AIM scores on the
day of treatment 1, 3, 7, and 14, as Cenci and Lundblad (2007)
reported. Briefly, rats were observed individually for 1 min
every 20 min for 3 h. Two independent examiners blinded to
the animal treatment conditions scored each rat on a severity
scale from 0 to 4. Among the four AIM subtypes in 6-OHDA-
lesioned levodopa-treated rats, axial dystonia, limb dyskinesia, and
orolingual dyskinesia are reportedly equivalent to LID in patients
with PD (Lundblad et al., 2002). In contrast, locomotor activity
has been reported to be induced by both levodopa and long-acting
dopamine agonists. Thus, it does not provide any specific measure
of levodopa-induced motor complications (Lundblad et al., 2002).
Thus, the total score of axial dystonia, limb dyskinesia, and
orolingual dyskinesia (ALO AIM) was used as an index of LID
severity.

2.5. Electron microscopy evaluation of
synaptic areas in the GPi

Twelve hours after the last injection, all rats (n = 20)
were anesthetized with pentobarbital sodium (50 mg/kg) and
transcardially perfused with 2.5% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4. The brains were removed, and sections
containing the GPi were cut at 50-µm-thickness with a vibratome.
Sections were then treated with osmium tetroxide (1% in 0.1 M
phosphate buffer), block-stained with uranyl acetate, dehydrated
in graded series of ethanol, and flat-embedded on glass slides
in Poly/Bed 812 Resin (Polysciences Inc., Warrington, PA,
USA). Regions of interest containing the GPi were cut away
(Figure 1A), glued on a flat-surfaced plastic block, and then
cut into serial 0.5 µm-thick semithin sections (Figure 1B).
Sections were stained with toluidine blue to identify the GPi
(Figures 1C, D). After the GPi were identified, subsequent
blocks were cut at 90–100 nm on an ultramicrotome (MT-
7000, RMC Inc., Tucson, AZ, USA) and collected on copper
grids (Figures 1E, F). Staining was performed on uranyl acetate
drops, followed by lead citrate. Ultrastructural analyses were
performed using a JEOL1230 electron microscope (JEOL Ltd.,
Tokyo, Japan). For quantitative evaluation, photomicrographs (x
15,000) were acquired from randomly selected electron microscope
fields, and the area of the axon terminals making synaptic
contacts with dendrites and the number of synaptic vesicles
in the terminals was measured using NIH image software
version 1.53 (National Institutes of Health, Bethesda, MD,
USA). For each GPi, 11–17 pictures were taken randomly, and
2–4 of these pictures were selected for measurement where
dendrites and nerve endings could be measured. The number
of axon terminals on the dendrites, the area of the largest
axon terminal in each image, and the number of vesicles in
the terminal were recorded, and the average value for each
rat was used for analysis. In this study, we evaluated nerve
terminals forming symmetrical synapses, regarded as GABA
endings.

2.6. Statistical analysis

Statistical analyses were performed using BellCurve for Excel
version 3.21 (Social Survey Research Information Company,
Ltd., Tokyo, Japan) and Excel (Microsoft Corporation, Redmond,
WA, USA). The 3 h sum score of each AIM subtype and
ALO AIM scores, the area and the number of axon terminals
attached to dendrites in the GPi, and the number of vesicles
were analyzed. Differences in AIM scores between groups
were examined using the multi-way repeated measures ANOVA
followed by the post-hoc Sheffe test. On analyses, levodopa-treated
rats are integrated into one group, including all the rats in
the particular treatment days (including 1–3 groups). Differences
in the axon terminal area, density of axon terminals attached
to a single dendrite, and number of synaptic vesicles in the
intact and lesioned GPi side of all groups were examined by
two-way repeated measures ANOVA with the post-hoc Tukey’s
test. Spearman’s rank correlation coefficient examined regression
analysis of area and synaptic vesicles. All data are expressed as
mean ± standard error of the mean. p < 0.05 was considered
statistically significant.

3. Results

3.1. AIM scores

The placebo group did not show any AIMs. In the levodopa-
treated groups, there was an increase in all AIM scores with
significant differences on days 3, 7, and 14 compared to day
1 (Figures 2A–E). Locomotor activity, limb dyskinesia, and
ALO AIM also showed significant differences in the levodopa-
treated groups between days 3 and 14 (Figures 2A, B, E). There
were differences in the levodopa-treated group between days
3 and 7 except for oro-lingual dyskinesia (Figures 2A–C, E).
There was also a significant difference between the levodopa-
treated and placebo groups, the levodopa-treated and 8-OH-
DPAT-treated groups in all the dyskinesia subtypes on treatment
days 3, 7, and 14 (Figures 2B–E). Locomotor activity, axial
dystonia, limb dyskinesia, and ALO AIM showed a difference
between the 8-OH-DPAT and placebo group on days 14
(Figures 2A–C, E).

3.2. Axon terminal area surrounding
dendrites of GPi neurons and number of
synaptic vesicles in the axon terminals

The area of the axon terminal surrounding the dendrites
of GPi neurons on the lesioned side enlarged in the 7-
and 14-day levodopa-treated group compared with the
intact side. The 3-day levodopa-treated and 8-OH-DPAT-
treated groups showed no increase in axon terminal areas
on the lesioned side compared to those on the intact side
(Figures 3A, B). On the lesioned side, the 14-day levodopa-
treated group showed a significant increase in the axon
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FIGURE 1

(A–E) We used flat-embedding sections between glass microscope slides that were pretreated with dimethyldichlorosilane (DMDCS), a
silicone-based releasing agent (Aldes and Boone, 1984). The DMDCS prevents bonding of the resin to the glass slides so that after polymerization,
the two slides are easily separated. Moreover, since the DMDCS coat is thin and transparent, routine light microscopic examination of each section
for the GPi can be easily achieved and the plastic overlying the structures of interest can be used for subsequent semithin and ultrathin sectioning.
This is a kind of old-fashioned method, however, a good method to identify the GPi. Scale bar, (A) 2 mm, (B,C) 0.2 mm, (D) 50 µm, (E) 10 µm,
(F) 1 µm.

terminal area compared to the placebo and 3-day levodopa-
treated and 8-OH-DPAT-treated groups (Figure 3B). The
number of synaptic vesicles on the lesioned side was also

higher than those on the intact side in the 7- and 14-day
levodopa-treated groups. The 3-day levodopa-treated and
8-OH-DPAT-treated groups showed no significant increase
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FIGURE 2

(A–E) The 3-h sum score of locomotor activity, axial dystonia, limb dyskinesia, orolingual dyskinesia, and ALO AIM score. ∗P < 0.05; ∗∗P < 0.01
between treatment days in the integrated levodopa-treated group (including three groups). ++P < 0.01 between the integrated levodopa-treated
group vs. the placebo group. #P < 0.05; ##P < 0.01 between the integrated levodopa-treated group vs. 8-OH-DPAT group. $P < 0.05; $$P < 0.01
between the 8-OH-DPAT group vs. placebo group. ALO AIM, the total score of axial dystonia, limb dyskinesia, and orolingual dyskinesia;
8-OH-DPAT, 8-hydroxy-2-(di-n-propyl amino)tetralin.

in vesicle numbers compared to the placebo group. The 14-
day levodopa-treated group showed a significant increase in
synaptic vesicles compared to the placebo and 8-OH-DPAT-
treated groups (Figure 3C) on the lesioned side. 1–6 axon
terminals were attached to dendrites in each GPi. There are no
differences between experimental groups in the density of the
boutons attached to a dendrite. The levodopa administration
period did not impact the density of the boutons. Regression
analysis of the area and synaptic vesicles showed a positive
correlation.

4. Discussion

This study showed that repetitive levodopa treatment in
Parkinsonian rats induced LID and hypertrophy of the axon
terminals in the GPi with treatment duration dependence; the
more extended dosing period brought the larger terminals. In
addition, the number of synaptic vesicles in the terminals also
increased. Furthermore, 8-OH-DPAT suppressed the enlargement
of the axon terminals and the increase in synaptic vesicles.
Thus, the observation that progressive LID and concomitant
gradual progressive hypertrophy of axon terminals in GPi
with increased synaptic vesicles support our hypothesis that
GABA storage in the axon terminals of direct pathway neurons
plays a role in the priming process of LID (Nishijima et al.,
2020).

Dopamine acts on D1 and D2 dopamine receptors in
the striatum, mainly expressed in the striatum’s direct and
indirect projection neurons, respectively (Albin et al., 1989).
The concept that dyskinesia is caused by repetitive abnormal

stimulation of D1 receptors has been previously reported
(Obeso et al., 2000; Bezard et al., 2001). In the dopamine-
dominated striatum, other studies showed persistent D1 receptor
supersensitivity (Corvol et al., 2004) and increased D1 receptor-
mediated signaling (Gerfen et al., 2002). Furthermore, D1
receptor hypersensitivity was associated with altered synaptic
plasticity at corticostriatal synapses in the LID model rodents
(Picconi et al., 2003). Chronic administration of levodopa
has been reported to induce abnormalities in GABAergic
transmission from the direct pathway (Gerfen et al., 1990), as
evidenced by increased expression of dynorphin with GABA and
increased glutamate decarboxylase 67 (an isoform of the enzyme
that synthesizes GABA) mRNA (Nielsen and Soghomonian,
2004). Thus, hypertrophy of axon terminals of direct pathway
striatal neurons and accumulation of GABA in levodopa-
treated rats were thought to be strongly associated with LID
expression.

We previously showed that repeated high-dose levodopa
(50 mg/kg) administration to 6-OHDA-lesioned rats resulted in
the enlargement of axon terminals surrounding the dendrites
of GPi neurons (Nishijima et al., 2020). Those axon terminals
were vesicular GABA transporter-positive and dynorphin- and
substance-P-positive, indicating that they belong to the direct
pathway striatal SPNs (Nishijima et al., 2020). In addition, the
terminals were filled with numerous synaptic vesicles (Nishijima
et al., 2020). Accordingly, we showed that the abnormal GABA
storage in the terminals of the neurons of the direct pathway might
reflect the LID priming. However, the study had a limitation. We
administrated levodopa at a very high dose, and therefore, even
the first dose of levodopa-induced strong dyskinetic movements
in all animals. Thus, we could not demonstrate the direct
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FIGURE 3

Electron microscopic evaluation in the internal segment of globus pallidus (GPi) in unilaterally 6-hydroxydopamine(OHDA)-lesioned rats treated
with saline for 14 days (placebo group; n = 4), levodopa (levodopa-treated group, 3-day; n = 4, 7-day; n = 4, 14-day; n = 4) or levodopa and
8-hydroxy-2-(di-n-propyl amino) tetralin for 14 days (8-OH-DPAT-treated group; n = 4). (A) Repeated levodopa treatment induced enlargement of
axon terminals surrounding dendrites of GPi neurons on the lesioned side in 6-OHDA-lesioned hemiparkinsonian rats. Synaptic vesicles are found
within axon terminals attached to dendrites. The 8-OH-DPAT-treated group suppressed the hypertrophy induced by levodopa. (B) The largest axon
terminal area surrounding the dendrites of GPi neurons on the lesioned side significantly enlarged compared with the intact side in the
levodopa-treated groups with longer treatment (7- and 14-day). (C) The number of synaptic vesicles in the lesioned side increased significantly
compared with the intact side in the levodopa-treated groups with longer treatment (7- and 14-day). Asterisks indicate statistically significant
differences (∗P < 0.05; ∗∗P < 0.01). Error bars represent standard errors of the mean. Scale bar, 1 µm. D, dendrite.

relationship between progressive dyskinetic movements and the
development of hypertrophy of the axon terminals. In the same
study, we showed massive GABA release to the GPi upon levodopa
dosing in LID model rats (Nishijima et al., 2020). Therefore,
the excessive GABA release likely accounted for the emergence
of LID. Here, we added new evidence that exacerbation of
dyskinesia and progressive enlargement of the axon terminals
coincide using a therapeutic levodopa dose (6 mg/kg). However,
this study did not investigate the origin of the hypertrophied axon
terminals.

Our results show that LID may be controlled by inhibiting
the excessive release of GABA. Basic research has shown that
GABAB agonist administration improved motor function in the rat
model of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
PD (Tyagi et al., 2015). Other studies showed that dopaminergic
denervation had induced a loss of negative feedback via the
GABAB receptor in the axon terminal of direct pathway striatal
spiny projection neurons, leading to hyperactivity of the neurons
and the development of LID (Borgkvist et al., 2018). Thus,
GABAergic modulation may be the promising target for treating
LID.

This study has other limitations: we examined the GPi
pathology associated with LID in a rodent PD model with
neurotoxin-induced hemi-dopaminergic denervation. Moreover,
we confirmed an increased accumulation of synaptic vesicles in
GPi, but not their functional release with LID. Further studies

in primate and genetic models measuring GABA release in
GPi are warranted to confirm our concept that direct pathway
axon terminal hypertrophy in the GPi is the pathological
hallmark of LID.

In conclusion, we revealed that the therapeutic levodopa
treatment contributed to axon terminal pathological changes in
the GPi dependent on treatment duration. This process may
reflect LID priming.
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1 Introduction

Alzheimer’s disease (AD) is a predominant form of dementia characterized by progressive
cognitive impairments including behavioral changes, language disorder, and mental symptoms,
ultimately leading to death (Wu et al., 2022). Since first described in 1907 by Alois Alzheimer,
awareness of the pathological characteristics and clinical manifestations of AD has improved.
However, the etiology of AD remains uncertain and is considered the result of interactions among
biological, genetic, and environmental factors. Awide range of pathological hypotheses have been
proposed, mainly centered on the deposition of amyloid-β (Aβ), neurofibrillary tangles induced
by hyperphosphorylated tau, synaptic dysfunction, neuroinflammation, and neurotransmitter
imbalance (Decourt et al., 2022). However, at present, only symptomatic treatments exist for AD.

MicroRNAs (miRNAs) are a type of regulatory non-coding RNAs (ncRNAs) important in
modulating gene expression (Ren et al., 2022). miRNAs are 19–24 nt length single-stranded
RNAs with a role in post-transcriptional gene silencing. Over 38,000 miRNAs have been
identified to date (https://www.mirbase.org/), approximately 68 miRNAs of which have been
comprehensively studied and associated with the onset and development of AD (Supplementary
Table S1). Among these, miR-23b-3p has been broadly investigated in peripheral circulatory
systems and various ADmodels. In this opinion article, informed by published data and our own
findings, we outline the role of miR-23b-3p in AD pathology and its biomarker potential and
target properties for future miRNA-based applications in AD.

2 MiR-23b-3p plays a key role in AD

MiR-23b-3p is a member of the miR-23b family. Initially described in 2012, miR-23b-3p
plays important roles in carcinogenesis (Grossi et al., 2018) and non-cancerous diseases,
especially nervous system diseases like ischemic stroke (Wu et al., 2017), seizure (Zhan et al.,
2016), Parkinson’s disease (Geng et al., 2023), peripheral nerve regeneration (Xia et al.,
2020), and neuroinflammation-related diseases (Burrows et al., 2023). The first reported
relationship between miR-23b-3p and AD was altered expression of miR-23b-3p in AD
patients (Lugli et al., 2015). The role and underlying mechanism of miR-23b-3p, as well its
potential applications in AD, have also been investigated by our group.

Our recent research indicates that miR-23b-3p plays a neuroprotective role in AD. Low
expression of miR-23b-3p was revealed to correlate with AD progression (Liu et al., 2021).
Downregulation of miR-23b-3p has been reported with disease development in various AD
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models, including in the hippocampus and cortex of amyloid precursor
protein (APP)/presenilin 1 (PS1) mice and senescence-accelerated mouse
prone 8 (SAMP8)mice at different ages (Liu et al., 2020).Decrease ofmiR-
23b-3p in neuronal cells withAβ toxicity also has a time-effect relationship
(Jiang et al., 2022). Furthermore, the correlation analysis of plasma miR-
23b-3p levels and mini-mental state examination scores in AD patients
has a good clinical diagnostic value with 81.8% sensitivity and 92.9%
specificity (Jiang et al., 2022).

Importantly, functional evidence of the beneficial roles of miR-
23b-3p suggests that modifying its expression could counteract AD
pathology. Intracerebral ventricular infusion of adeno-associated
virus (AAV) constructs expressing miR-23b-3p in APP/PS1 mice
rescued learning and memory deficits in the Morris water maze test
(Jiang et al., 2020). The neurotic plaques forming Aβ and
neurofibrillary composed of hyperphosphorylated tau are
indicators of AD. It has been found that restoring miR-23b-3p
levels via direct delivery of AAV-loaded miR-23b-3p into the brain
or miR-23b-3p synthetic mimics transfected into neuronal cells both
suppressed Aβ1-42 levels and tau phosphorylation against AD-
related deficits, thereby inhibiting cell apoptosis (Jiang et al.,
2022; Liu et al., 2022). In contrast, use of a miR-23b-3p inhibitor
led to the opposite effects in vitro. These findings are in line with
related reports for other neurological diseases that miR-23b
alleviates hypoxia-induced neuronal apoptosis (Chen et al., 2014)
and that upregulation of miR-23b-3p has positive effects on

neuronal activity, plasticity, and cognitive functions like long-
term potentiation and memory in response to music-listening
(Nair et al., 2021). Together, these findings support that
increasing miR-23b-3p level in the brain of AD models is
potentially therapeutic, as it could concomitantly modify various
aspects of AD’s hallmark pathology and potentially lead to
amelioration of cognitive deficits.

3 MiR-23b-3p participates in multi-
pathway crosstalk for AD therapy

Our findings suggest that miR-23b-3p is downregulated in AD,
causing a loss of the effective inhibitory effect on the expression of its
target gene glycogen synthase kinase 3 beta (GSK-3β). Activation of
GSK-3β/tau hyperphosphorylation signaling is crucial in causing
cognitive impairment (Lauretti et al., 2020). Increased GSK-3β
activity is known to contribute to Aβ production by inducing the
beta-site APP cleaving enzyme 1-mediated amyloidogenic pathway
and downregulating disintegrin and metalloprotease 10 (ADAM10)
in the nonamyloidogenic pathway (Liu et al., 2018; Ly et al., 2013).
miR-23b-3p has been shown to directly suppress tau
hyperphosphorylation by targeting GSK-3β and to indirectly reduce
Aβ1-42 production by increasing the ADAM10-mediated
nonamyloidogenic pathway that GSK-3β is involved in. GSK-3β is

FIGURE 1
Multi-Pathway Crosstalk of miR-23b-3p in AD. Bax, Bcl-2-associated X protein; GSK-3β, glycogen synthase kinase-3β; Aβ, amyloid-β; BACE1,
beta-site APP cleaving enzyme 1; ADAM10, disintegrin and metalloprotease 10; PTEN, phosphatase and tensin homolog; CDK-5, cyclin-dependent
kinase-5; PHF-1, paired helical filament-1; NFTs, non-fungible tokens; Nrp 1, neuropilin 1; Apaf-1, apoptotic protease activating factor-1; CREB, cyclic
adenosine monophosphate response element-binding protein; NF-κB, nuclear factor-κB.
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intimately associated with apoptosis. In line with this relationship, the
GSK-3β/Bax/caspase-3 axis was shown to be inhibited by administering
miR-23b-3p to both in vitro and in vivo AD models (Jiang et al., 2022).
These findings suggest that miR-23b-3p multimodally inhibits Aβ
generation, tau phosphorylation, and neuronal apoptosis by
regulating one target, namely, GSK-3β, acting upstream of several
signaling pathways (Figure 1).

Emerging evidence suggests additional targets for miR-23b-3p in
non-cancerous diseases, such as neuropilin 1 (Xia et al., 2020), apoptotic
protease activating factor-1 (Apaf-1) (Chen et al., 2014), α-synuclein
(Geng et al., 2023), and phosphatase and tensin homolog (PTEN) (Guo
et al., 2022). Among these, Apaf-1 mediates apoptosis via recruitment
and activation of caspase-9 by binding with cytochrome c. Notably,
PTEN is also a regulator of tau phosphorylation. As a negative regulator
of PI3 kinase signaling, downregulation of PTEN-mediatedAkt pathway
induces activation of p38 MAPK, leading to tau phosphorylation (Zeng
et al., 2021). The effect of PTEN on tau phosphorylation in AD is
independent of GSK-3β and the tau phosphatases PP1 and PP2A (Kerr
et al., 2006). PTEN also plays a role in a negative feedforward loop
involving the miR-148a-3p-associated Akt/CREB pathway to recover
cognitive impairment in AD (Zeng et al., 2021). In summary, various
direct or indirect targets involved in AD pathogenesis have been shown
to be regulated by miR-23b-3p, supporting the putatively central role of
miR-23b-3p in AD.

4 Transformational potential of MiR-
23b-3p from bench to bedside

Using artificial miR-23b-3p duplexes similar to its specific miRNA
precursors, it is possible to affect a number of molecules in response to
miR-23b-3p-mediated reduction of AD hallmarks, such as tau
phosphorylation and Aβ production. GSK-3β is thought to be a key
player in AD since its dysregulation is associated with several significant
hallmarks of the disease, including tau hyperphosphorylation, Aβ
accumulation, synaptic dysfunction, and microglia-mediated
neuroinflammation (Lauretti et al., 2020). GSK-3β thus represents a
promising disease-modifying target against AD, and several inhibitors are
currently being used in pre-clinical and clinical studies. miR-23b-3p
inhibits GSK-3β overexpression by specifically binding toGSK3βmRNA,
upregulates inhibitory GSK-3β phosphorylation at the Ser9 site, and
decreases GSK-3β overactivity in the brain (Jiang et al., 2022). A negative
correlation has been observed between GSK-3β and miR-23b-3p in the
cortex and hippocampus during ADprogression, suggestingmiR-23b-3p
as a promising drug target. Specifically, we have started developing anti-
AD candidate drugs to inhibit theGSK-3β/p-tau/Bax/caspase-3 pathways
dependent on interference with miR-23b-3p (Li et al., 2023). However,
clinical trials have not identified an effective and safe inhibitor of GSK-3β
for AD due to its ubiquitous expression and multiple regulatory
functions. Precise brain delivery of miR-23b-3p and specific regulation
of GSK-3β may provide new prospects for the treatment of AD.

5 Final considerations

In this opinion article, we discuss the role and potential of targeting
miR-23b-3p signaling in AD. To our knowledge, our research group was

the first to report and thoroughly investigate the role and underlying
mechanisms of miR-23b-3p in AD. Collectively, our studies support the
cognitive enhancement effects of miR-23b-3p, identify the miR-23b-3p-
elicited GSK-3β/p-tau/Bax/caspase-3 pathway as a promising network-
based target, and investigate novel compounds based on miR-23b-3p
interference for AD. Although specific miRNAs have potential as clinical
biomarkers and drug targets, much work is still needed before miRNA-
based applications are available. The combination of increased t-tau and
p-tau levels and decreased Aβ levels in blood or cerebrospinal fluid is a
sensitive and specific measure for AD diagnosis and monitoring. Before
miR-23b-3p-associated candidate biomarkers can achieve routine clinical
applications, they require critical evaluation, including clinical analysis,
validity, and utility. miRNA-based therapeutics are currently in the
development pipeline, along with other oligonucleotide-based
approaches. However, there are still many future challenges for
characterizing miR-23b-3p-mediated optimal target pathways and
systematically mapping on- and off-target toxic effects. Despite these
issues, we will continue to pursue this line of research and strive to
incorporate interventions targeting miR-23b-3p into clinical diagnosis
and treatment of AD.
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The efficacy and safety of
post-stroke cognitive impairment
therapies: an umbrella review
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Background: Stroke survivors are at significantly increased risk of cognitive
impairment, which affects patients’ independence of activities of daily living
(ADLs), social engagement, and neurological function deficit. Many studies
have been done to evaluate the efficacy and safety of post-stroke cognitive
impairment (PSCI) treatment, and due to the largely inconsistent clinical data,
there is a need to summarize and analyze the published clinical research data in
this area.

Objective: An umbrella review was performed to evaluate the efficacy and safety
of PSCI therapies.

Methods: Three independent authors searched for meta-analyses and systematic
reviews on PubMed, the Cochrane Library, and the Web of Science to address this
issue. We examined ADL and Barthel index (BI), Montreal Cognitive Assessment
(MoCA), neurological function deficit as efficacy endpoints, and the incidence of
adverse events as safety profiles.

Results: In all, 312 studies from 19 eligible publications were included in the
umbrella review. The results showed that angiotensin-converting enzyme
inhibitors (ACEI) and N-methyl-D-aspartate (NMDA) antagonists, cell therapies,
acupuncture, and EGB76 can improve the MoCA and ADL, and the adverse effects
were mild for the treatment of PSCI. Moreover, Vinpocetine, Oxiracetam,
Citicoline, thrombolytic therapy, Actovegin, DL-3-n-Butylphthalide, and
Nimodipine showed adverse events or low article quality in patients with PSCI.
However, the research evidence is not exact and further research is needed.

Conclusion: Our study demonstrated that ACEI inhibitors (Donepezil) and NMDA
antagonists (Memantine), EGB761, and acupuncture are the ADL and BI, MoCA,
and neurological function deficit medication/therapy, respectively, for patients
with PSCI.

Clinical Trial Registration: https://inplasy.com/inplasy-2022-11-0139/; Identifier:
INPLASY2022110139.
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post-stroke cognitive impairment, clinical trial, systematic review, umbrella review,
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Introduction

Ischemic stroke seriously threatens human health and life, and is
a common cardiovascular and cerebrovascular disease (Saini et al.,
2021). According to the World Health Organization (WHO), the
incidence of stroke has been increasing in recent years, and disability
rates are very high. PSCI is a frequent complication after stroke, with
a prevalence of 50%–70%, and effective treatment is needed to
improve the prognosis of patients (Mijajlovic et al., 2017).
Epidemiological studies have shown that stroke is the second
leading cause of death in the world and the first fatal and
disabling disease among the Chinese population. PSCI, including
mild cognitive impairment and dementia, not only affects patients’
ability to do daily living but also hinders rehabilitation and exercise,
increasing the economic and mental burden of family care. In
addition, as little is known about the efficacy and safety of PSCI
treatment in the recovery phase after stroke, the critical challenge in
PSCI treatment is to determine the most effective way of current
interventions.

There is some evidence supporting the notion that neurological
deficits can be greatly improved by the use of recombinant tissue
plasminogen activator (tPA) thrombolysis, ACEI inhibitors, and
NMDA antagonists (Donepezil and galantamine) recommended by
national guidelines for the treatment of PSCI (Ebihara et al., 2007;
Liraz-Zaltsman et al., 2018; Yang et al., 2022). In addition, the
neuroprotection, statins, and control of high-risk factors are
recommended as secondary prevention of PSCI (Mijajlovic et al.,
2017). Additionally, memantine and B1 and B2 bradykinin receptor
agonists do not lead to significant improvement in PSCI cognition
but provide overall functional benefits (Glass et al., 2020) (Martins,
2012). In addition, many clinical studies have shown that many
other neuroprotective drugs improve cognitive impairment and are
safe and effective (Zhang et al., 2014).

Much research has attempted to study the commonly used PSCI
treatment methods. However, the results of these studies are still
biased and contradictory (Wu et al., 2007). It is necessary to review
the latest literature, delete duplicate or problematic studies, and then
conduct a meta-analysis to obtain a pooled prevalence. Therefore, to
draw a definitive conclusion and determine which commercially
available therapies for PSCI patients are effective and safe, we have
performed an umbrella review of the systematic reviews and meta-
analyses of PSCI therapies through a comprehensive and updated
literature search.

Materials and methods

Our study conforms with the standard guidelines of Preferred
Reporting Items for Systematic Reviews and Meta-analysis (Moher
et al., 2009). The protocol for this review has been registered at
INPLASY PROTOCOL (INPLASY2022110139).

Search strategy and quality assessment

A systematic search of published peer-reviewed English-
language literature was conducted using PubMed, Web of
Science, and the Cochrane Library up until October 2022. The

database search terms were as follows: (Post-stroke cognitive
impairment/Post-stroke dementia) and (systematic review or
meta-analysis) and clinical trial. We included meta-analyses and
systematic reviews that determined the efficacy and safety of
treatments in patients with PSCI. Inclusion criteria were: 1)
articles written in English; 2) published systematic reviews or
meta-analyses; 3) articles including any evaluation of clinical
assessment scales for PSCI; and 4) articles published in peer-
reviewed journals. Studies were excluded if 1) they were
unpublished studies; 2) there were no necessary sample data; 3)
patients were diagnosed with other PSCI; 4) the study reported
insufficient details and other outcomes; and 5) there was a presence
of risk of bias/study limitations.

We used the AMSTAR2 tool to evaluate systematic reviews and
meta-analyses (De Santis et al., 2022). Themethodological quality of the
studies was determined by the percentage of the AMSTAR2 score. The
percentage of the AMSTAR2 score was classified into 0%–15.8%,
15.8%–21.05%, and 21.05%–100%, indicating low quality, medium
quality, and high quality, respectively.

We used keywords and filtered titles searching for related
articles, and two review authors independently screened articles.
These downloaded articles were screened by inclusion/exclusion
criteria, and any irrelevant or duplicate articles were removed.
Thereafter, we manually searched the reference lists from the
selected literature for any other relevant studies that were not
identified in the initial search. Finally, a full-text search was
conducted to extract and analyze article data.

Data extraction

According to the following criteria, three investigators
(Yongbiao Li, Ruyi Cui, and Shaobao Liu) independently selected
the trials that met the inclusion criteria. The main characteristics of
the selected study were extracted and displayed in a table, including
year of publication, study design, number of studies, and regimens
for the treatment. We included results evaluating the efficacy of
drugs in patients with at least one of the clinical assessment scales: 1)
baseline mini-mental state examination (MMSE) scores; 2) the
primary outcomes included global neurological deficit scores such
as the National Institutes of Health Stroke Scale (NIHSS)
score ≤1 and MoCA; 3) Alzheimer’s Disease Assessment Scale-
Cognitive Subscale (ADAS-Cog); 4) dependence assessed by Clinical
Global Impression of Change (CIBIC-plus or CGIC); 5) activities of
ADL; 6) clinical effect, defined according to the nationally approved
criteria, was divided into essentially recovered, significant
improvement, improvement, no change, deterioration, and death
(the first three categories were judged to be effective); 7) the
secondary outcomes included: abilities of daily living (evaluated
by BI), related hemorheology and lipid metabolism outcomes, and
quality of life; and 8) incidence of adverse events (AE). The selection
of assessments was extracted on study size, sample size, mean
difference (Fixed, 95% CI) or odds ratio (Fixed, 95% CI), and
heterogeneity (I2). A percentage of 0%–25% was classified as
mild, 26%–50% was classified as moderate, and 51%–75% was
classified as significant between-study heterogeneity. If I2 > 50%,
a random-effects model was used for the analysis, or the data was
analyzed on a fixed-effects model (Wang et al., 2016).
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Statistical analysis

Four clinical assessment scales were calculated using sample sizes
and mean differences. The NIHSS/BI/SCORE was used to assess
neurological status, and the patient’s behavioral symptoms were
calculated using ADL/MMSE/ADAS. The clinical effects we focused
on were divided into basic recovery, significant improvement, no
change, and deterioration, as well as cognitive function scores and
quality of life as an activity of daily living. Graphpad Prim 8 software
was used for all clinical data analysis. Results are expressed as MD±SD
(standard deviation). The incidence of adverse events was assessed and
ORs were calculated. Therefore, the mean difference or odds ratio with
95% CI and p values were used to assess the effectiveness and safety of
the study treatments.

Results

Through the initial search, 970 records were retrieved from PubMed,
Web of Science, and the Corevchrane Library. Then, 50 studies were
selected for further full-text scrutiny after titles and abstracts were
examined. In all, 31 studies were excluded due to the following
reasons: samples overlap with other studies (n = 7), no necessary
sample data (n = 10), other outcomes (n = 4), other PSCI (n = 3),

not written in English (n = 4), and no placebo group (n = 3) (Figure 1).
Thus, 19 studies were included in the umbrella review: Kim and Kang,
(2020), Guekht et al. (2017), Kwon (2019), Huang et al. (2021), Tan
(2015), Jin and Liu (2019), Shi et al. (2022), Lopez-Arrieta and Birks
(2002), Fan (2021), Yi et al. (2020), Alvarez-Sabín. (2013), Huahui and
Hehua (2015), Malykh and Sadaie (2010), Ming (2016), NanZhu et al.
(2018), Wei (2020), You et al. (2019), Szatmári and Whitehouse (2009),
Szatmari and Whitehouse (2003).

As shown in Table 1, a total of 312 clinical trials were included,
with 19 drugs or drug combination therapies in the treatment
groups. All studies were randomized controlled clinical trials, and
the treatment duration ranged from 1 to 52 weeks. Among the
included literature, there were 17 that were considered of high
quality, 1 that was of moderate quality, and 1 that was of low quality.

MMSE score

For our search, the mini-mental state examination (MMSE) score
was used to assess the effects of the medications on clinical change
(Table 2). A total of 15 studies (79.0%) including Donepezil (MD: 2.21,
95% CI: −0.466 to 4.882, p < 0.001), MEM (MD: 1.05, 95% CI: 0.18 to
1.79, p < 0.001), RIV (MD: 0.32, 95% CI: −0.61 to 1.35, p < 0.009),
Acupuncture (MD: 1.99, 95% CI: 1.09 to 2.88, p < 0.0001), NBP (MD:

FIGURE 1
The search and screening process. Literature search and study selection. Through the initial search, we retrieved a total of 3,808 records from
PubMed, Web of Science, and the Corevchrane Library. After examining the titles and abstracts, Through the initial search, 970 records was retrieved from
PubMed, Web of science and Corevchrane Library. 50 studies were selected for further full-text scrutiny after examining the titles and abstracts. In all, 31
studies were excluded due to the following reasons: samples overlap with other studies (n = 7), no necessary sample data (n = 10), other outcomes
(n = 4), other PSCI (n =3), other language (n = 4), no placebo group (n = 3).
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4.89, 95% CI: 4.14 to 5.63, p < 0.0001), NBP + Nimodipine (MD: 2.13,
95% CI: 1.52 to 2.75, p < 0.0001), Citicoline (MD: 1.63, 95% CI: 1.28 to
1.98, p < 0.0001), NBP + Oxiracetam (MD: 1.26, 95% CI: 0.97 to 1.56,
p < 0.0001), traditional Chinese medicine (TCM) + Western medicine
(MD: 3.72, 95%CI: 0.45 to 2.15, p < 0.003), Oxiracetam (MD: 1.34, 95%
CI: 0.88, 1.8, p < 0.01), oxygen (MD: 4.0, 95% CI: 3.28 to 4.73, p <
0.00001), and Olacetam (MD = 6.09, 95% CI: 4.55 to 7.62, p < 0.01)
showed better outcomes for MMSE score compared to placebo. The
other treatments “anti-patient agents (MD = 1.73, 95% CI: 0.91 to 3.29,
p = 0.08)” indicated no significant difference in effectiveness as
compared to placebo.

NIHSS score

The National Institutes of Health Stroke scale was used to assess
the effects of the medications on clinical change (Table 3). Seven
studies (36.8%) showed that Citicoline (MD: −1.82, 95% CI:
−2.25 to −1.40, p < 00001), Oxiracetam (MD: −1.15, 95% CI:
−1.31, −0.98, p < 00001), NBP (MD: −3.86, 95% CI:
5.22 to −2.50, p < 0.00001), and salvianolate (MD: −2.42, 95%
CI: −2.86 to −1.98, p < 00001) were significantly different compared
with placebo. In contrast, Actovegin (MD: −0.1, 95% CI: −0.4 to 0.2,
p < 0.455), TCM (MD: −1.45, 95% CI, −2.04 to −0.86, p < 0.35), and

TABLE 1 Description and the AMSTAR2 scores of included studies.

Study Conditions Studies
included

Study duration
(median,
range)

Daily dose
(median,
range)

Outcomes AMSTAR
scores

Study
quality

Kim and Kang,
(2020)

Donepezil versus
Placebo

7 5–25w 7.5 mg 1.MMSE,2.ADAS-cog,
3.CIBIC-plus orCGIC

10 high

Guekht et al. (2017) Actovegin versus
Placebo

9 52w — 1.ADAS-cog, 2 9 high

Jin and Liu (2019) Rivastigmine versus
Placebo

12 18–24w 6 mg 1.ADAS-Cog, 2.MMSE,
3.ADL, 4.CDR + CIBIC

9 high

Kwon (2019) Antiplatelet agents
versus Placebo

2 12w -- 1.MMSE 4 low

Jin and Liu (2019) Memantine versus
Placebo

12 26w 20 mg 1.ADAS-Cog, 2.MMSE,
3.ADL, 4.CIBIC-plus

orCGIC

9 high

Tan et al. (2015) EGB761 versus
Placebo

9 22–26w 200 mg 1.ADAS-cog, 2.CIBIC-plus
orCGIC, 3.ADL

9 high

Jin and Liu (2019) Galantamine versus
Placebo

12 24–52w 24 mg 1.ADAS-Cog, 2.MMSE,
3.ADL, 4.CDR + CIBIC

9 high

Lopez-Arrieta and
Birks (2002)

Nimodipine versus
Placebo

12 12–24w 135 mg 1.ADAS-cog, 2.CIBIC-plus
orCGIC, 3.ADL, 4.Ad

9 high

Fan et al. (2021) NPB + Citicoline
versus Placebo

26 12–52w 200 mg 1.MMSE, 2.BI, 3.NIHSS,
4.MoCA

9 high

Yi et al. (2020) Olacetam versus
Placebo

42 12w -- 1.MMSE, 2.ADL, 3.MoCA,
4.BI,5.Ad

10 high

Fan et al. (2021) NBP versus Placebo 26 12–52w 200 mg 1.MMSE, 2.BI, 3.NIHSS,
4.MoCA

9 high

Fan et al. (2021) NBP + Donepezil
versus Placebo

26 12–52w 200mg/5 mg 1.MMSE, 2.BI, 3.NIHSS,
4.MoCA

9 high

Fan et al. (2021) Nimodipine versus
Placebo

26 12–52w 60 mg 1.MMSE, 2.BI, 3.NIHSS,
4.MoCA

9 high

Alvarez-Sabín et al.
(2013)

Citicoline versus
Placebo

6 12–52w 1 g 1.MMSE, 2.ADL, 3.MoCA 6 middle

Huahui and Hehua
(2015)

Oxiracetam versus
Placebo

4 24w 4.0 g 1.MMSE, 2.ADL, 3.MoCA 4 low

Ming (2016) Salvianolate 19 12–24w 150 mg 1.NIHSS, 2.BI 10 high

Wei (2020) TCM + western
medicine versus

Placebo

8 12–24w -- 1.MMSE, 2.MoCA, 3.ADL,
4.BI, 5.NIHSS

7 high

You et al. (2019) Oxygen versus Placebo 25 12–16w 120 min, qd 1.MMSE, 2.ADL, 3.Ad 9 high

Szatmári and
Whitehouse, (2009)

Vinpocetine versus
Placebo

3 24w 30–60 mg 1.NIHSS, 2.AE 4 low

TCM, traditional chinese medicine; NBP, DL-3-n-Butylphthalide; Olacetam: Au/Polypropionic Acid Nanoparticles Loaded with Olacetam.
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Citicoline (MD: 1.721, 95% CI: 1.065 to 2.781, p < 0.27) showed no
change or deterioration.

Barthel index score

The Barthel Index (BI) score was used to assess the effects of the
medications on clinical change (Table 4). Eight studies (42.1%)
showed that Citicoline (MD: 3.36, 95% CI, 2.80, 3.93, p < 0.00001),
Oxiracetam (MD: 2.24, 95% CI, 0.37, 4.11, p < 0.032), NBP (MD:
13.53, 95% CI: 9.84, 17.22, p < 0.014), Donepezil (MD: 1.48, 95% CI,
1.13 to 1.83, p < 0.00001), salvianolate (MD: 7.68, 95% CI:
5.15~10.21, p < 0.00001), TMS (MD: 9.72, 95% CI: 6.78 to 12.66,
p < 0.00001), and Olacetam (MD = 8.71, 95% CI (17.19, 20.24),
p <0.01) were significantly different compared with placebo. In
contrast, TCM (MD: 12.36, 95% CI: 8.79 to 15.92, p = 0.07) and

Nimodipine (MD: 2.29, HKSJ 95% CI, −17.45 to 22.03, p = 0.380),
showed no difference compared to placebo.

ADL score

Table 5 presents the results of the comparisons of behavioral
symptoms; a total of 15 studies were assessed by ADL scores. Patients
treated with comparative Donepezil (MD: −0.12, 95% CI: −1.13 to 0.89,
p< 0.0001), GAL (MD: 0.59, 95%CI: −1.60 to 2.89, p< 0.001), RIV (MD:
0.02, 95% CI: −1.36 to 1.40, p < 0.001), acupuncture (MD: 0.20, 95% CI:
−3.51 to 3.91, p < 0.01), EGB761 (MD: −0.36, 95%CI: −0.04 to −0.28, p <
0.0007), Citicoline (MD: 0.15, 95% CI: 0.1 to 0.206, p < 0.001), NBP +
Oxiracetam (MD: −2.09, 95% CI: 0.83 to 5.26, p < 0.001), TCM (MD:
−3.07, 95% CI: −4.5 to −1.68, p < 0.001), Oxiracetam (MD: −1.01, 95%
CI: −2.9 to 0.88, p< 0.01), Nimodipine (MD 0.61, 95%CI0.42 to 0.81, p<

TABLE 2 Results of pairwise meta-analyses for the MMSE score.

Comparative Reference
medications

Number of
studies

Number of
controls

Number of
patients

MD/OR 95% CI I2 p

Donepezil Placebo 7 390 396 2.21 [-0.47, 4.88] 0 0.001

MEM Placebo 9 284 396 1.05 [0.18, 1.79] 0 0.001

RIV Placebo 9 326 404 0.32 [-0.61, 1.35] 0 0.009

Acupuncture Placebo 6 338 339 1.99 [1.09, 2.88] 0 0.0001

NBP Placebo 7 264 264 4.89 [4.14, 5.63] 0 0.0001

Nimodipine Placebo 2 32 33 2.13 [1.52, 2.75] 0 0.0001

Citicoline Placebo 2 82 86 1.63 [1.28, 1.98] NA 0.0001

NBP + Oxiracetam Placebo 6 264 265 1.26 [0.97, 1.56] 0 0.0001

TCM Placebo 6 139 141 1.30 [0.89, 6.55] 0 0.0001

Cell therapies Placebo 4 136 137 2.80 [1.24, 4.37] 0 0.0004

Oxiracetam Placebo 4 101 101 1.34 [0.88, 1.8] 0 0.01

Antipatient angents Placebo 1 40 40 1.73 [0.91,3.29] 0 0.08

Oxygen Placebo 24 931 943 4.00 [3.28, 4.73] 0 0.00001

Olacetam Placebo 42 1864 1851 6.09 [4.55, 7.62] 0 0.01

CI, confidence interval; MD, mean difference; OR, risk ratio; I2, heterogeneity; MEM, memantine; RIV, rivastigmine; NBP, DL-3-n-Butylphthalide.

TABLE 3 Results of pairwise meta-analyses for the NIHSS score.

Comparative Reference
medications

Number of
studies

Number of
controls

Number of
patients

MD/OR 95% CI I2 p

Actovegin Placebo 6 210 220 −0.10 [-0.40, 0.20] 0 0.455

Oxiracetam Placebo 4 324 325 −1.15 [-1.31, −0.98] 0 0.00001

NBP Placebo 2 39 39 −3.86 [-5.22, −2.50] 0 0.00001

Salvianolate Placebo 15 1,139 1,149 −2.42 [-2.86, −1.98] 0 0.00001

TCM Placebo 2 70 70 −1.45 [-2.04, 0.86] 0 0.35

Citicoline Placebo 4 172 186 −1.72 [1.065, 2.781] 0 0.027

Vinpocetine Placebo 3 104 96 −1.40 [-2.58, −0.22] 0 0.88

CI, confidence interval; MD, mean difference; OR, risk ratio; I2, heterogeneity; TCM, traditional chinese medicine; NBP, DL-3-n-Butylphthalide.
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0.00001), oxygen (MD: −5.91; 95% CI = −6.45, −5.36, p < 0.00001), tPA
(OR = 0.69, 95% CI: 0.37 to 1.28, p < 0.041), and Citicoline (OR = 2.155,
95% CI: 1.017 to 4.566, p < 0.045) showed better behavioral symptoms
than those administered a placebo (p< 0.05).Moreover, EGB761 use also
improved the activities of daily living and functional outcomes (MD: 9.52;
4.66 to 14.33, p < 0.001). Subgroup analysis results suggest that the
injectable formulation of EGB761 has more impact compared to the oral
formulation. The other treatments indicated that there is no significant
difference in effectiveness compared to placebo (p > 0.05), NBP (MD:
−4.70, 95% CI: −10.94 to 1.54, p = 0.066), and Olacetam (MD = −3.31,
95% CI: −10.18 to 3.55, p = 0.34).

CIBIC-plus or CGIC score

The CIBIC-plus or CGIC score from the administration of
other treatments was mild, whereas the CIBIC-plus or CGIC
scores were significantly different between placebo groups and
the following groups: Donepezil (MD: 1.07, 95% CI: 0.64 to
1.86, p < 0.0001), GAL (MD: 1.47, 95% CI: 0.96 to 2.34, p <
0.001), MEM (MD: 2.78, 95% CI: 1.05–7.29, p < 0.001),
EGB761 (MD: 1.88, 95% CI: 1.54 to 2.29, p < 0.0009), and
Nimodipine (MD: −0.87, 95% CI: −1.07 to −0.67, p < 0.00001)
(Table 6).

TABLE 4 Results of pairwise meta-analyses for the BI score.

Comparative Reference
medications

Number of
studies

Number of
controls

Number of
patients

MD/OR 95% CI I2 p

Nimodipine Placebo 2 76 78 2.29 [-17.45, 22.03] 0 0.38

Citicoline Placebo 1 60 60 3.36 [2.80, 3.93] 0 0.00001

Oxiracetam Placebo 4 172 172 2.24 [0.37, 4.11] 0 0.032

NBP Placebo 2 88 88 13.53 [9.84, 17.22] 0 0.014

Donepezil Placebo 2 79 79 1.48 [1.13, 1.83] 0 0.0001

Salvianolate Placebo 11 769 773 7.69 [5.15, 10.21] 0 0.00001

TCM Placebo 5 200 200 12.36 [8.79, 15.92] NA 0.07

Olacetam Placebo 5 211 208 8.71 [17.19, 20.24] 0 0.01

CI, confidence interval; MD, mean difference; OR, risk ratio; I2, heterogeneity; TCM, traditional chinese medicine; NBP, DL-3-n-Butylphthalide.

TABLE 5 Results of pairwise meta-analyses for the ADL score.

Comparative Reference
medications

Number of
studies

Number of
controls

Number of
patients

MD/OR 95% CI I2 p

Donepezil Placebo 9 390 396 −0.12 [-1.13, 0.89] 0 0.0001

GAL Placebo 9 284 396 0.59 [-1.60, 2.89] 0 0.001

RIV Placebo 9 326 404 0.02 [-1.36, 1.40] 0 0.001

Acupuncture Placebo 5 338 339 0.20 [-3.51, 3.91] 0 0.01

EGB761 Placebo 8 1,262 1,268 −0.36 [-0.04, −0.28] NA 0.0007

Citicoline Placebo 26 60 60 0.15 [0.10, 0.206] 0 0.001

NBP + Oxiracetam Placebo 26 172 172 −2.09 [0.83, 5.26] 0 0.001

NBP Placebo 2 79 79 −4.70 [-10.94, 1.54] 0 0.066

TCM Placebo 2 69 71 −3.07 [-4.5, −1.68] 0 0.001

Oxiracetam Placebo 4 101 101 −1.01 [-2.9, 0.88] 0 0.01

Nimodipine Placebo 12 228 215 0.61 [0.42, 0.81] 0 0.0001

Oxygen Placebo 15 454 470 −5.91 [-6.45, −5.36] 0 0.00001

Citicoline Placebo 4 172 186 2.16 [1.02, 4.57] 0 0.0456

Olacetam Placebo 16 828 829 −3.31 [-10.18, 3.55] 0 0.34

tPA Placebo 3 93 211 0.69 [0.37,1.28] 0 0.041

CI, confidence interval; MD, mean difference; OR, risk ratio; I2, heterogeneity; GAL, galantamine; RIV, rivastigmine; NBP, DL-3-n-Butylphthalide.
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ADAS-cog score

For our search, the ADAS-cog score was used to assess the effects
of the medications on clinical change. Seven studies (36.8%)
including Donepezil (MD: −0.76, 95% CI: −2.104, 0.578, p <
0.001), Actovegin (MD: −3.70, 95% CI: −5.5 to −1.9, p < 0.001),
GAL (MD: −1.67, 95% CI: −3.36 to −0.06, p < 0.0001), MEM (MD:
−2,17, 95% CI: −3.91 to −0.53, p < 0.0001), RIV (MD: −0.28, 95% CI:
−1.89 to 1.82, p < 0.0001), EGB761 (MD: −2.86, 95% CI:
−3.18 to −2.54, p < 0.00001), and Nimodipine (MD: −7.59, 95%
CI: −9.87 to −5.31, p < 0.0001) showed better outcomes for ADAS-
cog score compared to placebo treatment (Table 7).

MoCA-cog score

MoCA-cog score was observed in 18 studies. Detailed
information on included studies is listed in Table 2. The clinical
effect of Actovegin (MD: 1.0, 95% CI: 0.3 to 1.7, p < 0.03), NBP (MD:
1.05, 95% CI: 0.69 to 1.42, p < 0.00001), Nimodipine (MD: 0.90, 95%
CI: 0.46, 1.33, p < 0.0001), Donepezil (MD: 1.04, 95% CI: 0.71 to
1.38, p < 0.00001), Oxiracetam (MD: 0.81, 95% CI: 0.62 to 1.01, p <
0.00001), and Oxiracetam (MD: −1.01, 95% CI: −2.9 to 0.88, p <
0.01) was significantly better compared with placebo treatment.
Moreover, the combination use of TCM and olanzapine (MD = 4.32,
95% CI: 2.03–6.61, p <0.01) showed a significant increase in the
overall clinical efficacy rate compared to TCM use alone (Table 8).

Adverse events

The meta-analysis of Donepezil (MD: 0.15, 95% CI:
0.100 to 0.206, p < 0.099), Actovegin (MD: 2.09, 95% CI:
0.83 to 5.26, p < 0.124), GAL (MD: 5.64, 95% CI: 1.31 to
26.71, p < 0.31), RIV (MD: 16.8, 95% CI: 1.78 to 19.26, p <
0.23) vinpocetine (MD: 1.26, 95% CI: 0.71 to 2.21, p < 0.43),
Nimodipine (MD: 0.79, 95% CI: 0.61 to 1.02, p < 0.61), oxygen
(MD: 0.85, 95% CI: 0.26 to 2.78, p < 0.79), and Olacetam (OR =
0.58, 95% CI: 0.20 to 1.64, p = 0.30) were no significant
differences in adverse events between these groups and
placebo groups (p > 0.05) (Table 9). Among all of the trials,
in the EGB761 (MD: 1.94, 95% CI: 1.51 to 2.50, p < 0.0007)
groups, six cases of hypotension, four cases of fever, two cases of
flushing, two cases of vomiting, one case of headache, one case

of arrhythmia, and one case of pruritus were reported. In
addition, no deaths and two serious adverse events were
reported in the Actovegin group.

Discussion

The data used in our umbrella review was from patients
undergoing treatment for cognitive impairment after stroke and
was used to assess the relative effectiveness and safety of these
treatments. The data from published systematic reviews and meta-
analyses were summarized to determine the treatment that was the
most beneficial and effective for patients. Our study showed that
ACEI inhibitors and NMDA antagonists, stem cell-based therapies,
EGB761, and acupuncture can improve neurological deficits and
activities of daily living in patients with PSCI. Antiplatelet agents
(aspirin and clopidogrel), thrombolytic therapy (tPA), Oxiracetam,
Citicoline, Vinpocetine, Actovegin, DL-3-n-Butylphthalide, and
Nimodipine have little effect or no difference on neurological
deficits or daily activities. In addition, there were no serious
adverse events during treatments by ACEI inhibitors and NMDA
antagonists, EGB761, and acupuncture. Interpretation of the study
results requires caution to determine the best treatment strategy for
patients with PSCI.

Cholinergic and neurotransmitters are vulnerable to vascular
damage, which leads to cognitive impairment (Damodaran T et al.,
2019). It is known that acetylcholinesterase inhibitors compensate
for cerebral cholinergic neurotransmitter deficiency by inhibiting
acetylcholine hydrolysis to regulate cognitive function, and that it is
an effective treatment for PSCI and vascular dementia patients. The
effects of ACEI inhibitors and NMDA antagonists may be
considerable and there is no cure for current treatment, but other
drugs that may slow the progression of PSCI patients are worth
exploring. Previous studies showed that ACEI inhibitors and
NMDA antagonists are beneficial for PSCI (Jongstra et al., 2016;
Saini et al., 2021). In addition, one study showed that ACEI
inhibitors-Donepezil showed the best performance (Kim and
Kang, 2020). It is suggested by our results that neurological
dysfunction and activities of daily living in people with PSCI can
be improved by all ACEI inhibitors and NMDA antagonists
compared to placebo treatment. Studies have shown that NMDA
antagonists have led to the best-observed effects on PSCI. In our
study, it was observed that NMDA antagonists treatment improved
clinical effect significantly compared to placebo treatment. It is

TABLE 6 Results of pairwise meta-analyses for the CIBIC-plus or CGIC score.

Comparative Reference medications Number of
studies

Number of controls Number of
patients

MD/OR 95% CI I2 p

Donepezil Placebo 9 390 396 1.07 [0.64, 1.86] 0 0.0001

GAL Placebo 9 284 396 1.47 [0.96, 2.34] 0 0.001

MEM Placebo 9 326 404 2.71 [1.05–7.29] 0 0.001

EGB761 Placebo 8 1,001 1,006 1.88 [1.54, 2.29] NA 0.0009

Nimodipine Placebo 12 483 487 −0.87 [-1.07, −0.67] 0 0.00001

CI, confidence interval; MD, mean difference; OR, risk ratio; I2, heterogeneity; MEM, memantine; GAL, galantamine.
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demonstrated that acupuncture has shown remarkable efficacy in
PSCI (Huang et al., 2021). Our review mainly selected clinical
studies to demonstrate short-term efficacy on neurological
function, while PSCI is a progressive disease. Long-term clinical
trials are ethically questionable, and high-quality clinical trials are
critical to reveal differences in the treatment of PCSI by different
treatments.

Behavioral symptoms in patients with PSCI are usually
assessed by MMSE ADL/NIHSS/BI/MoCA, which assesses the
severity and frequency of neuropsychiatric symptoms. Patients
with PSCI progressively worsen with degrees of other disease, and
the pooled data results may be affected by this. Therefore,
previous meta-analysis has reported that the efficacy of stem
cell-based therapies may be related to the severity of PSCI. In
addition, ACEI inhibitors and NMDA antagonists and
acupuncture can improve neurological dysfunction and
activities of daily living in patients with PSCI. TCM was only
moderate therapeutic effect on PSCI (Tan et al., 2015; Gou et al.,
2020; Wen-Yue et al., 2020). In our study, Actovegin was more
effective in the rate of neurological improvement compared to a
placebo. However, the lack of placebo controls in NIHSS/BI score
studies may result in a reduction in validity. Moreover,
nimodipine can improve clinical outcomes to some extent, but
it does not significantly reduce the incidence rate of adverse
reactions. In addition, Donepezil affected MMSE/MoCA/ADL.

Moreover, we considered treatment that showed better clinical
efficacy and safety. Antiplatelet agents (aspirin and clopidogrel),
thrombolytic therapy (tPA), Oxiracetam, Citicoline, Actovegin,
Nimodipine, and NBP did not affect neurological deficits and
daily activities due to a lack of statistical significance of the
results.

Previous meta-analyses have shown that patients who were
treated with cell therapies received a modest and better
improvement in clinical effect. In addition, the results of both
short-term and long-term analysis suggest that a combination of
drugs shows a statistically significant advantage over placebo.
The effect of TCM use only is not ideal (Birks and Grimley Evans,
2009; Gou et al., 2020; Kim and Kang, 2020; Wen-Yue et al.,
2020), however, it is better when used in combination with
Western medicine (Gou et al., 2020; Wen-Yue et al., 2020).
Furthermore, antiplatelet agents (aspirin and clopidogrel),
thrombolytic therapy (tPA), Oxiracetam, and NBP may play
an important role in increasing the neurological function or
daily activities of patients with PSCI. In this study, the
AMSTAR2 scores were low for antiplatelet agents, vinpocetine,
Oxiracetaman, and Citicoline in the systematic reviews analyzed,
indicating that these might not be of importance to neurological
function or daily activities. Further analysis is needed to elucidate
the factors associated with the placebo effect increasing over time
in global clinical trials.

TABLE 7 Results of pairwise meta-analyses for the ADAS-cog score.

Comparative Reference
medications

Number of
studies

Number of
controls

Number of
patients

MD/OR 95% CI I2 p

Donepezil Placebo 7 199 201 −0.76 [-2.10, 0.58] 0 0.001

Actovegin Placebo 9 244 255 −3.70 [-5.5, −1.9] 0 0.001

GAL Placebo 9 390 396 −1.67 [-3.36, −0.06] 0 0.0001

MEM Placebo 9 284 396 −2.17 [-3.91, −0.53] 0 0.0001

RIV Placebo 9 326 404 −0.28 [-1.89, 1.82] 0 0.0001

EGB761 Placebo 8 1,285 1,296 −2.86 [-3.18, −2.54] NA 0.00001

Nimodipine Placebo 12 247 243 −7.59 [-9.87, −5.31] 0 0.0001

CI, confidence interval; MD, mean difference; OR, risk ratio; I2, heterogeneity, MEM, memantine; GAL, galantamine; RIV, rivastigmine.

TABLE 8 Results of pairwise meta-analyses for the MoCA-cog score.

Comparative Reference
medications

Number of
studies

Number of
control

Number of
patients

MD/OR 95% CI I2 p

Actovegin Placebo 6 211 219 1.00 [0.30, 1.70] 0 0.03

Acupuncture Placebo 5 338 339 1.37 [-0.21, 2.95] 0 0.09

NBP Placebo 7 276 281 1.05 [0.69, 1.42] 0 0.00001

Nimodipine Placebo 9 563 558 0.90 [0.46, 1.33] 0 0.0001

Donepezil Placebo 2 45 45 1.04 [0.71, 1.38] 0 0.00001

NBP + Oxiracetam Placebo 2 79 79 0.81 [0.62, 1.01] 0 0.00001

TCM + Oxiracetam TCM 2 61 67 1.73 [1.05, 2.41] 0 0.01

Oxiracetam Placebo 4 101 101 −1.01 [-2.9, 0.88] 0 0.01

CI, confidence interval; MD, mean difference; OR, risk ratio; I2, heterogeneity; TCM, traditional chinese medicine; NBP, DL-3-n-Butylphthalide.
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In the treatment of PSCI, a critical issue is the safety of the
treatments on a long-term basis. We extracted at least one
adverse effect, such as diarrhea, nausea, gastrointestinal,
cardiovascular, and other disorders. Previous meta-analyses
have suggested that patioents with PSCI receiving 10 mg of
donepezil (odds ratio (OR) = 3.04, 95% CI: 1.86–5.41) are at a
higher risk of adverse events than those under a placebo
treatment. Galantamine (OR = 5.64, 95% CI: 1.31–26.71) was
associated with an increased risk of nausea. Rivastigmine (OR =
16.80, 95% CI: 1.78–319.26) was associated with an increased risk
of vomiting. Moderate-certainty evidence showed that fewer
people taking Memantine experienced agitation as an adverse
event: RR 0.81 (95% CI 0.66–0.99) (25 fewer people per 1,000,
95% CI 1 to 44 fewer). There is also moderate-certainty evidence
suggesting that Memantine is not beneficial as a treatment for
agitation from three additional studies (e.g., Cohen Mansfield
Agitation Inventory: clinical benefit of 0.50 CMAI points, 95%
CI −3.71–4.71) (Gou et al., 2020). Moreover, it was found that
statins were effective in the prevention of PSCI by actively
lowering cholesterol in the study. Thrombolytic use of statins
improves the overall situation, despite an increased risk of
bleeding conversion. Recent studies have also linked statins to
atrial fibrillation. In addition, neuroprotective drugs that
promote collateral circulation may be related to the induction
of vascular endothelial NO synthesis and angiogenesis (Fan et al.,
2021). In addition, the rate of discontinuation due to adverse
events tended to be higher in the salvianolic acid, tPA, NBP, and
Nimodipine treatment groups than in placebo groups. Our study
summarized that ACEI inhibitors and NMDA antagonists, stem
cell-based therapies, acupuncture, and TCM plus Western
medicine show no serious adverse events in patients with PSCI.

In general, the treatment for patients with PSCI is aimed at
promoting independence, maintaining function, and treating
symptoms. Previous meta-analyses and reviews have focused on
the possible effectiveness and safety of AChEIs and NMDA
antagonists (memantine) (Ebihara et al., 2007; Cao et al., 2013;
Tan et al., 2015; You et al., 2019; Gou et al., 2020; Kim and Kang,
2020; Wen-Yue et al., 2020; Saini et al., 2021). As a result, we need
to identify an efficacious and safe treatment paradigm for patients

with PSCI. Studies have shown that ACEI inhibitors and NMDA
antagonists, cell therapies, acupuncture, and Western medicine
plus EGB761 improved neurological deficits and activities of daily
living, and the adverse effects were mild for the treatment of PSCI.
However, a larger sample size and long-term follow-up are needed
to find the reliability of this treatment. Due to the efficacy of
Donepezil, memantine, cell therapies, and Western medicine plus
TCM in improving neurological deficits and activities of daily
living, we suggest that Donepezil, memantine, and Donepezil plus
TCM can be employed as first-line treatment.

Limitations

The limitations of this study should be acknowledged. First,
direct comparative evidence of treatments for patients with PSCI
in our included studies was limited. Second, other factors, such as
the duration and quality of studies, may have led to
inconsistencies in the umbrella review. Furthermore, a
considerable number of studies could not be included as they
did not have the abovementioned data.

Conclusion

Our study demonstrated that ACEI inhibitors (Donepezil) and
NMDA antagonists (Memantine), EGB761, and acupuncture are the
ADL and BI, MoCA, and neurological function deficit medication/
therapy, respectively, for patients with PSCI. In the future, the
combination of well-tolerated agents and other significant
beneficial treatments should be used for patients with PSCI,
which will contribute to the successful construction of a similar
study.
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TABLE 9 Results of pairwise meta-analyses for AE.

Comparative Reference
medications

Number of
studies

Number of
controls

Number of
patients

MD/OR 95% CI I2 p

Donepezil Placebo 6 284 396 0.15 [0.10, 0.21] 0 0.099

Actovegin Placebo 9 244 255 2.09 [0.83, 5.26] 0 0.124

GAL Placebo 9 326 404 5.64 [1.31, 26.71] 0 0.31

RIV Placebo 9 338 339 16.80 [1.78, 19.26] 0 0.23

EGB761 Placebo 6 429 360 1.94 [1.51, 2.50] NA 0.0007

vinpocetine Placebo 5 213 206 1.26 [0.71, 2.21] 0 0.43

Nimodipine Placebo 12 551 550 0.79 [0.61, 1.02] 0 0.61

Oxygen Placebo 9 292 292 0.85 [0.26, 2.78] 0 0.79

Olacetam Placebo 14 - - 0.58 [0.20, 1.64] 0 0.30

CI, confidence interval; MD, mean difference; OR, risk ratio; I2, heterogeneity; GAL, galantamine; RIV, rivastigmine.
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Central and peripheral analgesic
active components of triterpenoid
saponins from Stauntonia
chinensis and their action
mechanism
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Triterpenoid saponins from Stauntonia chinensis have been proven to be a
potential candidate for inflammatory pain relief. Our pharmacological studies
confirmed that the analgesic role of triterpenoid saponins from S. chinensis
occurred via a particular increase in the inhibitory synaptic response in the
cortex at resting state and the modulation of the capsaicin receptor. However,
its analgesic active components and whether its analgesic mechanism are limited
to this are not clear. In order to further determine its active components and
analgesic mechanism, we used the patch clamp technique to screen the chemical
components that can increase inhibitory synaptic response and antagonize
transient receptor potential vanilloid 1, and then used in vivo animal
experiments to evaluate the analgesic effect of the selected chemical
components. Finally, we used the patch clamp technique and molecular
biology technology to study the analgesic mechanism of the selected
chemical components. The results showed that triterpenoid saponins from S.
chinensis could enhance the inhibitory synaptic effect and antagonize the
transient receptor potential vanilloid 1 through different chemical components,
and produce central and peripheral analgesic effects. The above results fully
reflect that “traditional Chinese medicine has multi-component, multi-target, and
multi-channel synergistic regulation”.
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stauntonia chinensis, triterpenoid saponins, analgesia, neural signal transduction,
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1 Introduction

Stauntonia chinensis, a plant belonging to the family
Lardizabalaceae, is a traditional Chinese medicine, known as “Ye
Mu Gua” (Feng et al., 2019). Its roots, stems, and leaves have anti-
nociceptive and anti-inflammatory effects that have been evaluated in
vivo (Gao et al., 2009). At present, the point injection of S. chinensis has
the most significant clinical analgesic effect and is used to relieve cancer
pain (Yan, 2017), various neuropathic pain (Gao and Yuan, 2019), limb
pain (Ma et al., 2012), and rheumatic pain (Gou and Li, 2016).

Although the main raw material for this injection is Stauntonia
chinensis, the specific effective components of this injection are unclear.
Since 1984, adverse reactions to S. chinensis injections have been
reported in succession. After the application of S. chinensis injection,
patients had allergic reactions, such as eosinophilia, shortness of breath,
and palpitations. Moreover, Ye Wenbo et al. have reported that at a
concentration of >500 mg/L, S. chinensis injections were harmful to the
cells (Zhang et al., 2010). Therefore, exploring the active ingredients
with a clear analgesicmechanism from the rawmaterial of S. chinensis is
crucial for the development of safer and more effective analgesic drugs.

A previous investigation of S. chinensis has demonstrated that this
evergreen herb is rich in triterpenoid saponins (Wang et al., 1989a;
Wang et al., 1989b; Wang et al., 1990; Wang et al., 1991). Gao et al.
and Zhang et al. confirmed the anticancer, anti-inflammatory, and
analgesic effects of the triterpenoid saponins extracted from S.
chinensis (TSS) (Zhang et al., 1998; Gao et al., 2008). We also
confirmed that TSS specifically impairs the threshold of thermal-
and chemical-stimulated acute pain. We analyzed its analgesic
mechanism and observed that it selectively increased spontaneous
inhibitory synaptic release and gamma-aminobutyric acid (GABA)-
induced charge transfer in mouse cortical neurons (Chen S., et al.,
2018). Additionally, we discovered that its peripheral analgesic effect
was closely related to the modulation of the capsaicin receptor,
transient receptor potential vanilloid l (TRPV1) (Chen et al., 2022).

To determine the analgesic active components and their action
mechanism of TSS, we first extracted and separated a variety of
triterpenoid saponin components from TSS and then screened the
components that could increase miniature inhibitory postsynaptic
current (mIPSC) in cortical neurons and modulate TRPV1 in dorsal
root ganglion (DRG) neurons by conducting patch clamp experiments.
Subsequently, we established the animal models of pain, and
determined the analgesic effects of the screened components using
in vivo animal experiments. Finally, we further determined the analgesic
mechanism of the screened components through patch clamp and
molecular biology experiments. Our results indicated that the
components C10 and C9 from TSS exhibited analgesic effects.
C10 showed analgesic effect by increasing the mIPSC frequency that
related to GABAA receptors, whereas C9 eased the pain by modulating
TRPV1 in DRG neurons. These results suggest that TSS exerts
corresponding analgesic effects through different components.

2 Materials and methods

2.1 Selected TSS components

In our previous study, a variety of triterpenoid saponin
components from S. chinensis was obtained and identified by using

the settled extracted and separatedmethods (Chen et al., 2014). In this
paper, eight known triterpene glycoside and two new compounds
were extracted, separated, and identified. In the early stages, we
specifically studied the analgesic effects of compounds 6 and
7 separately. Unfortunately, these two compounds did not have
analgesic effects, and did not show the modulatory effect on
mIPSC and TRPV1 in the patch clamp pre-experiments, so they
were not included in the scope of screening compounds in this paper.

The remaining eight components were 28-O-β-D-glucopyranosyl-
(1→6)-β-D- glucopyranosyl-30-norhederagenin (Compound 1), 3-O-
β-D-xylopyranosyl-(1→3)-α-L- rhamnopyranosyl-(1→2)-α-L-arabi
nopyranosyl-30-norhederagenin (Compound 2), 3-O-α- Larabino
pyranosyl-30-norhederagenin (Compound 3), sinofoside A
(Compound 4), yemuoside YM11 (Compound 5),3-O-β-D-
xylopyranosyl-(1→3)-α-L-rhamnopyranosyl-(1→2)-α-L-arabinopyran
osyl hederagenin (Compound 8), hederasaponinD (Compound 9), and
28-O-β-D-glucopyranosyl-(16)-β- D-glucopyranosyl-hederagenin
(Compound 10). In order to further explore the analgesic
mechanism of TSS, we screen the effective analgesic ingredients
from the monomeric components of TSS in the following
experiment. The extraction, separation, and identification of the
above components were completed by Professor Guang-zhong Yang.
The structural identification, extraction process, and purity of the
components are detailed in the references (Chen et al., 2014).

2.2 Experimental animals

The Kunming mice and Sprague–Dawley (SD) rats used in this
study were purchased from the Hubei Research Center of
Laboratory Animals [Grade SPF, SCXK (Hubei) 2015-0018]. For
behavioral experiments, animals acclimatized to the laboratory
conditions for at least 1 week prior to experimentation. The mice
and rats were housed at a temperature of 22°C ± 2°C under a 12 h
light/12 h dark cycle and maintained with food and water. All
experimental procedures involving mice and rats were performed
under a protocol approved by the animal research ethics committee
of South-Central Minzu University (No 2021-scuec-013).

2.3 Cell culture

2.3.1 Cortical neurons
Cortical neurons were dissociated from newborn pups of Kunming

mice as described previously (Wang X., et al., 2020). Briefly, the mouse
cortical neurons were dissected and digested with 0.25% trypsin-EDTA
(Ethylene Diamine Tetraacetic Acid) (Gibco) at 37°C for 12 min, then
plated on glass coverslips coated with poly-L-lysine (Sigma) at a density
of 80,000 cells per 12-mm × 12-mm. Cells were cultured at 37°C with
5% CO2 in MEM (Minimum Essential Medium) with the addition of
2% (v/v) B27 (Gibco), 0.5% (w/v) glucose (Sigma), 100 mg/L transferrin
(Sigma), 5% (v/v) fetal bovine serum (Gibco), and 2 mM Ara-C
(Sigma). Electrophysiological analysis was performed after the
neurons were cultured for 13, 14 days.

2.3.2 DRG neurons
DRG neurons were dissociated from SD rats as described

previously (Chen et al., 2022). One-month-old SD rats
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(80–120 g) were stunned by heavy blow on the head and
decapitated. L4-L6 lumbar DRGs were dissected and digested
with Trypsin (0.3 mg/mL)/Collagenase I (1 mg/mL) at 37°C for
25–30 min. Neurons were mechanically dissociated with gentle
pipetting. DRG neurons were plated on poly-D-lysine-coated
coverslips and maintained in DMEM (dulbecco’s modified eagle
medium) supplied with 10% fetal bovine serum (Gibco), 3.7 g/L
NaHCO3, and 1% penicillin/streptomycin for 2 h before patch-
clamp recordings.

2.4 Electrophysiological recordings

2.4.1 Recordings in cortical neurons
AHEKAEPC10 amplifier (HEKA)was used for electrophysiological

recordings in whole-cell patch clamping mode as described previously
(Wang X., et al., 2020). Patch pipettes were generated from borosilicate
glass capillary tubes (World Precision Instruments, Inc.) by using a P-97
pipette puller (Sutter). Whole-cell pipette solution was prepared by
120mM CsCl, 10 mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid), 0.3 mM Na-GTP (guanosine triphosphate),
10 mM EGTA (glycol-bis-(2-aminoethylether)-N,N,N′,N′-tetraacetic
acid), and 3mMMg-ATP, adjusted pH to 7.2 with CsOH; the cell
bath solution contained 140mMNaCl, 5 mMKCl, 2 mMMgCl2, 2 mM
CaCl2, 10 mM glucose, and 10mM HEPES-NaOH, adjusted pH to
7.4 with NaOH. The osmotic pressure of the pipette and cell bath
solutions were adjusted to 305 and 315, respectively. To isolate inhibitory
postsynaptic currents (IPSCs), 20 μM 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) and 50 μMAP-50 were supplied to the bath solution. To
isolate the miniature excitatory postsynaptic current (mEPSC), 100 μM
picrotoxin (PTX) was supplied to the bath solution. To monitor mIPSC
and mEPSC, 1 μM tetrodotoxin (TTX) was added to the bath solution,
blocking action potential. Evoked IPSCs were recorded with 90 μA
stimulus pulses. During the recording, different concentrations of
drugs were used to incubate neurons according to the needs of the
different experimental requirements in the text. GABA-evoked release
was measured with 200 μM GABA applied to the neurons for 20 s as
previous reported (Chen S., et al., 2018). Current signals were low-pass
filtered at 2 kHz (Bessel) and digitized at 10 kHz (Bessel).

2.4.2 Recordings of capsaicin-induced
TRPV1 currents in DRG neurons

TRPV1 currents were recorded by using an EPC10 amplifier
(HEKA). DRG neurons were placed in an open recording bath filled
with bathing solution contained 145 mM NaCl, 5 mM KCI, 2 mM
CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM D-glucose, and
pH was adjusted to 7.4. The osmolarity was adjusted to
315–325 mOsmol/L. Glass electrodes (recording electrodes,
1.65 ± 0.05 μm outer diameter) were pulled with a P97 puller
(Sutter) and filled with an internal solution contained 140 mM
KCl, 2 mM MgCl2, 10 mM Na2ATP, 2.5 mM CaCI2, 10 mM
EGTA, and 10 mM HEPES, and pH was adjusted to 7.2. The
osmolarity was adjusted to 305–315 mOsmol/L. All testing was
performed at approximately 22 °C.

The clamp voltage (Vh) was set to - 60 mV for all experiments,
and capsaicin (CAP)-evoked currents were recorded in voltage
clamp mode. Capsaicin-evoked whole-cell currents were filtered
and the signal sampling frequency was 1 kHz. Membrane potentials

were expressed as absolute values (millivolts, mV), and
TRPV1 currents were expressed as absolute values (nanoamperes,
nA) or multiples of changes compared with basal values. Capsaicin
was dissolved into stock solution of 1 mmol/L by dehydrated
alcohol, and then diluted into 1 μmol/L by the external solution.
Capsazepine (CPZ), the competitive antagonist of the
TRPV1 receptor, was prepared at a concentration of 10 μmol/L
using the same method. All drugs were administered through a
multi-channel rapid micro drug delivery system (Yibo Life Science
Instrument).

2.5 Animal behavior

2.5.1 Hot plate test
In brief, we used a hot/cold plate stimulator (UGO BASILE S.R.L

Biological Research Apparatus 2036 Gemonio VA Italy). The
temperature of the hot plate was maintained at 55°C ± 0.5°C during
the test. One day before the test, we selected the mice with a pain
threshold of 5–30 s. The negative control group was injected with
isotonic saline and the positive control group was injected with aspirin
(20 mg/kg intraperitoneally). C10 (20 μM) andC9 (4 μM)were injected
respectively in the experimental group with a content of 0.2 mL/10 g.
Before the drug administration, the pain threshold of each mouse was
measured twice and itsmean value was taken as the basic threshold. The
pain threshold of mice in each group was measured 30, 60, 90, and
120 min after drug administration. If there was no licking reaction in
mice within 60 s, it was recorded as 60 s.

2.5.2 Acetic acid-induced writhing test
Acetic acid was used to induce pain of peripheral origin. The

negative control group was injected with isotonic saline and the positive
control group was injected with TSS (20 mg/kg intraperitoneally). C10
(20 μM) and C9 (4 μM) were injected respectively in the experimental
group with the content of 0.2 mL/10 g. The mice were pretreated with
the above different drugs 30 min before acetic acid injection. The mice
were placed in a glass cylinder and the number of writhing responses in
mice for 15 min was recorded as the pain threshold after intraperitoneal
injection of 1% acetic acid.

2.5.3 Formalin and capsaicin tests
Themethod for the formalin test was same as before (Chen S., et al.,

2018). The formalin test was made by subcutaneous injection of 5%
formalin (20 μL/paw) into the right posterior leg. The nociceptive
response produced by mice after capsaicin injection was mainly
licking the injection site, so the time spent licking the paw was
recorded as the pain threshold. The negative control group was
injected with isotonic saline and the positive control group was
injected with TSS (20 mg/kg intraperitoneally). C10 (20 μM) and C9
(4 μM) were injected respectively in the experimental group with a
content of 0.2 mL/10 g. The mice were pretreated with the above
different drugs 30 min before formalin injection. Formalin injection
can cause two stages of pain sensation, the first stage lasting for about
5 min immediately after injection, and the second stage lasting for about
15–45 min after injection. The mice were placed in a glass cylinder and
the licking times of mice in the two stages were recorded separately.

The capsaicin test was made by subcutaneous injection of
200 μM capsaicin (20 μL/paw) into the right posterior leg. The
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pain threshold was the time of licking paw after capsaicin injection.
The negative control group was injected with isotonic saline and the
positive control group was injected with TSS (20 mg/kg
intraperitoneally). C10 (20 μM) and C9 (4 μM) were injected
respectively in the experimental group with a content of 0.2 mL/
10 g. Themice were pretreated with the above different drugs 30 min
before capsaicin injection. The mice were placed in a glass cylinder
and the licking time of mice within 5 min from the injection of
capsaicin was recorded.

2.5.4 Complete freund’s adjuvant (CFA)-induced
inflammatory pain model

Adult male SD rats (180–200 g) were placed in a glass coverslip
of 56 × 16 × 30 cm for 30 min to adapt to the environment before
testing pain thresholds. The thermal paw withdrawal latency was
measured by use of a full-automatic plantar heat stimulation (KW-
600, Nanjing Calvin). Each rat was measured three times with an
interval of 5 min. The mean value of the three measurements was
defined as the thermosensitive threshold. Rats with a threshold of
less than 5 s were eliminated. If there was no licking reaction in mice
within 30s, it was recorded as 30s.

500 μL Complete Freund’s adjuvant (CFA) and 500 μL
isotonic saline were pumped and mixed in the syringe until
they became a milky white and sticky liquid. The skin of the
right hind paw of the rats was wiped with a cotton ball moistened
with 75% ethanol. Then, the CFA model was made by
subcutaneous injection of configured CFA (20 μL/paw) into
the right hind paw. After 48 h CFA injection, we tested the
thermal paw withdrawal latency to observe if the pain model
was successfully made. The negative control group was injected
with isotonic saline and the positive control group was injected
with aspirin (20 mg/kg intraperitoneally). C10 (20 μM) and C9
(4 μM) were injected respectively in the experimental group with
a content of 0.2 mL/10 g. On the first day of administration, the
thermosensitive threshold was measured 30, 60, 90 and 120 min
after drug administration to determine the optimal drug onset
time. All the drugs were continuously administered for 5 days.

2.6 Immunofluorescence and western blot

After the CFA-induced inflammatory pain model behavioral
test on the fifth day, the adult male SD rats were decapitated. Half
of the DRGs were post-fixed with 4% paraformaldehyde. The
DRGs were embedded using paraffin, and then sliced with a
thickness of 7 μm. The prepared tissue slices were dewaxed,
dehydrated, and antigen repaired. Then, the slices were
cleaned with TBS (pH 7.4Tris-HCl buffer) and incubated with
10% donkey serum (antGene ANT051) at room temperature for
20 min. We used rabbit anti TRPV1 antibody (Abcam, 1:500 with
QuickBlock™ Primary Antibody Dilution Buffer for Immunol
Staining, Beyotime) as the primary antibody. We used Alexa
Fluor®594 donkey anti-rabbit lgG (H + L) (Thermo Fisher
A21207, 1:400 with QuickBlock™ blocking buffer for Immunol
staining, Beyotime) as the secondary antibody. Then, the sections
were washed with TBS again and DAPI (4′,6-diamidino-2-
phenylindole) was added (Roche 216,276, 1:500). After
washing, the slices were sealed and photographed under a

fluorescence microscope (Olympus, DP72, Japan). Five
random visual field images with a magnification of 400 times
for each sample were selected for measurement. The mean optical
density (MOD) of each visual field was calculated by ImageJ
software.

The other half of the DRGs were also removed and stored
at −80°C. DRG tissues were dissociated by strong RIPA Lysis
Buffer (50 mM Tris-HCl pH 8.0.150 mM NaCl, 1% TritonX-
100,1% PMSF). The DRG tissues were ground on ice and
centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant
was removed and the protein concentration of DRG tissues
measured using the BCA (bicinchoninic acid) protein assay kit.
The protein supernatant was added with 5 × protein loading
buffer and boiled at 100°C for 10 min in a metal bath. The
protein samples were loaded with 10 μg total protein per lane
and separated on 10% sodium dodecyl sulfate-polyacrylamide
gelelectrophoresis and transferred to 0.45 μm PVDF
(polyvinylidene fluoride) membranes (Merck KGaA,
Darmstadt, Germany). At room temperature, the membranes
were blocked with TBST (pH 7.4 Tris-HCl buffer with the
addition of Tween) containing 5% skim milk for 1 h. The
membranes were washed three times for 5 min with TBST.
We used rabbit polyclonal antibody to TRPV1 (1:500 in 5%
skimmed milk powder/TBST, Absin, abs147070) as the
primary antibody and GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) Mouse McAb (1:1000 in 5% skimmed milk
powder/TBST, proteintech, 60,004-1-lg) as the internal
control antibody. We used goat anti-rabbit IgG HRP (1:
10,000 in 5% skimmed milk powder/TBST, biosharp,
BL003A) as the secondary antibody to TRPV1. We used goat
anti-mouse IgG HRP (1:10,000 in 5% skimmed milk powder/
TBST, biosharp, BL001A) as the secondary antibody to GAPDH.
A gel imaging analysis system (Bio-Rad, United States) was used
to capture the signals. Image processing and analysis software in
Java was used for analysis of gray scale values.

2.7 ELISA

The DIV13 cortical neurons were used for ELISA (enzyme
linked immunosorbent assay) test. Firstly, the culture medium of
neurons were removed. Neurons were washed with PBS (phosphate
buffer solution), three times, maintained with 1 μM C10 medium in
37°C for 1 h, washed with PBS again, and then shattered by
ultrasound within new 1 mL PBS, destroying cells and releasing
cAMP (Cyclic adenosine monophosphate). After centrifugation at
4°C, the supernatant was carefully collected. The cAMP levels of
neurons treated with or without C10 were tested using the mouse
cAMP ELISA kit (ZC-38246). The experiment was repeated three
times independently.

Three groups of rats were used for the experiments; one group
was a normal control group, one group was used to prepare CFA-
induced inflammatory pain models as described above, and the
other group was continuously administered C10 (20 μM, 0.2 mL/
10 g) for analgesia based on the CFA model. After continuous
treatment for 5 days, the cerebral cortex was obtained from rats
and the GABA content in each group’s tissues was measured using
an GABA ELISA kit (ZC-37903).
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2.8 Statistical analysis

Data were expressed as the mean ± standard error of the mean
(SEM) and analyzed though SPSS software (version 17.0) and Prism
6.01 (GraphPad). Comparison of data between two groups was
performed using t-tests. Comparison between multiple sets of data
was performed using analysis of variance (ANOVA) and Dunnett’s
test. Statistical significance was determined as p < 0.05. All specific
statistical methods and results are presented in the figure legends.

3 Results

3.1 Selected TSS components capable of
modulating mIPSC and TRPV1

3.1.1 Selected TSS components capable of
increasing mIPSC in cortical neurons

Pain sensation is closely related to signal transduction of
neurons in the cerebral cortex. Our previous studies have
revealed that the analgesic effect of TSS is likely due to an
enhancement of mIPSC in mouse cortical neurons (Chen S.,

et al., 2018). In order to identify the ingredients with analgesic
effects, we used a reverse screening method, removing one
component from the mixed eight component solution each time
and then testing the effects of the remaining seven component
mixtures on neurons using a patch-clamp. We found that the
increased frequency of mIPSC was reversed after the absence of
C10 and C9 components, respectively (Figures 1A–C), suggesting
C10 and C9 as the potential analgesic active ingredients in TSS.

3.1.2 Selected TSS components capable of
antagonizing TRPV1 in DRG neurons

Studies have demonstrated that TSS made from S. chinensis has
an analgesic effect, and that its analgesic mechanism may be related
to the modulation of TRPV1 (Chen et al., 2022). To further explore
the pharmacological components that inhibit CAP-induced
TRPV1 currents in DRG neurons, the above-mentioned reverse
screening method was used. The effects of eight saponin component
mixtures and seven other saponin component mixtures on CAP-
induced TRPV1 currents were tested (Figures 2A, B). The recorded
current was almost completely suppressed by capsazepine (CPZ),
proving that it was the CAP-induced TRPV1 current. The results of
the patch-clamp experiments also showed that the CAP-induced

FIGURE 1
C10 and C9 are the candidates of the effective monomers for TSS increasing mIPSC. (A) Example traces of mIPSC were recorded from the cultured
cortical neurons that were incubated with seven monomers (2 µM) for 60 min, independently. M represents the mixture of eight monomers (each with a
concentration of 2 µM); the combination of C and the number represents a certain compound; M-C number means the mixture of eight monomers with
a certain compound removed. (B, C) Statistical summary of the increase rate of mIPSC frequency and normalized amplitude of mIPSC described in
(A). At least 21 cells of each groupwere analyzed from six ormore independent cultures. Statistical assessments were performed by one-way ANOVA and
Dunnett’s test comparing each group to the M group.
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TRPV1 current was reduced by applying the eight saponin
component mixtures, which was consistent with the effects of
TSS. Interestingly, the inhibitory effect was abolished with the
absence of C9 component, indicating that C9 was likely the key
component of the TSS that acted on TRPV1.

3.2 Analgesic effects of C9 and C10 on
different pain models

To determine whether the C10 and C9 components have
analgesic effects, the hot plate test, acetic acid-induced writhing
test, formalin, capsaicin, and complete Freund’s adjuvant (CFA)-
induced chronic inflammatory tests were conducted in mice as
follows.

3.2.1 Hot plate test
For observing the nociceptive activity of C10 and C9 on

thermal-stimulated acute pain, the mice were injected
intraperitoneally with isotonic saline, aspirin (20 mg/kg), C10
(20 μM), or C9 (4 μM), respectively. The pain threshold was
tested at 30, 60, 90, and 120 min after administration. The
application of aspirin for 60 min and 90 min, and C10 for 30 s,
90 s, and 120 min could alleviate acute pain caused by thermal
stimulation in mice (Figure 3A). However, C9 had no effect on the
acute pain caused by thermal stimulation. The phenotype of C10 is
similar to that of aspirin (Chen S., et al., 2018), suggesting that
C10 is an effective component of the TSS for resisting thermally-
stimulated acute pain.

3.2.2 Acetic acid-induced writhing test
To discover the nociceptive activity of C10 and C9 on chemically

stimulated acute visceral pain, the mice were injected
intraperitoneally with isotonic saline, aspirin (20 mg/kg), C10
(20 μM), or C9 (4 μM) separately. Sixty mins after
administration, 0.4 mL of 1% acetic acid solution was
intraperitoneally injected. The number of twists per mouse was

recorded within 0–15 min. Compared with the control, aspirin, C10,
and C9 could significantly inhibit the number of writhing events
induced by acetic acid (Figure 3B), indicating that the pain threshold
of the mice significantly increased. This is similar to TSS (Chen S.,
et al., 2018), indicating C10 and C9 as effective components of TSS
for alleviating acute visceral pain caused by glacial acetic acid
in mice.

3.2.3 Formalin and capsaicin tests
For understanding the nociceptive activity of C10 on chemically

stimulated acute pain, the mice were treated with isotonic saline,
aspirin (20 mg/kg), C10 (20 μM), or C9 (4 μM). After 60 min of
administration, 0.02 mL of 5% formalin solution was injected into
the right hindfoot of the mice, and the cumulative licking time of
each mouse in the first and second phases was recorded. Compared
with the control, aspirin, C10, and C9 remarkably inhibited the
licking time in the second phase, but did not alter the licking time in
the first phase (Figure 3C), similar to the TSS phenotype (Chen S.,
et al., 2018). This suggests that both C10 and C9 are analgesic
components of the TSS.

In addition, we tested the effects of C9 and C10 in the capsaicin-
induced pain model. The mice were treated with isotonic saline,
aspirin (20 mg/kg), C10 (20 μM), and C9 (4 μM), respectively.
Aspirin and C9 decreased the time spent by mice licking their
injected paws (Figure 3D). This indicated that the capsaicin-induced
pain was significantly inhibited by aspirin and C9 but not by C10.
These results showed that C9 specifically relieved capsaicin-induced
acute neuropathic pain.

3.2.4 CFA-induced chronic inflammatory pain
model rats

The rats were divided into five groups as follows: unmodelled
control, modeled saline, modeled aspirin, modeled C9, and modeled
C10 groups. By comparing the thermal radiation pain thresholds of
rats in the unmodelled control and the modeled groups, the CFA-
induced chronic inflammatory pain model was successfully
established after 48 h. After successful modeling, in order to

FIGURE 2
C9 is the candidate of the effective monomers for TSS inhibiting the TRPV1 currents. (A) Example traces of TRPV1 currents induced by CAP were
recorded from the rat DRG neurons that were treatedwith random sevenmonomers (2 µM), independently. M represents themixture of eightmonomers
(each with a concentration of 2 µM); the combination of C and the number represents a certain compound; M-C number means the mixture of eight
monomers with a certain compound removed. (B) Statistical summary of normalized CAP-induced TRPV1 currents. At least six neurons of each
groupwere analyzed from at least 10 rats. Statistical assessments were performed by one-way ANOVA andDunnett’s test comparing each group to theM
group; ***, p < 0.001.
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FIGURE 3
Effects of C10 and C9 on animal pain tests. (A) Effect of C10 and C9 against the hot plate test. Statistical assessments were performed by two-way
ANOVA and Dunnett’s test comparing each group to the isotonic saline group; ***, p < 0.001. (B) Effect of C10 and C9 against the capsaicin test. (C) Effect
of C10 and C9 against formalin-induced licking in the first phase and second phase in mice. (D) Effect of C10 and C9 against capsaicin-induced licking in
mice. Statistical assessments (B–D) were performed by one-way ANOVA and Dunnett’s test comparing each group (n = 10) to the isotonic saline
group; *, p < 0.05; ***, p < 0.001. (E) Short-term analgesic effect of C10 and C9 on CFA-induced inflammatory pain rats. Statistical assessments were
performed by two-way ANOVA and Dunnett’s test comparing each group (n = 6) to the modeled saline group. The administration time had an impact on
the administration effect (p < 0.0001). The statistical results indicated that the p-values between the modeled saline control group and the other groups
were all less than 0.0001. (F) Long-term analgesic effect of C10 and C9 on CFA-induced inflammatory pain rats. Statistical assessments were performed
by two-way ANOVA and Dunnett’s test comparing each group (n = 6) to the modeled saline group. The statistical results indicated that the p-values
between the modeled saline group and the other groups were all less than 0.0001.
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FIGURE 4
Time and concentration dependence of the effects of C10 on mIPSC. (A, B) The example traces and normalized mIPSC frequency recorded from
cultured cortical neurons with different concentrations (0.05, 0.1, 0.2, 2, and 20 µM) of C10 treatment for 60 min, separately. The EC50 of C10 was
0.1563 ± 0.0272 µM analyzed by Hill fitting. (C, D) The example traces and normalized mIPSC frequency recorded from cultured cortical neurons with
treatment of 0.2 μMC10 for 30, 60, and 90 min, individually. (E) The example traces (left) and normalized frequency (right) of mIPSC recorded from
cortical neurons in brain slices with different concentrations (0.08 µM, 0.4 µM, and 2 µM) of C10 treatment for 60 min, individually. (F) The example traces
(left) and normalized frequency (right) of mIPSCs recorded from cortical neurons in brain slices with 0.4 µMC10 for 30, 60, and 90 min, individually. (G, H)
The example traces and normalized mIPSC frequency measured from cultured cortical neurons for 4 or 8 h restoring after 0.2 uM C10 treatment for
60 min. At least 25 cells from three independent cultures for (B, D), 19 cells from six mice, and 15 cells from three independent cultures for (H) were
analyzed. Statistical assessments (D–F) were performed by one-way ANOVA and Dunnett’s test comparing each group to the control group. Statistical
assessments (H) were performed by t-test. **, p < 0.01; ***, p < 0.001.
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determine the optimal administration time for analgesic effects, the
thermal radiation pain response thresholds of the rats were
measured on the first day of administration for 30, 60, 90, and
120 min. These results indicate that aspirin, C9, and C10 all
exhibited analgesic effects with C9 showing the best analgesic
effect 120 min after administration (Figure 3E). Therefore, during
continuous administration, the thermal radiation pain threshold of
the rats was 120 min after administration. After 5 consecutive days
of administration, all data were statistically analyzed. After
continuous administration for 5 days, both C9 and C10 exhibited
long-term analgesic effects on chronic inflammatory pain similar to
that of aspirin (Figure 3F).

Thus, both C10 and C9 can relieve pain, although their action
mechanisms were different.

3.3 Characteristics and mechanism of C10 in
enhancing mIPSC

3.3.1 Time- and concentration-dependent effects
of C10 on mIPSC

The abovementioned experimental results indicated that the
absence of C9 and C10 both abolished the increased frequency of
mIPSC (Figures 1A–C). This suggested that C10 and C9 may be
potential active analgesic ingredients of TSS. To further confirm the
effective components for increasing mIPSC frequency, we tested the
effects of C9 with different concentrations on cultured cortical
neurons. The results exhibited that the frequency of mIPSC was
not increased by the application of the C9 component with
concentrations of 0.2/2/20 μM (Supplementary Figures S1A, B).
This result excluded the role of C9 in increasing the frequency of
mIPSC. Subsequently, we investigated the role of C10 in cortical
neurons.

Firstly, we analyzed the time- and concentration-dependent
effects of C10 on mIPSC. We monitored the mIPSC of cultured
cortical neurons after incubating cultured neurons with different
concentrations of C10 (0.05, 0.1, 0.2, 2, and 20 μM) for 60 min,
respectively. Within a certain range, as the concentration of
C10 increased, the frequency of mIPSC gradually increased
(Figures 4A, B). When C10 exceeded 1 μM, the frequency of
mIPSC was unable to increase continuously. According to the
Hill fitting, the EC 50 was 0.1563 ± 0.0272 μM. Then, we
monitored the mIPSC of cultured cortical neurons after
incubation with 0.2 μM C10 for 30, 60, and 90 min, respectively.
Compared with the control, incubation with C10 for 30, 60, or
90 min could all increase the frequency of mIPSC (Figures 4C, D).
As the incubation time was prolonged, the increased effect became
more apparent.

Secondly, we also tested the concentrations and time
dependence of C10 in brain slices. The slices were applied with
different concentrations of C10 (0.08, 0.4, and 2 μM) for 60 min
separately. According to the obtained mIPSC, all the C10 group
(including 0.08/0.4/2 μM) had significantly increased frequency of
mIPSC (Figure 4E), in accordance with the results of cultured
neurons. We also tested the time dependence of C10 in neurons of
the cortex slices (Figure 4F). Consistently, incubating slices with
C10 for 60 or 90 min could both increase the frequency of mIPSC.
However, incubating slices with C10 for 30 min did not change the

frequency of mIPSC, which was inconsistent with the results in
cultured neurons. Maybe a longer time is required for the drug to
diffuse and work in the slices because of the large number of cells in
the brain slice and tissue thickness. These results once again
proved that C10 enhanced the inhibitory synaptic transduction
of neurons in mouse cortex with a time- and concentration-
dependent manner.

Thirdly, we investigated the enhancing duration of inhibitory
synaptic transduction induced by C10 in mouse cortical neurons.
C10 in 0.2 μM was applied in the cultured neurons for 60 min. The
cells were then washed and incubated in a culture medium for 4 or
8 h for recovery. The recorded mIPSC revealed that, compared to
neurons without C10 incubation, the frequency of mIPSC still
significantly increased after 4 h of restoration (Figures 4G, H).
However, after 8 h of restoration, the phenomenon of mIPSC
frequency-increase disappeared (Figures 4G, H). This indicates
that the action of C10 could last for at least 4 h.

In summary, the above experimental results unanimously
support that C10 is an effective analgesic active component of
TSS, and its role is related to enhancing inhibitory synaptic
signaling.

3.3.2 Effects of C10 on synaptic signaling
transduction

To elucidate the role of C10 in synaptic signal transduction, we
recorded the action potential evoked IPSC and mEPSC from
cultured cortical neurons with an application of 0.2 or 2 μM C10.
The frequency and amplitude of the mEPSC (Supplementary
Figures S2A, B) and the amplitude of the evoked IPSC
(Supplementary Figures S2C, D) remained unchanged with the
C10 treatment. It seems that C10 only affects the inhibitory
spontaneous synaptic signal transmission process rather than the
induced rapid vesicle release or excitatory spontaneous release,
which is consistent with the phenotype of TSS (Chen S., et al.,
2018). These data further confirm that C10 is an active ingredient
of TSS.

3.3.3 C10 modulating mIPSC through the GABA
signaling pathway related to the GABAA receptor

To further elucidate the molecular mechanism of C10 analgesia,
we predicted possible signaling pathways or targets of C10 based on
its known molecular structure. Briefly, possible signaling pathways
or potential targets were predicted by using the Swiss Target
Prediction database, and then analyzed with the Kyoto
Encyclopedia of Genes and Genomes (KEGG). The categories
were arranged from top to bottom according to p-value
(Supplementary Figure S2A). The results indicate that 21 possible
signaling pathways may be potential targets for C10 active
components, including the neuroactive ligand-receptor
interaction, calcium signaling pathway, cGMP-PKG signaling
pathway, and TRP channels. Also, a protein interaction network
was generated to analyze the interaction relationships based on the
predicted potential target genes (Supplementary Figure S3B).

Based on the above predictions and the results of previous
studies, we selected three pathways that were more likely to be
associated with C10 analgesia: the cAMP-PKA signaling pathway,
TRPV1 receptor, and GABA receptor for further experimental
verification.
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Initially, the cAMP of neurons that were incubated for 60 min
with or without 1 μM C10 was tested by ELISA. The presence of
C10 did not influence cAMP content in neurons (Supplementary
Figure S4A). Moreover, the mIPSC were recorded from the neurons
with the addition of the PKA-pathway inhibitor H-89 (1 μM). The
presence of H-89 did not alter the increase in mIPSC frequency
when neurons were treated with C10 (Supplementary Figure S4B).
Hence, the two experimental results indicate that the analgesic effect
of C10 is not mediated through the cAMP–PKA signaling pathway.

Previous studies have shown that TSS inhibits TRPV1 channel
currents in DRG neurons and produces analgesic effects (Chen et al.,
2022). Thus, we investigated whether TRPV1 is a potential target of
C10 by using TRPV1 agonists and antagonists. The mIPSC were
recorded from brain slices under the condition of TRPV1 channel
opening or closing, with or without 0.4 μM C10 incubation.
Statistical analysis revealed that capsaicin increased the frequency
of mIPSC to a certain extent when activating the TRPV1 receptor
with or without C10 (Supplementary Figure S4C). When the
TRPV1 receptor was closed by CPZ, the frequency of mIPSC

recovered. After incubation with C10, the mIPSC frequency of
the neurons increased independent of the state of the
TPRV1 channel. Thus, the analgesic effect of C10 may not be
related to TRPV1.

Next, we verified the involvement of the GABA receptor in the
C10. The CFA pain model was prepared and treated with C10 for
5 days for analgesia. The GABA content of the rat cerebral cortex
was measured using ELISA. C10 increased the content of GABA in
the cerebral cortex of rats after C10 administration (Figure 5A). We
then measured the GABA-induced charge transfer in neurons
treated with or without C10. Interestingly, C10 exposure
significantly increased the total charge transfer with 200 μmol/L
GABA application (Figure 5B). This is consistent with the results of
our previous study reporting that TSS increases GABA-induced
charge transfer, further confirming Y-50 as an active ingredient in
TSS analgesia.

MIPSC were monitored in brain slices with or without
C10 incubation. The mIPSC frequency was always increased by
C10. The specific competitive antagonist bicuculline (BIC) was used

FIGURE 5
C10modulatingmIPSC through the GABA signaling pathway that related to GABAA receptors (A) The GABA content of the brain cortex from the CFA
animal models treated with or without C10 was quantified by ELISA assay. Control, the normal rat group; isotonic saline, the CFA model group; and C10,
the CFAmodel group treated with 20 µMC10 with a content of 0 mL/10 g. The data of each group came from seven animals. (B) The example traces and
charge transfer induced by 20-s 200 μMGABA recorded from cultured cortical neurons incubated with or without 0.2 µM C10 for 60 min. At least
9 cells from three independent cultures were analyzed. (C) The example traces, mIPSC frequency, and amplitude recorded from cultured cortical
neurons incubated with or without 0.2 µM C10 for 60 min. BIC, bicuculline, the GABAA receptor specific competitive antagonists. At least 18 cells from
four independent cultures were analyzed. Statistical assessments (A) were performed by one-way ANOVA and Dunnett’s test comparing each group to
the control group. Statistical assessments (B, C) were performed by t-test. *, p < 0.05; **, p < 0.01.
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to inhibit GABAA receptors. Statistical analysis exhibited that upon
BIC application, the mIPSC signals were almost completely
suppressed, even with the addition of C10 (Figure 5C). This
indicated that almost all the mIPSC signals we recorded were
mediated by GABAA receptors, including the increase in the
mIPSC signals induced by C10.

The above data clarified that C10-increased inhibitory synaptic
signal transduction is mediated by the GABA signaling pathway,
which is related to GABAA receptors.

3.4 Characteristics and mechanism of
C9 modulating TRPV1

3.4.1 Concentration-dependent inhibition of C9 on
CAP-induced TRPV1 currents

To observe the effect of different C9 concentrations on the peak
value of the CAP-induced TRPV1 current, the inhibition rate of the drug
on the peak value of the CAP-induced TRPV1 current was calculated by
multiplying the ratio of the difference between the peak current before
and after administration and the peak current before administration by
100%. C9 inhibited the CAP-induced TRPV1 currents in a
concentration dependent manner (Figure 6A). The inhibition rate of
CAP-induced TRPV1 current by 2 μM of C9 could reach over 70%.
Using the Hill equation to fit the concentration dependence curve of
C9 inhibiting CAP-induced TRPV1 current, we could obtain the half
effective concentration as (0.0369 ± 0.0044) μM and the Hill coefficient
of (0.6748 ± 0.0540) (Figure 6B).

3.4.2 C9 competitively antagonize TRPV1
DRG neurons were treated with different concentrations of

CAP, and the concentration dependence of the peak value of the
CAP-induced TRPV1 current was observed. A concentration-
dependent curve was drawn using the concentration of CAP as
the abscissa and the normalized TRPV1 current value as the
ordinate. The normalized TRPV1 current value is calculated by
dividing the recorded peak value of CAP-induced TRPV1 current by
the average value of the peak value of 0.5 μM CAP-induced
TRPV1 current. Subsequently, the mixture of CAP with different
concentrations and 0.1 μM C9 was given to DRG neurons, and then
we also observed whether the concentration dependence of the peak
value of CAP-induced TRPV1 current changed in the presence of
0.1 μM C9 (Figure 6C).

Accordingly, concentration-dependence curves were plotted.
The two concentration-dependent curves were compared. If the
peak value of the high concentration of CAP-induced
TRPV1 current did not decrease in the presence of 0.1 μM C9, it
indicated that C9 competed with CAP to antagonize TRPV1. By
contrast, the peak value of the high concentration CAP-induced
TRPV1 current decreased, indicating that C9 and CAP non-
competitively antagonized TRPV1. As presented in Figures 6C,
D, when 0.1 μM C9 existed, the normalized TRPV1 current value
induced by 50 uM CAP was 2.346 ± 0.545, and no significant
difference (p > 0.05) was observed when 0.1 μMC9was not obtained
(Figure 6D). The above results showed that there is a competitive
antagonistic relationship between C9 and CAP when TRPV1 is
inhibited.

FIGURE 6
Concentration dependence and competitive antagonism of the effects of C9 on TRPV1 currents induced by CAP. (A) The example traces of
TRPV1 currents recorded from DRG neurons with different concentrations (0.0002, 0.002, 0.02, 0.2, 2, and 20 µM) of C9 treatment, separately. (B)
Concentration dependence curve of the inhibition on CAP-induced TRPV1 currents of C9. The EC50 of C9 was 0.0369 ± 0.0044 µM analyzed by Hill
fitting. (C) Example trace of TRPV1 currents recorded from DRG neurons treated with 0.1 µM C9 in the application of different capsaicin
concentrations (0.01 µM, 0.1 µM, 0.4 µM, 1 μM, 10 μM, 20 μM, and 50 µM). (D)Concentration dependent curves of TRPV1 currents induced by CAP in the
presence or absence of C9. The number of DRG neurons in each group was no less than six.
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3.4.3 Effects of C9 on TRPV1 expression
After the experiment on chronic inflammatory pain induced by

CFA in rats, DRG was used for immunofluorescence and Western
blotting (WB) assays to observe the expression level of TRPV1. The
results of immunofluorescence results were consistent with those of
WB assay (Figure 7).

The TRPV1 protein expression in the modeled saline group was
significantly increased compared with that in the unmodeled control
group. This indicates that chronic inflammatory pain could
upregulate the TRPV1 expression in rat DRG neurons. The
expression of TRPV1 protein in rat DRG neurons did not change
in the modeled aspirin group compared with that in the modeled
saline group, indicating that aspirin did not regulate TRPV1 protein
expression, and its analgesic effect was not related to TRPV1. The
expression of TRPV1 protein in DRG neurons of rats in the modeled

C9 group was significantly downregulated compared with that in the
modeled saline group. Thus, C9 can downregulate the expression of
TRPV1 protein, which is closely related to the analgesic effect of
C9 in rats with chronic inflammatory pain.

4 Discussion

Our previous studies have demonstrated that the analgesic effect
of TSS was achieved through two mechanisms, one is increasing the
frequency of mIPSC in mouse cerebral cortex neurons (Chen S.,
et al., 2018) and the other is modulating TRPV1 in DRG neurons
(Chen et al., 2022). However, as TSS is a multi-component mixture,
which component or components in TSS produce analgesic effects
through the aforementionedmechanisms is unclear. In this study, by

FIGURE 7
Effects of C9 on TRPV1 expression by using immunofluorescence andWB assay. (A) Immunofluorescence showed the expression of TRPV1 receptor
protein in DRG neurons. Scale bar, 50 μm. (B) The fluorescence optical intensity of TRPV1 protein. The number of slices read per group was not less than
five. (C) An example of WB experiment results also showed the expression of TRPV1 receptor protein in DRG neurons. (D) The standardization ratio of
TRPV1 to GAPDH band densities in DRG neurons of various drug-treated CFA-induced inflammation pain rats (Four batches for all the groups).
Statistical analysis was performed using one-way ANOVA and Dunnett’s test comparing each group to the modeled saline group. **, p < 0.01; ***, p <
0.001.
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screening the components from triterpenoid saponins, we identified
that component C10 and component C9 increased the frequency of
mIPSC in mouse cortical neurons and modulated the TRPV1 in
DRG neurons, respectively. Both C10 and C9 effectively relieved
pain in various animal models (Figure 2). These results indicated
that the analgesic effect of TSS was mainly produced by its two
components, C10 and C9, through different analgesic pathways.

Based on the previously reported results (Chen et al., 2014), we
obtained a total of ten types of components from TSS. We studied
compounds 6 and 7 in the early stages and did not observe good
analgesic effects; therefore, these two components were excluded
from this screening. Given that the amount of eight components
extracted and separated was not large, to screen the key active
ingredient from the eight components in a small amount, we did not
use the method of screening by separately observing the modulatory
effect of a certain component on mIPSC and TPRV1. Instead, the
eight components were initially mixed to detect their modulatory
effects on mIPSC and TRPV1.

After determining that the component mixture could increase
the frequency of mIPSC in mouse cortical neurons and modulate
TRPV1 in DRG neurons, we removed one component from the
mixture each time and observed the modulatory effect of the
remaining mixture composed of seven components on mIPSC
and TPRV1. Subsequently, the effect of removing one component
was compared with that of the original mixture of eight components.
The component with the most significant difference in effect that
was removed from the mixture is the key active ingredient. Using
this method, we quickly and in small amounts screened out the key
active ingredients, C9 and C10, that regulate mIPSC and TRPV1,
respectively.

The relationship between inhibitory synaptic transmission and
pain relief has been fully recognized (Vanghan and Christie, 1997;
Funai et al., 2014; Leonardon et al., 2022). In our previous studies, we
have found that TSS alleviated pain by increasing the frequency of
mIPSC (Chen S., et al., 2018), but the specific analgesic mechanism
remains unclear. Here, we showed that the phenotype of the
component C10 is very similar to that of TSS, not only
increasing the frequency of mIPSC in cortical neurons (Figures 1,
4) but also exhibiting good analgesic effects in animal pain models
(Chen S., et al., 2018). Our results indicates that C10 is the main
component of TSS in the cerebral cortex for pain relief.

To further identify the analgesic targets of C10, we utilized
network pharmacology to predict potential signaling pathways
based on the structure of C10. C10 increased the frequency of
mIPSC and was associated with GABAA receptors. Our data
indicated that C10 not only increased the release of GABA, but
also enhanced the GABAA receptor-mediated charge transfer
induced by GABA (Figures 5A, B).

γ-Aminobutyric acid subtype receptors, a kind of pentameric
ligand-gated chloride ion channel receptor, are the most prominent
mediators of inhibitory signals in the central nervous system and
play a pivotal role in anesthesia (Zhou and Guan, 2021). GABAA

receptors are heteropentamers, consisting of subunits from six α
subunits (α1-6), three ß subunits (β1-3), three γ subunits (γ1-3), and
others (Zhu et al., 2018). Although the amino acid sequence,
expression level, and localization of each subunit in brain tissue
species have been well studied, how many different isomers are
formed by their interactions and how these isomers function, in

cooperation or separately, remain unclear (Ghit et al., 2021; Arias
et al., 2023). The most common GABAARs in the brain are
composed of two α1, two β2, and one γ2 arranged
γ2β2α1β2α1 counterclockwise (as shown in the abstract graph)
(Daniel and Ohman, 2009; Ghit et al., 2021). The role of GABAA

receptors in inhibitory currents is influenced by subunit
composition and arrangement (Minier and Sigel, 2004; Hannan
et al., 2020). The mature receptor has a central chloride ion channel
that is gated by the neurotransmitter GABA and is regulated by
many general anesthetics, such as propofol and etomidate (Zhou
and Guan, 2021; Ghit et al., 2021; Chen Q., et al., 2018; Alvarez and
Pecci, 2018). GABAA receptors are mainly distributed in the
postsynaptic of synapse, where GABA neurotransmitters can
bind to GABAA receptors, causing chloride ion channels to open
and increasing intracellular anions in milliseconds, leading to cell
membrane depolarization, thus mediating the transmission of
inhibitory signals. GABAA receptors are widely reported to be
involved in the regulation of pain signals and chronic pain status.
These anesthetics, which target GABAA receptors used in clinical
settings, although effective, also have certain side effects. Therefore,
new analgesics that targeting GABAA receptor need to be developed.

Interestingly, we identified that C10, a traditional Chinese
medicinal ingredient derived from natural plants, has an
analgesic effect on the GABAA receptors. In our data, we found
that the component C10 from TSS could increase inhibitory neural
signal transduction (Figures 1, 4). The release of GABA in neurons
and GABA-induced currents both increased after being treated with
C10 (Figures 5A, B). However, the inhibitory effects of GABA in the
cortex are mediated by two types of receptors: ionic GABAA

receptors and metabotropic GABAB receptors. The GABA-
induced rapid current was theoretically mediated by GABAA

receptors (Figure 5B) and almost all the mIPSC signals were
inhibited by the specific inhibitor BIC of GABAA receptors
(Figure 5C). Thus, it can be reasonably inferred that
C10 increases inhibitory synaptic signal transduction by
modulating the GABA signaling pathway, which is mediated by
GABAA receptors.

In our experiment, the neurons were treated with C10 for
60 min. Hence, we may not completely rule out the role of
GABAB here. C10 enhanced inhibitory synaptic signal
transduction in cortical neurons by increasing the GABA release.
Whether C10 acts directly or indirectly on the GABAA receptors
remains unclear. According to the literature, GABAAR agonists play
important roles in anesthesia and sedation (Zhou and Guan, 2021).
Etomidate, propofol, and barbiturates directly activate GABAARs
(Garcia et al., 2010). Propofol is a dialkyl phenol that directly binds
to the α+/β− or α+/γ− interface of GABAAR (Maldifassi et al., 2016).
Barbiturates, a kind of commonly used anesthetic drug, bind to
TMD in α+/β− interface of the GABAAR (Chiara et al., 2016).
Benzodiazepines, of which the core chemical structure is the fusion
of benzene ring and diazo heterocycle, bind to the N-terminal at
binding sites α/β and α/γ interfaces, and increase Cl− conductance
(Sigel and Lüscher, 2011). Etomidate, an imidazole type intravenous
hypnotic, binding to the β+/α− interface of the GABAAR, enhance
the activity of GABAAR to quickly induce general anesthesia (Chiara
et al., 2012; Stewart, et al., 2013). However, we compared the
structure of C10 with these known drugs that can directly bind
to GABAAR and observed that the structural similarity is low. In
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addition, we used molecular docking to predict the interaction
between C10 and GABAAR and identified a very small
probability of direct interaction. Therefore, C10 may indirectly
regulate the GABAAR receptor-mediated signaling pathway.
Indeed, more research is needed to elucidate these regulatory
mechanisms.

TRPV1 is highly enriched in DRG and its involvement in
inflammatory pain is well documented (Wu et al., 2021). During
inflammation, many signaling pathways and inflammatory
mediators can cause aberrant peripheral neuronal activity
(Sondermann et al., 2019). Importantly, many of these pathways
converge and sensitize TRPV1 (Salazar et al., 2009). TRPV1 reacts to
a variety of both chemical and physical stimuli (Caterina et al.,
1997). In most cases, these stimuli cause the opening of a pore in the
channel-receptor complex and elicit a transmembrane ion current.
In particular, the data show that extracellular acidification of the
environment increases TRPV1 receptors’ sensitivity to capsaicin
(Ryu et al., 2003). Since acidification of the environment is an
important sign of a developing inflammatory response (Grivennikov
et al., 2010), potentiation of TRPV1 receptors, when combined with
the effect of other agonists (e.g., CAP), can be considered part of the
signaling mechanism triggered in a cell in response to inflammation
(Tsvetkov et al., 2017).

In a model of acute inflammatory pain, C9 demonstrated
similar or even better analgesic effects than aspirin in terms of
body-twisting response stimulated by glacial acetic acid or in
terms of the paw-licking response stimulated by formalin and
capsaicin. The results of patch-clamp experiments indicated
that the peak value of TRPV1 current activated by CAP
recorded on DRG neurons could be rapidly reduced by the
transient addition of C9. Further research revealed that the
relationship between C9 and CAP was competitive antagonism,
that is to say C9 was similar to CPZ and was also a competitive
antagonist of TRPV1.

Sa Xiao et al. have reported that all allosteric regulatory ligands
significantly inhibit capsaicin-induced Ca2+ influx through the
TRPV1 channel (Xiao et al., 2019). The molecular structure
analysis showed that CPZ, AMG517, loureirin B, and
tetrahydropalmatine all have similar H receptor/donor parts and
substituted benzene ring moiety, while the hydrophobic aliphatic
side chain portion was significantly different. From the structure of
C9, it could be seen that its aglycone was hederagenin. Hederagenin
also has abundant H receptor/donor parts and a substituted benzene
ring moiety, whereas the hydrophobic aliphatic side chain portion is
greatly different. From the results of component screening, the
different structure is also important. Because the aglycone of
C10 is also hederagenin, C10 did not induce a significant
regulatory effect on TRPV1, similar to C9. Among the eight
screened components, only the aglycones of C9 and C10 were
hederagenin. This also shows their unique structure in terms of
pain relief. In fact, there have been literature reports that
hederaginin itself could produce analgesic effects by regulating
TRPV1 (Zhang, et al., 2020).

In addition to blocking TRPV1 activation, reducing the
expression or TRPV1 via siRNA transfection, pharmacological
intervention, and other methods can dramatically alleviate
inflammatory and neuropathic pain (Warwick et al., 2019).
Zheyin Wang et al. have reported that baicalin ameliorates

neuropathic pain by suppressing TRPV1 upregulation in the
DRG of rats with neuropathic pain (Wang Z., et al., 2020).
Moreover, Ping Li et al. found that baicalin might play a
promising analgesic role in the DRG of rats implanted with
tumor cells by preventing the upregulation of TRPV1 (Li et al.,
2020). He-Ya Qian et al. reported an effective analgesic effect of
metformin on mechanical allodynia in rats with bone cancer pain,
which may be mediated by the downregulation of ASIC3 and
TRPV1 (Qian et al., 2021).

The results of WB and immunofluorescence experiments
revealed that after 5 days of successful modeling, the expression
of TRPV1 was upregulated in DRG neurons of CFA-induced
chronic inflammatory pain rats. Continuous administration of
C9 for 5 days effectively restored the upregulated TRPV1 to
normal levels. These results indicated that the pharmacological
intervention with C9 downregulates TRPV1 and alleviates
inflammatory pain.

It is worth mentioning that, initially, we believed that both
C9 and C10 could produce good analgesic effects and that there may
be some overlap in their action mechanisms. However, the
experimental results indicate that the receptors and pathways
regulated by the two compounds are completely different.
Although the aglycones of both compounds are hederagenin, the
significant difference in the action target may be attributed to the
differences in the groups connected to the hederagenins. However, it
cannot be concluded that the roles of TRPV1 and postsynaptic
response in pain generation and transmission are not completely
without intersections. A study by Daisuke Uta et al. provides
fundamental evidence that chronic inflammation and neuropathic
pain models amplify the release of glutamate by activating TRPV1 in
central axon terminals (Uta et al., 2019).

Further, we will investigate the analgesic effects of C9 and C10 in
different combinations, which may yield unexpected results.
Nevertheless, TSS produces analgesic effects through different
components C9 and C10, through peripheral and central
analgesic pathways, respectively, which precisely demonstrates the
characteristics of the multi-component, multi-target, and multi-
pathway effects of traditional Chinese medicine and provides a
lateral pharmacological basis for “a traditional Chinese medicine
is a small compound".

5 Conclusion

Our results revealed that C10 and C9 are effective analgesic
components in TSS. Their analgesic mechanism is to act on neurons
in the cerebral cortex and DRG neurons in the spinal cord,
respectively. C10 exhibited analgesic effect by increasing
inhibitory synaptic signal transduction related to GABAA

receptors in the cerebral cortical neurons, while C9 showed
analgesic effect through modulating TRPV1 in DRG neurons.
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Parkinson’s disease (PD) is a common neurodegenerative disorder with motor
symptoms, which is caused by the progressive death of dopaminergic (DA)
neurons in the substantia nigra pars compacta (SNpc). Accumulating evidence
shows that endoplasmic reticulum (ER) stress occurring in the SNpc DA neurons is
an early event in the development of PD. ER stress triggers the activation of
unfolded protein response (UPR) to reduce stress and restore ER function.
However, excessive and continuous ER stress and UPR exacerbate the risk of
DA neuron death through crosstalk with other PD events. Thus, ER stress is
considered a promising therapeutic target for the treatment of PD. Various
strategies targeting ER stress through the modulation of UPR signaling, the
increase of ER’s protein folding ability, and the enhancement of protein
degradation are developed to alleviate neuronal death in PD models. In this
review, we summarize the pathological role of ER stress in PD and update the
strategies targeting ER stress to improve ER protein homeostasis and PD-related
events.

KEYWORDS

Parkinson’s disease, dopaminergic neurons, ER stress, unfolded protein response, protein
homeostasis

1 Introduction

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders,
causing well-characterized symptoms such as bradykinesia, rigidity, resting tremors, and
abnormal posture (Michel et al., 2016). It is caused by the progressive degeneration and death
of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) in themidbrain
(Jankovic and Tan, 2020). In addition to motor defects, PD patients have non-motor
symptoms such as dyskinesia, cognitive disorder, psychosis, gastrointestinal disorder, etc.
PD affects approximately 1% older population all over the world (Yu et al., 2022). The
estimated number of populations diagnosed with PD would be over 12 million by 2040
(Dorsey and Bloem, 2018). At present, clinical management of motor symptoms in PD can
bemainly divided into drug therapy and surgical treatment (Bloem et al., 2021; Alarcon et al.,
2023). Pharmacological strategies can increase dopamine concentrations or stimulate
dopamine receptors to improve motor symptoms and quality of life in PD patients
(Bloem et al., 2021). Deep brain stimulation is the most effective surgery for alleviating
PDmotor symptoms through the electrical effects of stimulation (Groiss et al., 2009). It is an
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option for those patients no longer controlled well by dopamine-
related drugs. However, current PD treatment provides
symptomatic relief for the motor problems but does not prevent
or slow the process of PD (Mondal et al., 2023).

Up to now, the exact etiology and mechanism of PD remain
arguments. The incidence and symptoms of PD are highly
associated with age; thus, aging is considered a main factor for
PD development. There is a piece of evidence to support that genetic
and environmental factors contribute to PD development. Most
cases belong to sporadic PD; less than 10% of PD patients have an
inherited history. These familial PD cases result from the mutations
in a group of genes such as α-synuclein (SNCA), PTEN-induced
putative kinase 1 (PINK1), parkin (PARK2), Vacuolar protein
sorting ortholog 35 (VPS35), DJ-1 (PARK7), glucocerebrosidase
(GBA), phospholipase A2 group 6 (PLA2G6), Leucine-rich repeat
kinase 2 (LRRK2), lipoprotein receptor-related protein 10 (LRP10),
ubiquinol cytochrome c reductase (UQCRC1), etc (Korecka et al.,
2019; Jia et al., 2022; Li et al., 2022). In addition to aging and genetic
factors, accumulated evidence shows that PD may result from
environmental risk factors such as pesticides and other toxin
exposure, head injury, diet, smoking, stress, etc (Steece-Collier
et al., 2002; Marras et al., 2019). Moreover, type 2 diabetes
mellitus (T2DM) patients with age over 65 years were more likely
to exhibit an increased risk of PD (Yang et al., 2017). However, how
these risk factors lead to PD is poorly understood.

The endoplasmic reticulum (ER) is in charge of protein
biosynthesis, folding, and assembly. Once the ER is damaged or its
protein folding capacity is overloaded, it will accumulate unfolded/
misfolded proteins in the ER, which is called ER stress. To improve ER
protein homeostasis and restore the function of ER, cells result in
unfolded protein response (UPR) to activate the signaling network
(Hetz, 2012). However, continuous ER stress and UPR activation are
known to induce cell death and are observed in neurodegenerative
diseases (Hoozemans et al., 2007; Wang et al., 2023). SNpc DA neurons
often face stress from high energy requirements, high levels of reactive
dopamine, and calcium ions (Ca2+) handling, revealing that faster
protein turnover in these neurons is required to cope with these
problems. One evident hallmark of PD is Lewy bodies mainly
consisting of misfolded α-synuclein. In PD patients, this abnormal
protein aggregate accompanying dominant ER stress could be observed
in DA neurons of the SNpc (Hoozemans et al., 2007), suggesting that
ER stressmay exacerbate the risk of DA neuron death through crosstalk
with other PD events. Notably, several studies have demonstrated that
some small molecule compounds can reduce ER stress to protect DA
neurons in the PD model; thus, ER stress has been considered a
promising therapeutic target for PD. In this review, we briefly
summarize the recent studies regarding the role of ER stress in PD
development and explore the potential of strategies targeting ER stress
for PD.

2 ER stress triggers UPR

The ER is the largest and most complicated organelle in eukaryotic
cells, consisting of an interconnected membrane network involved in a
series of cellular functions, including biosynthesis, folding, post-
translational modification, and assembly of protein as well as
intracellular Ca2+ homeostasis and lipid metabolism (Schwarz and

Blower, 2016; Zhao et al., 2023). ER stress occurs when the ER is
overwhelmed by the accumulation of unfolded or misfolded proteins
(Jia et al., 2022) and then activates the UPR, a signaling cascade for
restoring protein homeostasis (Hetz et al., 2020). TheUPR is a complex,
adaptive response that triggers the activation of three key pathways: the
protein kinase RNA-like endoplasmic reticulum kinase (PERK)/
eukaryotic initiation factor 2 alpha (eIF2α)/activating transcription
factor 4 (ATF4) pathway, the inositol-requiring enzyme 1 (IRE1)/
X-box binding protein-1 (XBP1) pathway, and the activating
transcription factor 6 (ATF6) pathway (Frakes and Dillin, 2017)
(Figure 1). In the ER lumen, PERK, IRE1α, and ATF6 are
important sensors in cellular defense against ER stress (Ghemrawi
andKhair, 2020). In general, these UPR senor proteins located in the ER
membrane are bound to the ER-resident chaperone immunoglobulin-
binding protein (BiP/GRP78) (Ghemrawi and Khair, 2020). BiP is the
Hsp70-type chaperone for helping protein folding and plays a central
role in regulating these UPR sensors’ state (Pobre et al., 2019).

When ER stress occurs, the accumulation of misfolded proteins
causes the dissociation of BiP from these sensors, leading to UPR
activation (Ghemrawi and Khair, 2020). After dissociation from BiP,
the phosphorylated dimer of the cytoplasmic domain of IRE1α has
RNAase activity, which can cleave out 26 intronic nucleotides of the
mRNA encoding XBP-1, resulting in the generation of the active
transcription factor XBP1s, which is responsible for inducing gene
expression involved in protein folding and ER-associated protein
degradation (ERAD) (Park et al., 2021; Siwecka et al., 2021). After
BiP dissociation, trans autophosphorylation of the PERK C-terminal
cytoplasmic kinase domain leads to phosphorylation of eIF2α.
Phosphorylated eIF2α attenuates global protein translation and
increases ATF4 translation (Ghemrawi and Khair, 2020). After release
from BiP, ATF6migrates to the Golgi apparatus, where it becomes active
by protease cleavage. ActiveATF6 translocates to the nucleus and induces
the expression of genes involved in chaperone, XBP-1, and ERAD (Wang
et al., 2000). In addition to the crosstalk between the ATF6 pathway and
the IRE1-XBP1 pathway, studies have shown that there is also crosstalk
between all three pathways. In cardiomyocytes and Hela cells,
coxsackievirus B3 can activate the ATF6a/IRE1-XBP1 pathway,
thereby downregulating p58 IPK expression. Downregulated p58 IPK
will further activate the PERK pathway to bridge the three pathways
(Zhang et al., 2010). Crosstalk between different UPR branches is
important for understanding the overall mechanism of ER stress and
UPR. However, there are not many studies focusing on this aspect,
especially in neurons, andmore exploration is needed. Notably, when the
UPR fails to address the ER stress, it promotes more ATF4 translation
through phosphorylated eIF2α, thereby enhancing the upregulation of
C/EBP homologous protein (CHOP), initiating apoptotic pathway
(Ghemrawi and Khair, 2020).

3 ER stress contributes to PD

3.1 PD patients

Clinical reports indicate that ER stress is highly correlated
with PD pathogenesis. In the SNpc of PD patients, the markers of
UPR activation (p-PERK, p-eIF2α, and p-IRE1α) were observed in
DA neurons (Hoozemans et al., 2007; Heman-Ackah et al., 2017b).
It should be noted that the p-PERK and p-IRE1α had
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colocalization with increased α-synuclein in PD DA neurons
(Hoozemans et al., 2007; Heman-Ackah et al., 2017b), revealing
that UPR activation is highly associated with the accumulation of
misfolded α-synuclein in PD. Moreover, in the postmortem brain
tissue of PD patients, BiP levels significantly reduced in the
temporal cortex and cingulate gyrus, but not in the caudate,
prefrontal, or parietal cortex regions (Baek et al., 2019),
demonstrating that the ER’s protein folding function is
decreased in certain brain regions of PD patients. However, in
the SNpc of PD patients, ER stress response proteins including
BiP, homocysteine-induced endoplasmic reticulum protein
(Herp), and protein disulfide isomerase (PDI) were increased
and co-localized with α-synuclein (Conn et al., 2004; Slodzinski
et al., 2009; Selvaraj et al., 2012), revealing that chronic ER stress
occurs in patients’ SNpc.

3.2 Neurotoxin-induced PD models

The parkinsonism-inducing neurotoxins such as 6-
hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-pyridinium

(MPP+)/1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
and rotenone are commonly used for the establishment of
various PD models. The main neurotoxicity of 6-OHDA results
from its oxidant activity; MPP+ and rotenone are mitochondria-
targeting PD neurotoxins. A piece of evidence suggests that these
neurotoxins can cause ER stress. In SNpc of rabbits, administration
of MPP+ could induce ER stress through activation of the ATF-6
pathway (Ghribi et al., 2003). In 6-OHDA-induced PD rats,
increased levels of BiP and CHOP were observed (Ning et al.,
2019). Similarly, 6-OHDA treatment enhanced ER stress-related
proteins in rat neuron culture (Cai et al., 2016). However, in some
cell line-based studies, 6-OHDA was found to induce the activation
of three UPR branches, whereas MPP+ or rotenone only triggered
IRE1α and PERK/ATF4 activation (Ryu et al., 2002; Holtz and
O’Malley, 2003). On the other hand, in rat SN, rotenone caused a
significant decrease in the expression of parkin, PARK 7 (DJ1), and
C terminus Hsp70 interacting protein (CHIP), accompanying the
increase in ubiquitin (Sonia Angeline et al., 2012), revealing that
ubiquitin-proteasome system (UPS) exhibits the impairment in this
PD-liked model. UPS dysfunction leads to protein accumulation,
and may trigger ER stress during PD development. The structure of

FIGURE 1
Schematic representation of the three sensors of UPR. Three key UPR pathways after the dissociation of BiP from three sensors when ER stress
occurs: (A) PERK/eIF2α/ATF4 pathway: trans autophosphorylation of the PERK leads to phosphorylation of eIF2α, then attenuating global protein
translation and increases ATF4 translation, (B) IRE1/XBP-1 pathway: the phosphorylated dimer of the IRE1α with RNAase activity cleaves out 26 intronic
nucleotides of the XBP-1 mRNA, resulting in the generation of the XBP1s, which is responsible for inducing gene expression involved in protein
folding and ERAD, (C) ATF6 pathway: ATF6migrates to theGolgi apparatus, where it becomes active by protease cleavage. Active ATF6 translocates to the
nucleus and induces the expression of genes involved in chaperone, XBP-1, and ERAD.
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herbicide paraquat is quite similar to MPP+ and has been found to
inhibit UPS and thereby lead to ER stress-induced apoptosis in rat
mesencephalic DA N27 cells (Chinta et al., 2008). Paraquat and
rotenone appear to have similar mechanisms for ER stress. These
PD-associated toxins cause ER stress and UPR; however, the
mechanisms by which they activate the UPR pathway vary.

3.3 PD-related gene mutations

Studies of familial PD-related genes have shown that ER stress-
related mechanisms and cellular pathways are essential for PD
development. In PC12 cell lines, the α-synuclein A53T mutant
overexpression decreased proteasome activity as well as increased
the reactive oxygen species (ROS) levels and apoptosis (Smith et al.,
2005). ER stress and caspase-12 activation also occurred in
PC12 cells with α-synuclein A53T mutant, whereas an ER stress
inhibitor knocked down caspase-12 levels or partially increased cell
survival (Smith et al., 2005), revealing that ER stress involved in the
α-synuclein A53T mutant-induced cell death. In the rat, excess
exogenous α-synuclein triggered the activation of UPR pathways
and apoptosis in SNpc DA neurons, whereas overexpression of BiP
chaperone could reduce excess α-synuclein-induced neurotoxicity
by reducing UPR activation (Gorbatyuk et al., 2012). Speal receptors
(SR) can be ubiquitinated by Parkin’s ubiquitin-protein ligase
activity (Imai et al., 2001). Highly insoluble SR aggregation was
observed in the brain with juvenile PD (Imai et al., 2001). Lmai et al.
demonstrated that highly insoluble SR aggregation could lead to
UPR activation, which may contribute to the loss of DA neuronal
(Imai et al., 2001). Astrocytes play a role in supporting neuronal
function and are highly implicated in the pathogenesis of PD
(Karpinar et al., 2009; Lim et al., 2009; Halliday and Stevens,
2011; Meares et al., 2014). Astrocytes that take up pathological α-
synuclein released from axon terminals produce chemokines and
pro-inflammatory cytokines. These cytokines could trigger
microglial activation and ultimately cause neuronal degeneration
(Lee et al., 2010). In addition, in mice astrocytes carrying LRRK2-
G2019S mutant, α-synuclein mutant led to Ca2+ depletion in the ER
lumen by interacting with SERCA, which caused ER stress and
subsequent cell loss (Lee et al., 2019).

Since human PD brain samples are limited, PD patient induced
pluripotent stem cells (iPSCs) give an alternative human model to
study PD mechanisms, particularly in familial PD gene mutations.
In the neurons derived from PD patient iPSCs carrying α-synuclein
A53T mutation, Chung et al. found that the hallmark of ER stress,
PDI increased, but the marker of ER stress-induced cell death,
CHOP, did not have the change (Chung et al., 2013), revealing
that these mutant neurons are still at an early pathologic stage. In the
PD patient iPSC-derived DA neurons with GBA N370S mutation,
Fernandes et al. found that misprocessing of mutant GBA protein in
the ER was positively correlated with ER stress (Fernandes et al.,
2016). In DA neurons from the patient iPSCs carrying homozygous
PLA2G6 D331Ymutation, Ke et al. (2020) found that abnormal ER-
mediated Ca2+ homeostasis and ER stress increase with culture time,
accompanied by neuronal death. In addition, they found that ER
stress was associated with mitochondrial dysfunction and neuronal
death. These studies demonstrated that ER stress is commonly
induced by these familiar PD gene mutants and may result from

the dysfunction of protein hemostasis. Notably, a recent study
reveals that aggregated α-synuclein caused patient DA neurons
unresponsive to ER stress (Stojkovska et al., 2022). They found
that in DA neurons derived from PD patient iPSCs carrying 3X
SNCA, increased α-synuclein caused ER fragmentation and protein
folding ability decrease, leading to the accumulation of insoluble
immature β-glucocerebrosidase (GCase) in ER (Stojkovska et al.,
2022). However, collapsed protein homeostasis did not induce UPR
activation, hinting that increased α-synuclein led to the dysfunction
of the ER stress sensor through an unknown mechanism.

3.4 Interaction between ER stress and other
PD pathological events

Pathological aggregation of α-synuclein, neuroinflammation,
oxidative stress, and mitochondrial dysfunction are common
features of PD. They have crosstalk with ER stress, which jointly
exacerbates the process of PD. As mentioned above, UPR activation
is closely related to α-synuclein aggregation. Pathological α-
synuclein can interact with BIP, which separates BIP from the
three UPR effector proteins, thereby activating the UPR pathway
(Bellucci et al., 2011). In addition, the accumulation of pathological
α-synuclein can also induce ER stress by impairing autophagy and
the UPS system, thereby activating the UPR (Kim et al., 2022).
Correspondingly, ER stress can also upregulate the release of α-
synuclein from neurons and the transmission between neurons to
cause deposition in multiple brain regions, leading to
neuroinflammation, thereby aggravating the PD process (Jang
et al., 2010).

Active microglia and astrocytes are the major sources of
neuroinflammation, and their persistent pathological
neuroinflammation is known to promote neuronal death (Glass
et al., 2010; Prinz and Priller, 2014; Sofroniew, 2015). Compared
with neurons, microglia and astrocytes are highly resistant to ER
stress-induced cell death (Meares et al., 2014). The relationship
between ER stress and neuroinflammation is mainly linked by the
PERK pathway. When ER stress occurs, PERK-mediated
phosphorylation of eIF2α leads to the nuclear translocation of
B cell nuclear factor kappa light chain enhancer (NF-κB) and
thereby enhances the expression of its downstream inflammatory
genes (Deng et al., 2004;Wu et al., 2018b). In addition, the activation
of the PERK pathway in astrocytes also induces the JAK/
STAT3 pathway to enhance the expression of chemokines and
interleukin 6 (IL-6). Active astrocytes further trigger microglial
activation via PERK-mediated paracrine signaling (Meares et al.,
2014).

Electron microscopy has demonstrated that parts of the ER are
tightly attached to mitochondria, forming a highly dynamic contact
site named the mitochondria-associated membrane (MAM). MAM
is widely present in brain neurons, where a variety of proteins such
as calcium channels, vesicle-associated protein, sigma 1 receptor,
apolipoprotein B, and other secreted proteins play an important role
in cell survival (Sunanda et al., 2021; Markovinovic et al., 2022). The
UPR-sensing protein PERK has also been found to aid apoptosis by
transferring ROS signals from the ER to mitochondria through
MAM (Sassano et al., 2021). One of the main functions ofMAM is to
transmit Ca2+ (Gomez-Suaga et al., 2018). In a healthy state, the
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process of Ca2+ flowing from ER to mitochondria is tightly regulated
(Chou et al., 2023). The Ca2+ homeostasis is important for the
functions of DA neurons (Salthun-Lassalle et al., 2004; Chan et al.,
2007). Neurotoxin-induced ER stress and pathological depletion of
ER Ca2+ storage lead to uncontrolled Ca2+ transport (Kim et al.,
2022). Ca2+ above or below the threshold is taken up by
mitochondria, leading to mitochondrial dysfunction (Cali et al.,
2011; Bravo et al., 2013). Furthermore, mitochondrial dysfunction
generates abnormal amounts of ROS, which in turn results in
harmful oxidative damage to neurons (Karvandi et al., 2023).

Recent reviews provide a good summary of the basis on which
PD not only causes dysproteostasis but also lipid dyshomeostasis
(Yang et al., 2022; Flores-Leon and Outeiro, 2023). Many studies
have shown that GBA1 mutations are associated with an increased
risk of PD, resulting in GCase misfolding and retention in the ER.
These GBA1 mutations also lead to loss of GCase activity and
accumulation of its lipid substrates in the lysosome, consequently
impairing the lysosomal function (Leyns et al., 2023), revealing that
there is a connection between ER and lipid dyshomeostasis in PD. In
addition to ER protein homeostasis, ER also plays the important role
in lipid metabolism. Thus, alterations in lipid homeostasis also can
affect ER function and trigger ER stress. This view is demonstrated
by a recent study. let-767 is a putative hydroxysteroid dehydrogenase
in Caenorhabditis elegans for maintaining ER protein and lipid
homeostasis. Loss of let-767 was reported to lead to the
accumulation of fatty acid metabolites, which in turn disrupted
lipid homeostasis and ER function, then inducing UPR (Garcia et al.,
2023). In addition, excessive accumulation of triacylglycerol in
macrophages activated the UPR, leading to activation of the BIP/
PERK/ATF4/Chop pathway and translocation of ATF6 into the
nucleus (Aflaki et al., 2012).

Glycosylation is an abundant post-translational modification
(PTM), particularly on membrane-bound and lysosomal proteins,
and its dysregulation has also been found in PD brains (Schneider
and Singh, 2022). In addition to protein synthesis, the ER also
regulates glycosylation and functionalization of proteins. Abnormal
glycosylation is known to lead to abnormal protein deposition,
causing ER overload and triggering ER stress (Schneider and
Singh, 2022).

The above articles objectively study the crosstalk between ER
stress and other important pathological processes of PD, providing a
broader perspective for discovering PD intervention strategies.
However, more research is still needed to fully elucidate the
fundamental mechanism of this interaction to deal with PD.
Some studies have limitations of the research model. For
example, the link between lipid homeostasis and ER proteostasis
is currently more established in non-neurons. Moreover, there are
still few studies on the connection between glycosylation
dysregulation and ER stress; thus, more evidence is needed to
elucidate their relevance.

4 Strategies to improve PD by targeting
ER stress

Given ER stress plays a critical role in PD development, it has
been considered a potential therapeutic target for PD. Protein
homeostasis dysfunction is the most critical cause and the most

direct phenomenon of ER stress. Therefore, several strategies
targeting ER stress mainly focus on the modulation of UPR
signaling, the increase of ER’s protein folding ability, and the
enhancement of protein degradation (Table 1).

4.1 Modulation of UPR signaling

Continuous activation of UPR branch signaling has been
observed in the PD patient’s DA neurons. It is highly associated
with DA neuronal death; thus, the modulation of the UPR signaling
pathways may be beneficial in suppressing DA neuronal death and
PD-related phenomena.

4.1.1 PERK/eIF2α/ATF4 pathway
GSK2606414 was found to be a selective PERK inhibitor. It was

reported to be able to crossover BBB and protect DA neurons
against 6-OHDA toxicity in mice (Mercado et al., 2018). In
addition, GSK2606414 could increase dopamine levels, restore
the synaptic proteins, and improve motor deficits in mice
(Mercado et al., 2018). Small-molecule PERK inhibitor LDN-
87357 successfully reduced mRNA levels of ER stress markers
and caspase3-associated apoptosis in SH-SY5Y cell PD model
(Lusa et al., 2023). On the other hand, to regulate the UPR
branch, Boyce et al. discovered a “different way” of the low-
toxicity compound Salubrinal (Boyce et al., 2005). It could
inhibit the dephosphorylation of eIF2α, and increase eIF2α
phosphorylation to upregulate the expression of downstream
protein CHOP. The pharmacological effect of
dephosphorylation was considered rare and difficult at that
time. In their study, Salubrinal protected rat
pheochromocytoma cell line PC12 from tunicamycin (Tm)- and
brefeldin A (BFA)-induced cell damage without causing ER stress.
Furthermore, this dephosphorylation inhibition was independent
of eIF2α upstream kinases. Gupta et al. used a rotenone-induced
PD rat model and verified that the prosurvival effect of Salubrinal
was via regulating ER stress and UPR, showing that
dephosphorylation of eIF2α by Salubrinal confers the protective
effect against rotenone-induced neuronal death (Gupta et al.,
2021).

4.1.2 IRE1/XBP1 pathway
Mesencephalic astrocyte-derived neurotrophic factor (MANF)

and cerebral dopamine neurotrophic factor (CDNF) are two types of
neurotrophic factors distributed in the ER lumen (Lindholm and
Saarma, 2022). Some studies showed that they express the activity to
protect DA neurons via regulating UPR signaling. unlike other
known neurotrophic factors, CDNF and MANF are not secreted
proteins and have highly similar protein structures. Recently,
Kovaleva et al. used Tm-induced mice primary SCG neurons and
a 6-OHDA-induced PD rat model to demonstrate that MANF
confers protective effects in neurons (Kovaleva et al., 2023).
MANF could compete with BIP for binding to IRE1α with high
affinity, regulating its oligomerization, phosphorylation, and
downstream signal transduction (Kovaleva et al., 2023). CDNF
was shown to be a UPR protein in mice models of Tm-induced
ER stress and primary neuronal models (Eesmaa et al., 2022). Its
expression is regulated by ER stress in vivo and can regulate IRE1α
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and PERK pathways to protect against apoptosis in neurons
(Eesmaa et al., 2022). In addition, researchers also found that
CDNF may interact with the BiP-GRP170 complex and that
CDNF was a cofactor rather than a substrate of BiP (Eesmaa
et al., 2022). Following preclinical studies and toxicity studies in
various small and large animal models of PD, the first phase I-II
clinical tests of CDNF in PD patients were performed (Huttunen
and Saarma, 2019). In the test, intraputamenal human CDNF
infusions showed good safety and tolerability, meeting the
primary endpoint. Furthermore, increased availability of
dopamine transporter (DAT) in the putamen was also observed
in the CDNF-receiving group, with slower disease progression.

Adeno-associated virus (AAV)--based gene therapy has the
advantages of safety and stability. Previously, the researchers
showed that exogenous brain injection of AAV-loaded XBP1s
significantly suppressed 6-OHDA- and MPTP-induced loss of
DA neurons in mice via up-regulating its downstream UPR
genes (Sado et al., 2009; Valdes et al., 2014).

4.1.3 ATF6 pathway
Liraglutide is a glucagon-like peptide 1 receptor agonist for the

treatment of T2DM. Liraglutide reduced palmitate-induced
ATF6 nuclear translocation and prevented the changes in ER
proteostasis and ER morphology in Neuro2A cells (Griffin et al.,
2022). Liraglutidea exhibited the potency to reduce ER stress
(Panagaki et al., 2017; Breton-Romero et al., 2018). It can bypass
the -blood-brain barrier (BBB) and provide neuroprotective effects
in various PD models (Athauda and Foltynie, 2016). A recent
clinical study showed that the non-motor symptoms and
activities of daily living in PD patients can be improved by
liraglutide treatment (Malatt et al., 2022).

Later, Vidal et al. developed an ATF6f/XBP1s fusion protein
called UPRplus. UPRplus could regulate the expression of
downstream genes via enforced dimerization of the XBP1s and
ATF6f domains. It found that AAV-loaded UPRplus was more
potent in decreasing abnormal aggregation of mutant α-synuclein
than either ATF6 or XBP1 alone (Vidal et al., 2021). Given the

TABLE 1 Three strategies to improve PD by targeting ER stress.

Type ER stress
regulator

Target/proved
mechanism

Effects Clinical trials

Modulation of UPR
signaling

GSK2606414 PERK inhibitor Protecting DA neurons, increasing dopamine levels,
and improving the motor deficits

-

LDN-87357 PERK inhibitor Reducing ER stress markers, increasing cell viability,
and reducing apoptosis

-

Salubrinal Dephosphorylation
inhibitor of elF2α

Protecting Tm and BFA-treated PC12 cell line from
apoptosis, and protecting DA neurons

-

MANF IRE1α Protecting neurons -

CDNF IRElα and PERK
pathways regulator

Protecting neurons Increasing availability of DAT in the
putamen with slower disease progression in

the first phase I-II clinical tests

AAV-loaded
XBP1s

XBP1s Suppressing 6-OHDA- and MPTP-induced
degeneration of DA neurons in PD mice

-

Liraglutide ATF6 Reducing ER stress and providing neuroprotective
effects

Improving non-motor function and
activities of daily living in PD patients in a

phase II trial

AAV-loaded
UPRplus

ATF6f/XBP1s fusion
protein

Reducing abnormal aggregation of mutant α-
synuclein

-

Increase of ER’s
protein folding ability

Azoramide BiP Reducing ER stress, mitochondria dysfunction,
oxidative stress, and cell death in PD patient iPSC-
derived DA neurons

Baicalein BiP Reducing 6-OHDA, MPP+, MPTP, Tg, BFA-
induced neurotoxicity

-

GIF-0854-r and
GIF-0856-r

Chemical chaperone Reducing protein aggregation and ultimately
attenuated cell death

-

4-PBA Chemical chaperone Reducing rotenone-induced oxidative stress,
a-synuclein increase, mitochondrial dysfunction,
and DA neuronal death in rotenone-induced PD rat
model

-

Enhancement of
protein degradation

A-443654 Autophagy Reducing α-synuclein in DA neurons -

Empagliflozin Autophagy Reducing accumulation of α-synuclein -

Naringenin UPS Decreasing of ubiquitination level, thereby
increasing the degradation of misfolded proteins

-

Puerarin UPS Restoring the normal function of UPS -
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functions of XBP1s and ATF6f in upregulating the expression of
chaperone and ERAD-related genes, AAV-loaded UPRplus can
promote ER’s protein folding and protein degradation to
maintain protein homeostasis.

In the study of UPR branches alleviating ER stress, all three
branches have received relatively comprehensive attention from
scientists, and many small molecule compounds that can regulate
these branches have been developed. In addition, many screening
methods targeting UPR branches have also emerged. However, there
are relatively few studies on clear targets, and researchers often ignore
the connections between different branches in the action of compounds,
and the selectivity of many compounds is not studied in depth enough.

4.2 Increase of ER’s protein folding ability

α-synuclein accumulation leads to the decrease of ER chaperone
level in DA neurons derived from PD patient iPSCs carrying 3X SNCA
gene (Stojkovska et al., 2022), hinting that ER’s protein folding ability
declines during PD development. Thus, increasing ER chaperone may
avoid the protein accumulation in ER, and thereby reduce the
development of various PD phenomena.

Azoramide is a small molecule compound that can improve
protein folding and increase BiP chaperone expression against ER
stress (Fu et al., 2015). Our team found that Azoramide could not
only reduce the activation of UPR branches but also effectively
alleviate the loss of familial PD patient DA neurons (Ke et al., 2020).
Through mechanism exploration, it was found that Azoramide
could reduce the increase of ROS, and mitochondrial
fragmentation, as well as improve the decline of mitochondrial
membrane potential. In addition, Azoramide could resume Ca2+

homeostasis in patient DA neurons by mediating store-operated
Ca2+ entry (SOCE) and ER function.

Chemical chaperones are a class of small molecules that act to
increase protein re-folding and suppress protein aggregates. Hasegawa
et al. identified two novel oxindole compounds, GIF-0854-r and GIF-
0856-r, with chaperone activity which inhibited BSA aggregation and
reduce protein aggregation caused by Tm-induced ER stress in
hippocampal HT22 neurons (Hasegawa et al., 2022). Furthermore,
these two compounds inhibited downstream molecules of the UPR
pathway and ultimately attenuated cell death (Hasegawa et al., 2022).
There are two chemical chaperones with therapeutic promise in PD. 4-
phenyl butyric acid (4-PBA) is a well-documented chemical chaperone
that can prevent the misfolding and mislocalization of proteins. Recent
studies show that 4-PBA exhibited significant neuroprotective effects in
the rotenone-induced PD rat model (Tiwari et al., 2022). In both SNpc
and striatal regions of the rat PD model, they found that 4-PBA
administration reduced rotenone-induced oxidative stress, α-
synuclein increase, mitochondrial dysfunction, and DA neuronal death.

Different neurotoxins have different effects on the chaperone
BIP due to different toxicity mechanisms. MPP+ has been shown to
reduce the expression of BIP in SH-SY5Y cells (Ai et al., 2023),
while 6-OHDA has been shown to increase the expression of BIP in
neurons (Holtz and O’Malley, 2003). Therefore, more chaperones
should be included in studies to discover more effective
compounds, such as chaperone PDI and Sigma1R (Perri et al.,
2015; Voronin et al., 2023). In addition, the improvement of
protein folding by adding chaperones should be verified

through more aspects such as electron microscopy observation
or structural analysis after protein purification, to increase the
convincingness.

4.3 Enhancement of protein degradation

Autophagy is a self-eating process that can degrade the misfolded/
unfolded proteins from the ER and damaged ER (Chipurupalli et al.,
2021). In addition, autophagy can remove accumulated α-synuclein,
which may benefit the recovery of ER function. Some small molecules
have been reported to regulate autophagy to reduce ER stress in PD
models. A-443654, an inhibitor of the serine/threonine kinase Akt,
could reduce α-synuclein in DA neurons differentiated from iPSCs with
3X SNCA, and restore the expression of autophagy-related genes
(mTOR, p62, and LC3-II) and UPR-related proteins (BiP and
CHOP) to non-stressed levels (Gandelman et al., 2021).
Empagliflozin, a selective sodium-glucose cotransporter 2 inhibitor,
could attenuate SNpc neuron death, neuroinflammation, and
behavioral abnormalities in rotenone-induced PD rats. It was found
that Empagliflozin enhanced autophagy andUPS by increasing beclin-1
protein, thereby reducing ER stress, and accumulation of α-synuclein in
striatal of PD rats (Motawi et al., 2022). Mitophagy is also an important
pathological organelle clearance process. Studies have shown that
PINK1 can increase its expression by phosphorylating XBP1s in vivo
and in vitro, thereby increasing mitophagy function and improving
mitochondrial function (El Manaa et al., 2021).

ERAD involves recogniting abnormal proteins by ER
chaperones that transfer damaged proteins from the ER to the
cytoplasm, where they are modified with ubiquitin and delivered
to the proteasome. In addition, like autophagy, UPS is involved in
the degradation of accumulated α-synuclein as well. Some native
compounds such as naringenin and puerarin have been found to
regulate UPS well in PD models. In the rotenone-induced PD rat
model, the administration of naringenin had promising effects on
reducing cell death and motor deficits. Naringenin also could
increase the level of the ubiquitin E3 ligase parkin and other
related chaperones accompanying the decrease of ubiquitination
level, thereby increasing the degradation of misfolded proteins
(Sonia Angeline et al., 2013; Wu et al., 2018b). In the MPTP-
induced PD mice model, naringenin was found to decrease α-
synuclein levels and neuroinflammation (Mani et al., 2018),
revealing that enhancing UPS may contribute to the protective
effects of naringenin against these PD neurotoxins. Puerarin
could reduce MPP+-induced morphological changes, cell death,
and α-synuclein increase in SH-SY5Y cells (Cheng et al., 2009).
In addition, Puerarin could upregulate the proteasome activity to
remove the ubiquitin-conjugated proteins, thereby restoring the
normal function of UPS (Cheng et al., 2009). Given the role of
α-synuclein on ER stress, naringenin and puerarin may restore ER
function by clearing α-synuclein through UPS.

5 Discussion

The above contents prove the rationality and applicability of ER
stress as a potential therapeutic target for PD. However, there are
some disadvantages of strategies targeting ER stress. For example,
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Salubrinal is an effective anti-ER stress compound through
inhibiting dephosphorylation of elF2 α. However, the
phosphorylation of eIF2α inhibits the overall synthesis of other
proteins except for ATF4. The cells are in a state of being unable to
synthesize necessary proteins for a long time, which obviously
cannot meet the normal requirement for neuronal survival. This
view is supported by the study from Halliday et al. They found that
in the mouse prion model, the protective effect of Salubrinal was lost
and even resulted in the death of neurons (Halliday and Mallucci,
2014). In addition, it is reported that sustained phosphorylation of
eIF2α impairs memory function (Costa-Mattioli et al., 2007). Since
PD is a chronic disease, it should be concerned the amount and
timing of these UPR modulators.

Moreover, many fluorescent reporter systems targeting UPR are
used for drug screening (Iwawaki et al., 2004; Furukawa and Xiong,
2005; Lajoie et al., 2014; Chaveroux et al., 2015; Fu et al., 2015;
Heman-Ackah et al., 2017a; Wu et al., 2018a; Grandjean et al., 2020;
Santiago-Lopez et al., 2022b; Bachhav et al., 2022; Santiago-Lopez
et al., 2022a; Carrillo et al., 2022; Kroukamp et al., 2022; Navarro-
Tapia and Perez-Torrado, 2022). Although some effective
compounds from chemical libraries or native products have been
screened out, the direct targets and action mechanisms of these
compounds are unclear. This may be one of the reasons hindering
the progress of clinical research, and more efforts are still required to
resolve this problem.

On the other hand, ER stress has been shown to be a regulatory
target to rescue neuronal death in different experimental models.
Neurotoxin-based rodents and cell lines are the most widely used
models for drug screening and investigation; however, they still
cannot completely reflect the pathophysiological state of human
DA neurons in PD. The use of PD patient iPSCs to differentiate
midbrain DA neurons may reverse this dilemma. Since these iPSCs
come from patients’ somatic cells, they have the same genetic
background as humans (Kiskinis and Eggan, 2010; Hartfield et al.,
2012). However, the application of iPSCs still has some limitations.
For instance, iPSCs undergoing dedifferentiation lose phenotypic and
molecular features associated with aging, which renders this model
unable to mimic aging-related disease (Puri and Wagner, 2023).
Moreover, the risk and severity of PD are not only related to age
but also related to gender (Elbaz et al., 2000; Accolla et al., 2007). The
gender difference may pose some difficulties when using experimental
PD animal models to explore drug effects and mechanisms (Zarate
et al., 2021). Although some researchers have made an iPSC model
that can simulate gender differences, the actual application effect of
this model still lacks supporting data (Waldhorn et al., 2022). The
applicability and accuracy of the experimental model are an important
basis for the study of pathogenesis mechanisms, drug screening, and
clinical trials. More efforts are still needed to improve the iPSC-
derived neuron model or find a better alternative model.

6 Conclusion and perspectives

ER stress is one of the important pathological phenomena of PD,
and it interacts with various other pathological events such as
mitochondrial dysfunction, autophagy, neuroinflammation, and
oxidative stress to jointly promote the occurrence and
development of PD. However, the precise mechanism is unclear.

Thus, the association of ER stress with other PD phenotypes is worth
exploring. In addition, non-motor symptoms including emotion,
cognition, sleep, hyposmia, and vision in PD have attracted more
and more attention (Fuchigami et al., 2023; Sanchez-Saez et al.,
2023). Exploring the role of ER stress in these non-motor symptoms
can provide a comprehensive understanding of PD. Meanwhile, a
large number of studies have shown that targeting ER stress can
effectively protect midbrain DA neurons from apoptosis and relieve
PD symptoms in different PD models. In addition, reliable drug
screening models targeting ER stress are increasingly available.
Future research directions can focus on the confirmation of clear
and direct targets of these candidate drugs, the precise control of
UPR regulation, and the improvement of experimental models.
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1Department of Neurosurgery, 904th Hospital of Joint Logistic Support Force of PLA, Wuxi Clinical College
of Anhui Medical University, Wuxi, China, 2Department of Neurosurgery, Renmin Hospital of Wuhan
University, Wuhan, China, 3Department of Human Anatomy and Neurobiology, School of Basic Medical
Science, Central South University, Changsha, Hunan Province, China, 4Department of Neurosurgery, Wuxi
Huishan Peoples Hospital, Wuxi, Jiangsu, China, 5Department of Neurosurgery, The Second Affiliated
Hospital of Nanchang University, Nanchang, China, 6Department of Neurosurgery, The Second Hospital
of Tianjin Medical University, Tianjin, China

Introduction: Spontaneous subarachnoid hemorrhage (SAH), is a disorder that
may be fatal and is primarily caused by a ruptured brain aneurysm. Despite
significant leaps forward in the methods to produce aneurysms, the long-term
outcomes did not much improve. Pioglitazone is a medication that has been
authorized by the FDA as an agonist for the peroxisome proliferator-activated
receptor-gamma (PPARγ). Pioglitazone or PPARγ has neuroprotective benefits in
animal experiments both during and after traumatic brain injury (TBI) and SAH.
Nevertheless, the treatment impact of Pioglitazone on humans is still unknown at
this time. As a result, we will conduct a randomized, double-blind, placebo-
controlled trial to explore the impact of pioglitazone on SAH.

Methods/Design: This trial will recruit 400 patients with SAH from four Chinese
hospitals. These patients will be equally and randomly assigned to Pioglitazone
and placebo control groups for up to 30 days. Scores on the modified Rankin
scale (mRS) are the primary outcomes. The secondary outcomes are a 30-day
all-cause mortality rate, 6 months of Montreal cognitive assessment (Mo-CA),
delayed cerebral ischemia, the requirement for intensive care, the incidence of
sepsis, etc. All serious adverse events (SAEs) were recorded during the hospital.
Every primary and safety analysis was conducted based on the intention-to-treat
technique. The participants were given either a matching placebo or 15 mg of
pioglitazone, with dose titrated to a target of 45 mg daily. Data on the
therapeutic use of pioglitazone after SAH will be provided as a consequence
of the findings of this experiment. In addition, this pilot trial is the first to
prospectively investigate the effectiveness and safety of pioglitazone in
patients with SAH.

Ethics and dissemination: Ethics approval was obtained from the Medical Ethics
Committee of 904th Hospital of Joint Logistic Support Force of PLA (Wuxi Taihu
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Hospital, approval No. 20220701). The findings of the trial will be presented at
conferences, discussed in relevant patient groups, and published in peer-
reviewed journals.

Clinical Trial Registration: clinicaltrials.gov, identifier ChiCTR2200062954.

KEYWORDS

clinical trial, pioglitazone, SAH, PPARγ, neuroprotection

Introduction

Subarachnoid hemorrhage (SAH) is a condition that often occurs in
peoplewho have cerebral vascular disease and is hallmarked by increased
morbidity and mortality rates and a poor prognosis, particularly in
patients who have hypertension. There have been reports indicating that
the incidence rate of SAH ranges from 6.2 to 10 cases per 100,000 people
in theWest (Korja et al., 2016; Mackey et al., 2016; Etminan et al., 2019)
and affects approximately 600 000 patients worldwide (Feigin et al.,
2009). SAH is associatedwith a high overallmortality rate thatmay reach
as high as 67% (Nieuwkamp et al., 2009), and only a third of survivors
remaining live dependently (vanGijn et al., 2007). Since SAH results in a
significant loss of production and resources, it places a considerable cost
on society (Zolnourian et al., 2020).

Many previous scholars have attempted to improve outcomes after
SAH, and statins (Kirkpatrick et al., 2014; Naraoka et al., 2018),
magnesium (Dorhout Mees et al., 2012), and tranexamic acid (Post
et al., 2021) are among themedications that have demonstrated superior
neuroprotective benefits in basic research; nonetheless, these efforts to
enhance outcomes after SAH have primarily been unsuccessful.
Although numerous studies have shown that statins or clazosentan
may significantly alleviate cerebral vasospasm (CVS), these medications
have little impact on the outcomes after a SAH (Macdonald et al., 2011;
Chen J. et al., 2020). Despite significant advancements in methods for
producing aneurysms, long-term outcomes have not been improved,
and there is a lack of medical therapy that is suited for the condition.

Red blood cells and lysis products in subarachnoid space or brain
tissue may produce a significant inflammatory response along with a
rise in levels of oxyhemoglobin, endothelin, nitric oxide, and
proinflammatory cytokines, resulting in early brain injury (EBI) and
CVS and ultimately leading to neurological dysfunction and death after
SAH (vanGijn and Rinkel, 2001; Chen et al., 2016; Ch et al., 2018; Chen
et al., 2019a; Chen J-H. et al., 2020). Therefore, finding a way to prevent
CVS and EBI should be the primary objective of any novel
pharmacological therapy for SAH. Pioglitazone is a drug that has
been approved by the FDA as a peroxisome proliferator-activated
receptor-gamma (PPARγ) agonist. PPARγ is a nuclear hormone
receptor, and its activation regulates many aspects of inflammatory
processes as well as mitochondrial homeostasis. PPAR-γ agonists can
block the generation of pro-inflammatory mediators and nitric oxide
by inhibiting the activation of astrocytes and microglia (Storer et al.,
2005); Additionally, Oxidative stress and mitochondrial biogenesis are
regulated by the transcriptional factor, PPAR-γ coactivator 1-α (PGC-
1α) (Eschbach et al., 2015). Animal studies have proven that
Pioglitazone or PPAR-γ exerts neuroprotective benefits in multiple
disorders of the central nervous system (CNS), however, the specific
neuroprotection pathways of PPAR-γ agonists/Pioglitazone are still
obscure (Zuhayra et al., 2011; Pilipović et al., 2015; Liang et al., 2022).
Animal models of Parkinson’s disease treated with a dosage of

pioglitazone equivalent of the human FDA-approved dosage
demonstrated both effective CNS penetration of pioglitazone and
neuroprotection benefits (Kernan et al., 2016; Pinto et al., 2016).
Nevertheless, it is yet unknown whether or not Pioglitazone has
any neuroprotective benefits following SAH in humans.

Thus, the focus of the proposed clinical study is to examine the
effectiveness and safety of pioglitazone in treating SAH.

Methods/design

Study design

This multicenter, double-blind, placebo-controlled, parallel-
group, randomized clinical trial will be conducted in the 904th

Hospital of Joint Logistic Support Force of PLA (Wuxi Taihu
Hospital), Renmin Hospital of Wuhan University, The Second
Affiliated Hospital of Tianjin Medical University, The Second
Affiliated Hospital of Nanchang University.

Patient and public participation

Patient and public involvement Patients and/or the public did
not participate in any stage of the design, execution, reporting, or
distribution of the plans of this study.

Ethical considerations and
informed consent

The researcher or other authorized personnel will obtain written
informed permission from each patient or respective family member
or guardian after explaining the benefits and risks of participating in
the research. This trial has received the written approval of the
Medical Ethics Committee of 904th Hospital of Joint Logistic
Support Force of PLA (Wuxi Taihu Hospital, No. 20220701), and
other Sub-centers. The principles outlined in the Declaration of
Helsinki, which were developed by the World Medical Association,
have been adhered to throughout the execution of this project.

Qualifications for participating centers

The researchers will cooperate with four medical centers in various
parts of China (north, south, east, and central China). Each facility is
equipped with over two referral units and has a skilled treatment team
whohas experience in diagnosing SAHandproviding effective treatment.
As a result, it is generally accepted that this cohort is capable of providing
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an accurate representation of the population at both the regional
and national levels. All participants in this trial will be monitored and
treated at one of the collaborating medical centers throughout the study.

Study participants

Participants for this research will be selected from SAH patients
currently being treated at any of the four hospitals. Participants will
be recruited consecutively across all of the clinical facilities. The
patients will be selected using specified eligibility requirements, and
then the competent authority will randomly assign them to one of
the treatment groups.

Inclusion criteria
To be eligible for inclusion in the study, patients must satisfy all

of the following conditions.

1. Ranging in age from 18 to 70 years
2. Head CT evidence of SAH.
3. CTA, MRA, or DSA confirmed the presence of an intracranial

aneurysm as the cause of the patient’s recent SAH.
4. The time between SAHonset and admission should not exceed 24 h.
5. The patient’s caregiver must agree to the research protocol and

sign an informed consent form as per the guidelines set out by the
ethics committee.

Exclusion criteria
1. Symptoms consistent with SAH lasting more than 3 days

before admission
2. The CT scan shows a pattern of hemorrhage consistent with a

traumatic SAH.
3. Patients addicted to drugs
4. Patients with chronic renal failure that requires treatment

with dialysis
5. Patients with a life expectancy of fewer than 6 months due to a

severe terminal illness
6. Severely coagulation dysfunction patients
7. Patients with organ failure
8. Individuals suffering from severe psychosomatic illness
9. Pregnant or lactating women
10. The caregiver responsible for the patient declined to provide

permission for the patient to take part in this experiment.
11. The patient was enrolled in a different randomized controlled

trial (RCT) aimed at treating SAH.
12. Patients who had taken rosiglitazone or pioglitazone within the

previous 90 days prior to randomization
13. Current participation in a conflicting clinical trial. A conflicting

clinical trial is defined as a trial with any of the following:
(1) Intervention that is known to affect the incidence of stroke

or myocardial infarction
(2) An experimental pharmacological intervention
(3) Stroke as a possible outcome
(4) Exclusion for participation in another trial

14. Clinically significant structural brain disease that the
investigator believes would interfere with study evaluations

15. Symptoms of congestive heart failure in the past
16. Known intolerance to rosiglitazone or pioglitazone

17. Diabetes Mellitus, Type I or II
18. Previous Bladder Cancer History
19. Evidence of a previous case of macular edema
20. Individuals subject to temporary exclusions are eligible for

enrollment after their status has stabilized. The temporal
exclusions include those with:
(1) Over 2.5 times the standard upper limit for alanine

aminotransferase (ALT)
(2) Below 8.5 g/dL of hemoglobin
(3) Pitting edema of the feet and legs, mild to severe (IRIS

grade 3 or 4)
(4) Scheduled carotid surgery or carotid stenting (delaying

randomization till 2 weeks after the operation)

Randomization

A statistician will use a random number generator to assign a
number to each of the 400 participants based on the time they were
admitted. The participants will be randomized to either the
pioglitazone group or a placebo control group.

Blinding and emergency unblinding

The treatment plan that will be administered to each participantwill
be developed using a randomized allocation sequence and then put in
numbered, opaque envelopes that have been sealed. The blinded codes
will be preserved by the drug administrator. In the case that a patient has
a severe adverse reaction and it is essential to promptly establish the
drug that was administered, a primary investigator from the research
unit will open the envelope containing that patient’s information. The
participation of the patient in the experiment will be discontinued as
soon as the data have been unmasked. The findings will be
communicated to the clinical research associate. The unmasking will
be documented, along with the cause for it and the date it took place,
and the researchers will sign the case report form.

Interventions

Patients in both groups will be given standard therapies, which
may include sedation, absolute bed rest, maintaining fluid balance,
and hemostasis. Pioglitazone group: Patients will also be given an
oral dosage of pioglitazone (approval No. GYZZ J20090134; Tianjin
Taketian Pharmaceutical Co. LTD, Tianjin, China) in addition to
standard care. Patients were allocated to receive a starting dosage of
15 mg of pioglitazone titrated to reach a targeted dosage of 45 mg
daily. Placebo control group: patients will get placebos orally (starch
tablets with the same appearance as atorvastatin) in addition to their
standard therapies. The recommended dose will be the same as for
pioglitazone. The trial’s workflow is depicted in Figure 1.

Procedures

At admission to the hospital, all patients underwent baseline
cranial CT and CT angiography (CTA) or DSA to confirm the
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diagnosis of SAH. Then, investigators recorded sex, age, Fisher
Grade Score, Glasgow Coma Scale, Hunt-Hess Scores, etc. for
each patient. The investigators completed the enrollment
assessment and random allocation as soon as possible. Following
random assignment, those in the intervention group were started on
the therapy immediately.

Outcome measures

Primary outcomes
Clinical outcome at 6 months and 12 months post-

randomization is the primary endpoint measure evaluated using
the modified Rankin Scale (mRS) through a standardized interview
(Wilson et al., 2005). Research physicians blinded to treatment
assignment performed all evaluations. Medical doctors
conducting research were instructed on how to undertake the
structured face-to-face interview to calculate the mRS score as
per standard operating procedures (SOPs). Clinical outcomes
were classified as good (mRS 0–3) or poor (mRS 4–6) after the
scores were recorded.

mRS scores
0 - no symptoms, 1 - no significant disability, carrying out all

usual activities normally while experiencing some symptoms, 2 -
slight disability, self-sufficient in taking care of basic needs but
without the skills to complete all previous activities, 3 - moderate
disability, requires some help, but able to walk unassisted, 4 -
moderately severe disability, incapable of attending to own bodily
needs without assistance, and unable to walk unassisted, 5 - severe

disability, needs constant nursing care and attention, incontinent,
and bedridden, 6 - deceased.

Secondary outcomes
The secondary outcome measures were all-cause mortality at

30 days, 6 months Montreal cognitive assessment (Mo-CA), delayed
cerebral ischemia, the serum PPAR- γ levels at 1, 3 and 7 days after
operation. duration of hospitalization, pulmonary and
cardiovascular complications, rebleeding, intensive care unit stay,
the incidence of sepsis, the occurrence of hydrocephalus, and
treatment modality used to treat the hydrocephalus.

Mo-CA
Long-term cognitive function is assessed with the Montreal

cognitive assessment (MoCA) (Ozdilek and Kenangil, 2014). The
MoCA is rated on a scale ranging from 0 to 30 points. The MoCA
threshold of 26 points is used to diagnose cognitive impairment and
a score of less than 22 is considered to indicate serious cognitive
impairment (the optimum threshold score for cognitive domain
impairments according to the MoCA) (Wong et al., 2015).

Follow-up

The follow-up duration will be 6 months and 12 months
beginning from the time when patients were randomized.
Patients will be contacted by phone and asked to come back to
the hospital for further examinations, which will include
conventional CT scans, transcranial Doppler ultrasonography,
and neurological scale evaluations. If a patient cannot be located

FIGURE 1
Flow chart of the trial.
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for follow-up, the most recent data evaluated will be used to
determine the patient’s values for the 6-month follow-up (Table 1).

Safety and serious adverse events

The following are examples of potential adverse reactions:
hyperkalemia, gastrointestinal dysfunction, immune system
dysfunction, insomnia, serum glucose disruption, pruritus, pitting
edema of the feet or legs, and abnormalities in serum transaminase
and phosphocreatine kinase. To make it easier for patients to record
accurately the shifts in their illnesses that occurred as a result of drug
usage, the doctors will avoid asking patients leading questions. In
addition to the therapeutic outcomes, any adverse events or
unforeseen adverse reactions (signs, symptoms, and lab tests) will
be noted. If there is a serious adverse event that takes place, the
researchers will quickly implement the necessary treatment
procedures. The drug will be withdrawn. The time of drug
withdrawal, time of onset, length of symptoms, response to
therapy, and the final result will all be documented. Within 24 h,

the researchers will notify the ethics committee, the Drug
Supervision and Administration Department, and any other
applicable administrative agencies of any serious adverse events.
The report will be signed and dated by the researchers.

Data monitoring body and management

This research will be carried out in compliance with the
guidelines for good clinical practice as well as the principles
outlined in the Declaration of Helsinki. An independent clinical
trial data management committee (CTDMC) composed of members
of the ethics committee, neurosurgeons, physicians, information
specialists, and intensivists will complete non-blinded evaluations of
all of the patients’ effectiveness and safety data independently,
comprising AEs and dropout rates, recorded from the time of
informed consent to 180 days after the randomization process.
The CTDMC is responsible for the examination and analysis of
clinical data and holds regular meetings to control the quality of
the trials.

TABLE 1 Outcome measures and measurement points.

Visit number Screening period Follow-up period

1 2 3 4

Research arrangement Screening In-hospital 30 days 6 months

Informed consent √

Selection criteria √

Baseline information √

General history √

Symptoms and physical examination √

GCS grading √

WFNS grading √

Hunt-Hess grading √

Conventional brain CT √ √

Transcranial Doppler √ √

Electrocardiogram √ √

Blood sugar √ √

Blood NT-proBNP √ √

All-cause mortality √

mRS score √ √

Mo-CA √ √

End point evaluation √ √ √

Adverse event evaluation √ √ √

Complications √ √ √

Intensive care unit stay √ √ √

Length of hospital √ √ √

Hospitalization costs √ √ √
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The patient’s health records will be digitized and stored on a
computer, and the data will be uploaded to the Electronic Data
Capture system (ResMan, www.medresman.org). Details
provided on the case data form will be checked for accuracy.
Any changes or corrections made will retain a clear record of the
original. When an amendment or correction is made, the
researcher will note the date, sign their name, and provide an
explanation (if required). All of the patient’s medical history,
including any alterations, deletions, or updates, will be stored
digitally. The audit trail will be secured in a way that prevents any
unauthorized changes or deletions. The clinical data
management system will have authority management such
that only authorized personnel will be allowed to operate it.
Electronic signatures are widely used in ERMs (electronic
management systems). To ensure the privacy and security of
the collected clinical data, only authorized users will be able to
access the system and enter, modify, or view the data. All
documentation shall be kept for at least 5 years following the
conclusion of the experiment, as required by the China Drug
Clinical Trial Management Specification.

Trial quality assurance and control

Quality control and assurance will be handled by CTDMC. A
clinical research associate who has been assigned by the sponsor
will make regular hospital visits to check that the study is
conducted according to plan and that all data are being
collected accurately. Before, during, and after the experiment,
the investigators will follow SOPs for clinical studies. Inspectors
will check case registration forms to ensure accurate and
complete information throughout the trial. Researchers will
receive training that will standardize their data collection and
evaluation practices. To guarantee accurate and trustworthy data,
researchers will meticulously document all data on case report
forms. Researchers will compare aberrant lab test findings to
normal reference ranges. To guarantee that the inferences are
valid and based on the original data, we will double-check all of
our observations and findings. Relevant data management
procedures will be implemented throughout the stages of
clinical trials and data analysis. Active measures will be taken
to control the dropout rate to within 20%.

Sample size estimates

According to previous clinical data and our pilot study’s
preliminary experiments, 51.9% (42/81, retrospective data) of
patients in the untreated group had a good clinical outcome
compared with 63.3% (19/30) in the intervention group. The
decision to recruit 378 patients (189 in each arm) was based on a
power analysis with an alpha of 0.05, a statistical power of 80%,
and a 10% loss to follow-up. We decided to enroll 400 patients
(200 in each arm). All of the data from the study’s baseline as well
as its outcomes were input into the database by a research nurse.
The analysis of the data was performed by the research
coordinator. The CTDMC checked the data and discussed
the findings.

Statistical analysis

SPSS 20.0 will be utilized for the analysis of all the data.
Measurement data will be expressed as the mean ± SD. After the
first half of the patients were recruited, CTDMC evaluated the safety
of the trial participants, efficacy, and overall progress of the study
and did a masked interim analysis. All patients assigned a random
number during the randomization process will be examined using
an intention-to-treat analysis. If any measurements in the medical
records or outcome measures are found to be incomplete during the
statistical analysis, the final data obtained will be considered the final
result for use in the statistical analysis.

Two-sample t-tests and odds ratios (OR) with 95% confidence
intervals (CI) are provided to identify variations across treatment
groups. The criterion for statistical significance will be set at p < 0.05.
Adjusted odds ratios (aORs) will be calculated using multivariate
logistic regression to account for the impact of the treatment facility
and any variations in baseline variables for the primary and
secondary outcomes. We also did per-protocol and as-
treated analyses.

Discussion

This protocol describes the PSSH study, which will be the first
large sample multicenter project to prospectively examine the
effectiveness and safety of Pioglitazone in patients with aSAH,
from hospital admission to 6 months follow-up. If it succeeds, it
might help patients with SAH in the long term, giving them hope
despite their complicated neurocognitive symptoms and disabilities.
It also has important clinical translational value.

In aSAH patients, neuroinflammation occurs shortly after the
bleeding and is associated with EBI, delayed cerebral ischemia, poor
functional outcome, and case fatality (Chen et al., 2021). Inhibiting
microglial and astrocyte activation with PPAR-γ agonists reduces
the release of pro-inflammatory mediators and nitric oxide (Storer
et al., 2005). Our earlier experimental SAH investigation found that
PPAR-γ upregulation after SAH may ameliorate neurological
dysfunction and alleviate EBI (Chen et al., 2019b). As a result,
PPAR-γ agonists (Pioglitazone) may emerge as a safe and successful
means of treating aSAH. Pioglitazone may be an important target to
reduce EBI and improve the long-term outcome after aSAH.

Pioglitazone’s most frequent side effects are dosage-dependent
and include nausea, vomiting, edema, and myopathy, all of which
improve after the medicine has stopped being taken by the patient.
Pioglitazone has a low incidence of side effects, and it has an
excellent safety and tolerability profile with no known safety
concerns. (Dormandy et al., 2005; Belfort et al., 2006).

Nonetheless, we believe that a well-designed large sample
multicenter trial could help us better understand the value of
Pioglitazone in aSAH patients. Our study’s findings might have
significant significance for patient care in clinical settings.

Ethics statement

The studies involving humans were approved by This trial has
received the written approval of the Medical Ethics Committee of

Frontiers in Pharmacology frontiersin.org06

Chen et al. 10.3389/fphar.2023.1323292

188

http://www.medresman.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1323292
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S-palmitoylation is a reversible posttranslational modification, and the
palmitoylation reaction in human-derived cells is mediated by the zDHHC
family, which is composed of S-acyltransferase enzymes that possess the
DHHC (Asp-His-His-Cys) structural domain. zDHHC proteins form an
autoacylation intermediate, which then attaches the fatty acid to cysteine a
residue in the target protein. zDHHC proteins sublocalize in different neuronal
structures and exert dif-ferential effects on neurons. In humans, many zDHHC
proteins are closely related to human neu-rological disor-ders. This review
focuses on a variety of neurological disorders, such as AD (Alz-heimer’s
disease), HD (Huntington’s disease), SCZ (schizophrenia), XLID (X-linked
intellectual disability), attention deficit hyperactivity disorder and glioma. In
this paper, we will discuss and summarize the research progress regarding the
role of zDHHC proteins in these neu-rological disorders.

KEYWORDS

S-palmitoylation, protein acyltransferase, zDHHC, glutamate receptor, scaffold protein,
neurological diseases

1 Introduction

Protein S-acylation is the posttranslational modification of proteins by long-chain fatty
acids with different carbon contents, such as myristic acid (C14:0), palmitic acid (C16:0),
palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), arachidonic acid (C20:4),
and eicosapentaenoic acid (C20:5) (Nuskova et al., 2023). Among them, palmitoleic acid
(C16:1) modifications are very common, so protein S-acylation is also commonly referred to
as protein palmitoylation (De and Sadhukhan, 2018). Palmitoylation was first reported in
1979 (Schmidt and Schlesinger, 1979), and at least 3,500 proteins are known to be
palmitoylated at more than 9,000 palmitoylation sites (Zhou et al., 2019). There are
three main functions of palmitoylation. First, palmitoylation increases the
hydrophobicity of a protein, leading to changes in conformation, stability, localization,
and binding affinity to cofactors (Yang et al., 2020). Second, palmitoylation ensures
structural integrity and the proper folding of proteins and restricts faulty protein
synthesis and ubiquitination-mediated protein degradation (Wang et al., 2020). Finally,
palmitoylation affects the transport of membrane-associated proteins from early secretory
sites to appropriate cellular destinations by regulating protein interactions (Hao
et al., 2020).

Traditionally, palmitoylation can be classified into N-palmitoylation,
O-palmitoylation, and S-palmitoylation depending on the site of modification.
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However, it is worth noting that of the three modifications, only
S-palmitoylation is a reversible, dynamically regulated
posttranslational modification that can be completed in
seconds to hours, while N- and O-palmitoylation are
irreversible (Rocks et al., 2010). Since S-palmitoylation occurs
more often due to its reversible nature, protein palmitoylation is
commonly refers to S-palmitoylation (Das et al., 2021). The
S-palmitoylation reaction in eukaryotic cells is mediated by
PATs (protein acyltransferases). These PATs usually contain
conserved DHHC (aspartate-histidine-histidine-cysteine)
tetrapeptides and zinc finger structural domains and are
therefore defined as proteins belonging to the zDHHC family
(Lemonidis et al., 2015). Over the past few years, the relationship
between zDHHC family proteins and neurological disorders,
including intellectual disability, HD (Huntington’s disease)
and (SCZ) schizophrenia, has been explored by using cell
culture, animal models, and zDHHC-deficient mice (Jin et al.,
2021). In this review, we will summarize recent findings on the
role of zDDHC in neurological diseases and discuss the
therapeutic potential of compounds targeting zDHHC activity.

2 The zDHHC family of protein
acyltransferases

2.1 The discovery of zDHHC proteins

Originally, palmitate was found to be present in cells as CoA
(palmitoyl-coenzyme A). However, the concentration of free
unbound acyl-CoA was not sufficient for spontaneous
S-palmitoylation (Faergeman and Knudsen, 1997). Therefore,
researchers have speculated that the palmitoylation of proteins
mainly relies on the action of enzymes. To support this view,
Erf2p, an enzyme catalyzing cysteine acyl transfer to Ras2, was
discovered in 2002 and was defined as the first PAT (Lobo et al.,
2002). Subsequently, a series of PATs, including HIP14
(Huntington-interacting proteins 14) (Lemarie et al., 2021),
SERZ-beta (Sertoli cell gene with a zinc finger domain-beta)
(Fang et al., 2006), and HIP14L (Huntingtin-interacting protein
14-like) (Lemarie et al., 2021), have been reported to play a catalytic
role in palmitoylation. Finally, it was concluded that palmitoylation
is catalyzed by low-abundance, polytopic eukaryotic integral
membrane PATs (Rana et al., 2019).

Structurally, it was found that the common feature among
PATs is a highly conserved structural domain containing DHHC
(Rocks et al., 2010). This is why some articles refer to PATs as
DHHC proteins (Ladygina et al., 2011). However, this DHHC
domain also coordinates the folding of the two Zn2+ atoms in the
zinc finger structural domain, which is essential for the structural
stability of PATs (Gonzalez Montoro et al., 2013). Therefore,
more authors have classified the family of PATs containing
DHHC structural domains as zDHHC, and this nomenclature
is used throughout the remainder of this review. At present, there
are 23 different zDHHC isoforms in the mouse and human
proteome databases, named zDHHC1 to zDHHC24, skipping
zDHHC10. All of the zDHHC proteins exhibit different self-
acylation abilities and different levels of catalytic efficiency
(Malgapo and Linder, 2021).

2.2 The structure of zDHHC proteins

The representative structure of zDHHC proteins includes the
TMD (transmembrane domain) and several conserved domains,
such as DHHC, DPG (Asp–Pro–Gly), TTxE (Thr-Thr-x-Glu), and
Montoro have identified a motif at the C terminus of DHHC
enzymes that they have named the palmitoyltransferase
conserved C-terminus (PaCCT) motif (González Montoro et al.,
2009). Most zDHHC isoforms contain four TMDs (Rana et al.,
2019). However, according to topology prediction studies, some
zDHHC members may deviate from the traditional four-TMD
construction. For example, zDHHC4 and zDHHC24 are
predicted to have five TMDs, while zDHHC13, zDHHC17, and
zDHHC23 are predicted to have six TMDs (Zaballa and van der
Goot, 2018) (Figure 1). The helices of TMDs form a cavity structure
that allows fatty acyl chains to be bound. This structure shared
among all members of the zDHHC family.

The DHHC domain is also known as the CRD (cysteine-rich
domain) because it contains 50 conserved cysteine and histidine
residue fragments. It is an important structure for catalytic reactions
(Rana et al., 2019). The zinc finger motifs shared by all zDHHC
family members form a tetrahedral coordination environment for
Zn2+ with three cysteines and one histidine of the CRD (Bonchuk
et al., 2022) (Figure 2). This structure constrains the active site of
DHHC so that Zn2+ is not directly involved in catalytic reactions
when located in this space (Reddy et al., 2017). However, the lack of
direct involvement does not mean that Zn2+ is dispensable for
zDHHC protein-mediated S-acylation. By analyzing the activity
of zDHHC3, the binding of Zn2+ to cysteine residues in the CRD
was determined to be needed for the structural integrity of zDHHC
proteins (Gottlieb et al., 2015). Although the CRD is an important
structural domain for catalytic reactions, several studies suggest that
the CRD is not involved in the specific recognition of protein
substrates (Malgapo and Linder, 2021). The role that the CRD
plays in substrate specificity remains unclear, and future in-depth
studies could be carried out on CRD-substrate complexes.

Both the C- and N-terminal ends of zDHHC proteins are located
in the inner cell membrane as C- and N-terminal cytoplasmic tails.
These cytoplasmic tails are the regions with the greatest sequence
diversity within the zDHHC protein and mediate protein‒protein
interactions, particularly facilitating substrate interactions and thus
the acyl transfer process (Jiang et al., 2018). Although the C-terminal
structural domain is more variable in zDHHC enzymes than the
CRD, this region also contains the TTxE motif and the PaCCT
motif, two structural domains that are to some extent conserved
throughout the zDHHC family. TTxE is a motif located in the short
helix segment (αʹ1) after TMD4, where x is any amino acid residue.
The Thr241 of TTxE binds to the Asp of CRD with hydrogen bonds,
and it was shown that the substitution of TTxE by the Ala-Ala-X-
Glu (AAxE) mutant significantly reduced enzymatic activity (Rana
et al., 2018a). In contrast, two mutated forms (I182S/L184V or
M189L/V190C) in relatively conserved sequences outside of the
TTxE motifs in zDHHC3 and zDHHC7 did not affect zDHHC
enzymatic activity (Greaves et al., 2017). Thus, the exact chemical
effect of this contact between TTxE and CDR on catalysis is not yet
clear. Similarly, the PaCCT motif is conserved in most zDHHC
enzymes, with the third and 11th residues being the most conserved
among the 16-residue motifs (Zaballa and van der Goot, 2018). The
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PaCCT of human zDHHC20 has 16 residue motifs (Asn257-
Gly272), among which Asn266 highly conserved interacts with
the hydrogen bonds of the Leu261 backbone and the Ser260 side
chain, and Asn266 may play an important role in the structural
integrity of the enzyme (Stix et al., 2020).

3 The catalytic mechanism of zDHHCs

Generally, PATs palmitoylate their substrates using a two-step
catalytic mechanism, often referred to as the “ping-pong”
mechanism (Rana et al., 2018a) (Figure 3A). In the first step,

FIGURE 1
The transmembrane domain and conserved sequences of the ZDHHC family. (A) Most ZDHHCs possess 4 TMDs and DHHC-CDR sequences that
are located before TMD3. The proteins are mainly distributed in the Golgi, endoplasmic reticulum, and plasma membrane. (B) ZDHHC4 and
ZDHHC24 have 5 TMDs, and the DHHC-CDR sequence is located before TMD3. They are mainly found in the Golgi and endoplasmic reticulum. (C)
ZDHHC13, ZDHHC17 and ZDHHC23 have 6 TMDs, and the DHHC-CDR se-quence is located before TMD4. They are mainly found in the Golgi,
endoplasmic reticulum, and plasma membrane.

FIGURE 2
Tetrahedral coordination environment of zDHHC-CRD. One of the purple spheres carries epitaxial Zn2+. Three Cys and one His are bound around
the spheres.
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autopalmitoylation ccurs in the zDHHC cysteine side chain, which
triggers the rapid transfer of palmitic acid to this site and the
formation of a palmitoyl-enzyme intermediate. In the second
step, this intermediate binds to the substrate, resulting in a
slower reaction step in which the acyl chain is transferred from
the zDHHC protein to the Cys on the substrate protein. Eventually,
zDHHC is regenerated and ready for the next reaction (Rana
et al., 2018a).

3.1 Autopalmitoylation of zDHHC proteins

By mutating the cysteine side chain of zDHHC proteins and
performingmass spectrometry on some zDHHCs, the autopalmitoyl
site was found to be located on the cysteine side chain of DHHC
(Collins et al., 2017). A classical inhibitor of palmitoylation, 2-BP (2-
bromopalmitate), suppresses autopalmitoylation by promoting the
alkylation of cysteines in the DHHC region, further confirming that
DHHC the a key site for catalysis reactions (Rana et al., 2018a)
(Figure 3B). The zDHHC protein crystal structure was first
discovered in human zDHHC20 and zebrafish zDHHC15,

revealing the structural basis of autopalmitoylation (Lan et al.,
2021). The active site in zDHHC20 is composed of Asp153,
His154, and Cys156, which form a linear catalytic triad-like
arrangement (Figure 3C). Asp153 polarizes His154, which acts as
a universal base and deprotonates Cys156 into a thiolate during
palmitoylation. The activated cysteine then acts as a nucleophile,
attacking the fatty acyl-CoA carbonyl carbon. After the above series
of reactions Cys156 of the zDHHC20 active site is changed to Ser156
(Figure 3D), and the zDHHC-palmitate intermediate is prepared for
the next step (Malgapo and Linder, 2021).

3.2 zDHHC protein substrate recognition

Currently, the specific recognition of substrates by zDHHC
proteins can be explained in two ways. First, all members of the
zDHHC family have specific sequences at their N- or C-terminus
that correlate with substrate recognition. For instance,
zDHHC13 and 17 have anchor protein repeats near their
N-termini that are conjugated to Huntington proteins in neurons
(Philippe and Jenkins, 2019), while zDHHC5 and

FIGURE 3
Structural illustrations of zDHHC-mediated protein palmitoylation. (A) Two-step catalytic mechanism of zDHHC proteins. CoA binds to the
cysteines of long-chain fatty acids to form fatty acyl-CoA. The first step of fatty acyl-CoA facilitates the autoacylation of zDHHC at the membrane, which
causes fatty acid lipids to bind to sulfhydryl groups in the cysteine-rich region of zDHHC. The second step brings the cysteine-carrying substrate close to
the cell membrane, ultimately binding the fatty acid to the substrate protein. (B) Structure of human zDHHC20 palmitoyltransferase, irreversibly
inhibited by 2-bromopalmitate. The surface structure of zDHHC20 is gray (PDB entry 6BML (Rana et al., 2018b)), 2-bromopalmitate is colored by element
(C-yellow, H-gray, O-red), and the side chains involved in the zDHHC20-CRD catalytic triplex are indicated by small rods and colored by element
(C-purple, H-gray, N-blue, O-red, S-yellow). 2-Bromopalmitate irreversibly binds with zDHHC20 and promotes the alkylation of cysteines on DHHC
motifs to inhibit autopalmitoylation. (C) The structure of human zDHHC20 (PDB entry 6BML (Rana et al., 2018b)) is indicated in PyMOL. TMD 1-4 is
indicated as a green helix. The two zinc ions are represented as grayish purple spheres. Side chains involved in the zDHHC20-CRD catalytic triplex are
represented by small rods and colored by element (C-purple, H-gray, N-blue, O-red, S-yellow). (D) The crystal structure of human zDHHS20 bound to
palmitoyl coenzyme A [PDB entry 7KHM (Lee et al., 2022)] is indicated by PyMOL. The zDHHC surface structure is gray, palmitoyl coenzyme A is colored
by element (C-orange, H-gray, N-blue, O-red, S-yellow), and the fatty acyl chain is inserted into a hydrophobic pocket within the transmembrane region
of the protein. The zDHHC20-CRD catalytic triplex involves a side chain indicated by a small bar that is colored by element (C-purple, H-gray, N-blue,
O-red, S-yellow). zDHHC binds to palmitoyl coenzyme A, and the cysteine at position 156 becomes a serine.
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zDHHC8 recognize specific substrates through their C-termini PDZ
domain (Thomas et al., 2012). Second, the specific structure and
amino acid sequence of the substrate can affect their recognition by
zDHHCs. For example, amino acids 93–111 in SNAP25 are a flexible
molecular spacer that ensures efficient coupling of SNAP25 to the
zDHHC17 interaction and S-acylation of SNAP25 (Salaun et al.,
2020). Finally, there is still a lack of important evidence linking
specific proteins to specific zDHHCs, which should be explored in
the future.

4 Role of zDHHCs in neurobiology

Protein palmitoylation regulates the differentiation of neural
progenitors into neurons and promotes axonal and dendritic
growth, which is essential for neuronal development (Koster and
Yoshii, 2019). In mature neurons, palmitoylation dynamically
regulates protein localization and transport between the synaptic
membrane and intracellular compartments, such as the Golgi
apparatus and ER (endoplasmic reticulum), during synaptic
plasticity (Buszka et al., 2023). As the key enzyme of
palmitoylation, the function of zDHHCs is closely related to its
distribution within neurons, which in turn affects synapse function.

4.1 zDHHC in neuronal cytosol

Neuronal development and plasticity are inextricably linked to
zDHHC regulation (Kerkenberg et al., 2021b). zDHHC is located in
multiple membrane regions associated with the ER, Golgi apparatus,
and plasma membrane (PM) (Globa and Bamji, 2017). Only a few
zDHHCs, such as zDHHC5, zDHHC8, and zDHHC14, are highly
distributed in the PM. Early biochemical and localization studies
suggested that most zDHHC enzymes reside in the ER and Golgi
apparatus (He et al., 2014). With more research, it was found that
most Golgi-localized zDHHCs are concentrated in the cis-Golgi
(Ernst et al., 2018). Since zDHHC plays an important role in the
nervous system, the subcellular localization of zDHHC in neurons
and the related functions have also become research focuses.

4.1.1 zDHHCs and the Golgi apparatus
The Golgi plays a sorting role in the secretory pathway, and the

Golgi is where most palmitoylated substrates are first palmitoylated
and then transported to other subcellular organelles, such as the PM
(Rocks et al., 2010). A variety of zDHHCs play important roles in the
Golgi. The zDHHC17 enzyme present in the Golgi can palmitoylate
the protein kinase TrpM7 and regulate embryonic development and
the pathogenesis of several common diseases (Gao et al., 2022). The
Golgi-localized palmitoyltransferase zDHHC21 has been identified
as a key enzyme controlling an acylation-dependent dual ciliary
targeting pathway (Kumeta et al., 2018). There are dramatic
differences in the substrate affinity and S-acyltransferase activity
of zDHHC enzymes. zDHHC17 and zDHHC13 are efficient at
protein binding, and zDHHC 3 and zDHHC 7 are efficient at
protein S-acylation (Lemonidis et al., 2014). zDHHC17 and
zDHHC13 exhibit very strong substrate specificity (Lemonidis
et al., 2017). zDHHC17 and zDHHC13 in the Golgi interact with
CALCOO1 and participate in the phagocytosis of advanced bodies

(Nthiga et al., 2021). zDHHC3 and zDHHC7 have different
specificities for different substrates, mainly related to their
localization in the cis-Golgi and trans-Golgi regions (Kilpatrick
et al., 2016). The role of Golgi-residing zDHHCs in neuronal
cells has also been demonstrated. Among zDHHCs, zDHHC3 is
stably localized in the Golgi apparatus (Niki et al., 2023).
JAK1 palmitoylation is important for neuronal cell medium-
dependent signaling and neuronal survival, and zDHHC3 or
zDHHC7 can bind to palmitoylated JAK1 (Hernandez et al.,
2023). zDHHC7 affects anxiety-related behaviors only in females,
a finding that may be used to understand the differences in hormone
receptors, neuronal morphology, synaptic plasticity, and molecular
signaling pathways between males and females (Kerkenberg et al.,
2021a). Disruption of the interaction between SNAP25 and
zDHHC17 leads to the loss of stable membrane binding of this
protein in neuroendocrine cells (Greaves et al., 2022).

4.1.2 zDHHCs and the ER
The ER is the site of the production of all transmembrane

proteins and lipids, including those localized in the ER itself, the
Golgi apparatus, lysosomes, intracellular vesicles, the PM, and
extracellular compartments. Proteins in the secretory pathway
contain many disulfide bonds and functional cysteines at the
S-palmitoylation site (Bechtel et al., 2020). There are also
proteins in the ER that can be dynamically regulated by
palmitoylation (Harada et al., 2020). Dynamic coupling between
mitochondria and the ER forms a new subcellular structure, the
MAM (mitochondria-associated endoplasmic reticulum
membrane), which is strongly implicated in NDs
(neurodegenerative disorders) (He et al., 2023). The ER can be
coupled to mitochondria in addition to being tethered to the PM via
junctophilins (JPH1-JPH4). It is essential for Ca regulation to trigger
neuronal excitability as well as Ca homeostasis in nonexcitable cells.
Palmitoylation may also enhance the tethering of the ER to the PM
by Junctophilins (Jiang et al., 2019). SelK (Selenoprotein K)
accelerates the transport of the palmitoylated fatty acid
transporter enzyme CD36 from the ER to the Golgi, thereby
promoting the PM distribution of CD36 in vivo and in vitro
(You et al., 2022). zDHHC6 present on the ER membrane forms
a SelK/zDHHC6 complex with SelK, an ER transmembrane protein
that has been shown to be important for ER stress and calcium-
dependent signaling, which catalyzes the transfer of fatty acids, such
as palmitic acid, to the cysteine residues of target proteins to initiate
palmitoylation. This process may be involved in the molecular
mechanisms that modulate immunity and cancer (Marciel and
Hoffmann, 2019).

4.2 zDHHCs in neuronal dendrites

zDHHCs affect dendrite growth and branching. Synaptic
activity upregulates the expression of miR-134 (microRNA-134),
which regulates dendrite growth and spine formation. miR-134
directly interacts with the mRNA encoding the palymitoyl
transferase zDHHC9. miR-134 suppresses the expression of
targets such as zDHHC9 and thus the membrane localization of
key signaling molecules (Chai et al., 2013). zDHHC9 deficiency in
hippocampal cultures results in shorter dendritic spindles and fewer
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inhibitory synapses, and zDHHC9 promotes dendritic growth by
palmitoylating the GTPase Ras and inhibiting synapse formation by
palmitoylating the other GTPase TC10 (Shimell et al., 2019).
Knockdown of zDHHC15 in primary rat hippocampal cultures
reduces dendritic growth and branching. In addition, knockdown
of zDHHC15 reduces palmitoylation of PSD-95 and its trafficking to
dendrites, resulting in an overall decrease in the density of excitatory
synapses formed on mutant cells (Shah et al., 2019). zDHHCs also
play a role in dendritic pruning and refinement. zDHHC15 is
needed for Sema3F/Nrp2 (secreted semaphorin 3F/neuropilin-2)-
dependent dendritic spine pruning and is a Sema3A/Nrp1
(semaphorin 3A/neuropilin-1)-dependent substrate. Dendritic
refinement is a necessary process (Koropouli et al., 2023).
zDHHCs also affect related dendritic proteins.
zDHHC17 palmitoylation is essential for the localization and
function of ankyrin-B in dendrites (Gupta and Jenkins, 2023).
zDHHC8 increases the stability of AnkG-190 (190 kDa isoform)
dendrites (Piguel et al., 2023). Neuronal activity also mediates the
regulation of dendritic palmitoylation by zDHHCs. With altered
neuronal activity, zDHHC5 is internalized from the synaptic
membrane to the dendritic shaft and contributes to dendritic
shaft δ-catenin palmitoylation (Brigidi et al., 2015).

4.2.1 zDHHCs and glutamate receptors
In the vertebrate central nervous system, GluR (glutamate

receptors) play a central role in excitatory synaptic transmission
and plasticity in the brain and are critical for memory formation,
learning, emotion and behavior (Sohn and Park, 2019). GluRs are
composed of ionotropic and metabotropic GluRs (mGluRs and
iGluRs). Among them, iGluRs mainly include AMPARs (α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate-type receptors)
and NMDARs (N-methyl-D-aspartate-type receptors), which are
mainly responsible for glutamate-mediated postsynaptic excitation
of neurons (Mori and Mishina, 2003).

Palmitoylation regulates the synaptic expression, intracellular
localization, and membrane trafficking of iGluRs in neurons, and
the dysregulation of iGluR palmitoylation can lead to brain
disorders such as seizures (Hayashi, 2021). AKAP150 (A Kinase-
anchored protein 150) organizes kinases and phosphatases to
regulate AMPARs, which are critical for synaptic plasticity.
Palmitoylation of AKAP150 controls its subcellular localization to
maintain palmitoylation of AKAP150 to maintain proper basal and
activity-dependent regulation of synaptic AMPAR subunit composition
(Purkey et al., 2018). Upregulated expression of ZDHHC2 contributes
to the upregulation of AKAP150 palmitoylation and accumulation of
the AMPAR GluA1 subunit in inflammation model mice,
demonstrating a potential therapeutic strategy for persistent pain
and inflammation (Li et al., 2021). NMDARs play a key role in
synaptic signaling in HD. In the YAC128 mouse model, enhanced
activity of extrasynaptic 2B-NMDAR (GluN2B-type NMDAR) in
striatal neurons leads to increased activation of the cell death
pathway, which predisposes the striatum to degeneration. Altered
regulation of GluN2B palmitoylation levels by zDHHC17 may
contribute to the cell death signaling pathway in HD (Kang et al., 2019).

zDHHC3 can modulate the synaptic clustering of glutamate
receptors (Shah et al., 2023). Moreover, overexpression of
zDHHC3 leads to the overpalmitoylation of the AMPAR subunit
GluA1, preventing its activity-dependent migration to the PM. As a

result, the AMPAR current amplitude decreases, inhibiting synaptic
plasticity and hippocampus-dependent memory and, therefore,
affecting learning and memory (Spinelli et al., 2017). Abnormal
GluA1 palmitoylation of synaptic AMPARs leads to
hyperexcitability and thus to seizures (Itoh et al., 2018). zDHHC
regulation of AMPARs GluA1 must be at an appropriate scale when
treating pain to ensure that it does not affect learning and memory
or induce seizures. It was also found that zDHHC3 is a target of miR-
134-3p. miR-134-3p is involved in aluminum neurotoxicity by
targeting the zDHHC3-AMPARs axis, which could serve as a
potential biomarker or useful target (Song et al., 2023).

In addition to its role in iGluRs, zDHHCs play an important role
in the regulation of mGluRs. Palmitoylation of Erα (estrogen
receptor α) and Erβ (estrogen receptor β) in the nervous system
is needed for membrane surface localization and the mediation of
downstream signaling via mGluR activation (Meitzen et al., 2019).
zDHHC7 and zDHHC21 have been implicated in this signaling
mechanism (Tonn Eisinger et al., 2018).

4.2.2 zDHHCs and scaffold proteins
Scaffold proteins regulate coordinated neurotransmission by

immobilizing and aggregating receptors and adhesion molecules.
zDHHCs canmediate a variety of scaffolding proteins, which in turn
affects neural signaling. Gephyrin is a core scaffolding protein of
many inhibitory synapses that aggregates glycine as well as a major
subgroup of GABA receptors, GABAARs (GABA type A receptors).
Palmitoylation of gephyrin by zDHHC12 contributes to the
dynamic and functional regulation of GABAergic synapses
(Dejanovic et al., 2014). Ankyrin-B is an intracellular scaffolding
protein that is localized in dendrites and axons in mature neurons,
and zDHHC17 is a key mediator of ankyrin-B palmitoylation in
heterologous cells and neurons (Gupta and Jenkins, 2023). Early
study uncovered a critical role for PSD-95 (protein postsynaptic
density protein 95) palmitoylation in regulation of synaptic
AMPARs content (El-Husseini Ael et al., 2002). Increased PSD-
95 palmitoylation is associated with increased levels of surface
AMPARs (Jeyifous et al., 2016). Dynamic modulation of
palmitoylation of PSD-95 can modulate AMPARs (Chowdhury
and Hell, 2019). The scaffolding PSD-95, whose palmitoylation is
mediated by zDHHC-2, -3, -7, and -15, regulates the integration and
stability of AMPAR in excitatory postsynaptic membranes (Shah
et al., 2019; Liu et al., 2022). zDHHC2 moves to the postsynaptic
density in an activity-sensitive manner and mediates the
palmitoylation of PSD-95. This process increases the
accumulation of synaptic PSD-95 and AMPAR in response to
activity blockade, which promotes homeostatic plasticity (Fukata
and Fukata, 2010). The S-acyltransferase zDHHC2 mediates the
dynamic S-acylation of PSD-95 and AKAP79/150, which also affects
the synaptic targeting of AMPA receptors (Salaun et al., 2017).
Moreover, IL-6 upregulates the expression of zDHHC2 and
zDHHC3, thereby promoting the palmitoylation of PSD-95 (Liu
et al., 2022).

4.3 zDHHCs in neuronal axons

Proper axonal growth during nervous system development is
critical for synaptic transmission and nervous sys-tem function.
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TABLE 1 Human neurological disorders and zDHHCs.

Disorder zDHHC
isoforms

Disease related
substrate

Specific substrate Subcellular
localizations

Major expression
patterns in the

brain

Alzheimer’s disease zDHHC7 APP PSD-95, GAP43, SNAP25, SNAP23, Gas, Gaq,
Gai2, CSP, GABAAg2, eNOS, STREX, Fyn,
BACE1, NDE1, NDEL1, NCAM140, sortillin,
DE10A2, CSP, GABAAg2, eNOS, NCAM,
Neurochondrin, APP, Stathmin 2/SCG10,
PPT1

Golgi cortex, olfactory bulb,
CA1 hippocampus

zDHHC12 APP Gephyrin ABCA1, APP, Gephyrin Golgi, ER

zDHHC15 Fyn APP PSD-95, GAP43, SNAP25b, CSP, GABAAg2,
Fyn, BACE1, CD151, CIMPR, sortillin, APP,
DAT, GP130, DAT

Golgi CA1 hippocampus

zDHHC21 Fyn APP Fyn, eNOS, Lck, ABCA1, APP, Gαi2, PI4KIIα,
5-HT1AR

Golgi CA1 hippocampus

Huntington’s disease zDHHC13 Huntingtin Huntingtin, GAD65, SNAP-25 Golgi, ER CA1 hippocampus

zDHHC17 Huntingtin
SPRED1 SPRED3

Lck, SNAP25, SNAP23, CSP, Huntingtin,
GluA1/2, GAD65, STREX, PSD-95,
synaptotagmin I, ClipR59, MPP1/p55, JNK,
SPRED1, SPRED3, DAT, TrpM7

Golgi Ubiquitous

X-linked intellectual
disability

zDHHC9 N-Ras, H-Ras TC10 Cofactor GCP16, needed for enzymatic
activity, STREX, H-Ras, N-Ras, TC10

Golgi, ER Ubiquitous

zDHHC15 PSD-95, GAP43, SNAP25b, CSP, GABAAg2,
Fyn, BACE1, CD151, CIMPR, sortillin, APP,
DAT, GP130, DAT

Golgi CA1 hippocampus

Schizophrenia zDHHC2 PSD-95, SNAP25, SNAP23, eNOS, Fyn,
NDE1, NDEL1, CD151, CKAP4, ABCA1,
GAP43, Tetraspanins, CD9/CD151, CKAP4/
p63, DAT

Golgi, ER cortex, CA1 hippocampus

zDHHC5 STREX, flotillin-2, GRIP1, d-catenin,
somatostatin receptor 5, δ-catenin. EZH2

Membrane Ubiquitous

zDHHC8 PSD-95 Akt eNOS, SNAP25, paralemmin-1, GAD65, PSD-
95, PSD93, ABCA1, PICK1, GRIP1, DAT, Akt

Golgi cortex, olfactory bulb,
hippocampus

zDHHC18 CDC42 H-Ras, N-Ras; H-Ras, Lck, CDC42 Golgi

Attention deficit
hyperactivity
disorder

zDHHC2 DAT PSD-95, SNAP25, SNAP23, eNOS, Fyn,
NDE1, NDEL1, CD151, CKAP4, ABCA1,
GAP43, Tetraspanins, CD9/CD151, CKAP4/
p63, DAT

Golgi cortex, CA1 hippocampus

zDHHC3 DAT PSD-95, SNAP25, SNAP23, Gas, Gaq, Gai2,
CSP, GABAAg2, eNOS, GluA1/2, GAD65,
STREX, Fyn, BACE1, NDE1, NDEL1,
NCAM140f, CaMKIg, NR2A/B,
Neurochondrin, DAT, PPT1

Golgi cortex, olfactory bulb,
hippocampus

zDHHC8 DAT eNOS, SNAP25, paralemmin-1, GAD65, PSD-
95, PSD93, ABCA1, PICK1, GRIP1, DAT, Akt

Golgi CA1 hippocampus

zDHHC15 DAT PSD-95, GAP43, SNAP25b, CSP, GABAAg2,
Fyn, BACE1, CD151, CIMPR, sortillin, APP,
DAT, GP130, DAT

Golgi Ubiquitous

zDHHC17 DAT Lck, SNAP25, SNAP23, CSP, Huntingtin,
GluA1/2, GAD65, STREX, PSD-95,
synaptotagmin I, ClipR59, MPP1/p55, JNK,
SPRED1, SPRED3, DAT, TrpM7

Golgi

Glioma zDHHC5 EZH2 STREX, flotillin-2, GRIP1, d-catenin,
somatostatin receptor 5, δ-catenin. EZH2

Plasma membrane Ubiquitous

zDHHC15 GP130 PSD-95, GAP43, SNAP25b, CSP, GABAAg2,
Fyn, BACE1, CD151, CIMPR, sortillin, APP,
DAT, GP130, DAT

Golgi CA1 hippocampus

(Continued on following page)
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However, little is known about which PATs are present in neuronal
axons. Elucidating which PATs are present in neuronal axons can
provide insights into their role in synapses. Thus, in 2020,
mammalian DRG (dorsal root ganglion) neurons were utilized to
determine the subcellular distribution of PATs, and only two PATs,
zDHHC5 and zDHHC8, were found to be present in axons (Collura
et al., 2020). Palmitoylation of proteins regulating axon growth and
branching in zDHHC8-deficient mice results in reduced axon
growth and terminal branching, and reintroduction of the active
zDHHC8 protein prevents these changes (Mukai et al., 2015). In
addition to the two types of zDHHC that have been demonstrated in
axons, there are other axon-associated zDHHCs. After ONC (optic
nerve crush), the cell bodies and distal axons of most RGCs (retinal
ganglion cells) are injured. However, zDHHC17 ensures the
integrity of distal axons in healthy optic nerves (Niu et al., 2020).
zDHHC14 colocalizes with its substrate PSD93 at axon initiating
segments and promotes its function of organizing ion channels at
this site (Sanders et al., 2020). zDHHC17 is needed for normal axon
growth in vivo and in vitro (Shi et al., 2015). Axons are critical for
synaptic transmission and nervous system function, and some
zDHHCs are localized in axons, affecting nervous system
development and function. For example, palmitoylation of δ-
catenin is critical for synaptic plasticity and memory formation.
zDHHC3-mediated ð-catenin palmitoylation also plays an
important role in the development of neuropathic pain. Blocking
this mechanism may be therapeutic for patients with neuropathic
pain (Zhang et al., 2018).

5 The role of zDHHC in
neurological diseases

Protein palmitoylation plays an important role in the regulation
of physiological functions in the brain. zDHHC enzymes involved in

palmitoylation has been shown to be regulated by
posttranscriptional modifications in terms of stability,
localization, and function. Moreover, zDHHcs have been found
to play a role in neuronal morphogenesis, thereby regulating
neurologically related diseases (Zmuda and Chamberlain, 2020).
Each zDHHC has a different substrate (Cho and Park, 2016; Globa
and Bamji, 2017). Many studies have reported that different
zDHHCs are present in different brain regions (Cembrowski
et al., 2016). They are closely associated with neurological
disorders such as (AD) Alzheimer’s disease, HD, SCZ, (XLID)
X-linked intellectual disability and (ADHD) attention deficit
hyperactivity disorder. Table 1 shows the associations between
zDHHC proteins and human neurological disorders. In the
future, these proteins can play an important role in the diagnosis
and management of related disorders.

5.1 zDHHCs in AD

AD is one of the most common neurodegenerative diseases,
manifested by cognitive decline and progressive memory loss and
characterized by neuronal dysfunction. There are two main
neuropathological features of AD associated with palmitoylation,
the most widely known of which is neurotoxic extracellular Aβ (β-
amyloid) aggregation forming amyloid plaques (Zhang et al., 2019),
and the other is intracellular NFTs (neurofibrillary tangles) (Lopes
et al., 2022).

Aβ aggregation to form amyloid plaques is mainly closely related
to APP (amyloid precursor protein) and the APP hydrolysis-related
enzymes β-secretase (β-site APP cleaving enzyme 1, BACE1) and γ-
secretase (Wang et al., 2021). APP, BACE1, and γ-secretase can all
be palmitoylated and modified or regulated by palmitoylated
proteins. Among them, Cys 186 and Cys 187 of APP can
increase the interaction of APP with lipid rafts through

TABLE 1 (Continued) Human neurological disorders and zDHHCs.

Disorder zDHHC
isoforms

Disease related
substrate

Specific substrate Subcellular
localizations

Major expression
patterns in the

brain

zDHHC19 Smad3 R-Ras, Smad3 Plasma membrane

zDHHC16 SEDT2 SEDT2 ER

Neuronal Ceroid
Lipofuscinosis

zDHHC3 PPT1 PSD-95, SNAP25, SNAP23, Gas, Gaq, Gai2,
CSP, GABAAg2, eNOS, GluA1/2, GAD65,
STREX, Fyn, BACE1, NDE1, NDEL1,
NCAM140f, CaMKIg, NR2A/B,
Neurochondrin, DAT, PPT1

Golgi

zDHHC7 PPT1 PSD-95, GAP43, SNAP25, SNAP23, Gas, Gaq,
Gai2, CSP, GABAAg2, eNOS, STREX, Fyn,
BACE1, NDE1, NDEL1, NCAM140, sortillin,
DE10A2, CSP, GABAAg2, eNOS, NCAM,
Neurochondrin, APP, Stathmin 2/SCG10,
PPT1

Golgi cortex, olfactory bulb,
CA1 hippocampus

Major depressive
disorder

zDHHC21 5-HT1AR Fyn, eNOS, Lck, ABCA1, APP, Gαi2, PI4KIIα,
5-HT1AR

Golgi CA1 hippocampus

Epilepsy zDHHC8 AMPA eNOS, SNAP25, paralemmin-1, GAD65, PSD-
95, PSD93, ABCA1, PICK1, GRIP1,
AMPA,DAT

Golgi cortex, olfactory bulb,
hippocampus
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palmitoylation, which enhances the gene processing of amyloid
proteins and leads to increased γ-secretase-mediated cleavage
(Shafi et al., 2021). Palmitoylation of BACE1 occurs at the
transmembrane and C-terminal cytoplasmic structural domains
of four cysteine residues (Cys474, Cys478, Cys482 and Cys485)
(Shah, 2020). It was demonstrated that S-palmitoylation of
BACE1 reduces Aβ deposition and thus attenuates memory
impairment in AD model mice (Andrew et al., 2017). It was also
clarified that palmitoylation of BACE1 in the cytoplasmic tail Cys
residues affects AD (Wen et al., 2022). By using a mouse model of
AD, it was confirmed that the reduced levels of insoluble Aβ and
amyloid deposition in the frontal cortex were associated with a
palmitoylated defective form of γ-secretase (Bhattacharyya
et al., 2013).

Studies on APP palmitoylation by PATs are relatively
comprehensive. Accumulating evidence has shown that members
of the zDHHC family regulate APP in two main ways, thereby
influencing the pathogenesis of AD. The first is the direct linkage of
zDHHC12 to APP. The binding of zDHHC12 to APP was verified by
immunoprecipitation, and as a result, zDHHC12 is also called APP-
interacting DHHC protein (AID) (Mizumaru et al., 2009).
zDHHC12 (or AID) inhibits APP metabolism and Aβ production
by suppressing APP transport. Nonamyloidogenic α-cleavage of
APP was dependent on zDHHC12/AID-mediated palmitoylation.
Moreover, zDHHC7 and zDHHC21 are involved in the
palmitoylation of APP. It has been shown that overexpression of
zDHHC7 and zDHHC21 increases the palmitoylation of APP in
lipid rafts, which results in APP being more susceptible to cleavage
by BACE1 and increased Aβ production (Bhattacharyya et al., 2013).

In addition to the production of amyloid plaques through Aβ
aggregation, another neuropathological feature of AD is the
formation of intracellular NFTs due to hyperphosphorylated tau,
which is caused by Fyn kinase (Lopes et al., 2022). zDHHC21 is the
PAT of Fyn (Mill et al., 2009). Recent studies that investigated
familial Alzheimer’s disease (FAD) using exome sequencing have
revealed the gene variant ZDHHC21 p.T209S. Mutating
ZDHHC21 significantly enhances Fyn palmitoylation,
contributing to the overactivation of GluN2B-containing
NMDARs, which further leads to synaptic dysfunction and
neuronal loss. Moreover, the palmitoylation of APP was also
increased, resulting in the production of Aβ (Li et al., 2023).

5.2 zDHHCs in HD

HD is an autosomal dominant neurodegenerative disease caused
by a mutation in the HTT (huntingtin) gene. The mutation is caused
when a DNA segment known as a CAG trinucleotide repeat in the
huntingtin gene is repeated more than 35 times (Group, 1993). HD
patients present cognitive, motor, and psychiatric symptoms (Sun
et al., 2017). Palmitoylation is strongly associated with HD, and it
has been determined that, compared to normal HTT, mutant HTT
has reduced levels of palmitoylation and increased huntingtin-
induced toxicity (Lemarie et al., 2021). However, the effect of
palmitoylation on HTT function and the role of HTT
palmitoylation deficiency in the pathogenesis of HD remain unclear.

First, a yeast two-hybrid screen indicated that
zDHHC17 interacts with HTT (Kalchman et al., 1996). Then, the

Akr structure located in the N-terminal region of zDHHC13 and
zDHHC17 was found to interact with HTT and regulate its transport
when fused to the N-terminus of zDHHC3 (al, 2002).
zDHHC17 and zDHHC13 (HIP14 and HIP14L) then induce
palmitoylation at HTT cysteine 214 (C214) (Huang et al., 2004).
Subsequently, in immortalized cell lines and primary neurons
carrying the palmitoylation-resistant mutation HTT (C214 to
serine, C214S) and in a YAC128 mouse model (full-length
human HTT transgenic mice with 128 CAG repeats), it was
demonstrated that zDHHC17 and zDHHC13-associated
palmitoylation are both decreased in HD, increasing susceptibility
to excitotoxicity (Singaraja et al., 2002). It was then further clarified
that the autopalmitoylation of zDHHC17 and zDHHC13 and the
palmitoylation of many synaptic substrates were also decreased in
the YAC128 mouse model (Huang et al., 2011). In the presence of
HTT mutations, the interaction of zDHHC17 and zDHHC13 with
HTT is altered, resulting in reduced palmitoylation, and it is
hypothesized that HD is a disease caused by altered
palmitoylation (Sanders and Hayden, 2015). SPRED1 and
SPRED3 have been identified as novel substrates of
zDHHC17 palmitoylated proteins and may be important in the
pathogenesis of zDHHC17-altered palmitoylated HD (Cho and
Park, 2016). The relationship between palmitoylation and HD is
unclear, and it is currently hypothesized that altered regulation of
GluN2B palmitoylation by zDHHC13may promote the apoptosis of
medium spiny neurons, which leads to the de-velopment of HD
(Kang et al., 2019)。

Targeting the palmitoylation of HTT, which is dysregulated in
HD mutations, to promote neuronal survival has received attention
as a potential clinical treatment for the disease. It has been
demonstrated that lowering mHTT levels in the brains of HD
mice does not rescue abnormal palmitoylation. However, it is
possible to normalize the palmitoylation of mHTT in HD patient
cells using acyl protein thioesterase (APT). It is also possible to
reduce mHTT aggregation and cytotoxicity in vitro by promoting
palmitoylation (Lemarie et al., 2021). Restoration of palmitoylation
levels using the APT1 inhibitor ML348 ameliorated neuropathology,
movement disorders, and anxiety-depressive behaviors. Modulation
of palmitoylation is important for the treatment of HD (Virlogeux,
2021). In addition to focusing on HTT palmitoylation, a potential
risk factor controlling the S-palmitoylation of TRPC5 channels
could modulate TRPC5 channel expression and activity,
providing new insights into novel therapeutic strategies for HD
(Hong et al., 2020).

5.3 zDHHCs in SCZ

SCZ is a psychiatric disorder with symptoms including apathy
and withdrawal as well as cognitive impairment. It has been reported
that protein palmitoylation in the dorsolateral prefrontal cortex of
SCZ patients is lower than that in normal subjects (Pinner et al.,
2020). The relationship between SCZ and zDHHC family proteins
has received extensive attention from researchers in recent years.

The zDHHC8 gene, located in the microdeletion region of
chromosome 22q11, was found to be associated with SCZ risk
(Woodin, 2001). The current study suggests that zDHHC8 may
influence cortical volume and exhibit a positive effect on SCZ
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(Ota et al., 2013). Interestingly, the correlation of zDHHC8 with
SCZ was inconsistent in different populations. A significant
association between zDHHC8 and SCZ has been demonstrated in
populations from the United States, South Africa, China, and Korea
(Shin et al., 2010). However, studies in Japanese and European
populations have shown no association between zDHHC8 and SCZ
(Saito et al., 2005). Decreased dendritic spine numbers may be a
pathogenic mechanism of schizophrenia. The loss of dendritic
spines can lead to numerous manifestations that are associated
with schizophrenia, such as poor synaptic strength and
dysfunctional connectivity (Mukai et al., 2015). The palmitate
cycle on PSD-95 modulates synaptic strength and regulates
aspects of activity-dependent plasticity (El-Husseini Ael et al.,
2002). zDHHC8-deficient mice have low spin densities during
neurodevelopment, which can be relatively normalized by the
administration of the active zDHHC8 protein, as PSD-95 is a
substrate for zDHHC8, and its palmitoylation regulates dendritic
spine density (Mukai et al., 2008). In addition to zDHHC8, analysis
of a genome-wide association study and expression quantitative trait
loci data from more than 9000 SCZ patients revealed that
zDHHC18 was one of the highest-scoring genes associated with
SCZ (Zhao et al., 2018). Moreover, researchers refined the variants of
zDHHC2 based on its identification as a candidate gene for SCZ and
validated that these variants were risk factors for SCZ in a Chinese
Han population (Zhang et al., 2020). Recently, the structure of
zDHHC5 was found to be altered in SCZ patients (Shimell et al.,
2021). The number of DHHC family members that have been found
to be associated with SCZ has continuously increased in recent years,
but the molecular mechanisms underlying their association with
SCZ have been relatively superficially studied and are an area that
should be explored in the future.

5.4 zDHHCs in XLID

Intellectual disability is characterized by significantly lower
intelligence than the general population, as well as impaired
adaptive behavior and lack of daily living skills, social skills, and
communication skills (Frints et al., 2019).

Specific RT‒PCR analysis of zDHHC15 in lymphocytes from
XLID patients showed the presence of zDHHC15 transcript variants
in patient samples, and it was hypothesized that deleting the
zDHHC15 transcript contributed to the XLID phenotype,
suggesting that zDHHC15 is a strong candidate gene for the
diagnosis of nonsyndromic XLID (Mansouri et al., 2005). A
recent study found that zDHHC15 plays a crucial role in
neuronal differentiation in zebrafish (Wang et al., 2015).
However, zDHHC15 remains one of the less-studied zDHHCs,
and its mechanism of action and relationship with XLID
remain unclear.

Compared to zDHHC15, zDHHC9 has been studied thoroughly
in the context of XLID. Loss-of-function mutations in
zDHHC9 were found in XLID patients. zDHHC9 loss of
function in hippocampal cultures leads to shorter dendritic
spindles and fewer inhibitory synapses, which alters the ratio of
excitatory to inhibitory signals in Zdhhc9-deficient cells (Raymond
et al., 2007). zDHHC9 mutation alters the expression level and
cellular localization of H-Ras and N-Ras in membrane-localized

GTPases (guanosine triphosphate hydrolases), regulates dendritic
growth, and promotes inhibitory synapse formation by
palmitoylating TC10 (Raymond et al., 2007). Two naturally
occurring variants of zDHHC9 reduce the steady-state levels of
zDHHC9 self-palmitoylation through different mechanisms,
affecting palmitoylation target proteins involved in intellectual
development (Mitchell et al., 2014). zDHHC9 mutation
inactivates its PAT activity, which is associated with impairment
of language and memory in XLID (Kouskou et al., 2018). Activation
and stabilization of zDHHC9 requires an accessory protein, GCP16,
which stabilizes zDHHC9 by preventing zDHHC9 aggregation
through the formation of the zDHHC9-GCP16 protein complex.
zDHHC9 mutations associated with XLID lead to reduced protein
stability and zDHHC9-GCP16 complex formation capacity
(Nguyen et al., 2023). In the future, target proteins associated
with XLID can be identified from the substrates of stabilized
zDHHC9, which will be important for the future diagnosis and
treatment of XLID.

5.5 zDHHCs in ADHD

ADHD is a heterogeneous neurodevelopmental disorder with a
high degree of heritability characterized by inattention,
hyperactivity, and impulsivity, which are also present in high
novelty responses (Schlag et al., 2022). Several studies have
confirmed that ADHD is associated with an imbalance in DA
(dopamine) (Vazquez et al., 2022). Both the DAT (DA
transporter) and DA receptors, which are associated with DA
homeostasis, have been shown to be palmitoylated (Rastedt
et al., 2017).

The D1 dopamine receptor belongs to the class A superfamily of
GPCRs (G protein-coupled receptors), and both Cys347 and
Cys351 of the D1 receptor are palmitoylated (Zareba-Koziol
et al., 2018). Palmitoylation may be involved in directing agonist-
dependent internalization of D1 receptors via a selective endocytic
pathway (Kong et al., 2011). In addition to DA receptors, DAT has
also been shown to undergo palmitoylation (Zeppelin et al., 2021).
Cys580 was identified as a major palmitoylation site on DAT (Foster
and Vaughan, 2011). By using 2BP to examine the functional
ramifications of DAT palmitoylation, it was found that
Cys580 palmitoylation enhanced the kinetic capacity of DAT,
stabilized the metabolism of DAT, and controlled the long-term
total transporter level (Foster and Vaughan, 2011).

Palmitoylation of DATwas enhanced by the expression of PATs,
including zDHHC2, zDHHC3, zDHHC8, zDHHC15 or zDHHC17
(Bolland et al., 2019). zDHHC15 knockout mice showed normal
spatial learning and working memory abilities but a significant
increase in novelty-induced locomotion in an open field. During
the habituation phase to the new environment, striatal dopamine
levels decreased, but extracellular dopamine levels increased. This
finding suggests that ZDHHC15-mediated palmitoylation is a novel
regulatory mechanism of dopamine in the striatum (Mejias et al.,
2021). zDHHC15b is homologous to human zDHHC15, and its
expression is upregulated during DA neuron differentiation,
whereas knockdown of zDHHC15b reduces DA neuron
differentiation and thereby affects DA neuron fate determination
(Wang et al., 2015). Among these PATs, zDHHC15 at human
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Xq13.3 is not only associated with XLID but also closely related to
ADHD (Wang et al., 2015).

5.6 zDHHCs in glioma

Glioma is a highly aggressive and highly lethal malignant tumor
of the central nervous system (Liu et al., 2021). In particular,
glioblastoma, a grade IV glioma, is the most aggressive primary
brain tumor, with a recurrence rate of up to 90% and a survival rate
of only 15 months after diagnosis (Patro et al., 2022). Abnormal
protein palmitoylation of glioma brain tissue compared to normal
brain tissue in the central nervous system correlates with the
abnormal expression of some zDHHCs in gliomas (Tang
et al., 2022a).

In vivo and in vitro experiments have shown that in gliomas with
mutations in human TP53 (tumor protein P53), zDHHC5 mediates
enhancer of EZH2 (zeste homolog 2) palmitoylation, leading to an
altered phosphorylation state of EZH2 that drives glioma
development (Gong et al., 2023). Overexpression or knockdown
of zDHHC5 affected cell growth, the cell cycle, self-renewal and
invasiveness, and the expression level of zDHHC5 was inversely
associated with the overall survival of glioma patients (Chen et al.,
2017). Propofol promotes glioma growth through zDHHC5 and
EZH2, and tight control of Propofol dosage in the clinic leads to
better prognosis for patients after surgical removal of tumors (Fan
et al., 2022a). Upregulation of both the mRNA and protein
expression of zDHHC9 in gliomas correlates with tumor grade
(Zhang et al., 2021). Glioma patients with high expression of
zDHHC9 have shorter survival prognosis. Knockdown of
zDHHC9 in an athymic nude mouse model bearing glioma
enhances the survival time of mice (Zhang et al., 2021).

Some zDHHCs have important implications in the
immunotherapy of gliomas. zDHHC12 is also aberrantly
expressed in gliomas, and knockdown of zDHHC12 reduces
glioma cell survival, while overexpression of zDHHC12 not only
promotes glioma cell growth but is also associated with immune cell
infiltration (Lu et al., 2022). In gliomas, immune cell infiltration
leads to immunotherapy resistance. Therefore, the role of
zDHHC12 in gliomas may have therapeutic implications for
glioblastoma immunotherapy (Tang et al., 2022b). zDHHC17 is
also aberrantly expressed in gliomas, and it has been determined that
the zDHHC17/MAPK signaling module is essential for promoting
radiotherapy resistance in gliomas. It has been determined that
genistein can inhibit the zDHHC17/MAPK signaling module, thus
reducing radiotherapy resistance in gliomas (Chen et al., 2020).

Some zDHHCs can also be prognostic biomarkers for glioma
patients. zDHHC11 and zDHHC22 are favorable prognostic
markers, while upregulated expression of zDHHC4 predicts a
poor prognosis for patients (Tang et al., 2022b). Recent studies
have confirmed a clear link between high zDHHC15 expression and
the malignant glioma phenotype, and zDHHC15 plays a key role in
promoting the proliferation and migration of glioma cells by
activating the STAT3 signaling pathway. Researchers have also
suggested that zDHHC15 may be a new prognostic biomarker
for patients with glioma and that targeting zDHHC15 could
provide a promising strategy for the treatment of glioma (Liu
et al., 2023). Local anesthetics may attenuate

zDHHC15 transcription, reduce GP130 palmitoylation levels and
membrane localization, and thus inhibit IL-6/STAT3 signaling
activation. Therefore, local anesthetics may become an option for
the treatment of glioblastoma (Fan et al., 2021b).

Some zDHHCs can precisely target gliomas in specific settings.
It is of concern that gliomas have different subgroup compositions
with plasticity and substantial heterogeneity, which is one of the
reasons why genomic analyses have not been successful in guiding
the development of precision medicine for these tumors (Nicholson
and Fine, 2021). zDHHC18 and zDHHC23 can target different
subpopulations of glioma stem cells in specific settings (Chen et al.,
2019). zDHHC18 is a mesenchymal glioma stem cell marker,
whereas zDHHC23 is a glioma stem cell marker. zDHHC18 is
localized in the necrotic zone. In contrast, zDHHC23 is
distributed at the border of human glioma tissue (Tang et al.,
2022b). zDHHC19-mediated Smad3 palmitoylation promotes the
activation of the transforming growth factor-β signaling pathway,
and its interaction with EP300 upregulated the expression of
mesenchymal markers in the mesenchymal GBM subtype. This
study also provides an important therapeutic target for the
treatment of gliomas (Fan et al., 2021a). In glioma tissue, not all
abnormal zDHHCs were overexpressed compared to those in
normal brain tissue, and zDHHC16 was significantly
downregulated compared to that in normal brain tissue. The
survival time of glioma patients with low expression of
zDHHC16 and high expression of epidermal growth factor
receptor was shorter than that of patients with high expression of
zDHHC16 and low expression of epidermal growth factor. In
addition, zDHHC16 can mediate the palmitoylation of SET
domain-containing 2 (SEDT2). Elevated palmitoylation of
SEDT2 by palmitate B restored zDHHC16 and may be useful for
the treatment of patients with glioblastoma due to epidermal growth
factor receptor amplification (Fan et al., 2022b).

5.7 zDHHCS and other
neurological disorders

In addition to the above neurologic disorders, there are other
neurologic disorders associated with zDHHC. Mutations in the
depalmitoylase gene PPT1 cause infantile NCL (neuronal ceroid
lipofuscinosis), an early-onset neurodegenerative disease.
zDHHC3 and zDHHC7 induce the palmitoylation of PPT1 in
vivo, and the palmitoylation of PPT1 leads to a decrease in its
activity, which indirectly leads to a subsequent increase in the
amount of palmitoylated proteins. This positive feedback loop
likely triggers a vicious cycle that exacerbates disease progression
(Segal-Salto et al., 2016). Serotonin 1A receptor (5-HT1AR) is
associated with MDD (major depressive disorder) and 5-HT1AR
palmitoylation is decreased in depressive patients. Moreover, the
expression of zDHHC21 is positively correlated with the
palmitoylation of 5-HT1AR (Gorinski et al., 2019). Mutations in
the zDHHC15 gene are thought to cause several
neurodevelopmental disorders, such as hypotonic cerebral palsy,
autism, epilepsy, and intellectual disability (Lewis et al., 2021).
Recently, zDHHC15 has been recognized as a candidate gene for
autism spectrum disorder (ASD). New evidence also suggests that
this gene may be associated with other neurodevelopmental
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disorders (Casellas-Vidal et al., 2023). zDHHC8 may be associated
with epileptic seizures in humans, and knockdown of zDHHC8 may
have anti-epileptogenic effects on drug-resistant epilepsy. Epilepsy
could be treated in the future by modulating AMPA/GluA1-
mediated neurotransmission (Yang et al., 2018).

6 Future prospects

By studying the role of palmitoylation in neurological disorders,
it is known that in neurons, zDHHC binding to the corresponding
substrate canmodulate neuronal morphology and synaptic plasticity
and thus affect signaling in the nervous system. However, the degree
of study of zDHHC family substrates is relatively unequal. For
example, zDHHC13 and zDHHC17 are relatively well studied, but
there are also zDHHC family members, such as zDHHC8, zDHHC9,
zDHHC15, and zDHHC18, whose substrates are still unclear. Some
enzymes have a wide range of target proteins, while others are highly
specific, and there is a lack of detail concerning enzyme-substrate-
specific recognition, which has hampered the understanding of the
role of palmitoylation in the regulation of neurological functions.
This role can be explored by sequencing and other means to further
identify the substrates of the zDHHC family, and the structures of
the relevant zDHHC enzymes and corresponding substrates can be
determined by X-ray crystallography or cryo-electron microscopy
(cryo-EM), which can lead to the clarification of the molecular
mechanisms by which palmitoylation modulates the function of the
nervous system. Different neurological disorders arise as a result of
mutations, aberrant expression, or direct or indirect aberrant
regulation of zDHHCs. There are 23 members of the zDHHC
family, of which several have been found to be associated with
neurological disorders, and the presence of abnormalities in
different zDHHCs increases the likelihood of neurological
disorders. Using zDHHCs in the diagnosis and treatment of
neurological diseases is a direction that needs to be investigated
in the future, and new ideas and methods that restore zDHHC
functioning in neurological diseases can be explored from the
following using the fol-lowing three aspects: 1) Focus on
posttranslational modifications that modify zDHHCs and
regulate zDHHC pal-mitoylation by modulating the
corresponding posttranslational modifications. 2) Develop novel
high-throughput assays for the discovery of zDHHC-associated

inhibitors. However, the role of zDHHC in the nervous system
needs to be accounted for when proceeding with the clinical
application of inhibitors for zDHHC-associated diseases. 3) Ma-
nipulate specific substrates for zDHHC conversion to alter the state
of individual protein palmitoylation.
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Ischemic stroke is a prevalent clinical condition affecting the central nervous system,
characterizedby ahighmortality anddisability rate. Its incidence is progressively rising,
particularly among younger individuals, posing a significant threat to human well-
being. The activation and polarization of microglia, leading to pro-inflammatory and
anti-inflammatory responses, are widely recognized as pivotal factors in the
pathogenesis of cerebral ischemia and reperfusion injury. Traditional Chinese
herbal medicines (TCHMs) boasts a rich historical background, notable efficacy,
and minimal adverse effects. It exerts its effects by modulating microglia activation
and polarization, suppressing inflammatory responses, and ameliorating nerve injury
through the mediation of microglia and various associated pathways (such as NF-κB
signaling pathway, Toll-like signaling pathway, Notch signaling pathway, AMPK
signaling pathway, MAPK signaling pathway, among others). Consequently, this
article focuses on microglia as a therapeutic target, reviewing relevant pathway of
literature on TCHMs to mitigate neuroinflammation and mediate IS injury, while
also exploring research on drug delivery of TCHMs. The ultimate goal is to provide
new insights that can contribute to the clinical management of IS using TCHMs.

KEYWORDS

natural compounds in traditional Chinese herbal medicines, microglia, ischemic stroke,
signaling pathway, inflammatory response, drug-delivery systems

1 Introduction

Ischemic stroke (IS) is a prevalent central nervous system disorder characterized
by elevated mortality and disability rates, posing a significant threat to human
wellbeing. Currently, thrombolysis stands as the primary clinical intervention
(ANTTILA et al., 2017). Nevertheless, due to the limitation of thrombus autolysis
or the time window of thrombolytic drugs, leading to subsequent neuronal damage
caused by cerebral ischemia-reperfusion injury. The pathogenesis of cerebral ischemia
and reperfusion injury is intricate in nature. Interfering with the activation of
microglia or its subsequent overactivation is believed to play a crucial role in the
pathogenesis of cerebral ischemia and reperfusion injury (LIU et al., 2017). As a
resident immune cell in the brain, microglia promptly initiate phagocytosis of
pathogens and tissue repair following injury stimulation. Nevertheless, the
excessive activation of microglia results in the release of numerous pro-
inflammatory factors and neurotoxic substances, thereby triggering a cascade
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amplification of the inflammatory response and contributing to
the development of cerebral ischemia and reperfusion injury
(LIU et al., 2017). The modulation of microglia overactivation
and polarization phenotype, as well as the inhibition of the
inflammatory cascade, present a promising avenue for the
treatment of cerebral ischemic injury. Traditional Chinese
herbal medicines (TCHMs) offer notable advantages such as
enhanced safety, minimal side effects, and proven efficacy.
Additionally, their multi-target and multi-channel
characteristics make them suitable for addressing the intricate
pathological mechanisms underlying cerebral ischemia and
reperfusion injury. Consequently, the development of TCHMs
specifically targeting microglia mediated IS has emerged as a
pressing issue in need of resolution. Interfering with the
activation of microglia or its subsequent overactivation is
believed to play a crucial role in the pathogenesis of cerebral
ischemia and reperfusion injury. As a resident immune cell in
the brain, microglia promptly initiate phagocytosis of pathogens
and tissue repair following injury stimulation. Nevertheless, the
excessive activation of microglia results in the release of
numerous pro-inflammatory factors and neurotoxic
substances, thereby triggering a cascade amplification of the
inflammatory response and contributing to the development of
cerebral ischemia and reperfusion injury.

This paper aims to discuss the biological characteristics of
microglia, their relationship with cerebral ischemia injury, the
associated inflammatory signaling pathways, and the research on
drug delivery of TCHMs. The objective is to offer insights and
references for the advancement of novel drugs for clinical
treatment of IS.

2 Biological characteristics of microglia

In the late 19th century, the identification and characterization of
microglia, also referred to as ‘rod cells’, revealed their reactive,
migratory, proliferative, and phagocytic properties within the brain
(NAYAK et al., 2014). Santiago Ramon y Cajal distinguished microglia
as one of the three primary components of the nervous system, distinct
from neurons and glial cells, originating from the mesoderm.
Subsequently, Del Rio-Hortega officially designated them as
microglia (LOW and GINHOUX, 2018). Extensive research has
demonstrated the widespread distribution of microglia throughout
the brain and spinal cord, constituting approximately 5%–10% of all
brain cells (HICKMAN et al., 2018). Microglia exhibit morphological
characteristics similar to macrophages, and the presence of the
macrophage marker integrin CD11b has been observed in both
human and mouse microglia. Consequently, microglia have been
identified as macrophages associated with the brain (CUADROS
et al., 2022). Furthermore, genetic investigations have demonstrated
that the absence of the transcription factor PU.1, crucial for myeloid cell
development, impedes the maturation of microglia (PERRY et al.,
1985). This finding suggests that microglia originate from
hematopoietic cells in the bone marrow and are generated by
progenitor cells in the embryonic yolk sac during the early stages of
embryogenesis, and that it works with the blood-brain barrier (BBB) to
maintain brain homeostasis (LEAVY, 2010; AGUZZI et al., 2013;
CUADROS et al., 2022). Under normal physiological conditions,
microglia remain in a quiescent state and exhibit a branched
morphology. They navigate through the brain parenchyma by
incessantly oscillating their slender protrusions on the surface,
thereby surveilling alterations in the microenvironment and
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upholding the homeostasis of the central nervous system (ZHANG,
2019). Conversely, in pathological circumstances, microglia can
undergo prompt activation, proliferation, and subsequent migration
towards the site of injury. This leads to an enlargement of the cell body,
reduction in process length, and a transition from a branched to an
amoeboid morphology (LIU et al., 2019). In various
microenvironments, activated microglia have the ability to undergo
polarization into two distinct phenotypes known as ‘classically
activated’ M1 and ‘alternatively activated’ M2 (LIU et al., 2018a).
M1 microglia exhibit a pro-inflammatory function by enhancing
phagocytosis and pathogen elimination, as well as promoting tissue
repair. However, excessive activation of M1 microglia can lead to the
release of harmful substances such as interleukin (IL), tumor necrosis
factor (TNF-α), inducible nitric oxide synthase (iNOS), and reactive
oxygen species (ROS). This release triggers a series of inflammatory
cascades, exacerbating the extent of damage (LIU et al., 2017; LOW and
GINHOUX, 2018). M2 macrophages exert anti-inflammatory effects
through the secretion of anti-inflammatory mediators (IL-4, IL-10, IL-
13) and neurotrophic factors, thereby mitigating inflammation,
safeguarding neurons, and facilitating tissue regeneration (LOW and
GINHOUX, 2018; XUE et al., 2021).

3 Relationship between microglia and
ischemic stroke

Following cerebral ischemia injury, dying neurons release
matrix metalloproteinases, α-synuclein, and neuromelanin to
attract and stimulate microglia, which then phagocytose damaged
neurons and debris, thereby mitigating brain tissue damage (LI et al.,
2021a). However, in the case of cerebral ischemia and reperfusion
injury, the persistent activation of microglia within the brain not
only triggers a pronounced inflammatory response but also initiates
a cascade of reactions including oxidative stress, endoplasmic
reticulum stress, and apoptosis (ZARRUK et al., 2018; TIAN and
MAO, 2022). Clinical data demonstrate that the activation of
microglia is observable throughout all stages of IS development
(GULYÁS et al., 2012). Animal models reveal that microglial cells
undergo dynamic changes temporally and spatially as the disease
advances, and their alterations are associated with the severity of IS
(WANG et al., 2023a). Importantly, it should be emphasized that
microglial activation and polarization in IS possess a dual nature,
encompassing both neuroprotective properties and the capacity to
inflict nerve damage. Previous research has demonstrated that
during the subacute phase of cerebral ischemia, M1 microglia,
which are responsible for initiating the inflammatory response,
become activated and contribute to the progression of
inflammation (WANG et al., 2023b). Conversely, the release of
M2 microglia during ischemic recovery has been shown to play a
role in stroke repair (LIU X. et al., 2018). Consequently, modulating
the polarization of microglia towards M2 and inhibiting their
polarization towards M1 during cerebral ischemia and
reperfusion injury may be beneficial in mitigating the damaging
effects of inflammation (JIANG et al., 2021). By maintaining a
balance between pro-inflammatory and anti-inflammatory
responses through the regulation of M1/M2 microglia
polarization in the brain, saving cerebral ischemia and
reperfusion injury and helping tissue repair and remodeling are

particularly important treatment methods. In addition, studies have
also found that the number of activated microglia is positively
correlated with the degree of cerebral ischemia and reperfusion
injury, especially in the cerebral ischemic penumbra, and its
excessive activation further leads to the aggravation of brain
edema (ZARRUK et al., 2018). The activation and polarization of
microglia, along with the resulting inflammatory response, are
regarded as pivotal factors in the pathogenesis of cerebral
ischemia and reperfusion injury. Consequently, the activation of
microglia to induce a neuroinflammatory response is also being
explored as a potential therapeutic approach.

4 The mechanism of TCMHs
intervention in microglia and its related
signaling pathways in the treatment of
ischemic stroke

4.1 1NF-κB signaling pathway

The nuclear factor-kappa B (NF-κB) pathway is known to have a
significant impact on the occurrence of cerebral ischemic injury, as it
is capable of inducing microglia polarization and initiating an
inflammatory response (DORRINGTON and FRASER, 2019). In
pathological circumstances, the inhibitor of NF-κB (IκB) undergoes
phosphorylation and degradation, leading to the release of the NF-
κB subunit p65 into the nucleus, thereby activating microglia and
initiating an inflammatory response (DORRINGTON and FRASER,
2019; HE et al., 2019). Furthermore, cerebral ischemia-induced
elevation of ROScan stimulate the activation of NF-κB, thereby
facilitating the inflammatory response. Notably, microglia exhibit a
high expression of NADPH oxidase (respiratory burst oxidase
homologue, Rboh), which serves as the primary source of ROS.
Consequently, inhibition of the NF-κB signaling pathway, reduction
in Rboh activity, and subsequent decrease in ROS production within
microglia can be achieved and the downregulation of
proinflammatory mediators is regarded as a viable therapeutic
strategy for the treatment of cerebral ischemia (NAM et al., 2010;
WU et al., 2018; MI et al., 2021).

Salvianolic acid A (SalA), an active component of Salvia
miltiorrhiza, exhibits notable antioxidant, anti-inflammatory, and
anti-thrombotic properties, rendering it efficacious in treating
various central nervous system disorders (CHOI et al., 2017;
ZHANG et al., 2018a; FENG et al., 2020). Research indicates that
SalA hinders the nuclear translocation of NF-κB, diminishes the
phosphorylation level of IκBα, suppresses NO production and iNOS
protein expression in lipopolysaccharide (LPS)-induced mouse
small glioma cell line (BV2), downregulates TNF-α, IL-1β, and
IL-6, ameliorates nerve function impairment, and mitigates
inflammation (HUANG et al., 2023). Anisalcohol, Kellerin,
Neocryptotanshinone, and other TCHMs have been found to have
the ability to interfere with the NF-κB pathway. This interference
leads to a reversal of the inflammatory response induced by
microglia polarization, achieved by increasing the expression of
M2 markers of microglia (CD14, CD206, YM1/2, Arg1) or
decreasing the expression of M1 markers of microglia (CD16,
CD32, CD40, CD68, CD86, iNOS). Consequently, the release of
pro-inflammatory factors such as TNF-α, interleukin-1β (IL-1β),
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and interleukin-6 (IL-6) is reduced, while the expression of anti-
inflammatory factors such as TGF-β, IL-4, and IL-10 is increased.
This modulation of cytokine expression ultimately leads to an
improvement in brain tissue injury. Further details regarding the
specific mechanisms involved can be found in Table 1 and Figure 1.

4.2 Toll signaling pathway

Toll-like receptors (TLRs) are a class of transmembrane proteins
with type I topology, comprising three distinct components:
extracellular regions responsible for the recognition of extracellular
pathogens and signals of tissue damage, transmembrane regions, and
intracellular regions involved in the transmission of downstream
signals (CHEN et al., 2023a). The TLR family encompasses TLR1-
10, and the intracellular region of TLR initiates the activation of
signaling pathways by interacting with adaptor molecules that possess
Toll/interleukin-1 receptor (TIR) domains, such as MyD88, TIRAP,
TRIF, and TRAM (ZHANG et al., 2020a). TLR4 represents a pivotal
receptor involved in the activation and functioning of microglia,
which have been observed to undergo activation subsequent to
ischemic brain injury, thereby leading to an upregulation in the
expression of TLR4. It is a crucial receptor involved in the
activation and functioning of microglia. Research has
demonstrated that microglia become activated following ischemic
brain injury, leading to an upregulation of TLR4 expression. This
activation triggers the intracellular MyD88-dependent signal

transduction pathway, resulting in the rapid phosphorylation of
IκB and subsequent dissociation of NF-κB, allowing it to enter the
nucleus. Additionally, TLR4 can collaborate with activator protein 1
(AP-1), which becomes activated through the phosphorylation of
p38 and ERK1/2 (CHEN et al., 2023a). This collaboration promotes
the release of pro-inflammatory cytokines such as TNF-α, IL-1, IL-6,
IL-8, and IL-12, leading to a cascade of inflammatory responses
(WANG et al., 2016; ZHANG et al., 2020a; CHEN HD. et al.,
2023). Therefore, the loss of TLR4 function may play a
neuroprotective effect (CHEN HD. et al., 2023).

Gardenia, a traditional Chinese medicine, is utilized for medicinal
and dietary purposes. The active component, Geniposide (GEN), has
been scientifically demonstrated to possess anti-inflammatory,
antihypertensive, and neuroprotective properties (WU et al., 2019).
The researchers employed various concentrations of gardennia side to
disrupt hypoxic/reoxygenated microglia. They discovered that a
concentration of 500 μmol/L of GEN effectively reduced the
expression of TLR4, MyD88, p-IκB, NF-κB, p-ERK1/2, and
p38 proteins in the treatment group, which exhibited significant
differences compared to the model group. These findings suggest
that GEN possesses the ability to inhibit hypoxia/reoxygenation and
activate microglia, thereby exerting an anti-inflammatory effect
through the downregulation of the TLR4-dependent pathway of
MyD88. Furthermore, it is proposed that gardenin can facilitate the
recovery of cerebral ischemia (HOU et al., 2011). Baicalin, an active
constituent of scutellaria baicalensis, exhibits similar properties to
gardeniin by diminishing microglial activity and exerting a

TABLE 1 Mechanism of intervention of microglia and NF-κB signaling pathway mediated by natural plant drugs in ischemic stroke.

Type Name Experimental model Effect↑↓ Reference

Organic acids Kellerin MCAO rat model (SD) and LPS cell
model (BV2)

↓NF-κB-p65, p-IκBα, ROS, NADPH and (CD11b) MI et al. (2021)

Flavonoids Kaempferol I/R rat model (SD) ↓NF-κB-p65, iNOS, COX-2, IL-6, IL-1β and TNF-α LI et al. (2019)

Baicalein OGD/R cell model (SH-SY5Y) and MCAO rat
model (SD)

↓NF-κB, TNF-α, IL-1β and IL-6, ↑IL-10 YUAN et al.
(2020)

Anthocyanins MCAO/R rat model (SD) ↓NF-κB-p65, NF-κB-p50, IκB, NLRP3, IL-1β, TNF-
α and IL-6

PAN et al. (2018)

Scutellarin MCAO rat model (SD) and LPS cell
model (BV2)

↓NF-κB, iNOS, IL-1β and TNF-α YUAN et al.
(2014)

Genistein-3′-sodium
sulfonate

tMCAO rat model (SD) and LPS cell
model (BV2)

↓NF-κB-p65, p-IκB, p-IKK, CD11b, CD40, CD68,
TNF-α and IL-1β

LIU et al. (2021a)

Diketones Curcumin OGD/R cell model (BMECs) ↓NF-κB-p65, IκB and IL-1β DONG et al.
(2014)

Terpenoids Neocryptotanshinone MCAOmice model (C57BL/6) and LPS/IFN-γ
cell model (BV2)

↓NF-κB-p65, NF-κB -p-P50, IL-6, IL-1β, TNF-α and
CD11 ↑CD14

ZHAI et al. (2023)

Ginsenoside Rd MCAO rat model (SD) and OGD cell
model (BV2)

↓NF-κB-p65, IκBα, IL-1β, IL-6, IL-18, TNF-α, IFN-γ
and Iba-1

ZHANG et al.
(2016)

Phenols Anisalcohol LPS cell model (BV2) ↓NF-κB-p65, p-p65, TNF-α, IL-1β and IL-6, CD16/
32 ↑TGF-β, IL-10 and CD206

XIANG et al.
(2018)

6-Shogaol 2VO mice model (C57BL/6) and LPS cell
model (BV2)

↓NF-κB-p65, p-IκB, iNOS, COX-2, IL-1β and
TNF-α

HA et al. (2012)

Glycosides Salidroside LPS cell model (BV2) ↓NF-κB-p65, IκBα and IL-8 HU et al. (2014)

Phenylpropanoids α-Asarone OGD/R cell model (BV2) ↓NF-κB-p65, NLRP3, TNF-α ↑TGF-β, IL-10 and
IL-4

XU et al. (2022)
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neuroprotective effect in the brain through the inhibition of
TLR4 pathway and downstream protein expression (HOU et al.,
2012). Polygalasaponin F (PGSF), a triterpenoid saponin compound
derived frommelon seed gold of Polygala (SUN et al., 2022), was utilized
by Shi et al. (SHI et al., 2017) to intervene lipid-induced BV-2microglia
in order to simulate a neuroinflammation model following cerebral
ischemia. The study revealed that PGSF effectively counteracted the
upregulation of Toll-like receptor 4 (TLR4) in microglia,
downregulated the expression of nitric oxide synthase (iNOS) and
cyclocycesterase-2 (COX-2) induced by cellular inflammatory
proteases, ameliorated the over-activation of microglia and the
production of neurotoxic factors, and mitigated nerve cell injury.
Furthermore, the downregulation of microglial overactivation can be
achieved through the inhibition of the TLR4 signaling pathway by
curcumin, anthocyanin, paeoniflorin, and quercetin. This intervention
leads to a decrease in the expression of ionized calcium binding adaptor
molecule 1 (Iba-1), a recognized marker of microglia, thereby
improving nerve injury. For a comprehensive understanding of the
underlying mechanisms, please refer to Table 2; Figure 1.

4.3 Notch signaling pathway

The Notch signaling pathway consists of Notch receptors, Notch
ligands, and effector molecules. Extensive research has
demonstrated that the Notch signaling pathway plays a crucial

role not only in the regulation of neurodevelopment but also in
the pathogenesis of IS (WANG JJ. et al., 2019). Previous studies have
demonstrated that the Notch signaling pathway becomes activated
following cerebral ischemia. This activation occurs when the
receptor of the pathway binds to ligands, resulting in the
recruitment of the intracellular segment of the Notch receptor
(NICD) (ZANOTTI and CANALIS, 2016). After being cleaved
twice, the NICD enters the nucleus and binds to effector
molecules, thereby regulating the transformation of microglia
into the M1 phenotype. This process also promotes the nuclear
shift of NF-κB and enhances the release of inflammatory mediators,
ultimately accelerating the progression of IS (LI QQ. et al., 2021; LI
et al., 2022). Furthermore, Guo et al. (GUO Z. et al., 2021) have
discovered that Notch can activate microglia bymediating the ligand
Jagged1, leading to the secretion of pro-inflammatory cytokines.

Curcumin(Cur), a potent compound derived from the
subterranean rhizome of turmeric, possesses notable
anticoagulant, anti-inflammatory, and neuroprotective properties
(SHAHRAJABIAN and SUN, 2023). In their study, Ye et al. (Ye
et al., 2021) observed that curcumin effectively suppresses the
expression of Notch-1, curtails the excessive proliferation of
microglia, and concurrently diminishes the levels of TNF-α and
IL-1β in rats. Consequently, curcumin aids in preserving the normal
neural function of rats experiencing cerebral ischemia-reperfusion.
Numerous studies have demonstrated the neuroprotective effects of
Gastrodin, a phenolic glycoside compound derived from Gastrodia

FIGURE 1
The NF-κB signaling pathway and Toll signaling pathway exert regulatory effects on microglia during the management of ischemic stroke. By
suppressing microglial activation, these pathways can effectively impede the transition frommicroglia to M1 phenotype or facilitate the polarization from
M1 to M2 phenotype, consequently safeguarding cerebral nerves and diminishing the secretion of inflammatory mediators. In this context, red signifies
inhibition, while green signifies promotion.
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elata, in the context of ischemic brain injury (XIAO et al., 2021).
Previous research has demonstrated that the inhibition of the
activation of the Notch signaling pathway can effectively decrease
the recruitment of NICD. Consequently, this downregulates the
expression of downstream recombining binding protein suppressor
of hairless (RBP-JK), the transcription factor hairy and enhancer of
split-1 (Hes-1), and TNF-α. This regulatory mechanism ultimately
contributes to the amelioration of brain tissue damage resulting
from the release of inflammatory factors (GUO et al., 2021b; YANG
et al., 2023). Vinpocetine (Vin) is an alkaloid compound derived
from Vinca minor L, known for its neuroprotective properties
against cerebral ischemia-induced neuronal damage in rats
(ZHANG et al., 2018b). The experiment demonstrated that the

administration of Vin to cerebral ischemia rats resulted in a decrease
in the protein expressions of Notch-1, NICD, and Jagged-1 in the
hippocampus. At the same time, the presence of Iba-1 was observed,
and the immunofluorescence analysis revealed a significant
reduction in the number of M1-type microglia marker Iba-1/
iNOS. Conversely, the expression of the marker Iba-1/Arg1 in
M2 microglia exhibited a significant increase. Furthermore, the
levels of IL-1β and TNF-α decreased, while the levels of IL-10
increased (CHEN et al., 2022). Vin has been proposed to regulate
the M1/M2 polarization of microglia through its mediation of the
Notch signaling pathway, thereby inhibiting the inflammatory
response and enhancing neuronal recovery following cerebral
ischemia. Furthermore, baicalein has been demonstrated in both

TABLE 2 Mechanism of intervention of microglia and toll-like signaling pathway mediated by natural plant drugs in ischemic stroke.

Type
Name Experimental model Effect↑↓ Reference

Organic acids Salvianolic acid MCAO rat model (SD) and LPS cell model (BV2) ↓TLR4, NF-κB, IL-1β, IL-6 and Iba-1 ZHUANG et al. (2017)

MCAO mice model (WT) LPS/IFN-γ cell
model (BV2)

↓TLR4, MyD88, NF-κB and Iba-1 SHEN et al. (2022)

Flavonoids Baicalin OGD cell model (BV2) ↓TLR4, MyD88, p-IκB, NF-κB, p-ERK1/
2 and p38

HOU et al. (2012)

Baicalein OGD/R cell model (primary microglia) ↓TLR2/4, MyD88, NF-κB LI et al. (2012), YUAN
et al. (2020)

Anthocyanins
extracts

I/R mice model (ICR) ↓TLR4-NF-κB, TNF-α and IL-18 CUI et al. (2018)

Quercetin OGD cell model (BV2) ↓TLR4, MyD88, p-IκB, NF-κB, IL-1β, IL-6, TNF-
α and iba1

LE et al. (2020)

Paeoniflorin H/I rat model (SD) ↓TLR4, NF-κB, IL-1β and TNF-α YANG et al. (2021)

Luteolin pMCAO rat model (SD) and MCAO rat
model (SD)

↓TLR4, TLR5, NF-κB and iNOS QIAO et al. (2012)

Nobiletin I/R rat model (SD) ↓TLR4, NF-κB-p65, NO, IκB-α, IKK-βIL-1β,
TNF-α and IL-6

ZHENG et al. (2017)

Orientin I/R rat model (SD) ↓TLR4, NF-κB, IL-1β, TNF-α and IL-6 ↑ SOD WANG et al. (2017a)

Schaftoside OGD/R cell model (BV2) ↓TLR4, MyD88, IL-1β, TNF-α, IL-6 ZHOU et al. (2019)

Diketones Curcumin OGD cell model (BV2) LPS cell model (Cortical
neuronal)

↓TLR4, MyD88, NF-κB-p65, IκB-α, MCP-1, IL-
1β, TNF-α, IL-6 and CD11

TU et al. (2014), ZHU et al.
(2014)

Terpenoids β-Caryophyllene I/R mice model (C57BL/6J) and LPS cell model
(primary microglia)

↓TLR4, TRIF, My D88, iNOS, TNF-α and CD68
↑ TGF-β, YM-1, Arg-1 and CD206

TIAN et al. (2019)

Senkyunolide I OGD cell model (BV2) ↓TLR4, IKKα/β, NF-κB-p65 and iNOS
↑Hsp70

HU et al. (2016)

Ginsenoside Rg1 MCAO rat model (SD) and OGD/R cell model
(primary microglia)

↓TLR4, My D88, NF-κB, TRIF, IRF-3 L-1β, IL-6,
TNF-α and Iba-1

GUAN et al. (2023)

Glycosides Gypenoside MCAO mice model (C57BL/6) and OGD cell
model (BV2)

↓TLR4, NF-κB-p65, iNOS and IL-6 ↑CD206,
TGF-β and Arg1

XIA et al. (2023)

Salidroside MCAO rat model (SD) and OGD cell
model (BV2)

↓TLR4, My D88, NF-κB, NLRP3, IL-1β, IL-18
and Iba-1

LIU et al. (2021b)

Phenols 6-Shogaol 2VO mice model (C57BL/6) and LPS cell
model (BV2)

↓TLR3/4, MyD88, TRIF, iNOS, IL-1β and TNF-α HA et al. (2012)

Alkaloid Berberine OGD cell model (BV2) ↓TLR4, iNOS and TNF-α TAO et al. (2019)

Phenylpropanoids Ferulic acid I/R rat model (SD)I/R cell model (PC12) ↓ TLR4, MyD88, Caspase-3, Bax, MDA. ↑ Bcl-
2, SOD

REN et al. (2017)
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in vivo and in vitro experiments to reduce the expression of notch-1,
NICD, and Hes-1 in microglia by inhibiting the Notch signaling
pathway, thereby exerting a protective effect on brain tissue (YUAN
et al., 2015; YUAN et al., 2016). In their study, Zhang et al. (ZHANG
et al., 2020b) discovered that the administration of rhubarb resulted
in a notable enhancement of Iba-1 positive cells within the ischemic
penumbra region of MCAO rats. Additionally, rhubarb exhibited
the ability to diminish the infarct area, suppress microglia activation,
downregulate the Notch signaling pathway, and decrease the
expression of neuroinflammatory mediators, including ICAM-1
and TNF-a (shown in Figure 2).

4.4 AMPK signaling pathway

AMP-activated protein kinase (AMPK) is widely recognized as a
prominent sensor of cellular energy fluctuations and physiological
stress, and it assumes a crucial function in maintaining cellular
homeostasis (CAO et al., 2019). Prior research has elucidated the
close association between AMPK and inflammatory signaling
pathways, whereby AMPK activation impedes NF-κB activation
and mitigates the release of inflammatory mediators (LIN et al.,
2021). Then, the activation of the AMPK signaling pathway
subsequent to cerebral ischemia effectively modulates microglial
polarization and attenuates cerebral tissue injury (CHEN
et al., 2023b).

Z-ligustilide (LIG), an extract derived from Chinese herbs such
as Chuanxiong, Angelica, and ligusticum, has been scientifically
demonstrated to possess notable neuroprotective properties (WU

et al., 2011). In a study conducted by Yu et al. (GAN et al., 2020), it
was observed that the Phthalide derivative CD21 of LIG exhibited
the ability to decrease the volume of cerebral infarction and mitigate
neurological impairments, thereby functioning as a neuroprotective
agent in cases of ischemic brain injury. This compound was found to
activate the AMPK signaling pathway by elevating the levels of
p-AMPK in both ischemic brain tissue and BV2 cells. Furthermore,
it was observed to reduce the expression of CD86, IL-1β, and iNOS
in BV-2 cells, while concurrently upregulating CD206, IL-10, and
YM1/2. These effects were found to ameliorate neuroinflammation
and facilitate the process of neural repair. The compound 3C, which
is a derivative of Balasubramide, is an eight-member lactam
compound that has been isolated from Clausena lansium. Skeels,
Multiple studies have demonstrated that the administration of
balasubramide Derivative 3C leads to a significant upregulation
of AMPK and its upstream target calmodulin-dependent protein
kinase β (CaMKKβ), thereby activating the M2 polarization of
microglia (WANG et al., 2018a). This activation subsequently
results in a reduction in the release of proinflammatory factors
such as TNF-α, IL-1β, IL-6, iNOS, and COX-2. Consequently, in a
rat model of tMCAO, the infarct area was reduced, while in
BV2 cells, the production of proinflammatory cytokines induced
by LPS was improved and the administration of balasubramide
Derivative 3C promoted sensorimotor recovery and inhibited the
infiltration of inflammatory cells (WANG et al., 2018a; WANG
et al., 2018b). Sinomenine (SION), an alkaloid was found to inhibit
the inflammatory body NLRP3 through the regulation of the AMPK
signaling pathway in both the MCAO mouse model and OGD
mixed glial cell model, It downregulated the expression of IL-1β,

FIGURE 2
TheNotch signaling pathway, AMPK signaling pathway andMAPK signaling pathway exert regulatory effects onmicroglia during themanagement of
ischemic stroke. By suppressing microglial activation, these pathways can effectively impede the transition from microglia to M1 phenotype or facilitate
the polarization from M1 to M2 phenotype, consequently safeguarding cerebral nerves and diminishing the secretion of inflammatory mediators. In this
context, red signifies inhibition, while green signifies promotion.
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IL-6, IL-18, and TNF-α, and mitigated the excessive activation of
microglia following cerebral ischemic injury, which shown in
Figure 2 (QIU et al., 2016).

4.5 MAPK signaling pathway

The Mitogen-activated protein kinase family (MAPK) plays a
pivotal role in mediating fundamental biological processes,
transmitting external cell pressure signals, and actively
participating in various cellular processes, including cell growth,
proliferation, and differentiation (CHEN et al., 2019). The MAPK
signal transduction pathways encompass c-Jun NH2 terminal
kinases (JNK), p38 mitogen-activated protein kinase (p38MAPK),
and extracellular signal-regulated kinase (ERK) (WANG et al.,
2019b). Among these, p38MAPK holds significant importance as
a member of the MAPK family involved in the regulation of
inflammation (LIU et al., 2015a). Notably, the activation of
p38MAPK can be induced by the release of inflammatory factors
such as LPS, TNF-α, and IL. Above all, p38MAPK plays a role in the
upregulation of NF-κB and the synthesis of various inflammatory
mediators, including TNF-α, IL-6, IL-8, and COX-2, these actions
ultimately impact the polarization of microglia (HWANG et al.,
2018). Several studies have demonstrated the involvement of
p38MAPK in the regulation of the pathological injury process
associated with cerebral ischemia. Inhibiting the p38MAPK
pathway has been shown to effectively decrease microglia
activation, ameliorate cerebral ischemic inflammation, and
provide neuroprotection (HWANG et al., 2018; LI et al., 2020a;
ZHANG et al., 2022a). Furthermore, the activation of ERK1/2 has
been observed to hinder the nuclear translocation of NF-κB,
downregulate the expression of pro-inflammatory genes, suppress
microglia activation and M1 polarization, and promote
M2 polarization (MOHANRAJ et al., 2019; YU et al., 2022).

Previous studies have demonstrated the neuroprotective
properties of Cissus verticillata (CVE) from vitaceae in the
context of IS, with its mechanism of action involving the
inhibition of the MAPK signaling pathway. Administration of
300 mg/kg CVE has been shown to effectively mitigate microglial
activation and suppress the phosphorylation of JNK, ERK, and
p38 and the expression of pro-inflammatory cytokines IL-1β, IL-
6, and TNF-α was significantly reduced, leading to an amelioration
of the inflammatory response and neuronal damage (WANG et al.,
2022a). 4-Hydroxysesamin, a lignan constituent of tetrahydrofuran,
is obtained from Chinese herbs including Rhizoma hydroxysesamin,
Watkins, and camphor, and has been found to possess anti-stroke
properties (HADIPOUR et al., 2023). Research has demonstrated
that 4-hydroxysesamin exerts its protective effects on cerebral
ischemic tissue by down-regulating the expression of COX-2 and
IL-6 through the inhibition of the p38MAPK signaling pathway
(ZHANG et al., 2021). HA S K et al. (HA et al., 2008) discovered that
Apigenin of Flavonoids has the ability to decrease the expression of
p-JNK, p-ERK, and p-p38 in LPS-induced BV-2 microglia.
Meanwhile, it can also suppress the production of inflammatory
mediators such as NO and COX-2, thereby exhibiting anti-
inflammatory effects through the inhibition of the MAPK
signaling pathway. The involvement of Astragaloside IV, Total
saponins of Panax japonicus, Scutellarin and other TCHMs in

the regulation of microglia polarization and improvement of
brain tissue inflammation through the mediation of the MAPK
signaling pathway is elucidated in Table 3 and Figure 2.

4.6 Other signaling pathway

4.6.1 PPARγ signaling pathway
Peroxisome proliferator-activated receptor γ (PPARγ), a

member of the nuclear hormone receptor superfamily, plays a
crucial role as a transcription factor in the regulation of
inflammation. Its expression is prevalent in microglia, where it
contributes to the orchestration of microglia polarization,
suppression of inflammation in cerebral ischemic injury, and
facilitation of tissue repair (SHAN et al., 2018; LI J. et al., 2020).
Muscone, the primary active constituent of musk, has been
extensively employed in the management of cerebral ischemia
and reperfusion injury (HAN et al., 2022). Muscone exhibits the
ability to enhance the expression of Arg1 and CD206 via the PPARγ
pathway, thereby significantly augmenting the conversion of
microglia into M2 phenotype (REN et al., 2022; LIU et al., 2023).
Additionally, it diminishes the levels of TNF-α, IL-1β, and IL-6,
while up-regulating CXCL1, TGF-β, and IL-10 (REN et al., 2022;
LIU et al., 2023). These effects contribute to the mitigation of
inflammation and facilitation of nerve recovery at the site of
cerebral infarction. Ginkgetin, a flavonoid obtained from Ginkgo
biloba, can activate the PPARγ signaling pathway, enhance the
expression of Arg1, IL-4, and IL-10, reduce the expression of
iNOS, IL-1β, and TNF-α, and facilitate the M2 polarization of
microglia. Consequently, it inhibits neuroinflammation and
facilitates the restoration of neural function in ischemic brain
tissue (TANG et al., 2022). Furthermore, empirical research has
demonstrated that the administration of Radix Astragali IV not only
induces the activation of the PPARγ pathway but also elicits a
downregulation in the expression of CD86, iNOS, TNF-α, IL-1β,
and IL-6, while concurrently up-regulating the expression of CD206,
Arg 1, YM-1/2, IL-10, and TGF-β. This multifaceted effect facilitates
the transformation of microglia/stroma phenotypes fromM1 to M2,
ultimately mitigating inflammation and fostering tissue
regeneration (LI L. et al., 2021).

4.6.2 RhoA/ROCK signaling pathway
The Ras homologous gene family member A (RhoA)/ROC

kinase (ROCK) signaling pathway plays a crucial role in
modulating the activities of glial cells and immune cells. Prior
research has demonstrated that the inhibition of RhoA/ROCK
pathway activation can lead to enhanced inflammatory response,
regulation of microglia polarization, and facilitation of brain
recovery (KOCH et al., 2018; LU et al., 2023). Parthenolide, the
primary constituent extracted from Tanacetum parthenium, exhibits
notable anti-inflammatory, antithrombotic, and neuroprotective
properties (DING et al., 2022). In their study, Zhang YH et al.
(ZHANG et al., 2022b) discovered that Parthenolide exhibits the
ability to decrease the phosphorylation of NF-κB through the
inhibition of the RhoA/ROCK signaling pathway. Additionally,
Parthenolide activates the transition of microglia from M1 to
M2 type, enhances the release of TGF-β, and reduces the
expression of IL-1β, IL-6, and TNF-α in both in vivo and in vitro
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experiments (ZHANG et al., 2022b). These findings suggest that
Parthenolide may possess neuroprotective properties against
inflammatory responses. Liu et al. (ZHANG et al., 2016)
demonstrated that Pseudoginsenoside-F11 (PF11), a saponin
present in American ginseng, exhibits neuroprotective properties
against cerebral ischemic injury. The authors observed that
PF11 activates the RhoA/ROCK pathway, thereby reducing the
release of pro-inflammatory factors in microglia induced by
oxygen-glucose deprivation (OGD). Additionally, PF11 enhances
microglia phagocytosis and attenuates cerebral ischemic injury
through the involvement of complement receptor 3.

4.6.3 BDNF/TrkB signaling pathway
The interaction between brain-derived neurotrophic factor

(BDNF) and its receptor tyrosine-induced receptor B (TrkB)
plays a crucial role in the growth and maturation of neurons,
thereby contributing significantly to the preservation and
restoration of neuronal function (WURZELMANN et al., 2017;
HABTEMARIAM, 2018). Extensive evidence supports the
involvement of both BDNF and microglia activation in the
development of IS, and the upregulation of BDNF and TrkB
expression has been shown to effectively mitigate the
accumulation of TNF-α in microglia and attenuate neuronal

damage following cerebral ischemia (CHEN et al., 2015;
HABTEMARIAM, 2018; INFANTINO et al., 2022). Calycosin, an
active constituent found in Radix Astragali, has been extensively
employed in the management of cerebral ischemia (FU et al., 2014).
Research has demonstrated that Calycosin possesses the ability to
diminish the population of microglia containing TNF-α through the
activation of the BDNF/TrkB signaling pathway, thereby mitigating
inflammation and neuronal impairment (HSU et al., 2020).

4.6.4 PI3K/Akt signaling pathway
The signaling pathway of Phosphatidylinositol 3 kinase/protein

kinase B (PI3K/Akt) exerts influence on various cellular processes
such as cell proliferation, growth, differentiation, glucose transport,
and nerve cell repair in the context of cerebral ischemic injury (WU
et al., 2018; ZHONG et al., 2022). Research has demonstrated that PI3K/
Akt activation triggers microglia inflammation through the activation
of NF-κB. Consequently, inhibiting this pathway has been shown to
effectively enhance the suppression of inflammatory mediators released
during cerebral ischemic injury. Fraxetin, a coumarin compound
obtained from Fraxinus rhynchophylla, exhibits antioxidant and anti-
inflammatory properties (XU et al., 2021). Deng et al. (DENG et al.,
2022) discovered that Fraxetin effectively suppresses the PI3K/Akt
signaling pathway, decreases the phosphorylation of NF-κB, and

TABLE 3 Mechanism of intervention of microglia and MAPK signaling pathway mediated by natural plant drugs in ischemic stroke.

Type
Name Experimental model Effect↑↓ Reference

Flavonoids Scutellarin MCAO rat model (SD) and LPS cell model (BV2) ↑p-ERK1/2, ↓p-p38 MAPK, p-JNK, iNOS, TNF-α
and IL-1β

CHEN et al. (2020)

Hesperetin LPS cell model (BV2) ↓p -p38 MAPK, ERK, iNOS, IL-1β and IL-6 JO et al. (2019)

puerarin I/R cell model (PC12) ↑SOD LI et al. (2023)

↓p-JNK, JNK, caspase-3 and MAD

Poncirin MCAO mice model (C57BL/6J) and LPS cell
model (BV2)

↓JNK, ERK1/2 and IL-6 YANG et al. (2020)

icariin t MCAO rat model (SD) ↓ERK, NF-κB, IL-1β, TNF-α, Iba1 and CD40 YU et al. (2022)

↑CD68

Luteolin pMCAO rat model (SD) and MCAO rat
model (SD)

↓p38 MAPK, iNOS QIAO et al. (2012)

↑ p-ERK1/2

Diketones Curcumin OGD/R cell model (BMECs) ↓p38, JNK, MAPKs, and IL-1β DONG et al. (2014)

Terpenoids Tussilago farfara t MCAO rat model (SD) and LPS cell
model (BV2)

↓p-p38 MAPK, p-JNK, NF-κB, p-ERK1/2 iNOS, IL-
1β and IL-6

HWANG et al.
(2018)

Thuja orientalis t MCAO rat model (SD) and LPS cell
model (BV2)

↓p38 MAPK, JNK, NF-κB, iNOS, IL-1β and COX-2 JUNG et al. (2013)

Phenols anisalcohol LPS cell model (BV2) ↓p-JNK, NF-κB, TNF-α, IL-1β, PGE2 and CD16/32 XIANG et al. (2018)

↑TGF-β, IL-10 and CD206

Glycosides Total saponins of Panax
japonicus

LPS cell model (BV2) ↓p-p38 MAPK, p-NF-κB, IL-1β and IL-6 WANG et al.
(2022a)

Astragaloside IV LPS cell model (BV2) ↑p-ERK, NRF2, NO LI et al. (2018)

Salidroside LPS cell model (BV2) ↓p-p38 MAPK, p-JNK, p-ERK1/2 and IL-8 HU et al. (2014)

Phenols 6-Shogaol 2VO mice model (C57BL/6) and LPS cell
model (BV2)

↓p38 MAPK, JNK, iNOS, COX-2, TNF-α and IL-6 HA et al. (2012)
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diminishes the expression of TNF-α, IL-1β, and IL-6 in LPS-interfered
mouse primarymicroglia. Consequently, it demonstrates the potential to
ameliorate the activation and inflammatory response of microglia in the
ischemic penumbra.

4.6.5 Shh signaling pathway
The Sonic hedgehog (Shh) signaling pathway is composed

primarily of the ligands Shh, Ptc, and Smo transmembrane
protein receptors, along with the transcription factors Gli (GLI-1,
GLI-2, and GLI-3) (YU et al., 2021). Extensive research has provided
evidence that the activation of the Shh signaling pathway holds
considerable potential in promoting nerve injury recovery,
mitigating the activation of microglia, and attenuating a series of
inflammatory responses in the context of cerebral ischemic injury
(YU et al., 2021; HUI et al., 2022). Resveratrol(Res), a potent
constituent found in various Chinese medicinal plants including
Polygonum cuspidatum, cassia cuspidatum, and mulberry, has been
scientifically demonstrated to possess a robust neuroprotective
efficacy (HE et al., 2022; GUO et al.). Liao et al. (LIAO, 2020)
conducted experiments using Res to intervene in the MCAO/R
mouse model and OGD/R N9 microglia model. They observed that
the Shh signal was activated, leading to upregulation of PGC-1, Smo,
and Gli-1 expressions. Additionally, the expressions of microglia
signature protein (Iba1), TNF-α, and IL-1β were decreased, while
the expression of IL-10 was increased significantly compared to the
control group. These findings indicate that Res effectively improves
microglia activation following cerebral ischemia and exhibits anti-
inflammatory properties.

4.6.6 STAT3 signaling pathway
The signal transducer and activator of transcription (STAT)

family serves as the underlying molecular mechanism for the
biological activities of cytokines and plays a crucial role in the
signal transduction of cytokines and growth factors (STARK et al.,
2018). Comprising seven members, the STAT family includes
STAT3, which is implicated in the activation of microglia and
the mediation of neuroinflammatory response (STARK et al.,
2018; JIA et al., 2023a). Following cerebral ischemia and
reperfusion, the induction and activation of STAT3 can promote
the transformation of microglia into the M1 phenotype, thereby
exacerbating brain tissue injury (FANG and ZHANG, 2021). In their
study, Jia et al. (JIA et al., 2023b) discovered that Scutellarin
exhibited inhibitory effects on the activation of STAT3 in LPS-
activated BV2 microglia. Additionally, it was observed that
Scutellarin enhanced the expression of IL-10, downregulated
p-STAT3, promoted the polarization of M2-type microglia, and
ultimately alleviated the neuroinflammatory response associated
with cerebral ischemia (Other relevant signaling pathway
mechanisms are shown in Figure 3).

5 Drug-delivery systems

The BBB is a specialized interface between the bloodstream and
brain tissue, primarily consisting of endothelial cells. These cells
form tight junctions and adhesion connections that contribute to the
structural integrity and isolation of the BBB. In addition to its
physical barrier properties, endothelial cells are equipped with efflux

transporters, such as P-glycoprotein (P-gp), which utilize ATP
hydrolysis energy to actively transport foreign substances,
including drugs, thereby preventing their entry into the brain
parenchyma. The multi-layered structure of the BBB imposes
stringent limitations on the transfer of substances between the
bloodstream and the ventricle. Moreover, the distinct barriers
within the BBB undergo appropriate modifications in response to
physiological alterations, thereby accommodating the requirements
of the central nervous system and safeguarding against disturbances
in its environment. However, the distinctive physiological structure
of the BBB, intricately linked to its endothelial cells, effectively
shields and restricts the impact of drug molecule transportation.
Numerous drug administration approaches are unable to directly
traverse the BBB and reach the affected area for effective disease
treatment. Consequently, the delivery strategy of TCHMs extracts
across the BBB to the brain presents a significant challenge in the
application of TCHMs compounds.

Currently, there exist primarily three approaches for achieving
drug delivery to the brain through BBB targeting. The first approach
is receptor-mediated transcytosis (RMT), which capitalizes on the
abundance of specific endogenous receptors on the surface of the
BBB. By employing ligands or antibodies as modification agents,
drug delivery systems can be constructed to exploit the precise
binding affinity between ligands and receptors, thereby facilitating
drug penetration into the BBB via RMT. Second, carrier-mediated
transcytosis (CMT) involves the binding of nutrients to transporters,
which are crucial membrane proteins facilitating the absorption of
various essential substances, including sugars, amino acids, lipids,
vitamins, and more. The brain relies on an adequate supply of
nutrients to sustain its normal physiological functions. To enable the
transportation of drugs into the brain through CMT, the drug
delivery system’s surface is modified with substrate analogs
possessing a strong affinity for transporters. At last, absorptive-
mediated transcytosis (AMT) is facilitated by the physiological
attributes of BBB, particularly its negative surface charge. This
characteristic enables the transportation of cationic compounds,
leading to a robust electrostatic interaction between the negatively
charged BBB and cationic compounds. Consequently, this
interaction can be harnessed to establish an AMT mechanism
through a cationic drug delivery system, thereby augmenting
drug targeting within the brain (Figure 4).

5.1 RMT

The strategy of RMT has been extensively investigated as a
prominent approach for facilitating drug delivery to the brain. Brain
endothelial cells possess numerous specific receptors, including but
not limited to the Transferrin (Tf) receptor, low density lipoprotein
(LDL) receptor, and nicotinic acetylcholine receptor (nAChR).

5.1.1 Tf
Tf has been extensively researched as a potential probe for drug

delivery targeting, due to its ability to target drugs to the blood and
cerebrospinal fluid barriers. The transferrin receptor (TfR) has long
been a widely studied therapeutic target, as it is highly expressed in
nerve cells and cerebrovascular epithelial cells (THOMSEN et al.,
2022). Utilizing endogenous ligands Tf or antibodies against Tf
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enables drug targeting through TfR-mediated cellular uptake,
effectively facilitating drug accumulation in the brain (BIEN-LY
et al., 2015). Through the preparation of Tf-curcumin-
longcirculatingliposomes (Tf-Cur-LCL), Ren (REN, 2019)
discovered that it significantly enhanced the permeability of Cur
across the BBB, resulting in a transmission rate of 37.34%. This
augmentation facilitated the accumulation of therapeutic drugs in
the brain, thereby achieving the desired therapeutic effect.
Additionally, Tf-Cur-LCL exhibited superior protective properties
towards PC-12 cells.

5.1.1.1 Monoclonal antibody against TfR
Elevated endogenous levels of Tf result in near saturation of the

TfR, thereby restricting the binding capacity of exogenous
transferrin and diminishing its targeting efficacy (THOM et al.,
2018). Monoclonal antibodies against TfR and Tf possess unique
binding sites within endothelial cells and do not disrupt the
interaction with natural ligands, rendering them highly utilized in
drug delivery systems (HAQQANI et al., 2018). Presently, the most
advanced monoclonal antibody designed to target mouse TfR is
OX26 (HAQQANI et al., 2018). In their study, (SHEN et al., 2017).
Employed ginsenoside Rg1 as a therapeutic agent, poly-γ-glutamic
acid as a carrier, and modified the surface with OX26 antibody to

fabricate nanoparticles capable of carrying the drug (referred to as
PHRO). The utilization of PHRO resulted in enhanced distribution
of ginsenoside Rg1 across BBB, facilitated migration and
angiogenesis of RBE4 cells in rats with cerebral ischemia, reduced
the volume of cerebral infarction, improved necrotic tissue, and
promoted nerve injury repair. (LIU et al., 2015b). Employed the
emulsification evaporation-low temperature curing method to
prepare baicalin polyglycol cationic solid lipid nanoparticles
modified with OX26 antibody. This modification resulted in
notable enhancements in the Area Under Curve (AUC), peak
time (Tmax), peak concentration (Cmax), and bioavailability.
Additionally, the binding of OX26 antibody to Tf on endothelial
cells facilitated the transmembrane transport of baicalin across BBB,
enabling effective drug delivery.

5.1.1.2 T7 peptide
T7, a peptide that specifically targets transferrin receptor (TfR),

has been extensively employed for the functionalization of
nanocapsules (LIANG et al., 2018). Li (LI, 2018)utilized PAMAM
dendrimer as a carrier for the matrix drug, which was bound to
tanshinone nanoparticles coated with bifunctional polyethylene
glycol (NHS-PEG-MAL) modified with the targeting ligand
T7 peptide. The findings demonstrated a notable enhancement in

FIGURE 3
Other relevant signaling pathways play a crucial role in modulating the functioning of microglia during the treatment of ischemic stroke. By
suppressing microglial activation, these pathways can effectively impede the transition frommicroglia to M1 phenotype or facilitate the polarization from
M1 to M2 phenotype, consequently safeguarding cerebral nerves and diminishing the secretion of inflammatory mediators. In this context, red signifies
inhibition, while green signifies promotion.
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the pharmacological activity of tanshinone, along with a favorable
brain targeting effect. Moreover, it effectively ameliorated
neurological damage resulting from ischemia, reduced the extent
of cerebellar infarction, and augmented the protective impact on
focal cerebral ischemia-reperfusion injury.

5.1.2 LDL receptor family
The LDL receptor family encompasses a broad spectrum of

ligands that facilitate the transportation across cellular membranes
via interactions between receptors and ligands. Prominent examples
of these ligands include Lactoferrin (Lf), Angiopep-2 (ANG),
apolipoprotein E (ApoE), and Polysorbate 80 (Polysorbate 80).

5.1.2.1 Lf
Lactoferrin (Lf), a cationic glycoprotein belonging to the

transferrin (Tf) family, exhibits natural iron-binding properties
and is known to have high expression of receptors on brain
endothelial cells and neurons (GRUDEN and POKLAR ULRIH,
2021). In a study conducted by NikitaKatila et al. (KATILA et al.,
2022), Lf was utilized to suppress the expression of inflammatory
factors induced by ischemia-reperfusion, thereby mitigating cerebral
ischemic injury and demonstrating potent neuroprotective effects.
Furthermore, the investigators observed that the utilization of
transferrin modified polyethylene glycol-polylactic acid (PEG-
PLA) nanoparticles, containing resveratrol (Tf-PEG-PLA-RSV),

exhibited a noteworthy enhancement in drug accumulation
within the brain when contrasted with the administration of
unbound resveratrol (GUO et al., 2013; WU et al., 2020).
Conducted a study in which they made modifications to the
lipids-polymer hybrid nanosystem (CⅣa/LF-LPNS) that
contained total saponins of P. japonicum by incorporating Lf.
This modification resulted in an effective drug delivery system to
the brain, leading to gradual and continuous improvement in
cerebral infarction. Additionally, it significantly enhanced the
survival rate of rats and resulted in a peak drug concentration in
the brain that was five times higher than that observed in the total
saponins solution group of P. japonicum. Furthermore, the Lf-
modified quercetin and astragaloside IV liposomes demonstrated
notable permeability across the BBB and exhibited the ability to
prevent neuronal loss (KUO and TSAO, 2017; YANG, 2022).

5.1.2.2 ANG
The ANG peptide consists of 19 amino acids and serves as a

ligand for the low-density lipoprotein receptor related protein 1
(LRP-1) receptor, specifically targeting the BBB. The Ang-modified
nanoparticles exhibit a strong affinity for LRP-1 and demonstrate
notable brain targeting capabilities without compromising the
integrity of the BBB (OLLER-SALVIA et al., 2016). Research
findings indicate that ANG-modified salidroside liposomes
exhibit a heightened drug encapsulation rate, effectively

FIGURE 4
The mechanism by which traditional Chinese herbal medicines (TCHMs) traverse the BBB. Employing techniques such as receptor-mediated
transcytosis (RMT), carrier-mediated transcytosis (CMT), and absorptive-mediated transcytosis (AMT) can facilitate the passage of TCHMs across the BBB,
leading to a substantial enhancement in their bioavailability.
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enhancing drug uptake in the brain, and addressing the issue of
inadequate drug delivery to the lesion area. Additionally, these
liposomes prolong drug efficacy duration and sustain drug
concentration stability at the site of the lesion (ZHANG et al.,
2022c). Furthermore, the efficacy of Iicariin liposomes is similarly
enhanced when modified by ANG (ZHANG et al., 2020c).

5.1.2.3 ApoE
ApoE exhibits robust expression in cerebral vascular endothelial

cells and possesses the ability to selectively interact with LDL
receptors and LRP1 receptors located on brain endothelial cells,
thereby facilitating its transportation across the BBB via endocytosis
(DAL MAGRO et al., 2017). Through the utilization of a carboxyl
functionalized mesoporous silica nanocarrier, researchers
successfully coated berberine with ApoE, leading to noteworthy
outcomes. Comparative analysis with the control group revealed
that berberine exhibited a substantial increase in both average drug
retention time and half-life, while concurrently demonstrating a
reduction in vivo clearance rate (ZHANG et al., 2020c). Moreover,
the brain targeting index (DTI) surpassed the value of 1, indicating
enhanced brain-specific accumulation of berberine.

5.1.2.4 Polysorbate 80
Polysorbate 80, a non-ionic surfactant, exhibits affinity for very

low-density lipoprotein receptors on brain endothelial cells,
enabling it to traverse the BBB (SINHA et al., 2020).
Consequently, it is frequently employed as a coating agent to
facilitate receptor-mediated endocytosis into the brain. When
Puerarin is encapsulated within Polysorbate 80-coated poly
(lactate-co-glycolic acid) (PLGA) nanoparticles, it demonstrates
enhanced pharmacokinetic parameters, including a greater area
under the curve (AUC), mean residence time (MRT), half-life
(t1/2), and reduced plasma clearance (CL). Polysorbate 80 is
utilized to create a hydrophilic layer on the surface of
nanoparticles (NP), which serves to impede electrostatic and
hydrophobic interactions (SUN et al., 2015). This layer also
prevents Opsonin protein absorption, thereby reducing
phagocytic action and prolonging the presence of nanoparticles
in the bloodstream, furthermore, Polysorbate 80 inhibits the efflux
of P-gp from brain endothelial cells, thereby enhancing drug
distribution in the brain (SUN et al., 2015; TAO et al., 2021).
Furthermore, (TIAN et al., 2018). Developed a modified
curcumin-loaded hyaluronic acid-β-curcumin conjugate, known
as Cur-HSC, which was modified with Polysorbate 80. This
modification resulted in a micellar AUC that was approximately
4.70 times greater than that of free curcumin when administered
intravenously. Moreover, curcumin demonstrated effective
accumulation in the brain.

5.1.3 nAChR
nAChR can be expressed in brain capillary endothelial cells

(DURIS et al., 2017). Polypeptide fragments of the rabies virus
glycoprotein (RVG) are known for their ability to permeate the BBB
and their non-invasive nature (DOS SANTOS RODRIGUES et al.,
2020a). Currently, mature derived peptides such as RDP and RVG-
29 are utilized for targeted drug delivery by binding to nAChR
(HUEY et al., 2017a; HUEY et al., 2017b).

5.1.3.1 RVG-29 peptid
RVG-29, a 29-amino acid sequence polypeptide within RVG,

exhibits specific binding affinity to nAChR (ZHOU et al., 2022).
Through its interaction with nAChR, RVG-29 facilitates the
transportation of drugs into brain endothelial cells, across the
BBB, and ultimately into the brain (HAO et al., 2020; ZHOU
et al., 2022). Consequently, RVG-29 has been extensively
employed in nanocarriers to enhance brain-targeting capabilities.
(HAN et al., 2020). Employed erythrocyte membrane-coated
nanostructured lipid particles (NPs @ RBCm) in conjunction
with RVG29 for the purpose of facilitating the transportation of
resveratrol across the BBB and its subsequent accumulation within
neurons. Both in vitro and in vivo experiments have demonstrated
that this delivery system exhibits not only favorable safety
characteristics, but also superior BBB permeability when
compared to free resveratrol, while additionally exhibiting the
ability to selectively bind to specific neurons.

5.1.3.2 RDP peptide
(ZHAO et al., 2018). Employed RDP-modified nanoliposomes

as a delivery vehicle for curcumin with the aim of targeting the brain.
The utilization of curcumin RDP liposomes (RCL) resulted in
notable enhancements in brain targeting, water solubility, and
biocompatibility of the drug when compared to free curcumin.

5.2 CMT

Endogenous nutrient transporters on the BBB, such as glucose
transporter 1 (GLUT1) and macromolecular neutral amino acid
transporter 1 (LAT1), have emerged as effective targets for
facilitating drug penetration into brain tissue.

5.2.1 Glucose transporters
Glucose transporters facilitate the transportation of glucose and

other hexoses, with GLUT1 being identified as the most proficient
transport system across the BBB (ANRAKU et al., 2017). Research
has demonstrated that the glycosylation-modified drug delivery
system can be selectively acknowledged and transported by
GLUT1 (FU et al., 2019; WANG et al., 2022b). Conducted a
study wherein they devised and synthesized two variations of
glycosylated quercetin, namely, GLU-Que (modified with a single
glucose group) and 2GLU-Que (modified with two glucose groups).
The incorporation of a sugar group has been found to have a
substantial impact on the water solubility and bioavailability of
quercetin. Glycosylation has the potential to enhance quercetin’s
ability to target the brain, elevate its drug concentration, and
consequently result in heightened neuroprotective effects.
Furthermore, it has been observed that 2Glu-Que exhibits a
greater neuroprotective capacity compared to Glu-Que, as
evidenced by its ability to reduce the ischemic area to 5.06%.

P-aminophenyl-α-D-mannopyranoside (MAN) is a structurally
similar compound to mannose. MAN exhibits a specific affinity for
GLUT1, facilitating its transportation. Extensive research has
demonstrated that liposomes modified with MAN not only
enhance drug permeation across the BBB, but also enable
targeted drug release within specific brain regions (HAO et al.,
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2013; NAVONE et al., 2013). In vitro experiments have revealed that
MAN-modified liposomes containing curcumin and quinacrine
significantly enhance the bioavailability of curcumin, surpassing
the efficacy of free curcumin in BBB penetration (WANG Y.
et al., 2017).

5.2.2 LAT
The LAT1 transporter, functioning as a heterodimer, exhibits

the capability to transport various amino acids such as leucine,
phenylalanine, tyrosine, tryptophan, histidine, etc., in a Na +
-independent manner with notable affinity (KANAI, 2022).
Termed as a neutral and branched-chain amino acid exchanger,
it predominantly resides within the brain capillary endothelial cells
and neurons. Consequently, it has been employed as a prodrug for
facilitating the delivery of central nervous system drugs via a
transport mechanism resembling that of its substrates (GARCIA
et al., 2023). The researchers employed LAT1 as a means to
synthesize prodrugs that facilitate the direct binding of ferulic
acid to the side chain of 1-phenylalanine via amide or ester
bonds. Both prodrugs exhibited superior penetration rates
compared to ferulic acid. In vivo and in vitro experiments
demonstrated the effective utilization of LAT1 to enhance the
pharmacokinetics of the central nervous system in mice, resulting
in a significant increase in the AUC of brain tissue by up to 32-fold
and an elevation of the Cmax from 3.6 μM to 13.1 μM (PURIS
et al., 2019).

5.3 AMT

The negatively charged surface of the BBB is a result of the
polarized distribution of sialic acid on the luminal side and heparin
sulfate on the basement membrane side (SANTA-MARIA et al.,
2019). This charge allows for electrostatic adsorption, enabling
certain cationic molecules to bind to surface anion sites. The
anionic sites on the cavity side facilitate interaction with cationic
substances, leading to adsorption-mediated endocytosis
(MUNISWAMY et al., 2019; SANTA-MARIA et al., 2019).
Additionally, the anion sites on the basement membrane side
promote the externalization of cationic substances from the
lumen to the cerebral interstitium (SANTA-MARIA et al., 2019;
YU et al., 2019). The present study demonstrates that the presence of
a positively charged drug delivery system on the surface can
effectively initiate adsorption-mediated transcytosis across the
BBB, thereby facilitating drug delivery into the brain (YU et al.,
2019). Notably, basic polypeptides and cationic proteins, including
albumin, histones, and avidin, can be employed in conjunction with
drugs or drug delivery systems to facilitate drug transportation into
the brain via electrostatic adsorption (MENDES et al., 2018;
MUNISWAMY et al., 2019; YU et al., 2019). Specifically, cationic
albumin has gained significant prominence as a modification agent
for brain-targeted drug carriers.

(YE et al., 2021). Employed cationic liposomes possessing robust
biological adhesion as carriers to fabricate curcumin cationic
liposomes via the ethanol injection technique. These liposomes
exhibited therapeutic efficacy by facilitating the transportation of
drugs into the brain through mediation with cationic liposomes.
Additionally, they interacted with negatively charged nasal mucosa,

thereby prolonging the retention duration of liposomes within the
nasal cavity. The AUC of curcumin in brain tissue exhibited a 1.19-
fold increase, while the clearance rate in brain tissue experienced a
reduction of 1.59%. These alterations aim to enhance drug targeting
within the brain, augment bioavailability, and prolong elimination
kinetics. Consequently, this interaction enhanced the drug’s capacity
to traverse the cell membrane via adsorption-mediated endocytosis,
resulting in efficient transport and absorption of the drug across the
BBB. The researchers prepared Baicalin PEGylated cationic solid
lipid nanoparticles, modified with the OX26 antibody, were
synthesized using the emulsification evaporation-low temperature
curing method. In vitro and in vivo experiments revealed that the
positively charged baicalin solid liposome nanoparticles exhibited
enhanced adsorption on the negatively charged cell membrane,
resulting in higher values for AUC, Tmax, Cmax, and
bioavailability in cerebrospinal fluid compared to free drugs (LIU
et al., 2015b).

Furthermore, a majority of cell penetrating peptides (CPPs)
possess a positive charge and undergo surface modifications on the
carrier in order to facilitate drug delivery into the brain via
adsorption-mediated transcytosis. By virtue of their cell
membrane penetration capability, CPPs effectively augment drug
accumulation within the brain (TAYLOR and ZAHID, 2020). R8, a
cationic transmembrane peptide, exhibits enhanced electrostatic
interaction with liposomes and nasal mucus following
modification, thereby prolonging its retention time in the nasal
cavity (KAMEI et al., 2018; DOS SANTOS RODRIGUES et al.,
2020b). Research findings indicate that the co-administration of
R8 and β-asarone with resveratrol nanoparticles via nasal
administration effectively elevates drug concentration in the
brain, surpassing the concentration observed in the liver and
kidney. This approach facilitates sustained drug release while
minimizing potential damage to the liver, kidney, and other
organs (YU, 2019).

6 Conclusion and prospect

Neuroinflammation is a crucial factor in the development of IS.
Microglia, as the primary immune cells responsible for protecting
the brain against injury, undergo morphological and functional
alterations in response to danger signals triggered by IS.
Consequently, the inflammatory response regulated by the
activation of microglia has garnered significant attention in the
treatment of IS. However, the dynamic response of microglia to
cerebral ischemia and reperfusion injury undergoes a transition
from the initial pro-inflammatory M1 phenotype to the subsequent
anti-inflammatory M2 phenotype. These contrasting effects of
microglia suggest that the impact of TCHMs on M1 and
M2 phenotypic alterations at varying time points following IS
holds significant value and feasibility. A substantial body of
experimental evidence demonstrates that TCHMs possess the
ability to mitigate neuroinflammation by modulating microglia.
The specific mechanism is illustrated in Figure 5. The primary
signaling pathways implicated in this study are NF-κB, TLR4,
and MAPK. Notably, TCHMs exert their inhibitory effects by
disrupting the interaction between TLR4 and MyD88 in
microglia, prevent the formation of complexes to decrease NF-κB
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and p38, ERK1/2 phosphorylation. Consequently, this inhibition
leads to a reduction in M1 microglia and an increase in
M2 polarization. Alternatively, TCHMs can also inhibit the
p38 MAPK signaling pathway, downregulate the phosphorylation
of NF-κB, decrease the release of inflammatory mediators, and
impact microglial activation. Furthermore, it has the ability to
modulate the polarization of microglia from M1 to M2 through
the direct inhibition of the NF-κB signaling pathway, thereby
ameliorating the inflammatory response and safeguarding
neurons. On one hand, numerous in vitro and in vivo studies
have demonstrated the efficacy of traditional Chinese herbal
medicines (TCHMs) in regulating microglial cells for the
treatment of IS. On the other hand, a considerable body of
literature has explored the anti-neuroinflammatory properties of
TCHMs through the modulation of various pathways. However,
further research is necessary to investigate TCHMs as multi-target
neuroprotective agents, particularly through clinical studies of IS.
Moreover, these substances hold potential as primary components
for the development of potent new neuroprotective agents. Drawing
from the data compiled in this review, it is reasonable to hypothesize
that certain impacts are direct while others are indirect. To enhance
the efficacy of neuroprotection, a comprehensive understanding of
the objectives underlying these effects is imperative. In recent years,
the integration of bioinformatics and computer-aided drug

discovery/design techniques has emerged as a pivotal factor in
advancing the development of therapeutically significant small
molecules. In light of this, we propose the utilization of
bioinformatics methodologies to elucidate the precise
pharmacological targets of TCHMs for neuroprotection.
Subsequently, this knowledge can be leveraged to design and
fabricate more potent neuroprotective agents, thereby facilitating
the transition of TCHMs research from a purely scientific pursuit to
a clinical practice. Altogether, additional randomized clinical trials
and extensive animal models of MCAO are indispensable in order to
furnish a more dependable body of evidence.

It is noteworthy that Baicalein, Luteolin, Scutellarin, and other
compounds possess the advantages of multi-target and multi-
pathway mechanisms, enabling them to simultaneously modulate
multiple pathways and exert neuroprotective effects. Furthermore,
when combined with the characteristics of different TCHMs, they
can effectively counteract the neuroinflammatory response triggered
by microglia following cerebral ischemic injury through various
forms of crosstalk andmutual influence. This finding holds potential
as a novel reference for guiding clinical medication in the treatment
of IS. Given the intricate pathogenesis of IS, the combined
administration of TCHMs represents a superior approach to
enhance therapeutic outcomes. Simultaneously, the previous
research also revealed that estrogen serves as the primary

FIGURE 5
The regulatory effect of TCHMs on microglial response to cerebral ischemia. After cerebral ischemia and reperfusion, microglia immediately sense
the disorder of brain homeostasis, and are activated and polarized. The M1 phenotype of polarized microglia is associated with the pro-inflammatory
response of microglia to cerebral ischemic injury, while the M2 phenotype promotes anti-inflammatory response and brain repair. TCHMs can regulate
these microglial responses by inhibiting M1 phenotype-related signaling pathways and molecular targets and enhancing M2 phenotype-related
pathways, thereby reducing cerebral ischemic injury and promoting nervous system repairation.
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determinant for the gender disparity in the occurrence of IS.
Moreover, our findings indicate that a significant proportion of the
pharmaceutical compounds identified are flavonoids, which play a
crucial role in various signaling pathways involved in the therapeutic
management of IS. The brain endothelial cell membrane,
characterized by its lipid-based bilayer structure and lipophilic
nature, further supports the preferential permeability of flavonoids,
being fat-soluble drugs, across the BBB compared to their water-
soluble counterparts. Consequently, a substantial body of in vivo and
in vitro investigations have centered on the examination of flavonoids
as the primary research subject, owing to their enhanced efficacy in
the treatment of IS. Following menopause, women experience a
substantial elevation in the susceptibility to IS; however, estrogen-
like TCHMs exhibit the ability to not only impede neuroinflammation
by selectively targeting the NF-κB signaling pathway in BV2microglia
but also exert a notable neuroprotective effect (EL-BAKOUSH and
OLAJIDE, 2018). Consequently, the utilization of natural botanical
remedies such as Genistein, Daidzein, and other alternative hormone
therapies for postmenopausal IS emerges as an efficacious approach.

Our focus extends to the extraction and bioavailability of natural
plant drugs. The inherent physical characteristics of TCHMs pose
challenges in terms of purification and purity. Furthermore, the
bioavailability of TCHMs in vivo is hindered by the first-pass effect,
resulting in limited absorption into the bloodstream and subsequent
utilization by the body.

Hence, contemporary research is primarily concerned with the
advancement of brain-targeted delivery systems that exhibit a high
utilization rate, enabling drugs to traverse the BBB and reach the site
of injury. Among the various transport mechanisms employed for
brain targeted TCHMs, RMT has garnered significant attention and
application. By leveraging the distinctive properties of specific
receptors within the BBB, TCHMs are encapsulated within
corresponding ligands, facilitating receptor-ligand binding and
facilitating drug transport across the BBB. Simultaneously, it is
worth acknowledging that the aforementioned TCHMs are
predominantly administered through injection, oral ingestion, and
nasal delivery. The TCHMs’ bioavailability is notably diminished due
to inherent drug properties as well as hepatic and intestinal
metabolism. Nevertheless, nasal administration offers advantageous
attributes. It is convenient mode of delivery, abundant vasculature,
swift absorption, evasion of the first-pass effect, enhanced TCHMs
bioavailability, and evident brain targeting collectively exert a
substantial positive impact on the treatment of IS. Furthermore,
the utilization of flavonoids and their delivery systems, known for
their antioxidation, anti-inflammation, and anti-apoptosis properties,
has been extensively employed in the treatment of IS. Flavonoids
possess the ability to readily penetrate the brain when coupled with
various ligands such as Tf, T7, and Lf, facilitating the continuous and
efficient release of therapeutic agents. This phenomenon has been
substantiated through numerous in vitro and in vivo experiments.
Nevertheless, it is important to acknowledge that the RMT approach
also presents certain limitations, as the receptor is not solely present in
the BBB but is also expressed in the capillaries of other peripheral
organs. Whereas, while attaining brain targeting, it augments drug
accumulation in peripheral tissues, necessitating thoughtful
consideration in selecting appropriate ligands. Furthermore, we
underscore the limitations associated with nasal administration,

encompassing the presence of nasal fibrous hair that facilitates
drug elimination, thereby necessitating strategies to prolong drug
retention in the nasal cavity and enhance drug absorption.
Additionally, nasal administration imposes constraints on the
physical and chemical attributes as well as particle size of the
drugs. At all, the integration of effective extraction techniques with
sophisticated delivery systems to facilitate the selective passage of
TCHMs across the BBB and their subsequent therapeutic efficacy
represents not only the focal point of TCHMs’ advancement and
refinement but also a formidable obstacle for their prospective clinical
implementation.

Furthermore, it has been observed that numerous investigations
have employed isolated primary microglia or microglia-like cell lines
for in vitro experimentation. While these studies offer insights into
the correlation between drugs andmicroglia, they fail to consider the
intricate brain environment and the interplay between neurons and
astrocytes. Consequently, future research should incorporate more
in vivo experiments or co-culture systems to substantiate the
reciprocal communication between these entities, thereby
facilitating the advancement of novel therapies for IS.
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Assessing NH300094, a novel
dopamine and serotonin receptor
modulator with cognitive
enhancement property for
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& Jiangsu Key Laboratory of Central Nervous System Drug Research and Development, Xuzhou, China

Background: Schizophrenia is a serious psychiatric disorder that significantly
affects the quality of life of patients. The objective of this study is to discover a
novel antipsychotic candidate with highly antagonistic activity against both
serotonin and dopamine receptors, demonstrating robust efficacy in animal
models of positive, negative, and cognitive symptoms of schizophrenia.

Methods: In the present study, we examined the activity of antipsychotic drug
(NH300094) on 5-HT2A, 5-HT2C, 5-HT1A, 5-HT1B, 5-HT7, H1, M1, Alpha1A, D2L, D2S,
Alpha2A, D3 receptor functional assay in vitro. In addition, multiple animal models,
including dizocilpine (MK-801) induced hyper-locomotion; APO induced
climbing; Conditioned Avoidance Response (CAR); DOI-Induced Head Twitch;
Forced swimming test; Scopolamine induced cognitive impairment model, were
used to verify the antipsychotic activity of NH300094 in preclinical.

Results: In vitro functional assays have indicated that NH300094 is a potent
antagonist of 5-HT receptors and dopamine receptors, with higher relative
antagonistic activity against 5-HT2A receptor (5-HT2A IC50 = 0.47 nM) than
dopamine receptors (D2L IC50 = 1.04 nM; D2S IC50 = 11.71 nM; D3 IC50 = 31.55
nM). Preclinical in vivo pharmacological study results showed that NH300094
was effective in multiple models, which is more extensive than the clinic drug
Risperidone. Furthermore, the safety window for extrapyramidal side effects of
NH300094 is significantly wider than that of Risperidone (For NH300094, mice
catalepsy model ED50/ Mice MK-801 model ED50 = 104.6-fold; for Risperidone,
mice catalepsy model ED50/ Mice MK-801 model ED50 = 12.9-fold), which
suggests a potentially better clinical safety profile for NH300094.

Conclusion: NH300094 is a novel potent serotonin and dopamine receptors
modulator, which has good safety profile and therapeutic potential for the
treatment of schizophrenia with cognition disorders.

KEYWORDS

schizophrenia, antipsychotic, dopamine and serotonin receptors, cognitive
improvement, risperidone
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1 Introduction

Schizophrenia is a serious psychiatric disorder that significantly
affects the quality of life of patients. It has a variety of psychopathological
features including positive symptoms (hallucinations and delusions),
negative symptoms (social withdrawal, spontaneous speech reduction,
impaired motivation), and neurocognitive disorders (Owen et al., 2016).
The global incidence of schizophrenia is about 1%, and the lifetime
prevalence of patients is 0.7%–0.8% (Schultz et al., 2007; Lohrs and
Hasan, 2019). It is estimated that there are more than 21 million
schizophrenics worldwide (Kane et al., 2019). Antipsychotics are still
themain treatment for schizophrenia. Typical and atypical antipsychotic
drugs are two main categories of clinical drugs to control schizophrenia.
However, these current drugs have many side effects and can only
control part of the symptoms of patients. For example, typical
antipsychotic drugs have limited efficacy in treating negative
symptoms of schizophrenia, but cause extrapyramidal reactions
(EPS), tardive dyskinesia and other adverse effects. Atypical
antipsychotic drugs, e.g., risperidone, can prolonged the time interval
from the beginning of the QRS complex to the end of the T-wave (QT
interval), prolactin elevation and other adverse effects (Bhana et al., 2001;
Lin et al., 2010; Adams et al., 2013). Additionally, current antipsychotic
drugs are ineffective in about 30% of patients with treatment-resistant
schizophrenia (Kane et al., 2019; Chakrabarti, 2021). Clozapine is the
only drug currently recommended for refractory schizophrenia, but it is
susceptible to obesity and fatal agranulocytosis, which limit its clinical
use (Mijovic andMacCabe, 2020). Therefore, there are significant unmet
medical needs for new antipsychotic drugs withmore efficacious but less
side effects (Kantrowitz et al., 2023).

Modulation of serotonin and dopamine receptors in the central
nervous system has proven to be an effective way to treat psychiatric
disorders (Malik et al., 2023; Stelmach et al., 2023). The dopamine
receptor is the crucial target of all existing antipsychotics. Dopamine D2

receptor antagonists are thought to control positive symptoms in
patients with schizophrenia (Farde et al., 1988; Casey and Canal,
2017; Juza et al., 2022). Schizophrenia may be controlled by the
antagonism of the 5-HT2A receptor in synergy with the antagonism
of the dopamine D2 receptor (Andree et al., 1997). However, many
atypical antipsychotics have more selectivity for dopamine D2 receptor
than 5-HT2A receptor at therapeutic doses in clinical. These atypical
antipsychotic drugs with relatively high D2 receptor occupancy in the
striatum and presumably other D2 expressing tissues such as pituitary
gland, elevate prolactin levels and can induce extrapyramidal motor side
effects at therapeutic doses. Selective 5-HT2A receptor antagonist has
been proved not only to enhance dopamine D2 receptor antagonist-
mediated antipsychotic efficacy but also to reduce hyperprolactinemia
and motor side effects (Wadenberg et al., 2001; Gardell et al., 2007).

Furthermore, the dopamine D3 receptor may represent an
important target for antipsychotic drugs (Schwartz et al., 2000; Gross
et al., 2013). The dopamine D3 receptor has been recognized to have
several central nervous system (CNS) functions, such as social behavior,
movement control, emotional regulation, reward, learning, and
cognition function (Kiss et al., 2021). Dopamine D3 receptor
antagonists possess improving cognitive impairment activity, which
may benefit the treatment of cognitive dysfunction associated with
several psychiatric disorders (Laszy et al., 2005). Therefore, amedication
that combines potent 5-HT2A receptor antagonism with optimal
dopamine D2 receptor modulation, and the dopamine D3 receptor

antagonism activity may present an ideal balance of dopaminergic and
serotonergic neurotransmitter for the treatment of schizophrenia.

Taken together, we proposed the hypothesis that compounds acting
synergistically on serotonin and dopamine receptors might be able to
address schizophrenic symptoms with less or without inducing
extrapyramidal symptoms (EPS) and other side effects. A series of
fused heterocyclic derivatives were synthesized, which have potent
activity in serotonin and dopamine receptors. The patent for the
synthesis of the compounds has been published (Jing et al., 2021).
NH300094 (8-(3-(4-(6-fluorobenzo [d]isoxazol-3-yl) piperidin-1-yl)
propoxy)-1,2,5,6-tetrahydro-4H-pyrrolo [3,2,1-ij] quinolin-4-one)
was characterized as a preclinical candidate compound based on the
good preclinical profiles, which is a triple antagonist of 5-HT2A receptor,
dopamine D2 receptor and dopamine D3 receptor. Additionally, it has
strong inverse agonist activity of 5-HT1B and antagonistic activity of 5-
HT1A receptor. NH300094 is being developed and clinically intended
for the treatment of positive symptoms, negative symptoms and
cognitive disorders of schizophrenia.

2 Materials and methods

2.1 Experiment cells

CHO-K1/5-HT2A and CHO-K1/D3 cells were purchased from
Shanghai PerkinElmer Biotechnology Co., Ltd. CHO-K1/M1,
HEK293/H1, CHO-K1/D2, HEK293/5-HT7 and CHO-K1/5-HT1A

cells were purchased from Nanjing GenScript Biotechnology Co.,
Ltd. HEK293/5-HT2C, HEK293/Alpha1A and HEK293/Alpha2A cells
were constructed by biology laboratory of Shanghai shujing
Biopharma Co., Ltd. CHO-K1/5-HT1B cells were purchased from
Wuhan Creater Biotechnology Co., Ltd.

2.2 Experimental animals

Male Wistar rats (weight, 200–230 g) and ICR mice (weight,
20–28 g) were purchased from SPF (Beijing) Biotechnology Co., Ltd.
Male Sprague-Dawley (SD) rats (weight, 180–220 g) were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
The animals were group feeding under standard conditions
(temperature:20°C–26°C, humidity: 40%–70%, 12-h dark/light
cycle). Before the testing, the animals were acclimated to the
laboratory environment for 3 days, and the animal food and
drinking water were freely provided. The animal experiment
protocols were approved by the Institutional Animal Care and
Use Committee of Jiangsu Nhwa Pharmaceutical Co., Ltd.

FIGURE 1
Chemical structure of NH300094.
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2.3 Drugs

NH300094 hydrochloride, risperidone and duloxetine
hydrochloride were synthesized at Jiangsu Nhwa
Pharmaceutical Co., Ltd. The molecular structure of NH300094
(PCT/CN 2020/129850) is shown in Figure 1. Other compounds
such as (+)-MK-801 hydrogen maleate (M107-250MG, Sigma),
rivastigmine hydrogen tartrate (LRAB1259, Sigma), R (2)-2,5-
dimethoxy-4-iodoamphetamine (DOI) (D101-100MG, Sigma),
R-(−)-Apomorphine (APO) hydrochloride (A4393, Sigma),
L-Ascorbic acid Vc (A5960-25G, Sigma), (+)-Butaclamol
(D033, Sigma) were purchased from Sigma-Aldrich (St. Louis,
MO). Scopolamine hydrobromide (S107418-5g, Aladdin) was
purchased from Aladdin. WAY-00635 (T2631, Targetmol),
Ketanserin (T1066, Targetmol), Yohimbine (T2142,
Targetmol), Pyrilamine (T1232, Targetmol), Atropine (T0375,
Targetmol), Prazosin (T1050, Targetmol) were purchased from
Targetmol. Methiothepin (HY-107836, MCE) was purchased
from MCE. All drugs were dissolved in normal saline or
deionized water and administered orally at 10 mL/kg (volume/
body weight), unless otherwise indicated.

2.4 Receptor functional activity

2.4.1 5-HT2A, 5-HT2C, H1, M1, Alpha1A receptor
functional assay

A calcium flow assay was used to test the activity of
compounds on 5-HT2A, 5-HT2C, H1, M1, Alpha1A receptor.
After the CHO-K1/5-HT2A, CHO-K1/M1, HEK293/5-HT2C,
HEK293/H1 and HEK293/Alpha1A cells were lightly
trypsinized, a density of 2×104 cells/well were inoculated in
384-well plates (Greiner-781946) which containing 20 μL cell
medium in each well. The cells were routinely cultured at 37°C
with 5% CO2 for 16–24 h prior to testing.

In agonist experiments, 20 μL of experimental buffer was
added to each well of the assay plate after removing the medium.
Then, 20 μL of fluorescent probe solution was added to each
well. The assay plate was incubated in incubator at 37°C
for 50 min, let it stand at room temperature for 10 min,
then transferred to the reading position of the Fluorescent
Image Plate Reader (FLIPR). The compound (10 μL) was
added to the assay plate and the fluorescence signal was read
for 210 s.

For the antagonist tests, 20 μL of experimental buffer and
fluorescent probe solution was added to each well of the assay
plate after removing of the culture medium. The assay plate was
incubated in incubator at 37°C for 50 min, let it stand at room
temperature for 10 min, then transferred to the reading position
of the Fluorescent Image Plate Reader (FLIPR). The compound
and control agonist serotonin (10 μL) was added to the assay
plate and the fluorescence signal was read for 210 s. After reading
the raw data from FLIPR, the EC50 and IC50 were calculated,
respectively.

For both agonist and antagonist tests, the difference between
the maximum value and the minimum value of fluorescence
signal readings (rang, 1–210 s) was regarded as the change of
relative fluorescent unit intensity (△RFU). The agonistic or

antagonistic activity of drug was analyzed using the
following equation:

%Activity� (ΔRFUCompound-ΔRFU negative control /)
(ΔRFU positive control-ΔRFU negative control) × 100

%Inhibition � 100- ΔRFUCompound-ΔRFU positive control /)(

(ΔRFU negative control-ΔRFU positive control) × 100

Dose-response curves for agonist/antagonist were fitted using
the software GraphPad Prism (version 8.0.2) with four parameter
logistic equation.

2.4.2 D2L, D2S, 5-HT1A, 5-HT1B, Alpha2A receptor
functional assay

The activity of the compounds on D2L, D2S, 5-HT1A, 5-HT1B and
Alpha2A receptors was detected using cAMP assay. The CHO-K1/D2,
CHO-K1/5-HT1A, HEK293/Alpha2A and CHO-K1/5-HT1B cells were
diluted to the appropriate concentration with experimental buffer, and
10 μL of the cell solution was transferred to each well of the assay plate.
The compound was then transferred to the assay plate using Tecan-
D300e. After centrifuging at 1,000 rpm for 1 min, the assay plate was
incubated for 15 min at room temperature. The appropriate amount of
Forskolin solution was added to the cell plate, where the antagonist test
assay requires an additional positive compound (dopamine for D2L,
D2S; serotonin for 5-HT1A, 5-HT1B; DL-Adrenaline for Alpha2A),
centrifuged at 1,000 rpm for 1 min. The plate was incubated for
45 min at room temperature before adding 10 μL cAMP-d2 solution
and anti-cAMP-Cryptate solution to the assay plate, which was then
centrifuged at 1,000 rpm for 1 min. The plate was incubated at room
temperature for 1 h. And then read using Envision (PerkinElmer) with
parameters set to excitation 340 nm and emission 620 nm/665 nm.

2.4.3 D3 receptor functional assay
For the D3 receptor functional assay, the Nano-Glo® luciferase assay

system was used to detect the activity of the compounds. The CHO-K1/
D3 cells were diluted to a final concentration of 5×10

5 cells/mL, and 20 μL
of cell suspension (cell density of 10,000 cells/well) was added to eachwell
of a 384-cell plate and incubated for 16–24 h in a 5% CO2 and 37°C
incubator. The compounds were transferred to the assay plate using a
Tecan-D300e, centrifuged at 1,000 rpm for 1 min, and incubated at 37°C
for 30 min. After adding the Forskolin solution, the assay plate was
centrifuged at 1,000 rpm for 1 min and incubated at 37°C for 4 h. The
substrate and assay buffer (v/v, 1/50) were added to the assay plate, and
then incubated at room temperature for 5 min after centrifuging at
1,000 rpm for 1 min. Finally, the assay plate was read using enzyme-
labelling measuring instrument and the IC50 of compounds was
calculated.

2.4.4 5-HT7 receptor functional assay
The activity of the compounds on 5-HT7 receptors was detected

using Bright-Glo™ Luciferase assay system. The HEK293/5-HT7

cells were diluted to the 20000 cells/well with assay buffer, and 20 μL
of the cell solution was transferred to each well of the assay plate
(384-well plate). The test compound and positive compound were
then transferred to the assay plate using Tecan-D300e. After
centrifuging at 1,000 rpm for 1 min, the assay plate was
incubated for 30 min at 37°C. The serotonin solution was
transferred into assay plate, centrifuge at 1,000 rpm for 1 min,
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and incubated for 4 h at 37°C. After that the 30 μL of detection
reagent was added to the cell plate, centrifuge at 1,000 rpm for 1 min,
and read using Envision with the HTRF compatible reader.

2.5 In vivo pharmacological study

2.5.1 MK-801-induced hyperactivity in mice
According to the body weight, one hundred and twenty male

ICR mice (5 weeks of age) were randomly divided into ten groups
with twelve mice per group. The mice were then dosed with
vehicle (p.o.), NH300094 (0.1, 0.3, 1 and 3 mg/kg, p.o.) or
risperidone (0.1, 0.3, 1 and 3 mg/kg, p.o.) and placed back into
their home-cage for 30 min. Immediately after injection with
either saline or MK-801 (0.3 mg/kg, i.p.), the mice were placed
into the test chambers (29 cm × 29 cm × 30 cm) for 60 min of
locomotion recording using a tracking and computerized analysis
system (TopScan Version 3.00, Clever Sys Inc., Leesburg, VA).
After each test, the test chamber should be cleaned and wiped
with 75% alcohol solution. The detailed flow chart of the test
method is presented in Supplementary Figure S1A.

2.5.2 APO-induced climbing in mice
According to the body weight, one hundred and eight male

ICR mice (5 weeks of age) were randomly divided into nine
groups with twelve mice per group. The mice were treated with
either vehicle (p.o.), NH300094 (0.03, 0.1, 0.3 and 1 mg/kg, p.o.)
or risperidone (0.03, 0.1, 0.3 and 1 mg/kg, p.o.) and placed back
into their home-cage for 60 min. Afterward, mice were injected
with apomorphine (APO, 1 mg/kg, s.c.) and immediately placed
individually into cylindrical cages (13 cm diameter, 15 cm high,
with walls of vertical bars, 1 cm diameter) for behavior
observation. The behavior of the mice was observed and
scored at 10–11, 20–21, 30–31 min post injection of APO as
follows: 0 = four paws on the cage floor; 1 = two paws holding
the vertical bars of the cage; 2 = four paws holding the vertical
bars of the cage. After each test, the test chamber should be
cleaned and wiped with 75% alcohol solution. The detailed flow
chart of the test method is presented in
Supplementary Figure S1B.

2.5.3 DOI-induced head twitch in mice
The test referred to the previously description of the DOI-

induced head twitch test in mice (Fantegrossi et al., 2010). One
hundred and eight male ICR mice (5 weeks of age) were randomly
divided into nine groups with twelve mice per group: control,
NH300094 (0.001, 0.003, 0.01, and 0.03 mg/kg, p.o.), risperidone
(0.001, 0.003, 0.01 and 0.03 mg/kg, p.o.). The mice were
administered intragastrically with vehicle or compounds 60 min
before the DOI (1 mg/kg, i.p.) injection. After that, the mice were
immediately placed into the plexiglass box individually. The number
of head twitches in themice was counted by the blind observer over a
20-min period. The detailed flow chart of the test method is
presented in Supplementary Figure S1C.

2.5.4 Conditioned avoidance response test in rats
The experiments were conducted in two phases: Phase I,

conditioned avoidance response (CAR) training (112 male Wistar

rats aged 7 weeks which were used when study started); Phase II,
grouping the qualified rats and testing the efficacy of compounds in
CAR test. Shuttle-box Avoidance Test Video Analysis System
(DigBehv-SBG, Shanghai Jiliang Software Technology Co. Ltd.)
were used to assess the rats conditioned avoidance response.

Phase I: The rats responded to the conditioned stimulus
(auditory and visual) by training with foot shock reinforcement.
Briefly, rats were placed into the CAR shuttle boxes for a 5-min
habituation followed by 30 trials presented on a 20-s variable
interval (20–30 s) stimulus. Each rats were subjected to a
conditioned stimulus which consisted of 10s presentation of light
and white noise, and then followed by a scrambled 1.5 mA foot
shock for 10 s. Rats were recorded as “avoidance” if they had
successfully moved to the other compartment during the
stimulus process; Rats that ran to the other compartment during
the shock was recorded as “escape”; Rats that failed to move to the
other compartment during the shock period were recorded as
“escape failure”. Rats with avoidance rates greater than 70% for
3 consecutive days were included in this study post-training.

Phase II: The qualified rats were randomly divided into 7 groups.
Each rats were individually placed into a shuttle box for CAR testing
1 h post oral administration of vehicle, NH300094 (0.3, 1 and
3 mg/kg, p.o.) or risperidone (0.3, 1 and 3 mg/kg, p.o.). The
procedure in the testing phase was the same as the Phase I
described. The number of avoidances, escapes, and escape
failures were recorded. The detailed flow chart of the test method
is presented in Supplementary Figure S1D.

2.5.5 Novel object recognition in mice
The procedure was modified according to Bevins and Besheer

(Bevins and Besheer, 2006). According to the body weight, one hundred
and sixty male ICR mice (5 weeks of age) were randomly divided into
ten groups with sixteen mice per group. The tests were conducted in a
50 cm × 35 cm × 20 cm chamber and the mice behavior was recording
using a Hikvision video recording system (H.265, Hikvision Digtial
Technology Co., Ltd.). All mice were allowed to freely explore the
chamber environment for 10 min, and there were no objects placed in
the chamber during acclimatization period. About 24 h after
habituation, mice were dosed with vehicle (p.o.), NH300094 (0.04,
0.08 and 0.16 mg/kg, p.o.) or risperidone (0.04, 0.08 and 0.16 mg/kg,
p.o.) 30 min before injected with scopolamine hydrobromide (3 mg/kg,
i.p.). Rivastigmine hydrogen tartrate group (0.1, 0.3 and 1 mg/kg, i.p.)
were dosed simultaneously with scopolamine hydrobromide (3 mg/kg,
i.p.). Training was conducted 30 min post scopolamine hydrobromide
administration by placing a single mouse into a chamber for 10 min
with two exactly same objects positioned in the center of chamber. (The
distance between the two objects wasmore than 20 cm). The short-term
memory of mice was tested 1 h post training by exploring the chamber
for 10 min in the presence of a new and familiar object. The 10-min
testing was videotaped. After each test, the test chamber should be
cleaned and wiped with 75% alcohol solution. All of the objects
presented had similar sizes, colors and textures.

The experimental video was analyzed to record the time of mice
exploring the new and old objects, respectively, and the
differentiation index (DI) was calculated as follows: DI = new
object exploration time/(new object exploration time + old object
exploration time), which was used as the main evaluation index of
discrimination ability. Analysis stopped when the total exploration
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time of the new and old objects reaches 20 s. If the total exploration
time of the new and old objects was less than 20 s, the total 10 min of
video would be analyzed. Exploration was defined as the distance
between the nose of mouse and the object being less than 1 cm when
the mouse actively explored the object. The movement of circling
without sniffing or sitting on the object was not recorded as
exploration behavior. The detailed flow chart of the test method
is presented in Supplementary Figure S1E.

2.5.6 Forced swimming test in mice
The test referred to the previously description of the forced

swimming test (FST) in mice (Porsolt et al., 1978). One hundred and
sixty male ICRmice (5 weeks of age) were randomly divided into ten
groups with sixteen mice per group: vehicle control, duloxetine
(20 mg/kg, p.o.), risperidone (0.01, 0.03 and 0.1 mg/kg, p.o.) and
NH300094 (0.003, 0.01 and 0.03 mg/kg, p.o.), the dosage of
duloxetine was referred to the previous study (Xu et al., 2018).
Each mouse was required to swim in an open cylindrical container
(height of 25 cm, diameter of 10 cm) after intragastric
administration of compounds 1 h. The container contained 1.2 L
of water with temperature maintained at 24°C ± 1°C. The test used a
computerized analysis and tracking system (Clever Sys Inc.,
Leesburg, VA) to recorded the duration of immobility (last 4 min
of a total time of 6 min) about the testing mice. The detailed flow
chart of the test method is presented in Supplementary Figure S1F.

2.5.7 Spontaneous locomotor activity test in mice
One hundred and eight male ICR mice (5 weeks of age) were

randomly divided into nine groups with twelve mice per group. One
hour after oral administration of vehicle (p.o.), NH300094 (0.1, 0.3,
1 and 3 mg/kg, p.o.), risperidone (0.1, 0.3, 1 and 3 mg/kg, p.o.), mice
were individually placed into test chamber (29 cm × 29 cm × 30 cm)
for locomotion recording for 60 min using a computerized analysis
and tracking system (Clever Sys Inc., Leesburg, VA). After each test,
the test chamber should be cleaned and wiped with 75% alcohol
solution. The detailed flow chart of the test method is presented in
Supplementary Figure S1G.

2.5.8 Catalepsy test in mice
The test referred to the previously description of the catalepsy

test in mice (Kuschinsky and Hornykiewicz, 1972). According to the
body weight, one hundred and eight male ICR mice (5 weeks of age)
were randomly divided into nine groups with twelve mice per
group. Catalepsy was assessed at 30, 60 and 90 min post oral
administration of vehicle (p.o.), NH300094 (1, 3, 10 and
30 mg/kg, p.o.) or risperidone (0.1, 0.3, 1 and 3 mg/kg, p.o.). The
front paws of mice were placed on a horizontal stainless bar (length:
20 cm; diameter: 0.3 cm; height: 5.5 cm). If this behavior of mouse
lasted for 30 s or longer, catalepsy would be considered as positive,
and 60 s was used as cut-off. After each test, the test area should be
cleaned and wiped with 75% alcohol solution. The detailed flow
chart of the test method is presented in Supplementary Figure S1H.

2.6 Pharmacokinetics assay

Six male SD rats (7 weeks of age) were randomly divided into two
groups with three rats per group. Animals were fasted overnight and

had free access to water before dosing. For the intravenous group, male
SD rats were administered NH300094 by single intravenous bolus
administration at a dose of 2 mg/kg. For the oral group, male SD rats
were dosed orally with NH300094 at a dose of 10 mg/kg. Serial blood
samples were collected at different time points (Pre-dose, 0.033, 0.083,
0.25, 0.5, 1, 2, 4, 6, 8, 12 and 24 h for the intravenous group; Pre-dose,
0.167, 0.333, 0.5, 1, 2, 4, 6, 8, 10, 12 and 24 h for the oral group) via
jugular vein puncture from each study animal. All blood samples were
transferred into commercial tube containingK2-EDTA. Plasma samples
were prepared by centrifuging the blood samples at approximately 4°C,
3,200×g for 15 min, and then stored at −70°C until analysis
(Supplementary Materials). The pharmacokinetic parameters were
calculated using WinNonlin software (Version 6.3) according to
non-compartmental model.

2.7 Statistical analysis

All raw data were calculated as the mean ± standard deviation
(S.D.). Statistical analyses were conducted using GraphPad Prism
version 8.0.2 (GraphPad Software). For in vitro assays, the IC50

and EC50 values were calculated by nonlinear regression analysis.
For in vivo experiments, the data were analyzed statistically by
one-way ANOVA followed by Dunnett’s multiple comparison
test (p < 0.05).

3 Results

3.1 In vitro pharmacology

The results of tests in vitro showed that NH300094 has
pharmacological activity against various targets, including
antagonist activity against D2LR, D2SR, D3R, 5-HT1AR and 5-
HT2AR. Additionally, inverse agonist activity was observed at 5-
HT1BR (Table 1; Figure 2). The antagonistic activity to D2LR (IC50 =
1.04 ± 0.59 nM) and 5-HT2AR (IC50 = 0.47 ± 0.79 nM) was the most
significant activity of NH300094, which indicates its potential anti-
schizophrenia activity. NH300094 had lower antagonistic activities
ratio of 5-HT2AR and D2R than risperidone (IC50 ratio = 0.45 for
NH300094, IC50 ratio = 1.0 for risperidone), which is speculated
lower extrapyramidal side effects (Meltzer et al., 1989). The high
inverse agonist activity of 5-HT1BR (EC50 = 28.36 ± 12.52 nM) and
antagonistic activities of 5-HT1AR (IC50 = 85.59 ± 61.53 nM) and
D3R (IC50 = 31.55 ± 23.08 nM) suggesting that NH300094 has
potential to improve not only the positive symptoms but also the
cognitive dysfunctions (Laszy et al., 2005; Meneses, 2007; Ohno,
2011). NH300094 has no significant pharmacological activity
against other targets in the study (Supplementary Table S1).

3.2 Effects of NH300094 on MK-801-
induced hyperactivity in mice

Single oral dose administrations of NH300094 (0.01, 0.03,
0.1 and 0.3 mg/kg) resulted in a dose-dependent inhibition of
MK-801-induced hyperactivity in male ICR mice with an ED50 of
approximately 0.07 mg/kg and Minimum effective dose (MED) of
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0.03 mg/kg. Risperidone (0.01, 0.03, 0.1 and 0.3 mg/kg) also
significantly reduced MK-801-induced hyperactivity with an ED50

of approximately 0.08 mg/kg and MED of 0.1 mg/kg (Figure 3A).

3.3 Effects of NH300094 on APO-induced
climbing in mice

Single oral dose administrations of NH300094 (0.03, 0.1,
0.3 and 1 mg/kg) resulted in a dose-dependent inhibition of
APO-induced climbing in male ICR mice with an ED50 of
approximately 0.29 mg/kg and MED of 0.3 mg/kg. Risperidone
(0.03, 0.1, 0.3 and 1 mg/kg) also significantly reduced APO-
induced climbing behavior, with an ED50 of approximately
0.1 mg/kg and MED of 0.1 mg/kg. These results indicate that

NH300094 has potential antipsychotic effects in
clinic (Figure 3B).

3.4 Effects of NH300094 on DOI-induced
head twitch in mice

Single oral dose administrations of NH300094 (0.001, 0.003,
0.01 and 0.03 mg/kg) resulted in a dose-dependent inhibition of
DOI-induced head twitch in male ICR mice with an ED50 of
approximately 0.007 mg/kg and MED of 0.003 mg/kg. Risperidone
(0.001, 0.003, 0.01, 0.03 mg/kg) also significantly reduced DOI-
induced head twitch with an ED50 of approximately 0.002 mg/kg
and MED of 0.001 mg/kg. The data from this study reveal that both
NH300094 has potential antipsychotic effects in clinic. (Figure 3C).

TABLE 1 In vitro functional profile of NH300094 and Risperidone.

Receptor NH300094 Risperidone Positive controla

D2LR, IC50(nM) 1.04 ± 0.59 0.44 ± 0.29 1.08 ± 0.88

D2SR, IC50(nM) 11.71 ± 9.38 2.11 ± 1.08 1.12 ± 1.63

D3R, IC50(nM) 31.55 ± 23.08 84.63 ± 36.40 70.67 ± 42.69

5HT1AR, IC50(nM) 85.59 ± 61.53 4964.67 ± 2981.62 0.41 ± 0.28

5HT1BR, EC50 (nM) 28.36 ± 12.52 371.50 ± 271.30 22.27 ± 9.69

5HT2AR, IC50(nM) 0.47 ± 0.79 0.44 ± 0.53 1.05 ± 1.01

IC50, half maximal inhibitory concentration; EC50, half maximal effective concentration; R, receptor.
aPositive control: (+)-Butaclamol (D2LR/D2SR/D3R), WAY-100635 (5HT1AR), Methiothepin (5HT1BR), Ketanserin (5HT2AR).

FIGURE 2
The in vitro pharmacological activity of NH300094 and risperidone at 5-HT2AR (A), D2LR (B), D2SR (C), 5-HT1AR (D), D3R (E), 5-HT1BR (F), which
presented using concentration-dependence curves. The effects are determined by cAMP production or intracellular Ca2+ concentrations. Data are
presented as means ± S.D. of three independent test.
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3.5 Effects of NH300094 on conditioned
avoidance response

Single oral dose administrations of NH300094 (0.3, 1 and
3 mg/kg) resulted in a dose-dependent inhibition of conditioned
avoidance response of rats with an ED50 of approximately
1.02 mg/kg. Risperidone (0.3, 1 and 3 mg/kg) also significantly
reduced conditioned avoidance response of rats with an ED50 of
approximately 0.70 mg/kg. The results showed that NH300094 has
potential antipsychotic effects in clinic (Figure 3D).

3.6 Effects of NH300094 on novel object
recognition in mice

The cognitive deficits model of mice treated by scopolamine
hydrobromide was established, and the effects of NH300094 on the
model was examined using novel object recognition (NOR). In the
10-min test experiment, mice dosed with vehicle spent 12.94 s on a
novel object and 7.06 s on a familiar object, with a differentiation
index (DI) of 0.65. Mice treated with scopolamine hydrobromide
showed significant new object recognition impairment by spending
roughly equal time exploring an acquainted object and a novel object

with a DI of 0.46. Compared with the DI of scopolamine
hydrobromide-treated mice, the positive control, rivastigmine
bitartrate-treated (0.3 and 1 mg/kg, i.p.) mice also significantly
enhanced learning and memory ability, indicating that the testing
system worked well for compound testing. In this study, we found
that at doses of 0.01–0.16 mg/kg, NH300094 increased DI index of
scopolamine hydrobromide-treated mice, while risperidone (0.04,
0.08 and 0.16 mg/kg, p.o.) did not affect the DI of scopolamine
hydrobromide-treated mice. These results suggest that
NH300094 may have the potential to improve cognitive deficits
of schizophrenia (Figure 4A).

3.7 Effects of NH300094 on forced
swimming test in mice

A single oral dose of administrations of NH300094 (0.03 mg/kg)
decreased immobility time in the FST, but single oral dose of
administrations of risperidone (0.01, 0.03 and 0.1 mg/kg) did not
affect the immobility time in the FST. The results indicate that
NH300094 may have potential effects in improving the negative
symptoms of schizophrenia, which is different from
risperidone (Figure 4B).

FIGURE 3
Effects of different doses of NH300094 on schizophrenia-like model compared with antipsychotic drugs risperidone in rodents. (A) Effects of
NH300094 and risperidone on hyperactivity model induced by MK-801 (0.3 mg/kg, i.p.) in mice (n = 12). (B) Effects of NH300094 and risperidone on
climbing behavior induced by APO (1.0 mg/kg, s.c.) in mice (n = 12). (C) Effects of NH300094 and risperidone on head-twitches behavior induced by DOI
(1.0 mg/kg, s.c.) inmice (n= 12). (D) Effects of NH300094 and risperidone on the avoidance time of rats in conditional avoidance test (n=8). Data are
presented as box-and-whisker plot (min to max with all points) and are analyzed one-way ANOVA with Dunnett’s multiple comparisons tests. **p < 0.01,
***p < 0.001 compared with veh group. Veh: Vehicle.
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3.8 Effects of NH300094 on spontaneous
locomotor activity

A single oral dose of administrations of NH300094 (0.1, 0.3,
1 and 3 mg/kg) resulted in a dose-dependent inhibition of
spontaneous locomotor activity in male ICR mice with an
ED50 of approximately 0.49 mg/kg. Risperidone (0.1, 0.3,
1 and 3 mg/kg) also reduced spontaneous locomotor activity
significantly with an ED50 of approximately 0.52 mg/kg. The
ED50 of NH300094 in spontaneous locomotor activity is
much higher than that of MK-801 induced hyper-locomotor
activity, indicating the good safety margin of
NH300094 (Figure 5A).

3.9 Effects of NH300094 on catalepsy test

The catalepsy test is widely used for evaluating extrapyramidal
side effects of dopamine antagonists (Adams et al., 2013). In this

study, the minimal dose of NH300094 that induced catalepsy in
mice is 3 mg/kg with an ED50 of 6.73 mg/kg. On the other hand, the
minimal dose of risperidone that induced catalepsy in mice was
1 mg/kg with an ED50 of 1.35 mg/kg. These results indicate that
NH300094 may have lower EPS side effects compared to
risperidone (Figure 5B).

3.10 Pharmacokinetics study

Good pharmacokinetic characteristics are an important factor
for clinical efficacy of drugs. The PK parameters of
NH300094 were acquired by intravenous and intragastric
administration in rats. The mean plasma concentration of
NH300094 over 24 h is shown in Figure 6. The oral
administration of NH300094 to rats resulted in a half-life of
1.28 h, and the area under the concentration time-curves for
time zero to infinity was 14800 ng/mL*h. By comparing the
exposure of NH300094 after oral and intravenous

FIGURE 4
Effects of different doses of NH300094 on cognitive memory and depression-like behavior compared with antipsychotic drugs risperidone in mice.
(A) The influence of different doses of NH300094 on the discrimination ratio compared to model group (n = 16). (B) The influence of NH300094 on
mobility in FST (n = 16). Data are presented as box-and-whisker plot (min to max with all points) and are analyzed one-way ANOVA with Dunnett’s
multiple comparisons tests. **p < 0.01, ***p < 0.001 compared with veh group. #p < 0.05 compared with model group. Veh: Vehicle.

FIGURE 5
Side-effects of different doses of NH300094 compared with antipsychotic drugs risperidone in mice. (A) The influence of single acute treatment
with NH300094 and risperidone on the locomotion activity in mice. (n = 12). (B) The influence of single acute treatment with NH300094 and risperidone
on the catalepsy time in mice. (n = 12). Data are presented as box-and-whisker plot (min to max with all points) and are analyzed one-way ANOVA with
Dunnett’s multiple comparisons tests. *p < 0.05, **p < 0.01, ***p < 0.001 compared with veh group. Veh: Vehicle.
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administrations, the absolute oral bioavailability of NH300094 was
calculated as about 87.6% in rats. The other major
pharmacokinetics parameters for different administration routes
are presented in Table 2, demonstrating the excellent
pharmacokinetic characteristics of NH300094 for further
development.

4 Discussion

Today, many antipsychotics have been developed, but these
drugs have not been able to dissociate efficacy from side effects
(Paul et al., 2022; Schneider-Thoma et al., 2022). Additionally,
negative symptoms and cognitive dysfunctions of schizophrenia
are difficult to manage, which impairs the patient’s ability to
return to normal life (Kahn et al., 2015; Xu et al., 2022; Veleva
et al., 2023). NH300094 is a novel anti-schizophrenia candidate
with unique characteristics of D2 receptor, D3 receptor
antagonism, 5-HT1A,5-HT2A receptor antagonism and 5-HT1B

inverse agonism. Its antagonistic activity against 5-HT2A

receptor is significantly higher than that against the dopamine

receptor, which is in line with the characteristics of atypical anti-
schizophrenia drugs. Preclinical studies results suggest that
NH300094 has the potential to treat positive symptoms of
schizophrenia as well as improve negative symptoms and
cognitive impairment.

At present, the primary mechanism action of traditional
antipsychotics is still to block the signaling of postsynaptic
dopaminergic in the brain (Behr et al., 2000; Ichikawa et al., 2001;
Muller-Spahn, 2002). Preclinical and clinical studies have clearly
indicated that fronto-cortical dopamine system hypoactivity and
striatal dopamine system hyperactivity associated with the
occurrence of psychotics (McCutcheon et al., 2019; Rao et al.,
2019). It is suggested that simultaneous blocking of dopamine D2

and 5-HT2A receptors improves the efficacy of antipsychotic drugs in
patients with schizophrenia and reduces the risk of extrapyramidal
symptoms (EPS) (Andree et al., 1997; Kusumi et al., 2015). The
conditioned avoidance response study is a well-established preclinical
antipsychotic animal model (Wadenberg et al., 2000; Gao et al., 2015).
Antipsychotic drugs can selectively suppress the conditioned
avoidance response of rats. PK/PD (pharmacokinetics/
pharmacodynamics) studies have suggested that the relationship
between the suppression of conditioned avoidance response and
dopamine D2 receptor occupancy of rats correlates well with the
relationship between human clinical effects and dopamine
D2 receptor occupancy (Wadenberg et al., 2001; Olsen et al.,
2008). The present data indicate that NH300094 has good
antagonism effects with D2 receptor (IC50 = 1.04 nM), and showed
good efficacy in CAR study of rats. It predicts good clinic efficacy for
NH300094. Apomorphine is a potent dopamine agonist, challenged
with apomorphine can induce specific climbing behaviors in mice on
subsequent occasions (Costall et al., 1978; Davis et al., 1986).
Dopamine antagonists inhibit climbing behaviors of mice dose-
dependently (Kafka and Corbett, 1996). NH300094 significantly
inhibits apomorphine induced climbing, indicating strong
dopamine antagonism effects. Taken together with the CAR
results, the antipsychotic effects of NH300094 in animal studies
correlate well with the in vitro antagonism activity of Dopamine
D2 and D3 receptor.

Serotonin receptor, particularly the 5-HT1A and 5-HT2A

receptors, are useful targets for the treatment of schizophrenia

FIGURE 6
Mean plasma concentration-time profiles of NH300094 in rats
after an oral or intravenous administration.

TABLE 2 In vivo pharmacokinetics parameters of NH300094.

Group Intravenous administration group Oral administration group

Administration Dosage (mg/kg) 2 10

C0 or Cmax (ng/mL) 10800 8710

Tmax (h) NA 0.389

Cl (mL/min/kg) 9.91 NA

Vdss (L/kg) 0.379 NA

AUC0-last (ng·h/mL) 3374.4 14782.1

AUC0-inf (ng·h/mL) 3381.4 14787.1

T1/2 (h) 1.73 1.28

Bioavailability (%) NA 87.6
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(Poyurovsky et al., 2003; Meltzer et al., 2012). In the prefrontal
cortex, 5-HT1A receptor and 5-HT2A receptor are mostly expressed
in pyramidal neurons and are involved in the regulation of
excitatory and inhibitory transmission in these neurons, which
accounts for the antipsychotic effects (Burnet et al., 1996;
Amargos-Bosch et al., 2004; Santana et al., 2004). The DOI
induced head-twitch behavior is a useful model for studying the
activation of 5-HT2A receptors in mice (Fantegrossi et al., 2010;
Canal andMorgan, 2012). In 5-HT2A receptor null-mutant mice, the
DOI-induced head twitches are completely abolished (Gonzalez-
Maeso et al., 2003). In our study, the ED50 value of NH300094 in
mice DOI model was 0.006 mg/kg post p.o. administration.
NH300094 dose-dependently inhibits DOI induced head-twitch
behaviors, which is consistent with the in vitro data. The FLIPR
assay shows that NH300094 is a potent 5-HT2A receptor antagonist
(IC50 = 0.47 nM). The density of 5-HT1A receptor is increased in the
brains of chronic schizophrenia patients, implying an important role
of 5-HT1A receptor in the pathogenesis of schizophrenia
(Hashimoto et al., 1991; Millan, 2000). It is reported that
antagonism of 5-HT1A receptor can improve cognitive
impairment in schizophrenia (Meltzer and Sumiyoshi, 2008). The
stimulation of the 5-HT1A receptor often interferes with memory-
encoding mechanisms in brain, which leading to learning
disabilities. However, antagonists of 5-HT1A receptor can
enhance cortical cholinergic/hippocampal and/or glutamatergic
neurotransmission, which promoting certain types of memory
(Ogren et al., 2008; Yamada et al., 2023). 5-HT1A antagonists
reversed the cognitive impairment induced by NMDA receptor
antagonists or mACh receptor antagonists (Luttgen et al., 2005;
Madjid et al., 2006). Lurasidone, a antipsychotics with potent 5-
HT1A antagonistic activity, has been shown to improve the learning
and memory deficits induced by MK-801 in rats (Ishiyama et al.,
2007; Horisawa et al., 2011) and to improve the cognitive
impairment in schizophrenia in the clinic (Samalin et al., 2014;
Meltzer et al., 2020). In our study, NH300094 but not risperidone
shows good 5-HT1A antagonistic activity in the c-AMP assay
(NH300094 IC50 = 85.59 nM; risperidone IC50 = 4964.67 nM),
and it has a very good in vivo efficacy in the NOR test in the
scopolamine induced memory deficits model of mice. The minimal
effects dose is lower than that of rivastigmine, a dementia disorders
drug widely used for the treatment of Alzheimer’s disease (Marucci
et al., 2021). Our data indicate that the 5-HT1A antagonism activity
of NH300094 might be one of the mechanisms of memory
improvement effects.

Glutamatergic dysfunction is considered another mechanism of
schizophrenia (Kruse and Bustillo, 2022). Studies have shown that
the extracellular concentrations of dopamine and serotonin increase
in the nucleus accumbens (NAC) and prefrontal cortex (PFC) after
systemic administration of N-methyl-D-aspartic acid receptor
(NMDA) antagonists such as MK-801, indicating that
modulation of dopamine and serotonin receptors could
potentially help restore the glutamatergic dysfunction in
schizophrenia (Marcus et al., 2001; Lopez-Gil et al., 2007;
DelArco et al., 2008). In rodents, MK-801, a NMDA non-
competitive antagonist, induces complex behavioral syndromes
that include locomotor hyperactivity, stereotypy, disruption of
sensorimotor gating, and social deficit (Jentsch and Roth, 1999).
Hyperlocomotion induced by acute MK-801 treatment in mice is a

reliable and robust model for antipsychotic drugs testing (Ninan and
Kulkarni, 1999). In our study, NH300094 effectively attenuated
hyperlocomotion produced by MK-801, indicating its potential
role in restoring the function of NMDA receptors in
schizophrenia patients.

Cognitive impairment is one of the main obstacles to clinical
and functional recovery in schizophrenia (Harvey et al., 2022).
In patients with schizophrenia, D3 receptor levels are elevated in
the limbic striatum, suggesting that D3 receptor antagonists
might be effective in treating schizophrenia (Gurevich et al.,
1997). The studies have suggested that dopamine D3 receptor
antagonists could improve cognitive function of rats, which may
be helpful in the clinical treatment of cognitive dysfunction
associated with psychiatric disorders (Laszy et al., 2005; Watson
et al., 2012). Huang et al. found that cariprazine could increase
dopamine, norepinephrine, and serotonin efflux in both rat
nucleus accumbens (NAC) and ventral hippocampus (HIP)
via the antagonism of D3 activity (Huang et al., 2019).
Selective dopamine D3 receptor antagonists (SB-277011A and
SB-414796A) could enhance the extracellular levels of
acetylcholine (ACh) in the rat medial prefrontal cortex
(mPFC), which may be beneficial in the treatment of
cognitive dysfunction (Lacroix et al., 2006). NH300094 has
potent dual dopamine D3 receptor and 5-HT1A receptor
antagonism activity, which might account for its in vivo
efficacy in improving cognitive function. Antagonism of 5-
HT1A receptor has been shown to ameliorate cognitive
impairment in AD and schizophrenia (Meltzer and
Sumiyoshi, 2008; Ogren et al., 2008; Shimizu et al., 2013). It
is suggested that 5-HT1A antagonists could improve cognitive
function which mediated by postsynaptic 5-HT1A receptor;
However, full 5-HT1A agonists impairs cognition by
inhibiting the release of glutamate and acetylcholine in
various regions of the brain (Jeltsch et al., 2004; Madjid et al.,
2006). In addition, antagonism of dopamine D3 and 5-HT1A

receptor could increase the efficacy but decrease the side effects
of antipsychotics. Unlike the typical motor side effects caused by
D2 antagonists, the low brain abundance and peculiar
distribution of D3 receptors become valuable targets for the
development of drug (Maramai et al., 2016). KKHA-761, a
potent dopamine D3 receptor antagonist, has antipsychotic
activity with low risk of EPS (Park et al., 2005). The
distinctive functional profile of clozapine may be related to its
partial agonist activity against 5-HT1A receptor (Millan., 2000).
In our study, the unique profiles of dopamine D3 and 5-HT1A

receptor antagonism of NH300094 might account for its
cognitive improvement activity and better safety profiles.

NH300094 is a novel antipsychotic with antagonist activity
against 5-HT2AR > D2LR > D3R > 5-HT1AR receptors, showing
powerful efficacy in positive, negative, and cognitive impairment
animal models. In vitro mechanism studies showed that
NH300094 could antagonize both dopamine receptor and 5-
HT receptors, but its relative antagonistic potency against 5-
HT2A receptor was higher than that of dopamine receptors. Its
strong agonistic activity against 5-HT2A receptor may contribute
to higher efficacy, overcome the limitations of current
antipsychotics, and a better safety profile. Preclinical animal
results showed that NH300094 was effective in multiple
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models, which is more extensive than the clinic drug Risperidone.
The better safety margin of NH300094 may translate into a better
clinical safety profile. In conclusion, NH300094 is a novel potent
serotonin and dopamine receptors modulator, possessing
potential for the treatment of schizophrenia with
cognition disorder.
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Introduction: Nipocalimab is a high-affinity, fully human, aglycosylated, 
effectorless, immunoglobulin G (IgG) 1 monoclonal antibody that targets the 
neonatal Fc receptor (FcRn), decreases systemic IgG including autoantibodies, 
and is under development in several IgG autoantibody- and alloantibody-
mediated diseases, including generalized myasthenia gravis, chronic 
inflammatory demyelinating polyneuropathy, maternal-fetal medicine, and 
multiple other therapeutic areas. An initial phase 1 study with single and multiple 
ascending doses of nipocalimab infused intravenously (IV) over 2  h demonstrated 
dose-dependent serum pharmacokinetics and IgG reductions, with an adverse 
event (AE) profile comparable to placebo.

Methods: The current investigation evaluates the safety, tolerability, 
pharmacokinetics, and pharmacodynamics of single doses of nipocalimab 
across various IV infusion rates in a randomized, double-blind, placebo-
controlled, sequential-dose study. Forty participants were randomized to 
receive nipocalimab 30  mg/kg over 60, 30, 15 or 7.5  min (0.5, 1, 2, or 4  mg/kg/
min); nipocalimab 60  mg/kg over 15  min (4  mg/kg/min); or matching placebo.

Results: At doses up to 60  mg/kg and infusion rates up to 4  mg/kg/min (maximum 
clinically feasible rate), single doses of nipocalimab were tolerable, with 12 (40%) 
participants experiencing AEs across nipocalimab cohorts compared with 1 
(10%) participant in the placebo cohort. AEs deemed treatment related occurred 
in 6 (20%) participants receiving nipocalimab and 1 (10%) participant receiving 
placebo. None of the AEs were severe, and no participants discontinued 
treatment due to AEs. Nipocalimab provided consistent, dose-dependent serum 
pharmacokinetics and IgG reductions, regardless of infusion rate.

Discussion: This study supports the use of shortened durations of nipocalimab 
infusion for future studies.

KEYWORDS

neonatal Fc receptor, monoclonal antibodies, phase 1 clinical trial, intravenous 
infusions, pharmacokinetics, immunoglobulin G
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1 Introduction

Autoantibody-mediated diseases impact nearly 3% of the global 
population and comprise over 80 chronic autoimmune and acute 
alloimmune conditions across multiple therapeutic areas (Eggert et al., 
2010; Ludwig et al., 2017). Traditional therapeutic strategies for the 
treatment of chronic autoantibody-mediated diseases include 
conventional immunosuppression, the use of B-cell–targeting drugs 
to reduce antibody production, the removal of monomeric pathogenic 
autoantibodies and immune complexes via plasma exchange (PLEX), 
immunoadsorption (IA), or intravenous immunoglobulin (IVIG) 
(Shock et  al., 2020). However, these treatment options may lack 
adequate efficacy, be nonspecific (resulting in substantial safety and/
or tolerability issues with long-term exposure), and impose a 
substantial burden to patients and health care systems (Osanan et al., 
2012; Strengers and Klein, 2016; Bacci et al., 2019; US Food and Drug 
Administration, 2019; Jacob et al., 2021). There is a significant unmet 
need for safe and targeted therapies to address the underlying cause 
of auto- and alloantibody-mediated diseases.

The neonatal Fc receptor (FcRn) is a promising treatment target 
for immunoglobulin G (IgG) antibody–mediated diseases under 
evaluation in multiple therapeutic areas, including neuroimmunology, 
benign hematology, rheumatology, and maternal fetal medicine 
(Gable and Guptill, 2019; Chalayer et al., 2022; Pyzik et al., 2023). 
FcRn is responsible for the long 21-day half-life of IgG as it specifically 
binds and recycles IgG and albumin preventing their clearance 
through the intracellular lysosomal degradation pathway (Roopenian 
and Akilesh, 2007). Targeted blockade of FcRn-IgG binding inhibits 
IgG recycling and accelerates the destruction of pathogenic and total 
IgG. Lowering IgG (including pathogenic IgG) could provide 
significant therapeutic benefit for patients with IgG auto/alloantibody-
mediated diseases (Pyzik et  al., 2023). Determining the optimal 
administration and use of FcRn-targeted agents will be important in 
addressing the underlying cause of auto- and alloantibody-mediated 
diseases to reduce disease burden on patients and health care systems.

Efgartigimod and rozanolixizumab were the first two FcRn-
targeted agents approved by the US Food and Drug Administration 
for the treatment of generalized myasthenia gravis (gMG), the chronic 
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neuromuscular disease in which the role of pathogenic IgG is well 
established (Gilhus, 2016; Howard et  al., 2019; Bril et  al., 2021; 
Howard et al., 2021; Bril et al., 2023).

Nipocalimab is a high-affinity, fully human, aglycosylated, 
effectorless, IgG1 monoclonal antibody designed to selectively 
block the IgG binding site on FcRn to increase IgG clearance and 
reduce IgG auto/alloantibody-mediated disease pathology. Unlike 
other FcRn-targeted agents, nipocalimab binds with picomolar 
affinity to FcRn at both the endosomal and extracellular pH of 6.0 
and 7.4 allowing rapid full occupancy of FcRn throughout the 
recycling pathway. These attributes result in the potential for rapid, 
deep and sustained effects on pathogenic IgG and disease response 
(Ling et  al., 2019; Antozzi et  al., 2024). While nipocalimab 
selectively and effectively increases IgG clearance, it spares IgG 
production and other key humoral and cellular immune functions 
(Ling et al., 2022).

The safety and efficacy of nipocalimab are being evaluated across 
a broad range of IgG auto- and alloantibody-mediated diseases, 
including diseases in neurology, dermatology, rheumatology, 
immunohematology, and alloantibody-mediated maternal fetal 
medicine indications, many of which are rare with limited treatment 
options (ClinicalTrials.gov, 2019a,b, 2021a,b,c,d,e, 2022a,b) In a phase 
2 study of patients with gMG (Vivacity-MG [N = 67]; ClinicalTrials.
gov Identifier: NCT03772587), nipocalimab treatment resulted in 
substantial, rapid, and dose-dependent reductions in total serum IgG 
and in anti-acetylcholine receptor–specific autoantibodies compared 
with placebo (Antozzi et al., 2024). Myasthenia Gravis Activities of 
Daily Living scores significantly improved with nipocalimab 
compared with placebo, while the frequency of adverse events (AEs) 
was comparable to placebo.

Nipocalimab was well tolerated, with an acceptable safety profile, 
and exhibited clear dose, pharmacokinetic (PK), and 
pharmacodynamic (PD) relationships when administered as an 
infusion over 2 h at rates up to 0.5 mg/kg/min in a first-in-human, 
single and multiple ascending dose study in healthy participants (Ling 
et al., 2019). In subsequent studies and in clinical practice, shorter 
durations of infusion are desirable if tolerability and safety can 
be maintained and PK and PD remain consistent. The study presented 
here aimed to assess the safety, tolerability, PK, and PD of single 30 or 
60-mg/kg intravenous (IV) doses of nipocalimab in healthy adults 
over infusion times ranging from 60 to 7.5 min to examine shorter 
nipocalimab IV infusions for potential use in clinical studies and in 
clinical practice.

2 Materials and methods

2.1 Ethics

This study was in compliance with the International Council for 
Harmonisation Harmonised Tripartite Guideline regarding good 
clinical practice. Study protocols were reviewed by the Advarra, Inc. 
institutional review board and is registered with the US Food and 
Drug Administration (Registration Number: IRB 00000971). The 
study was conducted in accordance with the Declaration of Helsinki 
and was consistent with good clinical practices and regulatory 
requirements. Participants provided written informed consent prior 
to enrollment.

2.2 Participants

Eligible participants were males or females aged 18 to 55 years 
with no clinically significant medical conditions, body mass index 
(BMI) ≥18.5 and < 32.0 kg/m2, body weight ≥ 50 and ≤ 110 kg, and 
total serum IgG levels ≥1,000 mg/dL at screening. Women of 
childbearing potential and nonsterile men agreed to use effective 
contraception to prevent pregnancy prior to dosing, during the study, 
or in a specified period after dosing. Participants with a history of 
disease(s) of the immune system, use of immunosuppressive therapy, 
history or presence of hypersensitivity or idiosyncratic reaction to the 
study drug or related compounds, or history or presence of a clinically 
significant medical or psychiatric condition were excluded.

2.3 Study design

This single-infusion, sequential, randomized, double-blind, 
placebo-controlled, escalating dose and infusion rate, phase 1 study 
was conducted at a single clinical site in the United States. The study 
consisted of a screening phase (within 30 days before study drug 
administration), a 29-day study phase (single IV doses of nipocalimab 
were given on Day 1, PK parameters were assessed for 336 h [up to 
Day 15], and PD parameters were assessed for 672 h [up to Day 29]), 
and a follow-up phase (every 14 days following Day 29 until safety 
laboratory results returned to the normal range; Figure  1). Safety 
parameters were assessed throughout the study, including the 
screening phase; Day −1; prespecified time points between Day 1 and 
Day 2, Day 8, Day 15, and Day 29; and the follow-up phase. On Day 
1, participants were randomized to 1 of 5 cohorts (n = 8 per cohort 
[nipocalimab, n = 6; placebo, n = 2]) to receive nipocalimab 30 mg/kg 
IV infused over 60, 30, 15, or 7.5 min (0.5, 1, 2, or 4 mg/kg/min); 
nipocalimab 60 mg/kg IV infused over 15 min (4 mg/kg/min); or 
matching placebo. The maximum infusion rate of 4 mg/kg/min was 
the fastest rate that was feasible at the clinical site. Escalation to the 
next dose level was permitted following review by a safety 
monitoring committee.

2.4 Safety and tolerability evaluations

Safety and tolerability of study treatments were assessed via 
laboratory tests, vital signs, electrocardiogram (ECG), and by the 
frequency and nature of treatment-emergent AEs (TEAEs) and 
serious AEs (SAEs). AEs were coded using the Medical Dictionary for 
Regulatory Activities, version 21.1. Optional laboratory tests were 
performed every 14 days post–Day 29 until safety laboratory test 
results returned to the normal range.

2.5 PK evaluations

Blood samples for PK analysis of nipocalimab were collected at 
Day 1 predose and at prespecified time points between Day 1 and Day 
2, Day 8, and Day 15. PK samples at the middle and end of infusion 
varied for each cohort as a result of different infusion rates. Serum 
concentrations of nipocalimab were determined using an enzyme-
linked immunosorbent assay method validated with respect to 
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accuracy, precision, linearity, sensitivity, and specificity (Charles River 
Laboratories, Reno, NV, USA). The limits of quantification for 
nipocalimab were 0.150 to 1,250 μg/mL. Standard serum PK 
parameters were derived including maximum observed serum 
concentration (Cmax), time to reach the maximum observed serum 
concentration (Tmax), area under the serum concentration-time curve 
(AUC) from time 0 (start of infusion) to the time of the last observed 
nonzero concentration (AUC0-last), AUC from time 0 (start of infusion) 
extrapolated to infinity (AUC0-inf), half-life (t1/2), observed 
concentration at the end of infusion (Ceoi), clearance (CL), and volume 
of distribution (Vz).

2.6 PD evaluations

Blood samples for PD analysis of total serum IgG and albumin 
concentrations were collected at Day −1, Day 2, Day 8 ± 1, Day 15 ± 2, 
and Day 29 ± 3, with an optional test every 14 days post−Day 29 until 
clinically significant laboratory test results returned to normal ranges 
(ie, 768–1,632 mg/dL for total serum IgG). Total serum IgG and 
albumin concentrations were analyzed by Celerion (Tempe, AZ, 
USA). The proportion of participants with hypoalbuminemia 
categorized based on Common Terminology Criteria for Adverse 
Events (grade 3: <20 g/L, grade 2: 20 to <30 g/L, grade 1: 30 to <40 g/L) 
or with normal (40–50 g/L) or high albumin levels (>50 g/L) was also 
reported at each postdose time point compared with baseline.

2.7 Statistical analysis

Descriptive statistics were used for participant characteristics, 
serum concentrations of nipocalimab and total IgG, derived PK 
parameters (as appropriate), laboratory tests, ECG, and vital signs. PK 
parameters were calculated from the serum nipocalimab 
concentration-time data using noncompartmental analysis (Phoenix® 
WinNonlin®, version 7.0; Certara, Princeton, NJ, USA). All statistical 
analysis and reporting were generated using SAS for Windows, 
version 9.4 (SAS Institute, Cary, NC, USA).

3 Results

3.1 Participants

A total of 40 participants received study treatment and were 
included in the safety analysis. Of those, 30 participants received 
nipocalimab and were included in the PK and PD analyses. A total of 
39 participants completed the study, and 1 participant who received 
placebo was considered lost to follow-up after missing a scheduled 
return visit (14 days after end of study). Baseline demographic and 
selected clinical characteristics were similar across all treatment 
cohorts (Table 1). The mean age was 37.0 years, 70% were female, 
92.5% were White, mean baseline BMI was 26.8 kg/m2, and mean 
baseline serum IgG was 1,183.9 mg/dL.

FIGURE 1

Study design of a phase 1, single-dose, sequential escalating-dose, randomized, double-blind, placebo-controlled, infusion rate study. BMI, body mass 
index; EOI, end of infusion; IgG, immunoglobulin G; IV, intravenous; MOI, middle of infusion; PD, pharmacodynamic; PK, pharmacokinetic. aThe PK 
assessment time points included Day 1 predose, MOI, EOI, EOI  +  0.083  h, EOI  +  0.25  h, EOI  +  1  h; Day 2 (24  h postdose); Day 8 (169  h postdose); and  
Day 15 (337  h post dose). The PD and safety assessment time points included Day −1, Day 2 (24  h postdose), Day 8 (169  h postdose), Day 15 (337  h 
postdose), and Day 29 (672  h postdose), with an optional test every 14  days post−Day 29 until clinically significant laboratory test results returned to 
normal ranges.
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3.2 Safety

A total of 12 (40%) participants experienced TEAEs across all 
nipocalimab dosing cohorts, and 1 (10%) participant experienced 
TEAEs following the administration of placebo (Table 2). None of the 
TEAEs were severe, and there were no deaths, SAEs, or 
discontinuations of treatment due to TEAEs at any infusion rate of 
nipocalimab. A total of 6 (20%) participants in the nipocalimab dosing 
cohorts experienced TEAEs that were considered related to the study 
drug. All of these TEAEs were of mild (grade 1) or moderate (grade 
2) severity and were observed to resolve by the end of the study, except 
for 3 grade 1 TEAEs in 1 participant in the 60-mg/kg cohort (15-min 
infusion duration; 4 mg/kg/min) who was lost to follow-up. Grade 2 
infusion-site reactions were reported in 2 participants. Both were 
considered unrelated to the study drug. One participant in the 30-mg/
kg cohort (60-min infusion duration; 0.5 mg/kg/min) exhibited a 
vessel puncture−site reaction on the right hand that began 
approximately 29 min following the start of the infusion and later 
developed ecchymosis, erythema, pain, redness, and swelling in the 
right hand. The AE was completely resolved after approximately 
21 days. Another participant in the 30-mg/kg cohort (15-min infusion 

duration; 2 mg/kg/min) exhibited infusion-site discomfort at the right 
antecubital IV site without erythema, induration, or swelling that 
began 5 min following the start of the infusion. The AE resolved 
approximately 5 h after onset.

The most frequently reported TEAE was headache, reported by 6 
participants (20%) with nipocalimab and 1 participant (10%) with 
placebo. None of the headache AEs occurred during the infusion. 
Grade 1 headaches were reported by 4 participants receiving 
nipocalimab (1 each in the 30-mg/kg cohorts [60-min infusion 
duration, 0.5 mg/kg/min; 30-min infusion duration, 1 mg/kg/min] 
and 2 in the 60-mg/kg cohort [15-min infusion duration, 4 mg/kg/
min]) and by 1 participant receiving placebo. Grade 2 headaches were 
reported by 2 participants receiving nipocalimab at 30 mg/kg (7.5-min 
infusion duration; 4 mg/kg/min). All headache AEs were considered 
related to the study treatment, except for 1 participant in the 60-mg/
kg cohort (15-min infusion duration; 4 mg/kg/min). Grade 1 nausea 
was reported by 2 participants (6.7%) receiving nipocalimab (60-mg/
kg cohort [15-min infusion duration; 4 mg/kg/min]). Grade 2 
intermittent nausea occurred in 1 participant 4 h after the infusion of 
30 mg/kg (7.5-min infusion duration; 4 mg/kg/min), lasted until Day 
28, and was considered related to the study drug. Grade 1 nausea 

TABLE 1 Demographic and other baseline characteristics.

Characteristica Nipocalimab Placebo
(n  =  10)

30  mg/kg
(60  min; 

0.5  mg/kg/
min)

(n  =  6)

30  mg/kg
(30  min; 
1  mg/kg/

min) (n  =  6)

30  mg/kg
(15  min; 

2  mg/kg/
min) (n  =  6)

30  mg/kg 
(7.5  min; 
4  mg/kg/

min) (n  =  6)

60  mg/kg
(15  min; 

4  mg/kg/
min) (n  =  6)

Total
(n  =  30)

Sex, n (%)

  Female 4 (67) 3 (50) 5 (83) 5 (83) 5 (83) 22 (73) 6 (60)

  Male 2 (33) 3 (50) 1 (17) 1 (17) 1 (17) 8 (27) 4 (40)

Ethnicity, n (%)

  Hispanic or Latino 5 (83) 4 (67) 5 (83) 5 (83) 6 (100) 25 (83) 7 (70)

  Not Hispanic or Latino 1 (17) 2 (33) 1 (17) 1 (17) 0 5 (17) 3 (30)

Race, n (%)

  Black or African 

American
0 1 (17) 0 0 0 1 (3) 0

  Native Hawaiian or other 

Pacific Islander
0 1 (17) 0 0 0 1 (3) 0

  White 6 (100) 4 (67) 6 (100) 6 (100) 6 (100) 28 (93) 9 (90)

  Mixed White, Black, or 

African American
0 0 0 0 0 0 1 (10)

Age, y 37.7 (6.5) 35.0 (8.7) 43.8 (11.0) 36.7 (11.7) 34.0 (11.0) 37.4 (9.9) 35.8 (10.9)

Weight, kg 75.2 (10.2) 77.2 (14.0) 71.5 (9.7) 74.1 (5.0) 73.9 (10.5) 74.4 (9.7) 71.5 (15.2)

Height, cm 167.2 (7.2) 169.8 (12.4) 161.8 (6.6) 162.7 (4.4) 164.5 (9.3) 165.2 (8.4) 167.1 (10.2)

BMI, kg/m2 26.9 (3.9) 26.7 (3.0) 27.3 (3.0) 28.1 (2.4) 27.3 (3.0) 27.2 (2.9) 25.4 (3.6)

Albumin, g/L 44.7 (1.8) 45.2 (2.8) 46.7 (2.9) 43.5 (3.3) 45.7 (2.0) 45.1 (2.7) 46.5 (1.8)

IgG, mg/dL 1,104.5 (261.5) 1,134.5 (209.7) 1,261.7 (173.9) 1,136.5 (200.9) 1,270.0 (174.8) 1,181.4 (204.6) 1,191.3 (208.4)

IgM, mg/dL 79.8 (25.5) 146.5 (27.6) 89.7 (49.5) 154.2 (91.9) 143.3 (78.2) 122.7 (64.8) 123.5 (39.7)

IgA, mg/dL 168.8 (95.2) 254.0 (72.2) 213.2 (63.9) 245.8 (91.1) 240.7 (46.8) 224.5 (77.3) 239.9 (83.6)

IgE, mg/dL 60.5 (114.2) 25.2 (31.2) 105.7 (131.1) 115.8 (128.3) 86.8 (159.0) 78.8 (117.0) 394.5 (1162.4)

BMI, body mass index; Ig, immunoglobulin; SD, standard deviation.
aData are mean (SD) unless otherwise noted.
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accompanied by grade 1 intermittent vomiting was reported in 2 
participants receiving the 60-mg/kg infusion (15-min infusion 
duration; 4 mg/kg/min), occurred within 24 to 28 days after the 
infusion of the study drug, and was considered related to the study 
drug in 1 participant.

A total of 4 participants (3 receiving nipocalimab and 1 receiving 
placebo) experienced AEs that occurred within 24 h after the infusion 
and were considered related to the treatment. These AEs were mostly 
headaches, which began from 5 to 11 h after the beginning of the 
infusion. Also reported were numbness at the top of the head at 10 h 
after infusion by 1 participant (30 mg/kg cohort [30-min infusion 
duration; 1.0 mg/kg/min]), as well as nausea at 4 h after infusion and 
“arms feel cool” during the infusion by another participant (30 mg/kg 
cohort [7.5-min infusion duration; 4 mg/kg/min]). All resolved and 
did not require pausing or discontinuation of dosing.

There were no laboratory-related AEs during this study. All 
individual abnormal laboratory results were considered clinically 
insignificant and not related to the study drug. There were no clinically 
significant changes in ECG, vital signs, or physical exams.

3.3 PK

The mean serum nipocalimab concentration-time profiles were 
similar following all 30-mg/kg infusions regardless of infusion rate 
and were approximately 2 times higher following a 60-mg/kg infusion 

(Figure 2). In all treatment cohorts, mean serum concentrations of 
nipocalimab declined in a dose-dependent nonlinear manner, 
suggesting target-mediated drug disposition, and remained detectable 
for at least 169 h postdose for all 30-mg/kg cohorts and 337 h postdose 
for the 60-mg/kg cohort.

The geometric means of AUC0-inf and Cmax of nipocalimab in 
serum were unaffected by infusion rate when administered at 30 mg/
kg (Table 3). Following a 60-mg/kg infusion, the AUCs were 2.4 to 2.8 
times higher and Cmax was 2.0 to 2.2 times higher than with the  
30-mg/kg infusions. Tmax following 30 and 60-mg/kg infusions ranged 
from 20 to 68 min after initiation of IV infusion. Higher infusion rates 
were associated with a numerical trend toward shorter Tmax, although 
a delayed Tmax was observed at the highest infusion rate (30 mg/kg 
cohort [7.5-min infusion duration; 4 mg/kg/min]). Mean t1/2, CL, and 
Vz values ranged from 48.8 to 58.0 h, 0.03 to 0.05 L/h, and 2.6 to 3.4 L, 
respectively, across nipocalimab dosing cohorts. Numerical trends 
toward slower CL and lower Vz were observed with shorter infusion 
following 30-mg/kg infusions, except for in the 4-mg/kg/min cohort 
(n = 1).

3.4 PD

Mean baseline serum IgG levels ranged from 1,105 to 1,270 mg/dL 
across treatment cohorts (Table  1). Following nipocalimab 
administration, the mean IgG values decreased from baseline 

TABLE 2 Number of participants reporting TEAEs and most frequent TEAEs (in ≥2 participants) by dosing cohort.

TEAE, n (%) Nipocalimab Placebo 
(n  =  10)

30  mg/kg 
(60  min; 

0.5  mg/kg/
min)

(n  =  6)

30  mg/kg 
(30  min; 
1  mg/kg/

min)
(n  =  6)

30  mg/kg 
(15  min; 

2  mg/kg/
min)

(n  =  6)

30  mg/kg 
(7.5  min; 
4  mg/kg/

min)
(n  =  6)

60  mg/kg 
(15  min; 

4  mg/kg/
min)

(n  =  6)

Total
(n  =  30)

Any TEAE 3 (50) 1 (17) 2 (33) 3 (50) 3 (50) 12 (40) 1 (10)

Death 0 0 0 0 0 0 0

Any serious TEAE 0 0 0 0 0 0 0

Any TEAE leading to 

discontinuation of 

study drug

0 0 0 0 0 0 0

Treatment-related 

adverse events
1 (17) 1 (17) 0 2 (33) 2 (33) 6 (20) 1 (10)

Any infusion-site 

reaction
1 (17)a 0 1 (17)a 0 0 2 (7) 0

Most frequent TEAE

  Headache 1 (17)b 1 (17)b 0 2 (33)a 2 (33)b 6 (20) 1 (10)b

  Nausea 0 0 0 1 (17)a 2 (33)b 3 (10) 0

  Vomiting 0 0 0 0 2 (33) 2 (7) 0

  Back pain 0 0 1 (17)a 0 1 (17)b 2 (7) 0

  Nasal congestion 0 0 0 2 (33)a,b 0 2 (7) 0

  Rhinorrhea 0 0 0 2 (33)b 0 2 (7) 0

  Pruritis 0 0 0 1 (17)b 1 (17)b 2 (7) 0

  Rash 0 0 0 1 (17)b 1 (17)b 2 (7) 0

TEAE, treatment-emergent adverse event.
aEvent reported by participant(s) considered moderate in intensity (grade 2).
bEvent reported by participant(s) considered mild in intensity (grade 1).
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compared with placebo, with similar decreases following all 30-mg/kg 
infusions and larger decreases following a 60-mg/kg infusion 
(Figure 3; Table 4). The maximum decrease from baseline in mean 
serum IgG levels ranged from −61.5% to −66.2% (Day 8 or Day 15) 
for the 30-mg/kg infusion cohorts and was 79.0% (Day 15) for the 
60-mg/kg infusion cohort. The mean IgG values remained below 
baseline (−27.4% to −46.7% from baseline) at Day 29 for all 
nipocalimab dosing cohorts. The mean serum IgG values following 
placebo administration remained within the normal range throughout 
the study.

Mean baseline serum albumin levels ranged from 43.5 g/L to 
46.7 g/L across treatment cohorts (Table 1). Following nipocalimab 
administration, mean albumin values generally decreased from 
baseline compared with placebo. As with IgG, similar decreases 

followed all 30-mg/kg infusions, with larger decreases following the 
60-mg/kg infusion (Figure  4; Table  5). However, the maximum 
decrease from baseline in mean serum albumin levels was observed 
in both dosing cohorts on Day 15 and ranged from −4.4% to −8.2% 
for the 30-mg/kg infusion cohorts and was most pronounced for the 
60-mg/kg infusion cohort at −14.6%. The mean albumin values had 
recovered at Day 29 to near or just below baseline (−0.7% to −4.4% 
from baseline) in the 30-mg/kg infusion cohorts and to −6.5% in the 
60-mg/kg infusion cohort. The mean serum albumin values 
following placebo administration remained within −1% of the 
normal range throughout the study. There were no clinically relevant 
shifts from normal at baseline to abnormal postdose in serum 
albumin levels in any of the nipocalimab dosing cohorts 
(Supplementary Table 1).

FIGURE 2

Serum nipocalimab concentrations over time were assessed for up to 336  h following single doses of nipocalimab (30 and 60  mg/kg) administered at 
escalating infusion rates (0.5–4  mg/kg/min). (A) Mean (±SD) serum nipocalimab concentrations over the first 3  h postdose (n  =  6). (B) Mean (±SD) 
serum nipocalimab concentrations over the entire period of 336  h postdose (n  =  6). SD, standard deviation.
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4 Discussion

This single-infusion, sequential, randomized, double-blind, 
placebo-controlled, escalating dose and infusion rate, phase 1 study 
examined the safety, tolerability, PK, and PD of nipocalimab when 
administered at different infusion rates and dose levels. Nipocalimab 
administered at doses up to 60 mg/kg and infusion rates up to  
4 mg/kg/min, with infusion durations as short as 7.5 min, was well 
tolerated with no new safety findings and a safety profile generally 
comparable to placebo, highlighting the favorable safety and 
tolerability of nipocalimab when administered at high doses with 
shortened infusion duration. Nipocalimab also exhibited consistent, 
dose-dependent PK and induced dose-dependent total serum IgG 
reductions. These results provide evidence to support durations of 
administration as short as 7.5 min (when infusing 4 mg/kg/min 
with a 30-mg/kg dose). A phase 3 study of nipocalimab for gMG 
(ClinicalTrials.gov Identifier: NCT04951622) is underway and uses 
the shortened infusion durations shown in this study to be safe, 
with consistent PK and PD effects. The tolerability of these rapid 
infusion rates and the consistency of PK and PD across infusion 
rates and doses up to 60 mg/kg may also provide a window of safety 
in dosing, decreased patient burden, as well as greater ease and 
efficiency of administration in clinical settings.

These results support the safety of nipocalimab at higher 
infusion rates and at doses up to 60 mg/kg as assessed up to 28 days 
following single IV administration. TEAEs considered related to 
the study treatment occurred in both placebo and nipocalimab 
cohorts. There was a trend toward higher rates of the most frequent 
TEAEs with shorter rates of infusion. However, most of these 

TEAEs occurred more than 24 h after the infusion in participants 
receiving the highest rate of infusion. Given that the PK parameters 
of nipocalimab were generally similar by 24 h after the beginning 
of the infusion for all nipocalimab dosing cohorts regardless of 
infusion rate, it is unlikely that TEAEs that occurred 24 h after the 
infusion were infusion-rate driven. Nevertheless, it should be noted 
that these TEAEs could still be  considered related to the study 
drug. No serious TEAEs or deaths occurred during the study. 
Altogether, these results complement the single and multiple dose 
safety profile observed previously with IV nipocalimab 
administered at 30 mg/kg weekly for up to 28 days or 30 mg/kg 
every 4 weeks or 60 mg/kg every other week for 57 days (Ling et al., 
2019; Antozzi et al., 2024).

Overall PK profiles of nipocalimab were similar regardless of 
infusion rate, although a numerical trend toward shorter Tmax, lower 
CL, and lower Vz with higher infusion rates was observed. The PK 
parameters determined in this phase 1 study were generally 
comparable to those found in the initial phase 1 study (Ling 
et al., 2019).

Serum IgG reductions with nipocalimab demonstrated dose-
dependence, with approximately 64% and 79% reductions from 
baseline following the 30-mg/kg infusions and 60-mg/kg infusion, 
respectively. Serum IgG reductions were not affected by infusion rates 
when given at a dose of 30 mg/kg, with approximately 61% and 64% 
maximum reductions from baseline following the 30-mg/kg infusions 
at the rates of 0.5 mg/kg/min and 4 mg/kg/min, respectively. The IgG 
reduction observed in this study are associated with the IgG levels 
associated with positive clinical responses observed in patients with 
IgG autoantibody-mediated diseases who underwent efgartigimod, 

TABLE 3 Serum PK parameters of nipocalimab.

PK parametera 30  mg/kg
(60  min; 0.5  mg/

kg/min)

30  mg/kg
(30  min; 1  mg/

kg/min)

30  mg/kg
(15  min; 2  mg/

kg/min)

30  mg/kg
(7.5  min; 4  mg/

kg/min)

60  mg/kg
(15  min; 4  mg/

kg/min)

AUC0-last, μg∙h/mL
43,050 (22.4)

[n = 6]

43,530 (28.2)

[n = 6]

49,950 (19.3)

[n = 6]

47,670 (10.9)

[n = 6]

119,600 (10.1)

[n = 6]

AUC0-inf, μg∙h/mL
47,000 (28.7)

[n = 5]

48,650 (32.9)

[n = 6]

52,270 (17.3)

[n = 5]

51,820

[n = 1]

128,700 (7.7)

[n = 6]

Ceoi, μg/mL
720 (16.8)

[n = 6]

679 (18.1)

[n = 6]

697 (19.0)

[n = 6]

736 (8.5)

[n = 6]

1,488 (18.1)

[n = 6]

Cmax, μg/mL
756 (17.5)

[n = 6]

704 (18.7)

[n = 6]

761 (16.6)

[n = 6]

790 (10.8)

[n = 6]

1,547 (15.6)

[n = 6]

Tmax, h
1.08 (1.01, 2.03)

[n = 6]

0.55 (0.52, 0.76)

[n = 6]

0.44 (0.34, 1.26)

[n = 6]

1.13 (0.14, 1.13)

[n = 6]

0.33 (0.27, 0.50)

[n = 6]

t1/2, h
49.3 (9.5)

[n = 5]

51.2 (10.3)

[n = 6]

48.8 (1.5)

[n = 5]

58.0

[n = 1]

55.0 (17.1)

[n = 6]

CL, L/h
0.049 (30.2)

[n = 5]

0.047 (20.2)

[n = 6]

0.041 (4.3)

[n = 5]

0.040

[n = 1]

0.034 (17.2)

[n = 6]

Vz, L
3.42 (9.4)

[n = 5]

3.41 (17.4)

[n = 6]

2.88 (5.5)

[n = 5]

3.33

[n = 1]

2.60 (41.6)

[n = 6]

AUC0-inf, area under the serum concentration-time curve from time 0 (start of infusion) extrapolated to infinity; AUC0-last, area under the serum concentration-time curve from time 0 (start of 
infusion) to the time of the last observed nonzero concentration; Ceoi, observed concentration at the end of infusion; CL, clearance; Cmax, maximum observed serum concentration;  
CV%, coefficient of variation; PK, pharmacokinetic; SD, standard deviation; t1/2, half-life; Tmax, time to reach maximum observed serum concentration; Vz, volume of distribution.
aArea under the serum concentration-time curves, Ceoi, Cmax, CL, and Vz are presented as geometric mean and geometric CV%; Tmax is presented as median (minimum, maximum); t1/2 is 
presented as arithmetic mean ± SD. When n = 1, geometric CV% or SD are not available.
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PLEX or IA treatment (Liu et al., 2010; Kohler et al., 2011; Kasuya 
et al., 2013; VYVGART®, 2023). Serum albumin decreases observed 
following nipocalimab dosing remained within the normal range and 
within 10% of baseline for the 30-mg/kg cohorts and within 15% of 
baseline for the 60-mg/kg cohort. These changes were within the 
normal range, asymptomatic, and showed recovery toward baseline 
following nadir at approximately 8 to 15 days postdose as observed in 
the previous single dose study (Aull and McCord, 1957; Felding et al., 
1980; Ling et al., 2019). These data further support the potential use 
of nipocalimab for treatment of IgG autoantibody-mediated diseases 
at durations of IV infusion as short as 7.5 min. The tolerability of 
nipocalimab may relate to its high affinity for the FcRn IgG binding 
site and aglycosylated design that contribute to its selectivity and 
effectorless binding (Ling et al., 2022).

The percentage of total IgG reduction in this study was similar to 
that observed in the previous phase 1 and Vivacity-MG studies when 
given at similar doses (Ling et  al., 2019; Antozzi et  al., 2024). By 
targeting IgG clearance while permitting IgG production and cellular 
immune functions, nipocalimab and other FcRn-targeting agents do 
not result in broad immunosuppression allowing sparing of 
corticosteroids or other immunosuppressive agents (Peter et al., 2020; 
Ling et al., 2022).

The limitations of this study include its small number of 
participants. The maximum infusion rate conducted in this study 
was restricted to 4 mg/kg/min as the fastest available rate of infusion 
at the clinical site; thus, higher infusion rates may be  possible 
although not evaluated. Furthermore, the study included only 
healthy volunteers who had no significant comorbidities or 

FIGURE 3

Total serum IgG concentrations over time were assessed for up to 672 h following single doses of nipocalimab (30 and 60 mg/kg) administered at escalating 
infusion rates (0.5–4 mg/kg/min). (A) Percent change from baseline of total serum IgG concentration (n = 6 per nipocalimab cohort, n = 10 for placebo cohort). 
(B) Mean (±SD) total IgG serum concentrations (n = 6 per nipocalimab cohort, n = 10 for placebo cohort). IgG, immunoglobulin G; SD, standard deviation.
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TABLE 4 Percent change from baseline in total serum IgG concentration.

Time point Percent change from baseline in total serum IgG concentration, % (SD)

Nipocalimab

30  mg/kg
(60  min; 

0.5  mg/kg/
min)

(n  =  6)

30  mg/kg
(30  min; 1  mg/

kg/min)
(n  =  6)

30  mg/kg
(15  min; 2  mg/

kg/min)
(n  =  6)

30  mg/kg
(7.5  min; 4  mg/

kg/min)
(n  =  6)

60  mg/kg
(15  min; 4  mg/

kg/min)
(n  =  6)

Placebo 
(n  =  10)

Day 2 −5.74 (5.10) −1.08 (3.94) −4.95 (3.80) 0.36 (3.96) −0.75 (5.56) 4.51 (7.57)

Day 8 −61.46 (5.38) −56.24 (2.79) −62.13 (5.66) −63.82 (4.23) −62.72 (5.63) 4.03 (9.72)

Day 15 −61.42 (4.95) −63.92 (3.96) −66.15 (3.67) −62.12 (12.00) −78.99 (4.56) 6.31 (5.46)

Day 29 −27.43 (7.87) −33.12 (5.31) −35.17 (10.52) −34.50 (11.14) −46.71 (9.64) 0.17 (8.23)a

IgG, immunoglobulin G; SD, standard deviation.
an = 9.

FIGURE 4

Serum albumin concentrations over time were assessed for up to 672  h following single doses of nipocalimab (30 and 60  mg/kg) administered at 
escalating infusion rates (0.5–4  mg/kg/min). (A) Percent change from baseline of serum albumin concentration (n  =  6 per nipocalimab cohort, n  =  10 
for placebo cohort). (B) Mean (±SD) serum albumin concentrations (n  =  6 per nipocalimab cohort, n  =  10 for placebo cohort). SD, standard deviation.
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concomitant medications, which does not generally reflect the 
impact of nipocalimab treatment on patients with IgG 
autoantibody-mediated disease.

The results reported here underscore the ability to safely 
administer nipocalimab up to 60 mg/kg with an infusion rate as 
high as 4 mg/kg/min in healthy individuals. These preliminary 
findings also support the selection of dose and infusion  
rate in ongoing phase 2 and 3 studies of nipocalimab for  
the treatment of gMG and other IgG autoantibody-mediated  
diseases.
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TABLE 5 Percent change from baseline in serum albumin concentration.

Time point Percent change from baseline in serum albumin concentration, % (SD)

Nipocalimab

30  mg/kg
(60  min; 

0.5  mg/kg/
min)

(n  =  6)

30  mg/kg
(30  min; 1  mg/

kg/min)
(n  =  6)

30  mg/kg
(15  min; 2  mg/

kg/min)
(n  =  6)

30  mg/kg
(7.5  min; 4  mg/

kg/min)
(n  =  6)

60  mg/kg
(15  min; 4  mg/

kg/min)
(n  =  6)

Placebo 
(n  =  10)

Day 2 2.25 (3.45) 1.30 (3.97) 1.99 (4.52) 1.34 (3.50) 0.90 (5.07) 0.93 (3.25)

Day 8 4.80 (6.43) −6.13 (3.49) −7.43 (3.03) −5.26 (3.66) −10.15 (3.74) 1.18 (7.53)

Day 15 −4.84 (2.93) −7.24 (5.25) −8.22 (4.24) −4.39 (3.49) −14.64 (2.45) −0.01 (4.77)

Day 29 −0.72 (4.42) −1.66 (4.79) −4.44 (4.86) 1.01 (4.10) −6.47 (3.70) −0.71 (4.12)a

SD, standard deviation.
an = 9.
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Glossary

AE adverse event

AUC area under the curve

AUC0-last the time of the last observed nonzero concentration

AUC0-inf area under the serum concentration-time curve from time 0 (start of infusion) extrapolated to infinity

BMI body mass index

Ceoi observed concentration at the end of infusion

CL clearance

Cmax maximum observed serum concentration

CV coefficient of variation

ECG electrocardiogram

EOI end of infusion

FcRn Fc receptor

gMG generalized myasthenia gravis

IA immunoadsorption

Ig immunoglobulin

IV intravenous

IVIG intravenous immunoglobulin

MOI middle of infusion

PD pharmacodynamics

PK pharmacokinetics

PLEX plasma exchange

SAE serious adverse event

SD standard deviation

t1/2 half-life

TEAE treatment-emergent adverse event

Tmax time to reach maximum observed serum concentration

Vz volume of distribution
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Astragalus polysaccharides
ameliorate epileptogenesis,
cognitive impairment, and
neuroinflammation in a
pentylenetetrazole-induced
kindling mouse model

Yuling Lu1†, Minglin Lin2†, Sijie Ou1, Lanfeng Sun1, Kai Qian1,
Huimin Kuang1 and Yuan Wu1*
1Department of Neurology, First Affiliated Hospital of Guangxi Medical University, Nanning, Guangxi
Zhuang Autonomous Region, China, 2Department of Colorectal and Anal Surgery, First Affiliated Hospital
of Guangxi Medical University, Nanning, Guangxi Zhuang Autonomous Region, China

Background: Epilepsy is a prevalent neurological disease where
neuroinflammation plays a significant role in epileptogenesis. Recent studies
have suggested that Astragalus polysaccharides (APS) have anti-inflammatory
properties, which make them a potential candidate for neuroprotection against
central nervous system disease. Nevertheless, the extent of their effectiveness in
treating epilepsy remains enigmatic. Therefore, our study aims to investigate the
potential of APS to mitigate epileptogenesis and its comorbidities by exploring its
underlying mechanism.

Methods: Initially, we employed pentylenetetrazol-induced seizure mice to
validate APS’ effectiveness. Subsequently, we employed network
pharmacology analysis to probe the possible targets and signaling pathways of
APS in treating epilepsy. Ultimately, we verified the key targets and signaling
pathways experimentally, predicting their mechanisms of action.

Results: APS have been observed to disturb the acquisition process of kindling,
leading to reduced seizure scores and a lower incidence of complete kindling.
Moreover, APS has been found to improve cognitive impairments and prevent
hippocampal neuronal damage during the pentylenetetrazole (PTZ)-kindling
process. Subsequent network pharmacology analysis revealed that APS
potentially exerted their anti-epileptic effects by targeting cytokine and toll-
like receptor 4/nuclear factor kappa B (TLR4/NF-κB) signaling pathways. Finally,
experimental findings showed that APS efficiently inhibited the activation of
astrocytes and reduced the release of pro-inflammatory mediators, such as
interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α).
In addition, APS impeded the activation of the TLR4/NF-κB signaling cascade in a
PTZ-induced kindling mouse model.

Conclusion: The outcomes of our study suggest that APS exerts an impact on
epileptogenesis and mitigates cognitive impairment by impeding
neuroinflammatory processes. The mechanism underlying these observations
may be attributed to the modulation of the TLR4/NF-κB signaling pathway,
resulting in a reduction of the release of inflammatory mediators. These
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findings partially agree with the predictions derived from network pharmacology
analyses. As such, APS represents a potentially innovative and encouraging adjunct
therapeutic option for epileptogenesis and cognitive deficit.

KEYWORDS

Astragalus polysaccharides, epilepsy, cognitive deficit, network pharmacology, TLR4/NF-
κB, neuroinflammation

1 Introduction

Epilepsy is a prevalent chronic and debilitating neurological
disease that manifests as spontaneous and recurrent seizures,
affecting roughly 1% of the population. Recurring seizures are
frequently accompanied by comorbidities, including cognitive
impairment, psychiatric disorders, and behavioral abnormalities,
resulting in a significant financial burden (Shen et al., 2022). To date,
available treatments primarily aim to manage symptoms, yet up to
30% of epilepsy patients remain refractory to treatment and
experience uncontrolled seizures (Brodie, 2016). Conventional
anti-epileptic drugs are frequently linked to cognitive and
behavioral adversities, highlighting the need for new drugs to
prevent or treat epilepsy. Epileptogenesis is a chronic and
complex phenomenon that involves the interaction of genetic
and acquired factors, leading to an increased predisposition to
seizures and ultimately resulting in the development of
spontaneous recurrent seizures (Rong et al., 2019). It is
noteworthy that the emergence of epileptogenesis is commonly
accompanied by comorbid behavioral impairments, which are
now recognized as essential endpoints for evaluating the efficacy
of innovative therapeutic interventions (Terrone et al., 2016).
Interventions targeting the anti-epileptogenic process may not
only attenuate seizure onset, frequency, and severity but also
ameliorate associated comorbidities and neuronal damage. These
interventions, when implemented post-disease onset, may modify
the course of the disease and confer disease-modifying effects (Dezsi
et al., 2016). Hence, the pursuit of safe and efficacious anti-
epileptogenesis drugs has emerged as an active area of
medical research.

Astragalus membranaceus (AM), a botanical remedy with a long
history of use in traditional Chinese medicine (TCM), has been
recognized for its potential therapeutic effects. Previous studies have
demonstrated that AM extract has the potential to provide anti-
convulsant effects by protecting against oxidative damage and
mitochondrial dysfunction (Aldarmaa et al., 2010). AM contains
components such as Astragalus mongholicus Bunge saponin extract
and baicalin, which activate the TLR4/MYD88/Caspase-3 pathway
and exert anti-convulsant and neuroprotective effects in PTZ-
induced epileptic animal models (Jalsrai et al., 2010; Yang et al.,
2021). In addition, Astragalus polysaccharides (APS), key active
components of AM, have multiple pharmacological effects,
including anti-inflammatory, immune regulation, and antitumor
properties (Zheng et al., 2020). Polysaccharides have also been
identified as a potential agent for treating epilepsy (Xie et al.,
2022). Therefore, APS may also play a crucial role in
epileptogenesis and comorbidities. Nevertheless, the therapeutic
potential and underlying mechanism of APS in epileptogenesis
and comorbidities remain unexplored.

The management of epileptogenesis and its comorbidities
remains challenging, highlighting the need for innovative and
effective adjunct therapies. A promising candidate is APS, a
natural herbal extract with potential anti-inflammatory and
neuroprotective properties. In this study, we assessed the
potential effects of APS through continuous administration in
pentylenetetrazole (PTZ)-induced epileptic models and
investigated the action of APS during the progression of PTZ-
induced kindling and the cognitive function of the mice. To
further elucidate the mechanism of APS in epileptogenesis and
associated cognitive impairment, network pharmacology analysis
was performed, and the identified key targets and signaling
pathways were subsequently validated in the PTZ-induced
kindling mouse model. This study highlights the potential of APS
as a novel and encouraging adjunct therapeutic option for
epileptogenesis and its associated comorbidities.

2 Materials and methods

2.1 Animals

Experimental Animal Center of Guangxi Medical University
provided male SPF C57BL/6 mice (5–8 weeks old, 20–25 g) with
license number SCXK(Guangxi)2014-0003. Mice were kept for
7 days under standard temperature, humidity, and lighting
conditions before the animal experiment. We provided the mice
with ad libitum access to food and water throughout the study.
NIH’s Guide for the Care and Use of Laboratory Animals was
followed strictly during the experimental procedures. Approval for
all animal experiments was obtained from the Ethics Committee of
the First Affiliated Hospital Guangxi Medical University (ethical
approval number: 2023-E162-01). All measures were taken to ensure
minimal discomfort, minimal suffering, and the use of the minimum
number of animals possible.

2.2 Drug administration protocol

APS was procured from Solarbio, Beijing, China (Catalog No.
A7970), exhibiting a polysaccharide content exceeding 90% (by
mass) (Zhao et al., 2023). PTZ was sourced from Sigma-Aldrich,
United States. APS was solubilized in deionized water, while
pentylenetetrazol was dissolved in 0.9% saline. The control group
mice received oral administration of deionized water in an
equivalent volume to APS. For the acute study, APS was
administered at doses of 200, 300, 400, 500, 600, and 800 mg/kg
orally per d for a duration of 7 days. In the PTZ-kindling model, a
daily dosage of 400 mg/kg APS was administered until the
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development of kindling. All substances were administered in a
10 mL/kg volume.

2.3 Experimental design

Our experimental design comprises two components: the first part
investigates the impact of APS on the acute seizure model, while the
second examines its effects on the chronic kindling model induced by
PTZ. The detailed experimental design is shown in Figure 1.

2.3.1 Experiment 1: acute study
2.3.1.1 Acute seizure model induced by PTZ

Mice were systematically divided into eight distinct groups,
namely, the control group, PTZ group, and six APS groups, to
evaluate the impact of APS on the acute seizure model induced by
PTZ (Hoda et al., 2021). They were administered oral doses of
deionized water and 200, 300, 400, 500, 600, or 800 mg/kg of APS to
each group for seven consecutive days, respectively. On the 7th d of
the dosing protocol, following a 1 h interval post-drug
administration, PTZ (55 mg/kg) was injected into the mice

intraperitoneally, and their resultant latency period and seizure
scores were measured and recorded for 30 min post-injection.

2.3.1.2 Seizure observation
In both acute seizure model and chronic kindling model induced

by PTZ, seizures were scored using a modified Racine’s scale
(Luttjohann et al., 2009) that comprised the following stages:
Stage 0—the absence of any behavioral response; Stage 1—the
subject displays immobility; Stage 2—the organism displays small
tics throughout its entire body, with the potential for the animal to
exhibit a state of immobility or not; Stage 3—clonus in either one or
both of the forelimbs; Stage 4—clonic seizures in both forelimbs;
Stage 5—generalized tonic-clonic seizures characterized by postural
collapse, accompanied by wild jumping or running; Stage
6—extensive hind limb straining leading to death.

2.3.2 Experiment 2: chronic study
2.3.2.1 PTZ-induced chronic kindling model

In the latter phase of the study, the effects of APS on a chronic
epilepsy model in mice induced by the PTZ-kindling method were
evaluated. The preliminary experiment established that APS at a

FIGURE 1
The flow chart of experimental design. (A) Assessment of the impact of APS (200, 300, 400, 500, 600, and 800 mg/kg) on PTZ-induced acute
seizures. The subjects were orally administered deionized water or APS daily for seven consecutive days, and on the 7th day, 1 h after drug administration,
PTZ (55 mg/kg) was intraperitoneally injected. Subsequently, the latency period and seizure score were measured and recorded for 30 min post-
injection. (B) Evaluation of the effects of APS (400 mg/kg) on PTZ-induced chronic seizures. For kindling induction, animals received 14 PTZ
injections on alternate days. Treatment groups received daily APS administration (400 mg/kg) from the 1st day of PTZ administration until the last day
(27th day). Following the kindling process, mice underwent behavioral assessment for cognition, followed by brain isolation for biochemical and
histopathological evaluation. Abbreviations: PTZ, Pentylenetetrazole; MWM, Morris water maze; ELISA, Enzyme-linked immunosorbent assay.
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400 mg/kg dose exhibited significant suppression of PTZ-induced
acute seizures. Consequently, the efficacy of the 400 mg/kg dose was
examined selectively in the subsequent subchronic test. The mice
were allocated to the following groups:

1) Control group: Mice were administered deionized water orally
for 27 consecutive days and were alternatively
intraperitoneally infused with 0.9% saline.

2) PTZ group: Mice were continually administered deionized
water orally for 27 consecutive days and were alternatively
intraperitoneally injected with PTZ (35 mg/kg).

3) APS group: Mice were given 400 mg/kg of APS orally for
27 consecutive days and were injected with PTZ (35 mg/kg)
intraperitoneally once every other days.

The seizure scores were monitored for 30 min post-PTZ
injection. When animals attained a seizure score of 4- or higher
in three consecutive PTZ administrations, they were deemed fully
kindled (Li et al., 2022). The full kindling rate is computed by
dividing the number of mice achieving full kindling by the total
number of mice.

2.3.2.2 Y-maze test
Y-maze evaluation was performed following established

protocols (Shen et al., 2020). On the 28th d of the experiment,
the Y-maze test was performed using a platform of three arms, each
measuring 30 cm long, 6 cm wide, and 15 cm, which were arranged
to match the natural inclination of mice towards exploring new
environments. The three arms were labeled as the start arm, novel
arm, and other arm in a randomized manner. Before the test trial,
mice were allowed to explore only two arms during the training
phase, while the third arm remained inaccessible. During the test
trial, which lasted for 5 min, all three arms were accessible, and mice
were given 1 h to rest. The Smart 3.0 system (Panlab Harvard
Apparatus, Spain) automatically recorded all test sessions.

2.3.2.3 Morris water maze (MWM) assessment
Declarative learning and memory in mice were investigated

through the MWM test, adhering to a previously established
protocol (Wang et al., 2021) and conducted subsequent to the
Y-maze experiment. The experiment was conducted in a water
tank measuring 120 cm in diameter and 50 cm in height, filled
with water maintained at a temperature of 23°C ± 1°C. A transparent
circular platform, 10 cm in diameter, was placed within the pool to
facilitate the mouse’s escape from the water. The pool, divided into
four quadrants, featured a circular platform positioned in the first
quadrant (target quadrant). Strategically positioned distal cues
encircled the pool and remained consistently in place across all
testing sessions. The MWM assessment spanned 6 consecutive days,
encompassing hidden platform trials over a 5-day period, succeeded
by a single d designated for probe trials. During the hidden platform
trials, each mouse underwent training once daily from each of the
four quadrants, with a 30-min interval between adjacent trials, for a
consecutive period of 5 days. During the spatial probe test, mice
were positioned in the third quadrant and allowed to swim for 60 s
to assess spatial memory. The swimming trajectory data were
acquired using video-based motion tracking software (SMART
3.0, Panlab Harvard Apparatus, Spain).

2.3.2.4 Tissue harvest
After conducting MWM tests, the animals were anesthetized

with isoflurane. Five randomly selected individuals from each group
had their right brains fixed in 4% paraformaldehyde, embedded in
paraffin and sectioned for Nissl staining and immunofluorescence
analysis. The remaining brain tissues were promptly dissected to
isolate the cortex and hippocampus, which were rapidly preserved in
liquid nitrogen. The cortex and hippocampus were stored at −80°C
until further analysis.

2.4 Network pharmacological analysis

First, the GenenCards database was utilized to predict APS
targets, and the keywords “epilepsy” and “cognitive impairment”
were retrieved from the same database to extract relevant pathogenic
targets. The overlapping genes were then identified and visualized in
a Venn diagram using the Draw Venn Diagram website (https://
bioinformatics.psb.ugent.be/webtools/Venn/). Subsequently,
protein-protein interaction (PPI) analysis was conducted on
those interaction genes that met the threshold of a confidence
score of >0.9 and species as “Homo sapiens” in the STRING
database (https://cn.string-db.org/). Based on MCC algorithms,
the top 10 core targets were selected using Cytoscape 3.8.
2 software with a cytoHubba plugin. Finally, the overlapping
targets were subjected to gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis using the DAVID database (https://david.ncifcrf.gov/),
and the top 10 GO terms and top 20 signaling pathways were
visualized in bar plots with the aid of bioinformatics tools.

2.5 Nissl staining

Following the preparation of 4-μm coronal sections of mouse
hippocampal tissues, the sections were initially hydrated with
gradient alcohol, washed thrice using distilled water, and
incubated with toluidine blue (Servicebio, G1032) for 2–5 min.
The Nissl staining protocol in this study followed previously
established procedures (Xiang et al., 2021). The sections were
then subjected to differentiation using 95% ethanol until a clear
background was achieved. The slides were cleared employing xylene
and were subsequently sealed with neutral gum. The neuronal
damage was subsequently analyzed by a microscope (Olympus
Corporation, Tokyo, Japan). A blinded observer quantitatively
analyzed the hippocampus region’s dark neurons by counting
labeled cells in three randomly selected regions from sections
from each mouse (n = 5/group). Dark neurons were quantified
using the multi-point tool in ImageJ software (NIH, Bethesda, MD,
United States).

2.6 Immunofluorescence

The 4-μm coronal sections of mouse hippocampal tissues were
dewaxed in xylene and dehydrated in graded ethanol solutions.
Antigen retrieval was achieved by heating the slides in a sodium
citrate buffer solution for 20 min. Subsequent steps included a 20-
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min incubation in 3% hydrogen peroxide (South Land
Pharmaceutical, Guangdong, China, 180303) and an hour-long
incubation in 5% bovine serum albumin (Beyotime, Shanghai,
China, ST023). For dual immunofluorescence staining of GFAP/
C3, tissue sections were incubated overnight at 4°C with anti-GFAP
(mouse monoclonal, 1:200, Servicebio, GB12096) and anti-C3
(rabbit monoclonal, 1:500, Abcam, ab200999). This was followed
by a 1-h incubation at 4°C with Alexa Fluor 488-conjugated goat
anti-mouse IgG (1:400, Servicebio, GB25301) and Cy3-conjugated
goat anti-rabbit IgG (1:300, Servicebio, GB21303). A similar
procedure was applied for IBA1/CD68 staining, using anti-IBA1
(rabbit polyclonal, 1:500, Servicebio, GB113502) and anti-CD68
(rabbit polyclonal, 1:3000, Servicebio, GB113109), followed by
incubation with Alexa Fluor 488-conjugated goat anti-rabbit IgG
(1:400, Servicebio, GB25303) and Cy3-conjugated goat anti-rabbit
IgG (1:300, Servicebio, GB21303). Following triple washes in PBS,
the cell nuclei were counterstained using DAPI. The processed
samples were then analyzed and captured with a panoramic Midi
scanner from 3DHISTECH (Budapest, Hungary). Quantitative cell
counts in the hippocampal region were performed on three
randomly selected fields from sections per mouse (n = 5/group),

conducted by an observer blind to the experimental conditions.
CD68+/IBA1+positive cells were identified by overlapping red
CD68 and green IBA1 labeling, while C3+/GFAP+ positive cells
were marked by overlapping red C3 and green GFAP labeling. The
counting of positive cells was facilitated using the multi-point tool in
ImageJ software (Meyer et al., 2023).

2.7 Enzyme-linked immunosorbent
assay (ELISA)

Upon dissection of the mouse brains, the cortex and
hippocampal tissues were promptly extracted under chilled
conditions. To obtain the supernatant, the tissues mentioned
above were homogenized in PBS and subjected to centrifugation
at 5,000 rpm for 15 min at 4°C. Commercially available ELISA kits
(Solarbio, Beijing, China) were employed to measure the levels of
interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and
interleukin-6 (IL-6) (Catalog No: SEKM-0002, SEKM-0034 and
SEKM-0007, respectively) in the cortex and hippocampal tissues
of mice, as per the manufacturer’s instructions (Kan et al., 2021).

FIGURE 2
Effects of APS on PTZ-induced acute seizures and PTZ-kindling process. (A) The latent period of PTZ-induced acute seizures in mice treated with
deionized water or APS (200, 300, 400, 500, 600, and 800 mg/kg). (B) Seizure score of PTZ-induced acute seizures in mice treated with deionized water
or APS (200, 300, 400, 500, 600, and 800 mg/kg). (C) Seizure score during the PTZ-kindling process. (D) APS (400 mg/kg) decreased the rate of
complete kindling. (A,B) were analyzed using nonparametric tests, including the Kruskal-Wallis one-way ANOVA test. (C) was analyzed using a
repeated two-way ANOVA model followed by Bonferroni post hoc test. Data are shown as mean ± SEM (n = 10 mice/group). #: p < 0.05, ##: p < 0.01 for
PTZ group vs. APS group.
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2.8 Western blotting

To extract total proteins, hippocampal tissues were
homogenized with radioimmunoprecipitation assay buffer
(R0010, Solarbio, Beijing, China) (Luo Y. et al., 2023) containing
1% protease and phosphatase inhibitors (P1260, Solarbio). The
concentration of protein was determined utilizing the
bicinchoninic acid protein assay kit (AR0146, Boster, Wuhan,
China) (Luo XD. et al., 2023), followed by separation of the
protein via 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels (PG112, Epizyme Biotech, Shanghai, China)
and transferring it onto nitrocellulose (NC) membranes (0.45 μm;
Merck, Germany) for 25–30 min in rapid transfer buffer (WB4600,
NCM Biotech, Suzhou, China). After blocking with 5% bovine
serum albumin (SW3015, Solarbio), the NC membranes
underwent incubation with primary antibodies, including TLR4
(1:1000, Servicebio, GB11519), NF-κB p65 (1:1000, Cell Signaling
Technology, 8242), Phospho-IκBα (Ser32) (1:1000, Cell Signaling
Technology, 2859), and β-Tubulin (1:1000, Servicebio, GB11017),
overnight at 4°C. Following this step, the NC membranes were
incubated at room temperature for 1 h with IRDye 800CW goat
anti-rabbit IgG (H+L) (1:10000, LICOR, D11215-03). Subsequently,

protein bands were visualized using an Odyssey Infrared Imaging
System (LI-COR Biosciences), and band density was quantified
using ImageJ software (NIH, Bethesda, MD, United States), with
β-tubulin as an internal reference.

2.9 Statistical analysis

We utilized GraphPad Prism software (version 8.0) for graphical
data representation. Data analysis was conducted using SPSS
software (version 25.0). The measurement data were reported as
the mean ± standard error of the mean (x ± SEM). To determine
whether or not the data were normally distributed, we employed the
Shapiro-Wilk test. For normally distributed datasets, the one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc analysis
(for equal homogeneity) or Dunnett’s T3 test (for unequal
homogeneity) was conducted to assess the differences between
groups. Nonparametric tests were conducted to estimate the non-
normally distributed data. A repeated two-way ANOVA model,
followed by Bonferroni post hoc tests, was conducted to analyze the
kindling, and MWM test data were presented in Figures 2C, 4A, B.
Statistical significance was considered p < 0.05.

FIGURE 3
The behavioral response of themicewas evaluated by the Y-maze test. (A) A depiction of the Y-maze and a schedule outlining the progression of the
training and testing phases. (B) Spontaneous alternation rate. (C,D) The percentage of time and distance in the novel arm throughout the testing period.
(E,F) Total entry number and total distance during the testing phases. Figures 3B, C, E, F were analyzed using one-way ANOVA with Tukey’s post hoc
multiple comparison tests. Figure 3B was subjected to one-way ANOVA with Dunnett’s T3 post hocmultiple comparison test. Data were presented
as mean ± SEM (n = 7 mice/group). *: p < 0.05, **: p < 0.01 for PTZ group vs. control group; #: p < 0.05 for PTZ group vs. APS group.
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3 Results

3.1 APS exerted significant inhibition of
acute seizures induced by PTZ

To assess the efficacy of APS and determine the optimal
concentration in an acute epilepsy model, we pre-administered
varying concentrations of APS as an intervention in a PTZ-induced
acute seizure model in mice (Figure 1A). These groups included the
control group, PTZ group, and six APS-treated groups with doses
of 200, 300, 400, 500, 600, and 800 mg/kg. The control group did

not exhibit epileptic seizures. Subsequent to APS intervention, a
significant prolongation of seizure latency periods was observed,
forming a bell-shaped curve across the APS dose range (200, 300,
400, 500, 600, and 800 mg/kg). Notably, the APS (400 mg/kg)
group exhibited the most pronounced extension in seizure
latency, with statistically significant differences observed (p <
0.01, Figure 2A). In contrast, the APS (200 and 800 mg/kg)
groups showed a modest increase in seizure latency, but these
changes did not reach statistical significance. Following APS
intervention, a substantial reduction in seizure scores was
noted, depicting a U-shaped dose-response curve covering the

FIGURE 4
The performance of mice in the Morris water maze (MWM) test. (A) The escape latencies of mice in different groups during five consecutive training
days. (B) The swimming speeds of mice in different groups during five consecutive training days. (C) The average crossing number over the platform
during the probe test. (D) The percentage of time spent in the target quadrant during the probe test. (E) The percentage of distance in the target quadrant
during the probe test. (F) Representative swimming paths of mice in the three groups during the probe trial. Figures 4A, B was analyzed using a
repeated two-way ANOVA model followed by the Bonferroni post hoc test. Figures 4C, F was subjected to one-way ANOVA with Dunnett’s T3 post hoc
multiple comparison test. Figure 4D was subjected to one-way ANOVA with Tukey’s post hocmultiple comparison test. Data were presented as mean ±
SEM (n = 8 mice/group). **: p < 0.01, ***: p < 0.001 for PTZ group vs. control group; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 for PTZ group vs. APS group.

Frontiers in Pharmacology frontiersin.org07

Lu et al. 10.3389/fphar.2024.1336122

260

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1336122


APS dosage range (200, 300, 400, 500, 600, and 800 mg/kg)
(Figure 2B). Specifically, the APS (400 mg/kg) group displayed
the most significant reduction in seizure scores, reaching statistical
significance (p < 0.01). Conversely, seizure scores were reduced in
the APS (200, 600, and 800 mg/kg) groups, although these changes
did not achieve statistical significance. These findings collectively
suggest a dose-dependent and nonlinear effect of APS on seizure
latency periods and seizure scores, with the most significant impact
observed at the 400 mg/kg dosage. This outcome underscores the

potential anti-epileptic properties of APS in the PTZ-induced acute
seizure model.

3.2 APS lessened seizure severity during the
PTZ-kindling process in mice

The administration of APS at a dose of 400 mg/kg demonstrated
notable anti-convulsant effects in PTZ-induced acute seizure

FIGURE 5
APS attenuates the damage of neurons in the Hip during the progression of PTZ-induced kindling. (A) Representative photomicrographs were
obtained usingNissl staining to show that APS prevented PTZ-induced damage to hippocampal neurons in the CA1, DG, and CA3 areas following kindling.
(B–D)Quantitative analysis of the number of dark neurons/mm2 in CA1, DG, and CA3 regions. Figure 5B was subjected to one-way ANOVA with Tukey’s
post hocmultiple comparison test. Figures 5C, D was subjected to one-way ANOVA with Dunnett’s T3 post hocmultiple comparison test. Data are
shown as mean ± SEM (n = 5 mice/group). *: p < 0.05 for PTZ group vs. control group; #: p < 0.05 for PTZ group vs. APS group. Scale bars = 50 μm.
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models. Upon observing the promising results, we aimed to
determine the potential impact of APS (400 mg/kg) on
epileptogenesis by conducting a long-term PTZ-kindling process
on mice throughout 27 days (Figure 1B). The progression of PTZ-
induced kindling was monitored by recording the modified Racine
score in mice every alternate d over a 27-day period, which
encompassed 14 injections. Upon analysis, it was detected that
the administration of 400 mg/kg APS had no significant impact
on the body weight of mice during the PTZ-kindling process

compared with the control and PTZ groups (Supplementary
Figure S1). The APS group administered with a dose of
400 mg/kg demonstrated a decrease in seizure scores on d 17, 19,
21, 23, 25, and 27, as depicted in Figure 2C. Moreover, APS
treatment at the same dosage resulted in a lower fully kindling
rate (10%) after 14 injections of PTZ compared to the PTZ alone
group (70%), as illustrated in Figure 2D. These data underscore the
possible anti-epileptogenic characteristics of APS that have been
noted during the mice’s PTZ-kindling procedure.

FIGURE 6
The flow chart of this study based on network pharmacology.
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3.3 APS improved recognition in the Y-maze
and MWM tasks

To assess the impact of the test drugs on the short-term
recognition capacity of the animal models, we employed the
Y-maze (Figure 3A). The results obtained from the Y-maze
test revealed a substantial reduction in the spontaneous
alternation rate of the PTZ group of mice as compared to the
control group (Figure 3B, p < 0.05). In addition, the PTZ group
displayed a lower preference toward exploring the novel arm,
spending an average of 23.4% ± 3.6% of their total exploration
time when compared to the control group, which spent 37.4% ±
2.4% (Figure 3C, p < 0.01). Moreover, the percentage of distance
traveled by the PTZ group in the novel arm was observed to be
less (26.4% ± 3.1%) in comparison with the control group
(40.1% ± 1.5%) (Figure 3D, p < 0.01). These findings provide
evidence of impaired spatial working memory in the PTZ group
compared to the control group. It is noteworthy that the mice of
the APS group depicted a significant rise in the spontaneous
alternation rate (65.7% ± 4.6%) after the APS treatment
administration, which surpassed that of the PTZ group
(48.5% ± 4.0%, p < 0.05). Furthermore, the APS group
exhibited a higher average percentage of time spent exploring
the novel arm (35.0% ± 2.0%) in contrast to the PTZ group
(23.4% ± 3.5%, p < 0.05). Similarly, the APS group also displayed
a higher mean percentage of distance covered in the novel arm
(36.3% ± 1.3%), which was 1.4 times more than that observed in
the PTZ group (26.4% ± 3.1%, p < 0.05). The statistical analysis
indicated no noticeable differences in the total entry number and
total distance between the groups, suggesting that the mice
mentioned above exhibited no motor impairments
(Figures 3E, F).

Subsequently, we conducted an MWM test to evaluate the
impact of APS on spatial learning and memory of PTZ kindling
mice. As shown in Figure 4A, the escape latency for all groups

exhibited a gradual decrease throughout the 5-day hidden platform
trial. On the 5th day of training, the mice in the PTZ group
demonstrated a significantly prolonged escape latency compared to
the control group (p < 0.001). Administration of APS at a dosage of
400 mg/kg resulted in a significant reduction in escape latency to
locate the hidden platform. Notably, no significant differences in
swimming speed were observed among all experimental groups
(Figure 4B). In the probe test, where the platform was absent, the
mice in the PTZ group exhibited fewer crossings of the original
platform position and spent less time in the target quadrant
compared to control mice, indicating a decline in memory
within the PTZ-induced kindling mouse model. Concurrently,
APS treatment significantly mitigated memory impairment in
PTZ-induced kindling mice, as evidenced by an increased
number of crossings at the original platform position, elevated
% distance, and % time spent in the target quadrant (Figures
4C–E). Moreover, Figure 4F illustrates the characteristic swimming
paths of different groups in the probe test on the 6th day.
Collectively, these findings underscore the notable capacity of
APS treatment to ameliorate cognitive deficits in PTZ-induced
kindling mice.

3.4 APS attenuated the damage of neurons
induced by PTZ kindling in the
hippocampus (Hip)

Our investigation also included an analysis of the impact of
APS on the neuronal damage of the Hip induced by PTZ-induced
kindling. Histological analysis was conducted using Nissl staining
to evaluate the hippocampal regions. As illustrated in Figure 5, the
CA1 (Cornu Ammonis 1), DG (Dentate Gyrus), and CA3 (Cornu
Ammonis 3) regions of the Hip of the PTZ group showed a
considerable increase in Nissl-stained dark neurons relative to
those observed in the control group. The utilization of APS in PTZ-

TABLE 1 The overlapping 92 targets.

IL18 EDN1 CDK1 HGF EGFR CERNA3 TRP-AGG2-5

FAS ALB EGR1 NOS1 CDKN1A SOD2-OT1 RAB4B-EGLN2

TLR4 CRP MIR204 BGLAP CASP3 LINC02605 TMX2-CTNND1

TTR ODC1 GAD1 CASP8 BDNF-AS LINC01672 SNORD15A

IL2 CCR5 ICAM1 RAC1 VCAM1 MIR7-3HG TRP-AGG2-7

IL10 GAS5 BCL2L1 MIR34C NF-κB1 SNORD118 TRP-AGG2-1

NOS2 CD36 IL2RA VEGFA PGR-AS1 LINC-ROR SLX1A-SULT1A3

ATF6 TNF DLEU2 CD69 NFE2L2 PIK3C2A CHKB-CPT1B

IL6 ACE MMP2 HIF1A MIR451A PRKAA1 TRP-AGG2-4

FYN BMP2 TGFB1 TRPM7 MIR146B SLC17A5 TRP-AGG2-8

IL5 TYR ABCB1 CD80 MAPK1 SMAD3 TRP-AGG2-3

BAX NOS3 SIRT1 MMP9 PPARG SERPINE1 TRP-AGG2-6

H19 AKT1 SOD1 CXCL8 PTPN1 NAGLU TRP-AGG2-2

IL1B
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induced kindling reduced the number of dark neurons in the
Hip. As depicted in Figure 5, APS treatment resulted in a
substantial reduction in the number of dark neurons noted in
the hippocampal CA1, DG and CA3 regions when contrasted with
the PTZ group (CA1: 90.5 ± 17.0 vs. 258.5 ± 43.3, p < 0.05; DG:
196.5 ± 22.8 vs. 1039.2 ± 205.1, p < 0.05; CA3: 196.5 ± 16.8 vs.
445.9 ± 67.9, p < 0.05).

3.5 Network pharmacological construction
and analysis

To delve into the potential mechanisms and key targets
underlying APS’s efficacy in epilepsy treatment, we performed a
network pharmacology analysis on the action targets of its drug
components and the pathogenic targets of the disease (Figure 6).

FIGURE 7
Network construction and analysis for APS, epilepsy, and cognitive impairment. (A) Venn diagram of APS, epilepsy, and cognitive impairment. (B) PPI
network of common targets. (C) Top 10 hub gene analysis. (D) GO functional enrichment analysis of intersecting targets. From top to bottom: top
10 biological process (BP) subtype histogram, cellular component (CC) subtype histogram, andmolecular function (MF) subtype histogram. (E) Results of
KEGG pathway enrichment analysis.
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Based on the GeneCards database, we obtained 107 targets of APS,
7,452 targets of epilepsy, and 11,681 targets of cognitive impairment.
Finally, 92 targets overlapped (Table 1, Figure 7A). The PPI network
was visualized by the online STRING database using the overlapping
targets (Figure 7B). There were 49 protein nodes and 141 edges in
the network. Herein, the top 10 core genes, including IL6, TNF,
IL1B, IL10, IL18, CXCL8, NF-κB1, MMP2, MMP9, and VEGFA,
were identified using the plugin “cytoHubba” according to MCC
algorithms (Figure 7C). The nodes in the network represented the
potential targets, and the color depth was proportional to the MCC
values. The connecting lines between the nodes indicated the
potential interaction relationship between the targets. GO
enrichment analysis of the intersection targets was performed
using the DAVID database according to p < 0.05 and FDR <
0.05. A total of 1,831 items of biological processes (BP), 18 items
of cellular components (CC), and 17 items of molecular function
(MF) were obtained. The top 10 terms of BP, CC, and MF are listed
in Figure 7D. The outcomes of the KEGG pathway enrichment
analysis revealed 109 enrichment pathways. Irrelevant pathways
were removed, and then the top 20 signaling pathways were selected

based on their p-values as the main signaling pathways, such as the
Toll-like receptor signaling pathway, HIF-1 signaling pathway, TNF
signaling pathway, and AGE-RAGE signaling pathway (Figure 7E).

3.6 The anti-inflammatory activity of APS
during the PTZ-kindling process in mice

3.6.1 APS treatment suppressed the activation
of glia

Immunofluorescent labeling of ionized calcium-binding adapter
molecule 1 (IBA1, a microglial marker) and cluster of differentiation
68 (CD68, highly expressed in activated microglia (Chen et al.,
2021)) revealed an increased presence of activated microglial cells in
the PTZ group mice compared to those in the control group (p <
0.001). In contrast, the APS (400 mg/kg) group demonstrated a
notable decrease in the count of IBA1+/CD68+ cells when compared
to the PTZ group (p < 0.01, Figure 8A). This finding implies that the
administration of APS is associated with a suppressed activation of
microglia in PTZ-induced kindling in mice.

FIGURE 8
APS treatment attenuated glial activation. (A) Representative images depicting CD68-positive (red)microglia (IBA1, green) labeled with DAPI (blue) in
the hippocampus from the control, PTZ, and APS (400 mg/kg) groups, along with quantification of CD68+ microglia. (B) Representative images showing
C3-positive (red) astrocytes (GFAP, green) labeled with DAPI (blue) in the hippocampus from the control, PTZ, and APS (400 mg/kg) groups and
quantification of C3+ astrocytes. Scale bars = 50 μm. Data were subjected to one-way ANOVA with Tukey’s post hocmultiple comparison test (n =
5 mice/group) and presented as mean ± SEM. ***: p < 0.001 for PTZ group vs. control group; ##: p < 0.01 for PTZ group vs. APS group.
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Astrogliosis was characterized by an augmentation in the
population of glial fibrillary acidic protein (GFAP)-positive cells,
along with the co-localization of complement 3 (C3), serving as a
hallmark for reactive astrocytes (Meyer et al., 2023).
Immunofluorescence analyses revealed a notable escalation in the
count of C3+/GFAP+ cells within the PTZ group compared to the
control group (p < 0.001). In contrast, the APS (400 mg/kg) group
exhibited a significant reduction in the number of C3+/GFAP+ cells
when compared to the PTZ group (p < 0.01, Figure 8B), suggesting
that the administration of APS is associated with a mitigated
activation of astrocytes in PTZ-induced kindling in mice.

3.6.2 The intervention of APS reduced the levels of
pro-inflammatory cytokines

Higher pro-inflammatory cytokine expression is another
important feature of neuroinflammation that occurs along with
glial activation (Saieva and Taglialatela, 2022). To determine the
effect of APS on pro-inflammatory cytokines in PTZ-induced
kindling in mice, we detected the levels of TNF-α, IL-1β, and IL-
6 in the hippocampus and cortex using ELISA kits (Figure 9). The
findings demonstrated a noticeable increase in these cytokines’ levels
in the PTZ group when contrasted with the control group. In the

APS group, the high levels of IL-1β, IL-6, and TNF-α were notably
reduced following treatment, which was significantly different when
compared to the PTZ group.

3.7 APS inhibited TLR4/NF-κB activation in
the Hip

To affirm whether the TLR4/NF-κB signaling pathway was
involved in the therapeutic mechanism of APS-treated PTZ-
kindling mice, we evaluated the protein expressions of TLR4,
NF-κB p65, and p-IκBα present in the Hip tissues via western
blot analysis (Figure 10), corroborating the enriched results
obtained from our previous network pharmacology study. Our
study revealed a significant increase in the expressions of TLR4,
NF-κB, and p-IκBα proteins in the Hip tissues of the PTZ group
when compared to the control group ((p < 0.01, p < 0.001, Figures
10B–D). On the other hand, treatment with APS led to a marked
decrease in the expressions of TLR4, NF-κB p65, and p-IκBα
proteins (p < 0.05, < 0.01, Figures 10B–D). Our study
demonstrates that APS can effectively target and inhibit the
activity of the key adapter molecule TLR4, hindering signal

FIGURE 9
Effects of APS on the cortical and hippocampal levels of inflammatory cytokines. (A–C) The concentration of IL-1β, IL-6, and TNF-α in the cortex.
(D–F) The concentration of IL-1β, IL-6, and TNF-α in the hippocampus. Data were subjected to one-way ANOVA with Tukey’s post hoc multiple
comparison test (n = 5mice/group) and presented as mean ± SEM. **: p < 0.01, ***: p < 0.001 for PTZ group vs. control group; #: p < 0.05, ##: p < 0.01 for
PTZ group vs. APS group.
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transduction in the TLR signaling pathway, leading to the
attenuation of the downstream NF-κB-mediated inflammatory
response and amelioration of PTZ-kindling mice symptoms.
These observations are consistent with the outcomes of our
network pharmacology investigation.

4 Discussion

In recent years, the multifaceted and multitarget healing
properties of active constituents present in Chinese herbology
have captured the interest of numerous academic experts. APS is
a frequently utilized component of TCM in treating
neurodegenerative and neuroinflammatory diseases (Bi et al.,
2020). However, there remains a lack of clinical and
experimental investigations into the potential therapeutic benefits
of APS on epilepsy. Our current study is the first to validate the
effectiveness of APS in treating epilepsy via animal experiments that
utilize mouse models. The findings indicate that administering APS
prior to PTZ administration can minimize seizure severity and
hinder kindling development. Furthermore, APS treatment

enhanced spatial memory and recognition capabilities in mice,
and brain histopathology revealed its reduced neuronal damage.
The mechanism behind these effects may involve inflammation
suppression via the modulation of the TLR4/NF-κB pathway.

The PTZ-induced seizure model is considered the gold standard
for the rapid assessment of new anti-epileptogenic drugs using
mouse models. Simultaneously, PTZ kindling remains one of the
most widely used animal models for studying the neurobiology of
epileptogenesis and its associated cognitive comorbidities (Singh
et al., 2021). In our current investigation, we were able to validate
that the repeated administration of a subconvulsive dose of PTZ
triggers behavioral seizures and cognitive impairment in a PTZ-
induced kindling mouse model. However, APS (400 mg/kg)
significantly decreased the average seizure score compared to the
PTZ group, demonstrating anti-convulsant activity. Moreover, APS
treatment was found to reverse deficient memory and learning
behaviors, exhibiting neuroprotective properties concerning
cognition. Previous studies have provided evidence that AM
extract is effective in managing acute PTZ-induced seizures in
mice, while saponin AM extract has demonstrated anti-
convulsant activity in rats (Aldarmaa et al., 2010; Jalsrai et al., 2010).

FIGURE 10
APS suppressed the activation of the TLR4/NF-κB pathway in the Hip. (A) Representative Western blot Images of TLR4, NF-κB p65, and p-IκBa in the
Hippocampus. (B–D) The levels of TLR4, NF-κB p65, and p-IκBα protein expression were determined and normalized. Data were subjected to one-way
ANOVA with Tukey’s post hoc multiple comparison test (n = 5 mice/group) and presented as mean ± SEM. **: p < 0.01, ***: p < 0.001 for PTZ group vs.
control group; #: p < 0.05, ##: p < 0.01 for PTZ group vs. APS group.
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Meanwhile, other investigations have also found that APS can
mitigate cognitive impairment in mice with Alzheimer’s disease
(Huang et al., 2017; Liu Y. et al., 2019; Qin et al., 2020), implying
a potentially significant role for APS in treating epilepsy and
associated cognitive impairment, which aligns with the findings of
our study. Interestingly, our study found that the 800 mg/kg of APS
did not demonstrate the same efficacy as the 400 mg/kg dosage in the
acute seizures model. This phenomenon may be attributed to the
potential reduced intestinal absorption of APS at higher doses, as APS
is a large molecular polysaccharide, which could lead to lower
concentrations of active components in the bloodstream (Ye et al.,
2023). Furthermore, high doses of APS might have adverse effects on
the digestive system, leading to gastrointestinal disturbances that
could impact the drug’s absorption and tolerability. In addition to
behavioral changes, prolonged seizures can trigger pathological
changes that cause significant neuronal loss in the hippocampal
structures (Mazumder et al., 2017). Our current findings are
consistent with earlier research, as we observed increased numbers
of Nissl-stained dark neurons, an indicator of degraded cell bodies, in
the CA1, DG, and CA3 regions of the PTZ group mice. On the other
hand, APS treatment resulted in a reduced number of dark neurons,
which suggests a decrease in neuronal damage likely attributable to
APS’ suppression of PTZ-induced kindling. Hence, the efficacy of
APS in suppressing PTZ-induced kindling supports their potential as
a treatment for preventing the development of epilepsy.

TCM has demonstrated superior clinical efficacy for the
treatment of epilepsy and is considered a viable alternative or
supplementary treatment option primarily because of its ability
to differentiate and treat various syndromes with a favorable
safety profile (Yang et al., 2021). Nonetheless, due to its
interactions with multiple protein targets, TCM can lead to
complex pharmacological effects and pose significant challenges
for drug development, thus requiring comprehensive evaluation of
its safety and efficacy. Network pharmacology provides a network-
based approach that predicts potential interactions and
complications among biological systems, drugs, and diseases.
This approach provides crucial insights into the feasibility and
accessibility of TCM for treating different diseases (Nogales et al.,
2022). In our study, we employed a blend of experimental
verification and network pharmacology to investigate the possible
anti-epileptic regulatory mechanism of APS in mice with PTZ-
induced epilepsy. We constructed a PPI network and identified the
top 10 core genes: IL6, TNF, IL1B, IL10, IL18, CXCL8, NF-κB1,
MMP2, MMP9, and VEGFA. To gain detailed insight into the effects
of APS on epilepsy and its cognitive dysfunction, we performed GO
and KEGG pathway enrichment analyses. As a result, our further
screening demonstrated that pro-inflammatory cytokines (PICs),
such as IL-1β, IL-6, and TNF-α, and the TLR4/NF-κB pathway were
associated with APS’ effects in treating epilepsy.

Our investigation uncovered that the therapeutic intervention of
APS exhibited a significant reduction in activation of neuroglial cells,
concurrently with the suppression of key PICs, namely, IL-1β, IL-6,
and TNF-α in both the Hip and cortex regions of the PTZ-induced
kindling mouse model, indicating APS’ anti-inflammatory properties.
Animal and human studies have highlighted the significant impact of
neuroinflammation on epilepsy and its coexisting conditions
(Vezzani et al., 2013; Barker-Haliski et al., 2017). Research has
shown that epileptic seizures are linked to heightened levels of

PICs, primarily IL-1β, IL-6, and TNF-α. These cytokines are likely
to play a crucial role in the pathophysiology of seizures, resulting in
neuronal hyperexcitability and rendering the brain susceptible to
ictogenesis and epileptogenesis (Soltani Khaboushan et al., 2022). Our
findings corroborate this statement. Furthermore,
neuroinflammation is closely associated with the activity of the
central nervous system’s innate immune cells, particularly
microglia and astrocytes (Kwon et al., 2020). Activated microglia
and astrocytes are recognized as crucial factors in the hyperexcitability
of neuronal networks that underlie seizures (El-Sayed et al., 2023).
This functional activation leads to alterations in the expression of
intracellular metabolites, transporters, and membrane proteins
(Vezzani et al., 2017). In addition, activated neuroglial cells release
a diverse range of inflammatory factors that may be involved in the
maintenance of tissue homeostasis or result in the development of
epileptogenesis and cognitive deficits (Rong et al., 2019; Kavaye
Kandeda et al., 2021). The observed activation of microglia and
astrocytes in our study provided evidence that inflammatory
responses mediated by glial cells fueled neuronal hyperexcitability
and the development of epilepsy. The anti-inflammatory properties of
APS may have potential benefits in reducing the likelihood of
epileptogenesis. Our investigation indicated that APS treatment,
which effectively suppresses neuroinflammation, may play a role in
mitigating the severity of seizures, the development of kindling, and
related cognitive impairment.

After conducting network pharmacology analyses and reviewing
the relevant literature, the TLR4/NF-κB pathway was further
validated in animal studies to investigate the mechanism of APS
treatment in epileptogenesis and its comorbidities. The potential
involvement of multiple inflammatory mediators in epileptogenesis
is currently the focus of research. Toll-like receptors (TLRs), which
are essential parts of the innate immune system, play a crucial role in
neuroinflammation (Soltani Khaboushan et al., 2022). Many studies
have suggested that the activation of TLR4 may trigger seizures
(Paudel et al., 2020). Activation of TLR4 promotes activation of the
NF-κB pathway, prompting the release of inflammatory mediators,
such as PICs, and exacerbating the inflammatory state of the brain,
which, in turn, causes increased blood-brain barrier permeability,
making the brain more susceptible to seizures. Our results
demonstrated a noteworthy increase in the expression levels of
TLR-4 and NF-κB p65 in the PTZ-kindled mice compared to the
control group. However, in mice treated with APS, the expression
levels of these molecules were found to be considerably lower in
hippocampal tissues. Thus, we postulated that the inhibition of the
PTZ-induced TLR-4/NF-κB p65 signaling pathway activation in
APS-treated mice could represent a pivotal mechanism for
suppressing inflammation cytokine expression within the
hippocampal tissues. Previous research studies have also
indicated that APS can induce anti-inflammatory effects by
modulating the TLR-4/NF-κB signaling pathway in both in vitro
and in vivo settings (Lv et al., 2017; Zhou et al., 2017; Liu T. et al.,
2019; Zhang et al., 2020). Accordingly, our findings reveal that the
modulation of the TLR4/NF-κB pathway by APS administration
leads to a reversal of PTZ-induced seizures and a reduction in
neuroinflammation.

This study has several limitations. Some target genes related to
drugs and diseases may have yet to be included in the publicly
available databases, which can be a limitation of network
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pharmacology studies. Moreover, to confirm the accuracy and
reliability of the results, further in vivo and in vitro experimental
validation is required.

5 Conclusion

Our study outcomes demonstrate that APS confer superior
protective effects against PTZ-induced kindling, cognitive
dysfunction, and histopathological changes. The neuroprotective
properties of APS may be attributed to their modulation of the
TLR4/NF-κB signaling pathway, resulting in a decrease in
neuroinflammation. These results underscore the possibility of a
novel therapeutic strategy for treating epileptogenesis and associated
cognitive deficits.
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(R, S)- and (S)-ketamine have made significant progress in the treatment of
treatment-resistant depression (TRD) and have become a research focus in
recent years. However, they both have risks of psychomimetic effects,
dissociative effects, and abuse liability, which limit their clinical use. Recent
preclinical and clinical studies have shown that (R)-ketamine has a more
efficient and lasting antidepressant effect with fewer side effects compared to
(R, S)- and (S)-ketamine. However, a recent small-sample randomized controlled
trial found that although (R)-ketamine has a lower incidence of adverse reactions
in adult TRD treatment, its antidepressant efficacy is not superior to the placebo
group, indicating its antidepressant advantage still needs further verification and
clarification. Moreover, an increasing body of research suggests that (R)-
ketamine might also have significant applications in the prevention and
treatment of medical fields or diseases such as cognitive disorders,
perioperative anesthesia, ischemic stroke, Parkinson’s disease, multiple
sclerosis, osteoporosis, substance use disorders, inflammatory diseases,
COVID-19, and organophosphate poisoning. This article briefly reviews the
mechanism of action and research on antidepressants related to (R)-ketamine,
fully revealing its application potential and development prospects, and providing
some references and assistance for subsequent expanded research.

KEYWORDS

(R)-ketamine, antidepressant efficacy, treatment-resistant depression (TRD), side
effects, ischemic stroke, cognitive disorders

1 Introduction

In 1964, the short-acting anesthetic, analgesic, sympathomimetic, and dissociative
effects of (R, S)-ketamine (ketamine) were first discovered in human trials (Domino et al.,
1965). This was followed by immeasurable contributions in numerous clinical practices and
scientific studies (Conahan, 1975; Domino, 2010; Li and Vlisides, 2016; Tyler et al., 2017).
With its combined analgesic and sedative effects, it had been widely used in surgical
anaesthesia and adjuvant analgesic therapy (Gao et al., 2016; Mion, 2017; Barrett et al.,
2020), and especially exerted unique advantages in the relief of various acute and chronic
pains (Schwenk et al., 2018; Barrett et al., 2020; Yang et al., 2020). However, due to its
psychedelic and psychomimetic effects, induction of postoperative nightmares, and abuse
liability, it experienced a period of decline in clinical use (Mion, 2017; Wei et al., 2020). In
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2000, Berman et al. (Berman et al., 2000) first showed in seven
patients with major depressive disorder (MDD) that (R, S)-ketamine
had rapid and sustainable antidepressant effects. This discovery was
considered a major breakthrough in over 50 years of depression
research and reignited the interest of the medical community in (R,
S)-ketamine and its two enantiomers [(S)-ketamine (esketamine)
and (R)-ketamine (arketamine)]. In 2019, the (S)-ketamine nasal
spray (Spravato), one of the enantiomers of (R, S)-ketamine, was
licensed in the US and Europe to treat treatment-resistant
depression (TRD). However, due to the need for further
validation of its efficacy, safety, and abuse risk, its widespread use
is limited, primarily distributed by a controlled systemwith clear risk
assessment and mitigation strategies (Turner, 2019; Jelen
et al., 2021).

Given the issues of (R, S)- and (S)-ketamine in the therapy of
depression, researchers began to focus on the other enantiomer of
ketamine, (R)-ketamine. They found that in contrast to (R, S)- and
(S)-ketamine, (R)-ketamine not only did not induce
psychomimetic-like symptoms but also produced a state of
relaxation and a feeling of wellbeing in healthy subjects
(Vollenweider et al., 1997), while at the same time having
potent, long-lasting antidepressant effects with fewer side effects
(Hashimoto, 2020; Wei et al., 2021b; Scotton et al., 2022). Chang
et al. (Chang et al., 2019) showed in their comparative study that in
the mouse chronic social defeat stress (CSDS) model, the
antidepressant potency of ketamine and its two enantiomers
was in the order of (R)-ketamine > (R, S)-ketamine > (S)-
ketamine. What’s more, in other animal models of depression,
researchers similarly confirmed that the antidepressant effect of
(R)-ketamine was observed to be more effective and prolonged
than that of (R, S)-ketamine and its other metabolites, such as (S)-
ketamine and (2R,6R)-hydroxynorketamine (HNK) (Zhang et al.,
2014; Yang et al., 2015; Fukumoto et al., 2017; Shirayama and
Hashimoto, 2018; Yang et al., 2018; Johnston et al., 2023).
However, a recent small-scale clinical trial indicated that the
effects of (R)-ketamine on TRD patients were not superior to
those of the placebo group (Leal et al., 2023). This contrasting
result has drawn widespread attention and interest in the industry,
and also raised questions about the actual antidepressant efficacy
of (R)-ketamine.

Moreover (Wang et al., 2022b), previously reviewed the
potential preventive and therapeutic effects of (R)-ketamine in
neurological conditions like Alzheimer’s disease (AD), other
dementias, Parkinson’s disease (PD), multiple sclerosis (MS), and
ischemic stroke. However, we have found through further reading of
the literature on (R)-ketamine that the extended research on (R)-
ketamine is not limited to depression and neurological diseases. It
also shows potential applications in perioperative anesthesia,
osteoporosis, substance use disorders, inflammatory diseases,
COVID-19, and organophosphate poisoning, and most of the
mechanisms of action are inextricably linked to their
antidepressant mechanisms. In this review, we briefly overview
the current status and mechanisms of action of (R)-ketamine in
antidepressant research. We also specifically review preclinical and
clinical studies comparing the efficacy of (R)-ketamine with other
antidepressants, metabolites, and placebos. This aims to resolve
controversies over the antidepressant efficacy of (R)-ketamine and
to guide further research in TRD and MDD patients. Additionally,

we have compiled the latest research on (R)-ketamine in non-
depressive treatments to guide its other potential applications
and future research directions.

2 Research on the antidepressant
effects of (R)-ketamine

2.1 Preclinical studies

Although the affinity of (R)-ketamine for the N-methyl-D-
aspartate receptor (NMDAR) (inhibition constant Ki =
1.40 μmol/L) is 4-fold lower than that of (S)-ketamine (Ki =
0.30 μmol/L), in rodents, (R)-ketamine exhibits a stronger and
more long-lasting antidepressant effect than (S)-ketamine, with
fewer psychomotor side effects and a lower risk of abuse (Zhang
et al., 2014; Yang et al., 2017a; Fukumoto et al., 2017; Chang et al.,
2019). Additionally, (R)-ketamine shows a stronger and longer-
lasting antidepressant effect than (R, S)-ketamine and the NMDAR
antagonist Lanicemine (Ebert et al., 1997; Yang et al., 2015; Zanos
et al., 2016; Yang et al., 2018). Moreover, this effect does not lead to a
significant rise in the medial prefrontal cortex’s (mPFC) dopamine
(DA) release (Ago et al., 2019; Zhou et al., 2021) reported that the
bilateral lateral habenular nucleus (LHb) administration of 25 μg/μL
(R)-ketamine and (2R, 6R)-HNK in rats (1 µL/side) did not
significantly produce an antidepressant-like effect at 1 or 24 h.
Thus, we can speculate that (R)-ketamine’s antidepressant effects
might not be related to mechanisms such as NMDAR blockade, LHb
neuronal firing, or DA receptor activation.

Further research indicated that α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR, one of the ionotropic
glutamate receptors) antagonist NBQX, the transforming growth
factor-β1 (TGF-β1) inhibitors RepSox and SB431542, the colony-
stimulating factor 1 receptor (CSF1R) inhibitor PLX3397, and the γ-
aminobutyric acid type A receptor (GABAAR) agonist muscimol can
all inhibit the antidepressant effects of (R)-ketamine in animal
models of depression. This suggests that the activation of TGF-β1
signaling pathway, CSF1R, AMPAR, and the inhibition of GABAAR
are crucial for the rapid and long-lasting antidepressant effects of
(R)-ketamine (Yang et al., 2015; Yang et al., 2018; Zhang et al., 2020;
Rafało-Ulińska et al., 2022; Tang et al., 2023). Additionally, when
compared to (S)-ketamine, the sustained antidepressant effects of
(R)-ketamine may be primarily mediated through the nuclear
receptor binding protein 1 (NRBP1), which is found in the
microglial cells of the mPFC in adult mice. This is because (R)-
ketamine was reported to activate ERK in primary microglial cells,
thereby increasing the expression of NRBP1, brain-derived
neurotrophic factor (BDNF), and the phosphorylated cAMP
response element binding protein (p-CREB)/CREB, leading to its
long-lasting antidepressant effects (Yao et al., 2022).

On the other hand, (R)-ketamine, through the BDNF-
tropomyosin receptor kinase B (TrkB) signaling pathway, helps
to restore the decreased BDNF levels in the prefrontal cortex (PFC),
hippocampal CA3, and dentate gyrus (DG) regions of rodents (Yang
et al., 2015; Yang et al., 2018; Fujita et al., 2020; Tan et al., 2020;
Fujita et al., 2021; Lin et al., 2021; Qu et al., 2021). Simultaneously,
(R)-ketamine can elevate the release of 5-hydroxytryptamine (5-HT)
in the mPFC (Ago et al., 2019), and significantly inhibit the
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overexpression of the nuclear factor of activated T-cells 4 (NFATc4)
signaling gene in the PFC (Ma et al., 2022c). These findings indicate
that activating the BDNF-TrkB, NFATc4 signaling pathways, and
endogenous 5-HT receptors might be key mechanisms for the
antidepressant effects of (R)-ketamine.

In addition, activation of mammalian target of rapamycin
(mTOR) and extracellular signal-regulated kinase (ERK) has been
suggested as a hypothetical molecular mechanism for the
antidepressant effects of ketamine (Tang et al., 2015; Zanos et al.,
2018; Johnston et al., 2020). However, in CSDS model, (R)-ketamine
significantly reversed the reduction of ERK and upstream effector
mitogen-activated protein kinase/ERK kinase phosphorylation in
the PFC and hippocampal DG of susceptible mice after CSDS, but
not mTOR and its downstream effector ribosomal protein S6 kinase
phosphorylation in the PFC. Meanwhile, mTOR inhibitors
(rapamycin or AZD8055) also failed to block the antidepressant
effects of (R)-ketamine (Yang et al., 2018).

However, in a chronic unpredictable mild stress (CUMS) model,
(R)-ketamine was found to increase protein expression levels of
phosphorylated mTOR (pmTOR) in the mouse PFC, reversing the
CUMS-induced decrease in the pmTOR/mTOR ratio, but had no
effect on ERK phosphorylation levels (Rafało-Ulińska and Pałucha-
Poniewiera, 2022). These two diametrically opposed results may
stem from different models of depression, study methods, dosing
regimens, and timing of tissue collection, all of which may have a
differential impact on the test results, and more in-depth studies will
be needed in the future to arrive at more definitive answers.

Considering that the pathophysiology of MDD involves
microRNAs (miRNAs) as a critical regulatory component of
synaptic plasticity, this suggests that directly targeting miRNAs
might be a potential therapeutic strategy for MDD (Zhou L.
et al., 2021; Ma et al., 2022b) found that chronic restraint stress
(CRS)-exposed mice could have their body weight loss, forced
swimming test immobility duration, and sucrose preference
greatly improved by giving (R)-ketamine (10 mg/kg) as a
pretreatment 1 day prior to CRS. It also markedly attenuated the
expression of miR-132-5p and its associated regulatory genes
[BDNF, Methyl CpG binding protein 2 (MeCP2), Tgfb1, TGF-β
receptor II (Tgfbr2)] in the PFC of mice given CRS. Additionally, the
onset and progression of depression are closely associated with the
upregulation of endoplasmic reticulum stress-related genes (Nevell
et al., 2014). Therefore (Jóźwiak-Bębenista et al., 2022), compared
the effects of two enantiomers of ketamine on the expression of
endoplasmic reticulum stress-responsive genes in a human astrocyte
cell line. The study found that (R)-ketamine has a relatively mild
effect on the expression of genes in the unfolded protein response
(UPR) pathway (Jóźwiak-Bębenista et al., 2022). Furthermore, it can
also increase the expression of CREB3L1 in old astrocyte specifically
induced substance (OASIS) encoded in astrocytes and CREB3/
LUMAN mRNA in astrocytes, suggesting that the antidepressant
effects of (R)-ketamine may be related to members of the OASIS
family (Jóźwiak-Bębenista et al., 2022).

In addition, (R)-ketamine has anti-inflammatory effects (Zhang
et al., 2021a; Zhang et al., 2021b), and significantly ameliorates
increased spleen weight in CSDS-susceptible mice (Zhang et al.,
2020; Wei et al., 2021a), resulting in amelioration of increased
expression of the natural killer cell-activated receptor (NKG2D)
in the spleen (Zhang et al., 2021). It can also partially repairs

alterations in the gut microbiota that may be related to the onset
and progression of certain diseases (Yang et al., 2017b; Qu et al.,
2017; Wang et al., 2021; Wang et al., 2022a). This implies that the
antidepressant mechanism of (R)-ketamine might be related to the
brain-spleen axis and the microbiota-gut-brain axis (Getachew et al.,
2018; Huang et al., 2019; Wilkowska et al., 2021; Wei et al., 2022).

Although the indirect metabolite of (R)-ketamine, (2R, 6R)-
HNK, has shown rapid and/or long-lasting antidepressant effects in
various animal models of depression (Zanos et al., 2016; Chou et al.,
2018; Pham et al., 2018; Zanos et al., 2019a; Zanos et al., 2019b;
Fukumoto et al., 2019; Highland et al., 2019). Interestingly, some
researchers did not observe the sustained antidepressant effects of
(2R, 6R)-HNK similar to (R)-ketamine (Yang et al., 2017a; Zhang
et al., 2018a; Zhang et al., 2018c; Shirayama and Hashimoto, 2018;
Yamaguchi et al., 2018; Xiong et al., 2019). Instead, they believe that
(R)-ketamine produces its own antidepressant effects rather than
being a result of (2R, 6R)-HNK (Shirayama and Hashimoto, 2017;
Yamaguchi et al., 2018). A study pointed out that (2R, 6R)-HNK is
an inert molecule that differs from ketamine pharmacologically and
does not bind to specific high-affinity sites in the brain (Bonaventura
et al., 2022). Thus, it might produce antidepressant effects indirectly
by interacting with physical or chemical processes or by weakly
interacting with many different molecular targets in various
biological systems (Bonaventura et al., 2022). Therefore, the
precise antidepressant effects, mechanisms, and specific functions
of (2R, 6R)-HNK in the antidepressant effects of (R)-ketamine still
require further research for confirmation.

Although researchers have studied the antidepressant effects of
(R)-ketamine from multiple perspectives, its specific mechanisms of
action and exact target sites remain unclear. Clearly, these preclinical
research findings provide guidance for subsequent studies and also
offer theoretical support for clinical treatments and new drug
development. (Figure 1 briefly illustrates some of the
antidepressant mechanisms of (R)-ketamine).

2.2 Clinical research

Currently, all drug formulations of (R)-ketamine have not been
approved for the market, but researchers continue to explore its
antidepressant efficacy and side effects in clinical settings. In 2020,
(Leal et al., 2021), initially documented a 40-min single intravenous
infusion of (R)-ketamine (0.5 mg/kg) in 7 TRD subjects. By
comparing the Montgomery-Åsberg Depression Rating Scale
(MADRS) scores before and after the infusion, they observed that
(R)-ketamine produced a rapid and significant antidepressant effect
in TRD participants. This effect began to appear 60 min after the
infusion, and peaked at 240 min, and 43% of the participants still
showed antidepressant effects on the 7th day (Leal et al., 2021).
Regarding side effects, only a portion of the participants briefly
experienced mild blurred vision and dizziness, with no occurrences
of dissociation or hemodynamic changes, indicating good safety of
(R)-ketamine (Leal et al., 2021). Although this study yielded
surprising antidepressant efficacy at the time, certain limitations
in terms of the level of evidence for open-label design need to be
noted. Therefore, the team redesigned a randomized, double-blind,
crossover, pilot trial with a total sample size of 10 cases at 1-week
intervals and treated all TRD patients with 0.5 mg/kg (R)-ketamine
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and saline intravenously (Leal et al., 2023). The results showed an
improvement in depressive symptoms over time (2 weeks of
observational analysis) and a lower incidence of adverse events in
all TRD patients, but there was no significant difference between the
(R)-ketamine group and the saline control group (Leal et al., 2023).
This unexpected finding has once again raised questions about the
actual antidepressant efficacy of (R)-ketamine. Compared to a
previous open-label trial (Leal et al., 2021), subjects in this study
had a longer duration of depression and more psychiatric co-
morbidities such as obsessive-compulsive disorder, social anxiety
disorder and generalized anxiety disorder (Leal et al., 2023). Based
on the experience of previous ketamine antidepressant studies, some
patients need to receive two ormore doses of the medication in order
to produce a response (Phillips et al., 2019; Phillips et al., 2020).
Thus, a single (R)-ketamine administration may not achieve a level
of depression treatment that would normally require a cumulative
effect of the drug. In addition, a crossover design trial may not be
optimal given the current uncertainty about the ideal therapeutic

dose and frequency of administration of (R)-ketamine. Considering
that the assessment of depression efficacy is largely dependent on
MADRS scores, it is difficult to achieve significant between-group
differences with a small sample size of 10 patients. Thus, although
this small pilot study by LEAL et al. (Leal et al., 2023) failed to
demonstrate that a single intravenous infusion of (R)-ketamine was
superior to placebo in improving depression, the possibility that (R)-
ketamine has antidepressant effects in humans cannot be completely
discounted (R)-ketamine may provide positive clinical benefits, at
least in terms of medication safety and adverse effects. Recent studies
on (R)-ketamine in the treatment of bi-directional depression have
again demonstrated its favorable antidepressant effects (Bandeira
et al., 2023). In the study, six subjects with type I and type II bipolar
disorders were treated with (R)-ketamine intravenously on two
separate occasions (1 week apart) at doses of 0.5 mg/kg and
1 mg/kg, respectively). Before and after treatment, the subjects’
mean total MADRS scores were reduced by more than 50% and
little dissociative and manic symptoms were observed at both doses,

FIGURE 1
Mechanisms of (R)-ketamine antidepressant (partial) (R)-ketamine can activate ERK, thus increasing the expression of NRBP1, BDNF, and p-CREB in
primary microglial cells. At the same time, it promotes the release of glutamate into the synaptic cleft, enhances AMPAR flux, activates cellular signaling,
and increases the synaptic protein translation of AMPAR subunits and PSD-95, thereby promoting the formation of synapses and dendrites. Additionally,
(R)-ketamine can regulate TGF-β signaling in microglial cells, increase the release of BDNF, and subsequently promote binding with the TrkB
receptor. Through the MEK-ERK-CREB signaling pathway, it can enhance synaptogenesis and dendritogenesis, thus exhibiting its antidepressant effects.
Furthermore, the antidepressant mechanism of (R)-ketamine may also involve the microbiome-gut-brain axis, the brain-spleen axis pathway, and the
regulation of miR-132-5p and NFTc4. Abbreviations: AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; BDNF: brain-derived
neurotrophic factor; CREB: cyclic adenosine monophosphate response element-binding protein; ERK: extracellular signal-related kinase; MEK:
mitogen-activated protein kinase; MeCP2: Methyl CpG binding protein 2. NFATc4: nuclear factor of activated T cells 4; PSD-95: postsynaptic density
protein 95; TGF-β: transforming growth factor β; TrkB: tropomyosin receptor kinase B.
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demonstrating the feasibility and safety of (R)-ketamine for its rapid
antidepressant effect in the treatment of bipolar depression
(Bandeira et al., 2023). This further emphasizes that (R)-
ketamine, as a novel antidepressant with good development
potential, may in the future require larger sample sizes, more
flexibility in dosage and frequency of administration, as well as
more study design options (such as parallel subgroup design, etc.) to
gain insights into the actual antidepressant efficacy of (R)-ketamine
in clinical practice.

In 2018, China registered and approved a large randomized
controlled trial that will compare the safety and effectiveness of
(R)-ketamine with (S)-ketamine and (R, S)-ketamine in TRD
treatment (ChiCTR1800015879) (Chinese Clinical Trial Registry,
2019). The following year, China’s Hengrui Medicine Co., Ltd.
received approval from the National Medical Products
Administration and began clinical trials to treat refractory
depression with hydrochloride (R)-ketamine nasal spray
(Netease, 2019). On 19 February 2021, the American
company, Perception Neuroscience, released its Phase I
clinical research data on (R)-ketamine, showing that the dose
of (R)-ketamine (PCN-101) required to produce similar
perceptual changes is much higher than that of (S)-ketamine,
and the total dose below 150 mg is safe and well-tolerated (Cision
PR Newswire, 2021). At the same time, the company
subsequently initiated a Phase II confirmatory trial for TDR

patients, which will be a key study to evaluate the therapeutic
effects and related side effects of (R)-ketamine (Cision PR
Newswire, 2021).

Moreover, regarding the controversy in preclinical studies about
the antidepressant efficacy of (R)-ketamine’s direct metabolite (2R,
6R)-HNK, Grunebaum et al. (Grunebaum et al., 2019) found that
24 h after administering ketamine (0.5 mg/kg) intravenously to
MDD patients with significant suicidal ideation, the patients had
higher plasma concentrations of (2R, 6R)-HNK, but this was not
significantly related to clinical improvement in depression. The
result suggests that we should be more cautious when evaluating
the antidepressant effects of (2R, 6R)-HNK (Grunebaum et al.,
2019). Currently, a Phase I clinical trial for (2R, 6R)-HNK is
being conducted, which will provide an objective assessment of
the actual antidepressant effects of (2R, 6R)-HNK
(ClinicalTrials, 2021).

Taken together, although (R)-ketamine has shown its distinct
advantages in various animal models of depression, some clinical
studies still have doubts about its actual antidepressant effects. To
determine the specific antidepressant effects of (R)-ketamine and its
metabolites, and to assess the safety, drug resistance, side effects, and
abuse risks of medium-to long-term, high-dose use, we still need to
rely on large-sample, multi-center, blind clinical randomized
controlled trials, and compare various regimens in terms of
dosing, frequency, and timing.

FIGURE 2
Applications of (R)-ketamine in treatments other than depression. Besides its use in treating depression, (R)-ketamine also holds significant potential
in the prevention and treatment of perioperative anesthesia, ischemic stroke, cognitive disorders, Parkinson’s disease, multiple sclerosis, osteoporosis,
substance use disorders, inflammatory diseases, COVID-19, and organophosphate poisoning.
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3 Research on non-depressive
conditions

3.1 Cognitive impairments

There is growing evidence that cognitive deficits, especially mild
cognitive deficits, are significantly present in childhood and
adolescence prior to psychotic episodes (Mollon and
Reichenberg, 2018). Cognitive deficits in the offspring of
maternal immune activation (MIA) model mice in adulthood can
be prevented by repeated intermittent use of (R)-ketamine
(10 mg/kg/day, twice a week for 4 weeks) during adolescent and
juvenile stages (P28-P56) and may reduce the risk of conversion to
psychosis in adulthood through activation of the BDNF-TrkB
signaling pathway in the brain (Tan et al., 2022). However, given
the multiple concerns regarding the use of ketamine and its
metabolites in adolescents, especially in infants and young
children, translating the results of this study into clinical practice
may take longer. In addition, long-term social isolation has been
shown to potentially lead to social cognitive deficits (Beutel et al.,
2017), and maintaining an individual’s social cognitive functioning
typically involves two brain regions, the insula and prefrontal cortex
(Menon and Uddin, 2010; Bicks et al., 2015). The unique activation
of the anterior insula cortex (aIC) induced by (R)-ketamine
(20 mg/kg, i.p.) restores the aIC function, which promotes the
formation of social memories and ameliorates social cognitive
impairment deficits in socially isolated reared mice (Yokoyama
et al., 2024).

On the other hand, ketamine and its enantiomers have been
shown to produce different effects on memory and cognitive
function in individuals at different doses (Gill et al., 2021;
Zhornitsky et al., 2022). It was shown that at a higher
subanesthetic dose (20 mg/kg), both ketamine and its two
enantiomers significantly impaired recognition memory in mice
in the novel object recognition (NOR) test. Whereas at a lower dose
(10 mg/kg), (S)-ketamine still produced significant impairment of
recognition memory, but not (R)-ketamine (Ide et al., 2019).
Furthermore, both ketamine and (S)-ketamine at doses of
10–20 mg/kg induced cognitive deficits in NMDA receptor
subunit GluN2D knockout (GluN2D-KO) mice, but the same
dose of (R)-ketamine did not inhibit cognitive functioning in
GluN2D-KO mice (Ide et al., 2019), suggesting that, in terms of
decreasing the impact on individual cognitive effects on memory,
(R)-ketamine appears to have an advantage over ketamine and (S)-
ketamine. In the future, there is still a need to further substantiate
and explore the quantitative effects of various ketamine compounds
on cognitive effects in human clinical studies.

The NMDAR antagonist phencyclidine (PCP) can cause
schizophrenia-like symptoms, including cognitive impairments, in
both healthy individuals and rodents. However, these cognitive
impairments can be alleviated by intermittent use of (R)-
ketamine twice a week for 2 weeks at a dose of 10 mg/kg/day
rather than (S)-ketamine (Tan et al., 2020). Further, using (R)-
ketamine in prevention and treatment can alleviate systemic and
neuroinflammation in mice induced by lipopolysaccharide (LPS)
and has preventive and therapeutic effects on delirium and cognitive
impairments (Zhang et al., 2021b). Additionally, metabotropic
glutamate receptors 2 and 3 (mGluR2/3) are considered potential

drug targets for treating various neurological diseases (Li et al.,
2022). Its selective inhibitors have demonstrated significant
antidepressant effects with reduced side effects in research in
preclinical and clinical settings (Jiang et al., 2023). Recent
research demonstrated that when the mGlu2/3 receptor
antagonist LY341495 was combined with (R)-ketamine, it not
only reduced the side effects of (R)-ketamine, but was also
effective against depression symptoms induced by CUMS.
Combined treatment reversed CUMS-induced PFC-dependent
memory deficits and restored the diminished strength of
longterm potentiation (LTP), exerting characteristic
antidepressant and cognitive-enhancing effects (Pałucha-
Poniewiera et al., 2023). In addition, (R)-ketamine (7.5, 15, and
30 mg/kg, i.p.) dose-dependently increased electroencephalogram
(EEG) theta power at 23 h of wakefulness and rapid eye movement
(REM) sleep, further supporting its potential use in cognitive
impairment (Pothorszki et al., 2024).

In addition, among healthy volunteers, (R)-ketamine has milder
impacts on psychopathology and neurocognition to (S)-ketamine,
which might produce a “negative experience”. Its potential
“protective effect” can partially offset the adverse effects of (S)-
ketamine (Passie et al., 2021). Patients who suffer from depression
often encounter intense psychological distress and may have a
distorted perception that “time is slowing or dilating”, and this
perception is positively correlated with the intensity of suicidal
ideation (Cáceda et al., 2020). However, unlike (S)-ketamine, the
antidepressant effects of (R)-ketamine are not based on the
underestimation of time or behavioral disorders, but might help
enhance cognitive abilities (Popik et al., 2022). Considering that
geriatric depression is closely related to all-cause dementia, AD, and
vascular dementia (Zhao et al., 2022), and that dementia patients
often exhibit anxiety, depression, and other neuropsychiatric
symptoms (NPS) significantly associated with their overall
cognitive abilities (Sabates et al., 2023), it is hypothesized that
(R)-ketamine may have a useful preventive or delaying effect on
the progression of late-life depression to dementia in patients.
Furthermore, it may also have beneficial effects on the emotional
and cognitive aspects of various types of dementia patients.

Therefore, synthesizing the above studies we can easily find that
(R)-ketamine has a weak inhibitory effect on cognition, may
improve cognitive dysfunction caused by other causes (such as
psychiatric disorders) to a certain extent (Hashimoto, 2023), and
may play a positive role in preventing or delaying the disease
progression of AD, and it is expected to be a potential
medication for preventing and treating cognitive deficits in
patients in the future.

3.2 Perioperative anesthesia

Perioperative anaesthesia is one of the most prominent areas of
clinical application of (R, S)-ketamine and (S)-ketamine in addition
to the treatment of depression (Barrett et al., 2020). However, the use
of (R)-ketamine in this area deserves deeper reflection, exploration
and research. Indeed, (R)-ketamine was used in clinical trials as early
as the 1980s, however, unfortunately, researchers at that time did not
observe that (R)-ketamine exhibited stronger effects than (R, S)- and
(S)-ketamine in hypnosis and analgesia (White et al., 1980; White

Frontiers in Pharmacology frontiersin.org06

Zhang et al. 10.3389/fphar.2024.1337749

276

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1337749


et al., 1985). More recent studies, by administering an intravenous
infusion of ketamine to healthy subjects and subsequently
examining plasma metabolite concentrations at various time
points, found that the plasma metabolite (R)-ketamine did not
have any effect on the pain-relieving or dissociative effects of the
racemate ketamine (Olofsen et al., 2022). The researchers thus
hypothesized that (R)-ketamine may lack efficacy in pain relief
(Olofsen et al., 2022). Considering these limited studies, the
actual analgesic and sedative efficacy of (R)-ketamine has not
been evaluated and supported by strong evidence due to
limitations in trial design, original drug class, pain detection
methodology, and subject population, and thus further
confirmation from subsequent studies is still needed. In addition,
unlike (R, S)- and (S)-ketamine, which induce cardiovascular side
effects such as tachycardia, elevated blood pressure, and increased
cardiac output to varying degrees (Geisslinger et al., 1993; Canuso
et al., 2018; Zanos et al., 2018; Kamp et al., 2021), (R)- Ketamine is
essentially unaltered in hemodynamic parameters in healthy
subjects and is more advantageous in myocardial protection
(Geisslinger et al., 1993; Leal et al., 2021; Olofsen et al., 2022). In
studies of ketamine-related psychedelic side effects, elevated plasma
concentrations of (R)-ketamine in humans do not significantly alter
measured effects such as anti-injury perception and psychedelic
symptoms originally induced by (S)- and (R, S)-ketamine (Olofsen
et al., 2022). Instead, this may be synergistic with the nitric oxide
(NO) donor sodium nitroprusside in reducing (R, S)-ketamine-
induced psychedelic symptoms and internal and external perceptual
deficits (Jonkman et al., 2018).

In addition, (R)-ketamine has shown elimination of anxiety-
related behaviors and social interaction disorders induced by MIA
(de Oliveira et al., 2021), as well as the ability to rapidly improve
depression-like behaviors in rodents (Yang et al., 2018; Yao et al.,
2022). This suggests that (R)-ketamine may also have some potential
for development and application in alleviating preoperative anxiety
and postoperative postpartum depression. Given the lower affinity of
(R)-ketamine for the cytochrome P450 enzyme system, its drug
clearance is 50% lower than that of (S)-ketamine, resulting in a
longer retention and duration of action in the body (Kamp et al.,
2020). Once the positive clinical efficacy and indications regarding
the positive effects of (R)-ketamine in anxiolytic, antipsychedelic,
cardioprotective, neuroprotective, and PND prevention and
amelioration have been further demonstrated, its prolonged in
vivo retention properties will be more conducive to a lasting
perioperative effect.

3.3 Ischemic stroke

Ischemic stroke, also known as a stroke, is a frequent acute
cerebrovascular illness that has high rates of morbidity andmortality
(Collaborators, 2020). Very effective therapeutic drugs and methods
are still limited currently (Oh et al., 2022). Research has shown that
depression and anxiety were found to increase the risk of stroke
(Nakada et al., 2023). Conversely, a stroke could also trigger and
exacerbate symptoms of depression and anxiety (Chen et al., 2023).
Early identification and prevention of post-stroke depression (PSD)
can significantly improve patients’ depressive symptoms, promote
the recovery of physical and cognitive functions, and thereby

enhance the prognosis of stroke and the 10-year survival rate
(Robinson and Jorge, 2016; Sun et al., 2023). It was reported
that, in middle cerebral artery occlusion (MCAO) and chronic
CUMS model rats, a single local injection of ketamine in the
dentate gyrus region could enhance synaptic plasticity by
regulating NMDAR/calcium/calcium-calmodulin-dependent
protein kinase II (CaMKII), thereby producing significant and
long-lasting antidepressant effects (Abdoulaye et al., 2021).
Furthermore, ketamine, administered through intraperitoneal
injection 30 min after MCAO, demonstrated significant
reductions in infarct volume, edema ratio, and neurological
deficit, providing neuroprotection against ischemic brain injury
(Shu et al., 2012). Given that both ketamine and (S)-ketamine
have shown improvements and neuroprotective effects against
ischemic stroke (Shu et al., 2012; Zhang et al., 2023), (R)-
ketamine, compared to ketamine and (S)-ketamine, has a
stronger, more lasting antidepressant effect with fewer side effects
(Johnston et al., 2023). Thus (Xiong et al., 2020), further confirmed
that (R)-ketamine is also significant in ischemic stroke through
animal experiments. The study demonstrated that after
administering mice with (R)-ketamine (10 mg/kg) 30 min before
(or 1 h after) MCAO and 24 h post-MCAO, it was observed that (R)-
ketamine not only significantly alleviated brain injuries and
behavioral abnormalities caused by MCAO but also showed
stronger neuroprotective effects than (S)-Ketamine (Xiong et al.,
2020). This suggests that (R)-ketamine may develop into a novel
medication for the prevention and treatment of ischemic
stroke or PSD.

3.4 Multiple sclerosis

MS is an immune-mediated disease that leads to inflammatory
demyelinating lesions in the central nervous system, including the
spinal cord and brain (Wang et al., 2021). Affected by early
inflammation and delayed neurodegenerative lesions, the
disability rate is extremely high (Dobson and Giovannoni, 2019).
In MS patients, MDD and its severe symptoms are very common
and are closely related to a significant reduction in quality of life and
an increased risk of suicide (Jones et al., 2021). Wang et al.’s study
(Wang et al., 2021) showed that after continuously injecting (R)-
ketamine (10 mg/kg/day) into MS model mice for 15 days, the
weight loss of the mice was significantly alleviated. Furthermore,
unlike the saline, (R)-ketamine improved the clinical experimental
autoimmune encephalitis (EAE) score of mice, attenuated their
pathology scores, microglia activation, and the integrity of the
blood-brain barrier in the spinal cord. To sum up, these findings
indicate that there is a preventive effect of (R)-ketamine. On the
other hand, cuprizone (CPZ) is often used to establish a mouse
model that mimics the demyelination in MS patients due to its
demyelinating effect. A recent study found that after continuously
injecting mice with (R)-ketamine (10 mg/kg/day) twice a week for
6 weeks, it could improve the CPZ-induced corpus callosum
demyelination and microglial cell activation by activating TrkB,
promote myelin regeneration after discontinuing CPZ, and partially
restored the abnormal β-diversity of the gut microbiota in mice
treated with CPZ (Wang et al., 2022a). Therefore, these results imply
that (R)-ketamine may be a potential drug for the prevention and
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treatment of MS, and the gut-microbiota-microglial crosstalk may
significantly influence the effects of (R)-ketamine in the CPZ-treated
MS model mice.

3.5 Parkinson’s disease

PD is a chronic progressive neurodegenerative disorder that
primarily damages the neurons in the substantia nigra (SNr)
responsible for producing dopamine. Although most of the
current drugs can alleviate the motor symptoms of patients, they
cannot provide adequate neuroprotection or halt the disease’s
progression(Kieburtz et al., 2018). While the primary clinical
manifestation of PD is motor symptoms, non-motor symptoms
like anxiety and depression are also the most common and
significant psychiatric features of PD (Landau et al., 2016).
Moreover, these two symptoms often accompany PD patients
and may persist throughout the disease course (Zhang et al.,
2023). In addition, cognitive deficits related to learning and
memory abilities have been observed in more than 15% of PD
patients (Svenningsson et al., 2012). Subanesthetic doses (5, 10, and
15 mg/kg) of ketamine (i.p., once weekly) have all been shown to
reverse depressive-like behavior, short-term memory impairment,
pleasure deficits, and to improve gait deficits in rats with PD model
induced by bilateral lesions in SNc (Vecchia et al., 2018; Vecchia
et al., 2021). Meanwhile, ketamine at 8 mg/kg also exerted
neuroprotective effects through the activation of cellular
autophagy in PD model mice, which increased the number of
nigrostriatal dopaminergic neurons (Fan et al., 2017). However,
the potential risk of drug abuse and possible psychiatric side effects
of ketamine are issues that need to be focused on in its future clinical
treatment of PD. Fujita et al.’s study (Fujita et al., 2020) observed
whether the two enantiomers of ketamine had neuroprotective
effects in PD mice by 1-methyl-4-phenyl-1, 2, 3, 6-
tetrahydropyridine (MPTP)-induced PD mouse model. The
results showed that repeated intranasal administration of both
(R)- and (S)-ketamine could effectively reduce the decline of
dopamine transporter (DAT) in the striatum of mice caused by
MPTP, with (R)-ketamine showing a more pronounced effect than
(S)-ketamine (Fujita et al., 2020). Further, by continuously
administering (R)-ketamine intranasally, tyrosine hydroxylase
(TH) in the striatum and SNr decreased significantly as a result
of MPTP, while (S)-ketamine did not have this effect (Fujita et al.,
2020). In addition, BDNF provides trophic support through the
TrkB signaling pathway to increase dendritic and axonal branching
and synaptogenesis. This signaling pathway plays an important role
in the development of neurodegenerative diseases such as PD and
AD and psychiatric disorders such as depression, and has become a
key target for the development of related therapeutic drugs
(Hashimoto, 2010; 2013; Mitre et al., 2017). It has been shown
that (R)-ketamine normalizes the protein levels of BDNF and
p-TrkB in the PFC and hippocampal CA3 and DG regions of
mice modeled for depression, promotes synaptogenesis, and
ameliorates the reduction of dendritic spine densities in the
prelimbic (PrL), CA3 and DG of the mPFC (Yang et al., 2015).
Also, (R)-ketamine significantly attenuated MPTP-induced
reduction of DAT in mouse striatum, and these ameliorative
effects could be blocked by pretreatment with a TrkB antagonist

(ANA-12) (Fujita et al., 2020). It is speculated that (R)-ketamine
may play a neuroprotective role in counteracting MPTP-induced
neurotoxic effects in the PD brain by activating the BDNF-TrkB
signaling pathway in the striatum and SNr (Fujita et al., 2020),
suggesting that it may be a possible new drug in the future for the
prevention or treatment of neurodegenerative diseases such as
Parkinson’s disease.

3.6 Osteoporosis

Osteoporosis is characterized by reduced bone density,
deterioration of microarchitecture, and susceptibility to fragility
fractures (Lane et al., 2000). MDD is one of the important risk
factors for osteoporosis, and bone mineral density (BMD) is lower in
both adults and women when combined with depression. Therefore,
assessing and treating depression in these high-risk patients is
crucial for preventing osteoporosis (Yuan et al., 2021). It was
reported that the osteoprotegerin/nuclear factor κB receptor
activator/nuclear factor κB receptor activator ligand (OPG/
RANK/RANKL) signaling pathway and the osteopontin (OPN)
system had essential involvement in bone metabolic
abnormalities caused by MDD. Moreover, the antidepressant
effects of (R, S)-ketamine might be associated with the
improvement of inflammatory bone markers (Kadriu et al.,
2018). Further research found that instead of (S)-ketamine and
(2R, 6R)-HNK, (R)-ketamine dramatically reduced the elevated
plasma levels of RANKL and ameliorated the reduction in the
OPG/RANKL ratio in CSDS susceptible mice (Zhang et al.,
2018b; Xiong et al., 2019). Additionally, it could also significantly
increase the BMD of the femur in CSDS susceptible mice (Xiong
et al., 2019). In conclusion, it could be inferred that the OPG/
RANKL ratio in the blood of MDD patients might be a potential
biomarker for assessing the antidepressant effects of (R)- and (R, S)-
ketamine, which is crucial for diagnosis (Zhang et al., 2018b). Wan
et al. (Wan et al., 2022) reported that administering (R)-ketamine
(10 mg/kg/day, twice a week) continuously for 6 weeks could
dramatically enhance the cortical bone density and overall
density of ovariectomized (OVX) mice by modulating the anti-
inflammatory effects of gut microbiota. Similarly, one dosage of
10 mg/kg of (R)-ketamine improved anhedonia-like behavior, as
well as reduced femoral neck cortical and total BMD. Furthermore,
one dose of (R)-ketamine altered gut microbiota composition,
resulting in changes in thirteen metabolic pathways and six
metabolites in CSDS susceptible mice. The findings suggest that
by acting on the gut–microbiota–bone–brain axis, (R)-ketamine can
ameliorate the anhedonia-like phenotype and decrease BMD in
CSDS susceptible mice (Wan et al., 2023). As a result, (R)-
ketamine might emerge as a promising drug for treating reduced
bone density or osteoporosis in patients with depression in
the future.

3.7 Inflammatory disease

LPS can induce a phenotype similar to depression, causing
systemic inflammation and increased spleen weight, so it is often
used to establish inflammation-related rodent models of depression
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(Zhang et al., 2020). However, (R, S)-ketamine can attenuate or even
reverse the inflammatory response of BV2 microglial cells caused by
LPS (Lu et al., 2020) and reduce the levels of high mobility group
protein B1 (HMGB1) in plasma and vital organs such as the heart,
liver, and kidney, thereby increasing the 7-day survival rate of rats
with sepsis caused by cecal ligation and puncture (CLP) (Zhang
et al., 2014; Zhang et al., 2021a) further reported that the combined
use of (R)-ketamine at 15 mg/kg for prevention and treatment
significantly improved the 14-day survival rate of mice after CLP.
Additionally, it can also improve the reduction in rectal temperature
caused by sepsis 12 h after CLP, the elevated levels of plasma
inflammatory cytokines, and the increase in injury markers of
vital organs such as the heart, lungs, kidneys, and liver. All these
point to (R)-ketamine’s possible effectiveness in the prevention and
treatment of sepsis. On the other hand, pretreatment with 10 mg/kg
of (R)-ketamine (6 days before LPS injection) or combined with
treatments 24 h before and 10 min after LPS injection can effectively
prevent inflammation and significantly reduce spleen enlargement,
central and systemic inflammation, and cognitive dysfunction in
mice caused by LPS (Zhang et al., 2021b; Ma et al., 2022c).
Furthermore, pretreatment with (R)-ketamine at 10 mg/kg 6 days
before LPS administration can effectively correct the aberrant
expression of two miRNAs (miR-149 and miR-7688-5p) and
NFATc4 mRNA in the PFC of mice induced by LPS, and
partially restore the effects of LPS on the mouse gut microbiota,
thereby continuously preventing depressive-like behavior in
inflammation model mice (Ma et al., 2022a; Yao et al., 2022).
Additionally, depression might increase the risk of inflammatory
bowel disease, but using antidepressants to treat depression can
reduce this risk (Frolkis et al., 2019). Fujita et al. (Fujita et al., 2021)
found that repeated injection of (R)-ketamine (10 mg/kg/day, for
14 or 7 days) had positive effects on the ulcerative colitis (UC)model
induced by dextran sulfate sodium (DSS) through the activation of
TrkB. Together, these findings indicate that (R)-ketamine has
significant anti-inflammatory effects, especially when
administered multiple times or for prevention and treatment.
Thus, it holds promise as a new drug choice for treating
inflammatory diseases such as sepsis and UC.

3.8 COVID-19

Increasing evidence suggests that the novel coronavirus
infection may have adverse effects on the central nervous system
(CNS), causing psychiatric and neurological symptoms in those
infected (Chen et al., 2022). The endoplasmic reticulum chaperone
protein σ-1 receptor is crucial for the replication of the novel
coronavirus in host cells and is considered a potential therapeutic
target for COVID-19 patients (Gordon et al., 2020a; Gordon et al.,
2020b). Research has found that (R, S)-ketamine not only has
sedative, analgesic, and antidepressant effects but also has a
minimal impact on respiration. It can interact with σ receptors
(including σ-1 and σ-2) (Robson et al., 2012) and is believed to have
potential benefits for the treatment of COVID-19 patients (Ortoleva,
2020; Akinosoglou et al., 2021). Moreover, compared to two other
ketamine compounds, (R)-ketamine has a more pronounced effect
on the σ-1 receptor (Hashimoto, 2021). It has significant advantages
in improving inflammatory diseases of the central nervous system

(e.g., the spinal cord and brain) as well as lung inflammation (Zhang
et al., 2021a; Wang et al., 2021), and can help COVID-19 patients
feel more comfortable (Vollenweider et al., 1997). Therefore, (R)-
ketamine, with its dual anti-inflammatory and antidepressant
effects, may benefit such patients and holds promise as a new
therapeutic candidate for the future treatment of COVID-19.

3.9 Substance use disorder

The consumption of alcohol and illicit drugs represents a
growing and intricate worldwide public health issue. Even though
current behavioral interventions and drug treatments have achieved
some results, the outcomes for treating substance use disorders
(SUDs) are still not ideal (Jones et al., 2018). A systematic review
found that using (R, S)-ketamine to treat SUDs can reduce patients’
craving, motivation, and use of cocaine. It can also increase the
success rate of withdrawal from alcohol and opioids and maintain a
significant difference from the control group for up to 2 years after a
single dose (Jones et al., 2018; Witkin et al., 2020) demonstrated that
on its own, (R)-ketamine did not cause conditioned place preference
(CPP). In contrast, it blocked morphine-induced CPP and reduced
overall morphine withdrawal scores in rats following naloxone-
precipitation. Furthermore, it was reported that (R)-ketamine
(20 mg/kg) could significantly alleviate morphine withdrawal
signs, with its efficacy comparable to that of the commonly used
opioid withdrawal drug, Lofexidine (Witkin et al., 2020).
Pretreatment with (R)-ketamine at 3 mg/kg in rats showed a
significant inhibitory trend towards tolerance induced by ethanol
(ETOH), and it did not affect ETOH’s dependence or its effects
(Shafique et al., 2021). Therefore, it can be seen that (R)-ketamine
not only does not induce or exacerbate substance dependence but,
on the contrary, can play a potential therapeutic role in ethanol- and
opioid-induced SUDs. Future clinical randomized controlled trials
will further validate its effects in treating substance use disorders.

3.10 Organophosphate poisoning

The repeated use of various low-dose nerve agent substitutes and
organophosphate agents [diisopropyl fluorophosphate (DFP)] can
simulate the chronic depressive state of Gulf War Illness (GWI) in
rats, mainly manifesting as emotional and cognitive impairments
(Phillips and Deshpande, 2016). Using this model, researchers
administered a single dose of (R, S)-ketamine (10 mg/kg) to rats
3 months after exposure to DFP. The results showed that rats
displayed antidepressant effects in the forced swim test 1 h after
treatment, and this effect remained significant 24 h posttreatment
(Ribeiro et al., 2020). Meanwhile, the reduced expression of BDNF in
the rat brain due to DFP exposure did not show significant
improvement 1 h after (R, S)-ketamine treatment, but 24 h later,
the level of BDNF expression dramatically rose (Ribeiro et al., 2020).
Additionally, in another experiment by the team, they found that (R,
S)-ketamine and its two enantiomers could significantly ameliorate
the GWI characteristic behaviors of DFP rats (Zhu et al., 2020).
Furthermore, compared to (R, S)- and (S)-ketamine, the
ameliorative effects of (R)-ketamine were more powerful,
prolonged, and associated with less severe CNS adverse effects.
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(Zhu et al., 2020). Acetylcholinesterase inhibitors in
organophosphate pesticides can affect cholinergic signaling
modulation, and this cholinergic signal also involves the
regulation of glutamatergic transmission (Picciotto et al., 2012).
At sub-anesthetic doses, (R, S)-ketamine can elevate extracellular
glutamate levels and glutamate cycling in rats (Zanos and Gould,
2018). Considering that the NMDA receptor family includes seven
subunits: GluN1, GluN2A-D, and GluN3A-B, of which GluN2D is
only associated with cognitive impairments and motor sensitization,
as well as persistent antidepressant effects induced by (R)-ketamine,
it is essentially unrelated to the effects of (R, S)-ketamine and (S)-
ketamine (Ide et al., 2017; Ide and Ikeda, 2018; Ide et al., 2019).
Therefore, (R)-ketaminemay demonstrate its multifunctional effects
in GWI by modulating glutamatergic signal transmission and is
expected to become a novel choice for treating
organophosphate poisoning.

4 Side effects and abuse potential of
(R)-ketamine

(R)-ketamine demonstrates greater advantages in its
antidepressant effects compared to ketamine and (S)-ketamine
(Zhang et al., 2014; Fukumoto et al., 2017; Chang et al., 2019).
However, in recent years, researchers have remained concerned
about its potential for abuse and common side effects, such as
psychotomimetic and dissociative effects, that are shared by
ketamine and (S)-ketamine (Chang et al., 2019). studied the
effects of ketamine and its enantiomers on spontaneous
movement and pre-pulse inhibition (PPI) in the mouse CSDS
model, finding the strength of these effects was ranked as follow:
(S)-ketamine > (R, S)-ketamine > (R)-ketamine. At the same time,
(R)-ketamine does not induce anhedonia-like effects (Witkin et al.,
2020), nor does it cause acute hypermobility effects or significant
PPI deficits (Yang et al., 2015). When administered at a dose of
20 mg/kg, it not only does not induce CPP in mice or increase their
scores, but it also alleviates the dissociative and psychomimetic
effects caused by (R, S)- or (S)-ketamine (Yang et al., 2015; Chang
et al., 2019). In addition, in drug discrimination tests in rats, when
the aim was to induce cognitive deficits, (R)-ketamine showed a
specific discriminative stimulus effect, making drug discrimination
challenging. Compared to (S)- and (R, S)-ketamine, the cognitive
deficits it induced were milder (Popik et al., 2020). Nonetheless,
Zanos et al. (Zanos et al., 2019a) pointed out that some previous
conclusions might not be accurate, as many studies did not use a full
range of relevant subanesthetic doses for testing. Zanos and his
colleagues found that for CD-1 mice, the minimum effective
anesthetic dose of (R)-ketamine was 120 mg/kg, while the
subanesthetic dose was 90 mg/kg (Zanos et al., 2019a).
Simultaneously, when the dose exceeded 20 mg/kg, (R)-ketamine
caused motor discoordination in mice; at 40 mg/kg, it induced acute
hyperlocomotion in mice and produced evident CPP; and at
90 mg/kg, it interfered with PPI. In conclusion, these suggest that
(R)-ketamine may still induce various side effects and carry a risk of
abuse when used in higher-than-antidepressant dosages (Zanos
et al., 2019a).

Given that the addictive potential of ketamine and its
enantiomers in different individuals seems to be closely related to

its pharmacological properties and its impact on individual
psychology (Shim, 2022), Bonaventura et al. (Bonaventura et al.,
2021) analyzed the pharmacological and behavioral characteristics
of (R)-ketamine and (S)-ketamine, finding that the two differ in the
physiological mechanisms of drug dependence. Compared to (R)-
ketamine, (S)-ketamine had a greater affinity and potency for opioid
receptors (Bonaventura et al., 2021). However, repeated injections of
a subanesthetic dose of (S)-ketamine (20 mg/kg, IP) led to significant
psychomotor sensitization and CPP, while the behavioral changes
caused by the same dose of (R)-ketamine were milder or almost
negligible (Bonaventura et al., 2021). Thus, the pharmacological
effects of (S)-ketamine might be the primary factor in the human
abuse liability of racemic ketamine, whereas (R)-ketamine may not
influence it (Bonaventura et al., 2021).

Recently (Shim, 2022), expressed doubts about the conclusion
mentioned above, as a previous study reported that 10–30 mg/kg of
(R)-ketamine significantly enhanced spontaneous motor activity in
mice, surpassing the effects of 30 mg/kg of (S)-ketamine (Fukumoto
et al., 2017). However, in their study (Bonaventura et al., 2021),
administered acute injections of (R)-ketamine at 5, 10, and 20 mg/kg
to mice, observing increased motor activity only at the 20 mg/kg
dose, and its effect was weaker than that of (S)-ketamine at the same
dose. Therefore, subsequent studies should delve into factors such as
procedures, measurement timing, and species differences to explain
the discrepancies in the studies above (Shim, 2022). On the other
hand, in the mouse behavioral sensitization model, a mere 3-day
observation period might be insufficient to conclusively determine
whether low-dose repeated injections of (R)-ketamine lead to
psychomotor sensitization. Thus, a longer treatment duration and
lower doses should be used to accurately assess the effects of the two
enantiomers on mice (Shim, 2022).

In summary, most current preclinical studies and some clinical
research indicate that compared to (R, S)- and (S)-ketamine, (R)-
ketamine exhibits milder effects in terms of psychosis-like
symptoms, dissociative side effects, and abuse potential, with a
higher safety profile (Geisslinger et al., 1993; Hashimoto, 2020;
Wei et al., 2021b; Olofsen et al., 2022). However, when
considering the abuse potential and psychomotor sensitization,
the conclusions of existing research remain contentious. For this
reason, future studies should involve large-sample, randomized,
double-blind, placebo-controlled trials. These trials should
encompass subjective evaluations of drug craving or preference,
observations of behavioral sensitization from repeated dosing, and
long-term follow-ups of patients with TRD and potential co-morbid
SUDs to assess misuse; addiction; and psychomotor sensitization.

5 Conclusion

Due to the significant effects of ketamine in treating TRD,
researchers have intensively studied its antidepressant molecular
mechanisms over the past two decades, especially its two
enantiomers, metabolites, functional characteristics, and selective
targets. In spite of the fact that the etiology andmechanisms ofMDD
are not fully understood, the efficacy of antidepressants remains
variable due to the complexity of the disease and individual
differences in symptoms and gene expression profiles in patients
with MDD (Xia et al., 2022). Additionally, although ketamine’s and
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its enantiomers’ benefits for treating MDD are widely recognized, the
specific molecular mechanisms of its anti-depressant action remain
unclear (Heifets et al., 2021). Furthermore, existing studies show that
(R)-ketamine has significant advantages over other drugs in terms of
antidepressant efficacy and side effects, but knowledge of its
antidepressant mechanisms and targets of intervention remains
limited. In the future, we need to integrate chemistry, biology, and
genetic technology to further explore these mechanisms.

In addition to its unique role in the treatment of depression, (R)-
ketamine has been shown to have preventive, therapeutic and
developmental potential in cognitive disorders, perioperative
anaesthesia, cerebral ischaemic stroke, Parkinson’s disease, multiple
sclerosis, osteoporosis, substance use disorders, inflammatory disorders,
COVID-19, organophosphorus poisoning, etc. (Figure 2), and the
related mechanism of action may be more similar to the
antidepressant mechanism of (R)-ketamine. The mechanism of
action may be more similar to the antidepressant mechanism of
(R)-ketamine, while the mechanism other than the antidepressant
effect needs to be explored by further studies due to the limitation
of fewer studies at present. In addition, with further research, we believe
that (R)-ketamine will have more new indications and application
potentials to be explored by researchers around the world in the future.

Finally, despite the superior safety profile and fewer side effects
of (R)-ketamine compared to (S)- and (R, S)-ketamine, it is essential
to focus on potential negative issues arising from prolonged use or
excessive dosage. For example, it remains to be investigated whether
(R)-ketamine may present analogous problems to those associated
with (R, S)-ketamine, such as cognitive impairments induced by
neurotoxicity, diminished therapeutic efficacy due to drug tolerance,
drug addiction and abuse resulting from psychological dependence,
and the potential link between ulcerative cystitis and bladder cancer.
These questions need to be systematically addressed in subsequent
research studies.
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Background: Alzheimer’s disease (AD), a challenging neurodegenerative
condition, has emerged as a significant global public health concern. The
Chinese medicine decoction Erjingwan (EJW) has shown promising efficacy in
AD treatment, though its mechanism remains unclear.

Objective: This study aims to elucidate the mechanism by which EJW treats AD
through network pharmacology analysis and in vivo experiments.

Methods: We identified EJW’s components using the Traditional Chinese
Medicine Systems Pharmacology (TCMSP) database and determined AD-
related targets from various databases. A network comprising herbs-
compounds-targets was established, and EJW’s core targets were ascertained
through protein-protein interaction (PPI) analysis. This study assessed the
cognitive abilities of APP/PS1 mice using Morris water mazes and Y mazes, in
addition to analyzing blood samples for triglyceride (TG), total cholesterol (TC),
low-density lipoprotein (LDL), and high-density lipoprotein (HDL) levels. Brain
tissues were examined histologically with HE staining, Nissl staining, and
immunohistochemistry (IHC) for amyloid β-protein (Aβ) detection. Superoxide
dismutase (SOD), reactive oxygen species (ROS), Interleukin-1β (IL-1β), and
Interleukin-6 (IL-6) levels in the hippocampal region were measured by ELISA.
mRNA expression of apolipoprotein A-I (APOA-I), apolipoprotein B (APOB),
apolipoprotein E4 (APOE4), advanced glycation end products (AGE), the
receptor for AGE (RAGE), and nuclear factor kappa-B (NF-κB) was evaluated
by quantitative PCR (q-PCR). Western blotting was used to detect the expression
of AGE, RAGE, NF-κB, and Tau protein.

Results: Screening identified 57 chemical components and 222 potential targets
of EJW. Ten core targets for AD treatment were identified, with enrichment
analysis suggesting EJW’s effects are related to lipid metabolism and AGEs/RAGE
pathways. EJW enhanced learning and memory in APP/PS1 mice, protected
neuronal structure in the hippocampal region, reduced Aβ deposition, and
altered levels of TG, TC, LDL, IL-1β, and IL-6, and the expression of APOE4,
AGEs, RAGE, NF-κB, and Tau protein, while increasing SOD, APOA-I, and APOB
mRNA expression.

Conclusion: The study identified four core components of EJW—iosgenin,
baicalein, beta-sitosterol, quercetin—and ten core targets including AKT1, IL6,
VEGFA, TP53, CASP3, for treating AD. Experimental results demonstrate EJW’s
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capacity tomodulate lipid profiles, reduce pathological markers such as Aβ1-42, Tau,
IL-6, IL-1β, reactive oxygen species, SOD, and enhance cognitive functions in APP/
PS1 mice, potentially through inhibiting the AGEs/RAGE/NF-κB pathway.

KEYWORDS

Erjingwan, Alzheimer’s disease, network pharmacology, hippocampus, AGEs/RAGE/NF-
κB pathway

1 Introduction

Alzheimer’s disease (AD) is a degenerative disorder of the
central nervous system characterized by progressive cognitive
and behavioral impairments (Scheltens et al., 2021). AD
constitutes the majority of dementia cases, representing 75%
of all instances (O Neill and Kennelly, 2021). Currently, over
50 million individuals worldwide suffer from AD, a figure
projected to triple by 2050 (Twarowski and Herbet, 2023). In
China, a rapidly aging population presents a significant
challenge, with estimates suggesting 30.03 million AD patients
by 2050 (Wang et al., 2019).

AD pathology is marked by the excessive aggregation of
amyloid β-protein (Aβ) and hyperphosphorylation of tau
protein, leading to neuronal loss and cell death. The cleavage
of amyloid precursor protein (APP) by β-secretase and γ-secretase
produces neurotoxic Aβ25-35 and Aβ1-42 peptides, which activate
immune cells in the central nervous system, inducing
neuroinflammation (Thal et al., 2002; Sun et al., 2017; Dhapola
et al., 2021). This activation predominantly occurs as Aβ binds to
microglia and astrocytes, triggering the release of inflammatory
factors such as tumor necrosis factor-α (TNF-α), nuclear factor-
κB (NF-κB), and interleukin-6 (IL-6) (Calsolaro and Edison,
2016). Additionally, Aβ promotes oxidative stress by disrupting
the balance between oxidation and antioxidation, damaging
mitochondria and impairing ATP synthesis (Ionescu-Tucker
and Cotman, 2021). Excessive accumulation of Aβ impairs
mitochondria, restricting mitochondrial fusion and enhancing
mitochondrial fission, thereby obstructing the synthesis of
adenosine triphosphate (ATP). A decline in antioxidant
enzymes, such as superoxide dismutase (SOD), glutathione
peroxidase (GPx), glutaredoxins, and thioredoxins, results in
elevated levels of ROS (Tönnies and Trushina, 2017).
Consequently, this inhibition prevents synapses from releasing
neurotransmitters, leading to memory loss. Moreover, Aβ
accumulation elevates tau protein phosphorylation (Zhang
et al., 2021a). Tau,a crucial microtubule (MT)-binding protein,
undergoes multi-site phosphorylation by various enzymes,
including cyclin-dependent kinase-5 (CDK-5), calcium/
calmodulin-dependent protein kinase II, and glycogen synthase
kinase-3β (GSK-3β), which regulates tau’s binding to MTs.
However, Aβ facilitates the overactivation of GSK-3β and
CDK-5, causing tau hyperphosphorylation and detachment
from MTs, leading to the formation of neurofibrillary tangles
(NFTs) and, ultimately, to the onset of AD (Bloom, 2014).
Additionally, Aβ is closely linked to AD development. Recent
research has associated imbalances in intestinal flora, dysfunction
of the cholinergic system, and anomalies in apoptosis and
autophagy with Aβ misfolding. Despite advancements, a

definitive cause of AD remains unidentified, and the efficacy of
targeted therapies for the aforementioned pathological processes
has been less than ideal (Breijyeh and Karaman, 2020; Kesika
et al., 2021).

The treatment of AD is predicated on the belief that its primary
cause is the diminution of kidney essence in the elderly, which fails
to nourish the brain, resulting in memory decline. Consequently,
the core approach focuses on enhancing cognitive and memory
functions and augmenting kidney essence to combat AD.
Erjingwan (EJW), a revered traditional Chinese medicine
formula, originates from the ancient text “Sheng Ji Zong Lu”.
This formula comprises two herbal components: Polygonatum
sibiricum Redouté (Chinesse name:Huang Jing) and Lycium
chinense Mill (Chinesse name:Gou Qi), known for their benefits
in kidney nourishment, essence replenishment, and aging delay
(Yang et al., 2021). Furthermore, contemporary pharmacological
investigations have confirmed that Huang Jing and Gou Qi
enhance learning and memory in AD models, reduce Aβ
deposition in the brain, and mitigate aging (Ye et al., 2015; Yao
et al., 2018; Luo et al., 2022; Zhang et al., 2022). Despite EJW’s
proven efficacy in AD treatment, its mechanistic basis
remains elusive.

Introduced by Hopkins, the concept of network pharmacology
aims to address the complexities of drug-body interactions
(Hopkins, 2007). Given traditional Chinese medicine’s broad-
spectrum efficacy and complex mechanisms, pinpointing precise
intervention strategies poses a challenge. Network pharmacology,
utilizing the Traditional Chinese Medicine Systems Pharmacology
Database (TCMSP), facilitates the identification of compounds,
prediction of targets, and construction of a comprehensive
“component-target-disease” network, enhancing the development
and application of traditional Chinese medicines (Jiashuo et al.,
2022). This study’s objective is to unravel the biological mechanisms
underlying EJW’s effectiveness in AD treatment, identify its active
components and targets, and corroborate its impact through in vivo
experiments, providing theoretical justification for EJW’s
therapeutic potential against AD (Figure 1).

2 Methods

2.1 Chemical selection and target prediction

The chemical components of EJW were sourced from the
TCMSP (http://tcmspw.com/tcmsp.php) and the Traditional
Chinese Medicine Integrated Database (TCMID) (http://www.
niegabionet.org/tcmid/). Screening criteria were set for oral
availability (OB) ≥30% and drug-likeness (DL) ≥0.18%. The
extracted chemical composition data were entered into

Frontiers in Pharmacology frontiersin.org02

Xu et al. 10.3389/fphar.2024.1328334

287

http://tcmspw.com/tcmsp.php
http://www.niegabionet.org/tcmid/
http://www.niegabionet.org/tcmid/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1328334


PharmMapper (http://www.lilab-ecust.cn/pharmmapper/), and
gene names were standardized using the UniProt database
(http://www.uniprot.org/) (Shang et al., 2023).

2.2 Disease target screening

Relevant Alzheimer’s disease targets were compiled from theOnline
Mendelian Inheritance in Man (OMIM) database (http://www.omim.
org), the Therapeutic Target Database (TTD) (http://bidd.nus.edu.sg/
BIDD-Databases/TTD/TTD.asp), GeneCards (https://www.genecards.
org), and DrugBank (https://www.drugbank.com) (Niu et al., 2022).

2.3 Protein-protein interaction (PPI) analysis

Shared target genes between EJW components and AD were
uploaded to the STRING database (https://string-db.org/) with the
species set to “Homo sapien”. The minimum interaction threshold
was defined as " Highest confidence>0.9". Default settings were
maintained for other parameters, and the output was saved in TSV
format. This file was then imported into Cytoscape 3.9.1, where isolated
nodes were removed. The CytoHubba plugin identified the top 10 core
targets, facilitating the creation of a visual PPI network (Lin et al., 2023).

2.4 Construction of “herbs-compounds-
targets”network and enrichment analysis

To map the “herbs-compounds-targets” relationship, common
target genes of EJW components and AD were imported into
Cytoscape3.9.1. Analysis of these targets through Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis was conducted, setting p < 0.05 as the threshold
to exclude cellular components (CC), biological processes (BP),
molecular functions (MF), and enrichment pathways. R language
was used for visualization (Zhao et al., 2023).

2.5 Molecular docking

AutoDock Vina software (http://vina.scripps.edu/) was employed
for docking chemical components with disease targets. To prepare the
ligands and proteins, target proteins were retrieved from the PDB
database (https://www.rcsb.org/), undergoing preprocessing to
remove water molecules, modify amino acids, optimize energy, and
adjust force field parameters. Ligand structures were sourced from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) to ensure
low-energy conformations. Subsequently, molecular docking was
conducted using PyRx (https://pyrx.sourceforge.io/), with

FIGURE 1
Workflow for studying the mechanisms of EJW in AD treatment.
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visualizations provided by PyMOL (https://pymol.org/2/). Discovery
Studio 2020 Client (https://discover.3ds.com/discovery-studio-
visualizer-download) was utilized for analyzing 2D diagrams
(Huang et al., 2023).

2.6 Drugs and reagents

The EJW herbs were supplied by the First Affiliated Hospital of
Heilongjiang University of Traditional Chinese Medicine, with
authentication by Professor Sun Huifeng. In preparation, 1400 g of
both Polygonatum sibiricum Redouté and Lycium chinense Mill were
ground and soaked in distilled water (1:5W/V) for 30 min, followed by
extraction through boiling twice at 100°C for 1 h each time. Concentrate
the mixture to achieve a density of 1.2 g mL-1 and store at −4°C post-
concentration. Donepezil (Weicai (China) Pharmaceutical Co., Ltd.),
tissue fixation solution (Dalian Meilun Company), hematoxylin-eosin
solution (Beijing Regen Company), methylene blue (Beijing Solarbio
Company), xylene (Tianjin Fuyu Fine Chemical Co., Ltd.), ethanol
(Tianjin Tianli Chemical Reagent Co., Ltd.), PBS (Germany Sigma-
AldrichCompany), Anti-Aβ1-42 (Abcam,USA), ELISA test kit (Abcam,
USA), DEPC (Sigma, USA), ChamQUniversal SYBR qPCRMasterMix
(Nanjing Vazyme Company), HiScript II Q RT SuperMix for qPCR
(+gDNAwiper) (Nanjing Vazyme Company), RIPA lysis buffer (Beijing
Beyotime Company), BCA assay kit (Beijing Solarbio Company), SDS
(Sigma, USA), Page ruler prestained protein ladder (Thermo Fisher
Scientific, USA), anti-AGE, anti-RAGE, Anti-NF-κB, Anti-TNF alpha,
Anti-Tau and GAPDH antibody (Abcam, USA).

2.7 Instruments and equipments

The laboratory utilized a range of specialized equipment, including
the Microplate reader HM-SY96S (Shandong Hengmei Electronic
Technology Co., Ltd.), Electrophoresis instrument of type DYCZ-
24DN (Beijing Liuyi Biotechnology Co., Ltd.), Microscope E100
(Nikon Corporation, Japan), Low temperature centrifuge TGL-16M
(Changsha Xiangyi Testing Equipment Co., Ltd.), Automated tissue
embedding system (HistoCore Arcadia), Microtome with a fully
automatic cutting system (Leica Company, Germany), PCR system
Veriti ABI (Thermo Fisher Scientific, USA), Tissue grinder Tissuelyser-
24 (Shanghai Jingxin Industrial Development Co., Ltd.), and Fully
automatic luminescence imager Tanon-5200 (Shanghai Tanon
Technology Co., Ltd.), along with another Electrophoresis system A-
15907-2213 (Shanghai Tanon Technology Co.).

2.8 Animal grouping and drug administration

Fifty 6-month-old male APP/PS1 mice (SCXK (su) 2016-0010)
were acquired from Cavens Experimental Animal (Changzhou) Co.,
Ltd., with an average weight of 25.62 ± 4.39 g, and were randomly
assigned to one of six groups: blank, model, control, EJW-H, EJW-
M, and EJW-L, with ten mice per group. Additionally, ten C57BL/
6 mice, weighing 23.51 ± 3.26 g, were sourced from Liaoning
Changsheng Biotechnology Co., Ltd. for use as a blank
group. Each mouse group was housed in individual cages within
a breeding room equipped with an independent ventilation system,

and drug treatment commenced following a 7-day acclimatization
period (Zhong et al., 2019). The dosages for the EJW-treated groups
were based on prior research, set at 9, 4.5 and 2.25 g kg-1·d-1,
respectively. The control group received donepezil hydrochloride
(0.5 mg kg-1). For 30 days, mice in the model and blank groups were
administered normal saline via gavage at 0.01 mL/g.

2.9 Behavioral experiment

The learning and memory capabilities of APP/PS1 mice were
assessed through the Morris water maze and Y maze tests. In the
Morris water maze, after 1 day of adaptive training, all the mice were
placed facing outward in each quadrant to record the time taken to
locate the hidden platform, termed the escape latency. This phase
lasted 5 days, with the sixth day involving removal of the platform to
observe free swimming and recording time spent in the target
quadrant and platform crossings (Bromley-Brits et al., 2011). The
Y maze test commenced with an adaptation phase, during which
mice were exposed to two open arms, with the closed arm
introduced as a new arm the following day. Mice were allowed to
explore from a designated starting arm, and their entries into the
new arm, duration of stay, and spontaneous alternation were
documented (Kraeuter et al., 2019).

2.10 HE, Nissl staining, and
immunohistochemistry (IHC)

Following anesthesia, mice underwent cardiac perfusion. Their
brain tissues were extracted on ice, fixed in paraformaldehyde for
6 h, dehydrated through alcohol gradients, permeabilized with
xylene, and embedded in paraffin. Tissue sections, after being cut
and de-waxed, were treated with xylene and graded alcohols, then
rinsed under running water. For HE staining, sections were
immersed in hematoxylin and eosin, while others underwent
Nissl staining with toluidine blue. Remaining sections were
prepared for immunohistochemistry by incubation in phosphate-
buffered saline (PBS), antigen retrieval with EDTA, and quenching
in 3% hydrogen peroxide. Sections were then incubated with Anti-
Aβ1-42 (1; 1000, cat no. ab201061) primary antibody at 4°C for 16 h.
Following rewarming, sections were washed with PBS, treated with
secondary antibodies for 20 min at 37°C, developed with DAB,
counterstained with hematoxylin, differentiated, dehydrated,
permeabilized, and sealed (Hussaini et al., 2023).

2.11 Biochemical detection

Blood was collected from the orbital veins of fasted mice, and
serum was separated by centrifugation at 3000rpm for 15 min, then
stored in frozen tubes for TG, TC, LDL, and HDL analysis.

2.12 ELISA

Post-anesthesia, mice were euthanized, and the hippocampus
was isolated. A 30 mg sample of hippocampal tissue was stored in
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an EP tube with a 1 mg:5 μL ratio of pre-chilled PBS. The sample,
along with steel beads, was homogenized twice for 2 min in a pre-
chilled grinder, then centrifuged at 12,000 rpm for 10 min. The
supernatant was subjected to Anti-SOD (cat no. ab80946), Anti-
ROS (cat no. ab238535), Anti-IL-1β (cat no. ab2105) and Anti-
IL-6 (cat no. ab9324) ELISA assays according to kit instructions.
An ELISA reader measured absorbance to determine the
expression levels of SOD, ROS, IL-1β, and IL-6 in the
hippocampus.

2.13 RT-PCR

RT-PCR was conducted to detect the expression of APOA-I,
APOB, APOE4, AGEs, RAGE, and NF-κB mRNA in mouse brain
tissue (Table 1). Initially, 1 mL of Trizol reagent was added to the
tissue, thoroughly mixed, and transferred to a 1.5 mL RNase-Free
centrifuge tube, where it was left at room temperature for 5 min.
Following this, 200 μL of chloroform was added, mixed by inversion,
and centrifuged at 4°C for 15 min. Isopropanol, in a 1:1 ratio with the
supernatant, was then added, mixed by inversion, and left at room
temperature for 10 min. Afterward, 1 mL of 75% ethanol was added,
and the tube was shaken to resuspend the precipitate before
centrifugation at 4°C for 5 min. The RNA pellet was air-dried,
dissolved in 20 μL of diethylpyrocarbonate (DEPC) water, and
stored at −80°C. RNA concentration and purity were measured
using a microspectrophotometer, followed by reverse transcription
to synthesize cDNA, which was then quantified to 200 ng/μL. For
PCR, n+1 mixtures were prepared in 1.5 mL centrifuge tubes, with
1 μL of cDNA template added to each, briefly centrifuged and
mixed, followed by amplification using a fluorescence
quantitative PCR instrument.

2.14 Western blot

For Western blot analysis, 100 mg of brain tissue from each
group was minced on ice. The samples were lysed using RIPA
buffer, homogenized for 30 min, and then transferred to a 1.5mL
centrifuge tube. After centrifugation at 12,000 rpm for 5 min at
4°C to clarify, the protein concentration was determined. The
proteins were denatured by adding 4×SDS loading buffer and
heating in a 100°C water bath for 5 min. A total of 50 μg of
protein per sample was subjected to SDS-PAGE, followed by
transfer to a PVDF membrane. The membrane was blocked with
5% BSA for 1 h before incubation with primary antibodies
against Anti-AGE (1:1000, cat no. ab23722), Anti-RAGE (1:
1000, cat no. ab216329), Anti-NF-κB p50 (1:1000, cat no.
ab220803), Anti-Tau phospho S396 (1:1000, cat no. ab32057),
and GAPDH (1:10,000, cat no. ab8245) at 4°C overnight. After
washing, the membrane was incubated with a secondary
antibody (1:2000) at 37°C for 1.5 h, washed six times, and
developed with ECL. Images were captured in a gel imaging
analysis system, and the gray value ratio of the target protein to
the internal reference was used to quantify relative protein
expression levels for statistical analysis.

2.15 Statistic analysis

Data were analyzed using SPSS 23.0 software and are expressed
as mean ± standard deviation (mean ± SD). Intergroup comparisons
were conducted via one-way analysis of variance (ANOVA), while
repeated measures ANOVA was utilized for escape latency data. A
significance threshold of p < 0.05 was established to identify
statistically significant differences.

TABLE 1 Primer sequence.

Interest genes Primer sequences (5′-3′) SIZE

APOA-I F:5′-GGG ACA CTC TGG GTT CAA-3′ 107bp

R:5′-CTC GTT TCT CAG CCA ATC T-3′

APOB F:5′-CCTGCCATGGGAAACATTAC-3′ 150bp

R:5′-TGCAGTGCATCAATGACAGA-3′

APOE4 F:5′-CCCAGGTCACCCAGGAACT-3′ 56bp

R:5′-AGTTCCGATTTGTAGGCC-3′

AGE F:5′-CCCAATGGTTCACTCCTCCTT-3′ 223bp

R:5′-AGAAAGTGGCTCGAGGTTGA-3′

RAGE F:5′-CCTTCCT-CGGCACAGACC-3′ 104bp

R:5′-TTCCACCTTCAGGCTCAACC-3′

NF-κB F:5′-AATGGCTACACAGGACCAGGAAC-3′ 294bp

R:5′-TGGCTAATGGCTTGCTCCAG-3′

GAPDH F:5′-ACAGCAACAGGGTGGTGGAC-3′ 496bp

R:5′-TTTGAGGGTGCAGCGAACTT-3′

FIGURE 2
Venn diagram of drug components and disease targets.

Frontiers in Pharmacology frontiersin.org05

Xu et al. 10.3389/fphar.2024.1328334

290

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1328334


3 Results

3.1 Chemical composition and disease target
information of EJW

Initial screening of EJW’s herbal components yielded
57 compounds, with 12 derived from Polygonatum sibiricum
Redouté and 45 from Lycium chinense Mill. Of these, four
components from Polygonatum sibiricum Redouté lacked
corresponding target information. Further analysis identified
292 potential target proteins for these compounds, including
89 targets associated with Polygonatum sibiricum Redouté and
203 with Lycium chinense Mill, with 70 targets common to both.
In total, 2471 AD-related targets were sourced from various disease
databases. Comparing the herbal components’ potential targets with
those related to AD highlighted 151 potential targets for EJW’s
efficacy against AD, as depicted in a Venn diagram (Figure 2).

3.2 Analysis of “herbs-compounds-targets”
interaction network

By docking the identified targets of EJW’s components with AD
targets, an “herbs-compounds-targets” interaction network was
constructed (Figure 3). Notably, component MOL000098 from
Lycium chinense Mill berries demonstrated the highest number of
interactions with AD targets. Additionally, components
MOL000358, MOL000449, MOL005406, and MOL002714 from
Polygonatum sibiricum Redout were identified as potentially
significant active ingredients for EJW’s action against AD.

3.3 PPI network analysis

Herbal ingredients were analyzed in the STRING for PPI with
AD targets, and results were visualized in Cytoscape 3.9.1,

generating a PPI network diagram based on indegree values
(Figure 4). Of the 151 intersecting targets, 70 had a confidence
score >0.95, leading to the identification of 10 core targets: Protein
kinase B1 (AKT1), IL6, vascular endothelial growth factor A
(VEGFA), tumor protein P53 (TP53), Caspase 3 (CASP3), JUN,
IL1B, epidermal growth factor receptor (EGFR), prostaglandin G/H
synthase 2 (PTGS2), and estrogen receptor 1 (ESR1). Notably,
components diosgenin and baicalein from Polygonatum sibiricum
Redout, along with quercetin and beta-sitosterol from Lycium
chinense Mill, were found to interact with these core targets.

3.4 Molecular docking analysis

To further assess EJW’s effects on AD, components including
diosgenin, baicalein, beta-sitosterol, and quercetin were docked
with core target proteins (JUN, AKT1, IL1B, CASP3, VEGFA,
TP53, and IL6). Ligand-receptor binding stability and binding
energy were inversely correlated. Binding energy
below −5.0 kcal mol-1 indicates effective interaction, and
below −7.0 kcal mol-1 suggests strong binding activity. Our
findings reveal that the binding energies of these components
with core targets are all < -5.0 kcal mol-1, demonstrating strong
binding through hydrogen bonding. Quercetin, in particular,
showed the highest binding energy (−9.9 kcal mol-1) with AKT1,
and diosgenin showed the lowest (−5.3 kcal mol-1) with IL6.
Representative molecular docking of quercetin with core targets
is illustrated in Figure 5.

3.5 GO and KEGG analyses were performed

To delve deeper into EJW’s specific mechanisms for treating AD,
we input EJW components and AD common targets into the
DAVID database. Utilizing p < 0.05 as the threshold, R language
was employed to generate GO and KEGG enrichment analysis

FIGURE 3
“Herbs-compounds-targets” interaction network.
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graphs for the top 10 ranked entries. The GO enrichment analysis
identified 2929 entries, with 2607 related to BP, predominantly
involving drug response, reactive oxygen species metabolic process,
and oxidative stress response. A total of 107 entries were associated
with CC, mainly membrane raft, membrane microdomain, and
membrane region. Additionally, 215 entries were related to MF,
including G protein-coupled amine receptor activity,
neurotransmitter receptor activity, and catecholamine binding
(Figure 6A). The KEGG enrichment analysis revealed
180 pathways, notably lipid metabolism and atherosclerosis,

AGE-RAGE signaling in diabetic complications, and fluid shear
stress in atherosclerosis (Figure 6B).

3.6 Effects of EJW on learning and memory
ability in APP/PS1 mice

To evaluate the impact of EJW on cognitive functions in APP/
PS1 mice, we conducted Morris water maze (Figures 7A–F) and Y
maze (Figures 8A–F) tests to record navigational behaviors. The

FIGURE 4
Protein-protein interaction network. (A) Core target co-occurrence map. (B) Core target interaction map.

FIGURE 5
Quercetin docking with core target proteins. (A) AKT1 (B) CASP3 (C) IL1B (D) IL6 (E) JUN (F) TP53 (G) VEGFA.
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Morris water maze data revealed that on the initial day of formal
trials, due to 1 day of adaptive training, the escape latency for the
model group was significantly longer compared to the blank group
(p < 0.01), however, the escape latency of EJW-L, EJW-M, EJW-H
and control group mice decreased (p < 0.01). On the fifth day of the
formal trials, the escape latency of the model group mice was still
longer than that of the blank group (p < 0.01), and the times of
crossings platform, retention time also decreased (p < 0.01). But the
escape latency of EJW-L, EJW-M, EJW-H, and control group mice

decreased (p < 0.01), and also demonstrating improved navigation
efficiency, increased duration in the target quadrant, and more
frequent platform crossings (p < 0.05) (Figures 9A–C). Similarly,
the Y maze findings reflected these improvements, indicating the
model group’s spontaneous alternation rate was significantly
reduced compared to the blank group (p < 0.01), alongside fewer
entries and diminished time spent in the new arm (p < 0.01).
Treatment with EJW and Donepezil effectively mitigated these
impairments (p < 0.01) (Figures 9D–F).

FIGURE 6
GO and KEGG enrichment analysis. (A) GO enrichment analysis. (B) KEGG enrichment analysis.

FIGURE 7
Morris water maze navigation tracks for each mouse group. (A) Blank group mice displayed short, efficient navigation paths, quickly locating the
platform. (B) Model group mice showed longer, more erratic paths without locating the platform within the allotted time. (C) Control group mice had
shorter paths than the model group but failed to locate the platform. (D) EJW-H group mice exhibited reduced navigation distances before finding the
platform. (E) EJW-M group mice located the platform, albeit with longer distances than EJW-H group mice. (F) EJW-L group mice had long
navigation distances with unclear paths, failing to find the platform.
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3.7 Effects of EJW on Aβ and nerve cell
morphology in hippocampus of
APP/PS1 mice

To further explore EJW’s impact on the morphology of
hippocampal neurons in APP/PS1 mice, HE and Nissl staining,
along with IHC to assess Aβ expression, were performed. In the
blank group, neurons within the hippocampal region were well-
organized, with abundant cells, clearly defined nuclei, robust
cytoplasm, high density of Nissl bodies, and no significant Aβ
plaque accumulation. In contrast, the model group’s hippocampal
neurons appeared disorganized, with reducedNissl bodies and neuron
numbers, and extensive Aβ plaque deposition. Post-EJW treatment,
the hippocampal neuronal morphology largely returned to normal,
with an increase in Nissl bodies and a marked decrease in Aβ plaque
deposition, mirroring behavioral test outcomes (Figure 10). While
EJW improved hippocampal neural cell morphology and reduced Aβ
plaques in APP/PS1 mice, its effects on the cerebral cortex pathology
remained uncertain. Nonetheless, EJW also reduced cortical Aβ
plaques and enhanced Nissl body and neuron numbers. Compared
to the model group, however, the EJW-L group showed no significant
difference in Aβ plaque area (Figure 11).

3.8 Effects of EJW on blood lipid and blood
glucose levels in APP/PS1 mice

We examined the blood lipid profiles of the mice across all
groups to assess the correlation between hippocampal pathology,
blood lipid levels, and cognitive functions. Our findings revealed
that, relative to the blank group, levels of TG, TC, and LDL-C in
the model group’s plasma were significantly elevated, while HDL-

C levels were significantly reduced. In contrast, EJW and
Donepezil treatments resulted in a significant reduction in TG,
TC, and LDL-C levels, and a significant increase in HDL-C levels
compared to the model group (Figure 12). These outcomes align
with prior behavioral and pathological results, suggesting a direct
link between alterations in blood lipid levels and the
accumulation of Aβ, neuronal structural disruptions, and
cognitive performance.

3.9 Effects of EJW on SOD, ROS, IL-1β and
IL-6 in the hippocampus of APP/PS1 mice

The alteration in blood lipid levels may influence
antioxidant capabilities and inflammation. Consequently, we
measured the expression levels of SOD, ROS, IL-1β, and IL-6 in
the mice’s brains. As anticipated, compared to the blank group,
ROS, IL-1β, and IL-6 levels were elevated, while SOD levels
decreased in the model group’s brains. However, EJW
treatment led to not only reduced levels of ROS, IL-1β, and
IL-6 but also increased SOD levels compared to the model
group (Figure 13). This suggests that changes in blood lipid
levels may contribute to heightened inflammation and
oxidative stress in the brain.

3.10 Effects of EJW on APOA-I, APOB,
APOE4, AGEs, RAGE and NF-κB mRNA in
hippocampus of APP/PS1 mice

APOA-I, APOB, and APOE4 are integral to lipid synthesis,
transport, and degradation, significantly influencing blood lipid

FIGURE 8
Y maze navigation tracks of each mouse group. (A)Mice in the blank group exhibited longer exploration distances and entered the novel arm more
frequently. (B) In contrast to the blank group, mice in the model group showed reduced exploration distances and did not enter the novel arm. (C)
Compared to the model group, mice in the control group entered the novel arm with more distinct navigation paths. (D) Similarly, mice in the EJW-H
group explored the novel arm and demonstrated clearer tracks. (E) While mice in the EJW-M group also entered the novel arm, their exploration
distance was shorter than that of the EJW-H group. (F) Mice in the EJW-L group entered the novel arm, but their exploration paths were less defined.
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levels. Following observations of abnormal blood lipid levels in
mouse plasma, we investigated the mRNA levels of APOA-I, APOB,
and APOE4 in the mice’s brains. The results indicated a significant
increase in APOE4 mRNA expression in the model group, while
APOA-I and APOBmRNA expression levels decreased. Conversely,
EJW treatment reversed these trends (Figures 14A–C). This suggests
that altered blood lipid levels in mice may result from lipoprotein
imbalances, affecting lipid transport and degradation.

To further understand how EJW improves AD symptoms at
the lipid level, we examined mRNA expression of AGE, RAGE and
NF-κB, linked to lipid metabolism, based on KEGG core target
enrichment analysis results. Relative to the blank group, mRNA
levels of AGE, RAGE, and NF-κB in the model group’s brains were
significantly higher. EJW treatment reduced these levels (Figures
14D–F), suggesting EJW may mitigate AGEs/RAGE/NF-κB
signaling pathway activation, enhancing lipid metabolism and
thereby exerting a therapeutic effect on AD.

3.11 Effects of EJW on AGE, RAGE, NF-κB
and tau in hippocampus of APP/PS1 mice

Despite having quantitatively analyzed the mRNA levels of
AGE, RAGE, and NF-κB, we had not yet assessed their
transcriptional activity. To ascertain the regulatory impact of
EJW on the AGEs/RAGE/NF-κB pathway, we evaluated the
protein expression of AGE, RAGE, and NF-κB. Relative to the
blank group, the model group exhibited a significant increase in
the hippocampal levels of AGE, which was markedly reduced by
EJW treatment, a trend also observed in the control group
(Figure 15A). Similarly, the levels of RAGE and NF-κB proteins
in the hippocampus were significantly higher in the model group
compared to the blank group but were diminished following EJW
intervention (Figures 15B,C). Given Tau’s role as a key AD
pathology marker and its interaction with the AGEs/RAGE/NF-
κB pathway, we also measured Tau protein expression. Tau levels

FIGURE 9
Morris water maze and Y-maze behavioral experiments results for each group of mice. (A) Mice in the blank group exhibited significantly lower
escape latencies over the 5-day period, whereas mice in the model group experienced a marked increase in escape latency. In comparison, both the
control and EJW-treated mice showed significant reductions in escape latency. (B) The blank group mice crossed the platformmost frequently. Relative
to the blank group, the model group’s platform crossings significantly decreased. However, the control and EJW groups increased their platform
crossings compared to themodel group, with the control group surpassing the EJW group. (C)Upon platform removal, the blank groupmice remained in
the platform area the longest. Conversely, the model group’s duration in the platform area was significantly shorter compared to the blank group, but
Donepezil and EJW treatment prolonged themice’s stay in this area. (D) In the Ymaze, the blank groupmice had the highest spontaneous alternation rate,
which was significantly reduced in the model group. Following Donepezil and EJW intervention, the spontaneous alternation rate significantly increased
in both the control and EJW groups. (E) The blank group mice entered the novel arm most frequently, whereas the model group mice had the fewest
entries. Post-intervention, both the control and EJW groups exhibitedmore frequent entries into the novel arm than themodel group. (F) The blank group
mice spent the longest duration in the novel arm, but the model group mice had the shortest duration. Compared to the model group, the control and
EJW groups significantly increased their stay time. Data are expressed as mean ± SD (n = 10). *p < 0.05 and **p < 0.01 versus the blank group, #p <
0.05 and ##p < 0.01 versus the model group.
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were notably elevated in the hippocampus of model mice compared
to the blank group but were reduced by EJW treatment (Figure 15D).

4 Discussion

The traditional Chinese medicine formula EJW, originating
from the ancient text “Sheng Ji Zong Lu” during the Song
Dynasty, has been explored for its therapeutic effects on
Alzheimer’s Disease (AD) with its two key ingredients:
Polygonatum sibiricum Redout and Lycium chinense Mill. Yet, the
precise mechanisms by which EJW exerts its effects in AD treatment
remain to be fully understood. To address this, our study utilized
network pharmacology to identify the herbal components and their
associated targets within EJW, and to pinpoint AD-related targets
across multiple disease databases. This approach led to the
identification of potential targets for EJW in AD treatment and
clarification of its specific action mechanisms via GO and KEGG

enrichment analyses. The efficacy of these mechanisms was then
validated through in vivo animal studies.

APP/PS1 mice, a commonly used and reliable double transgenic
model forADresearch, expressmutated forms of the β-amyloid precursor
protein (APP swe) and human presenilin one gene (PS1246E), which
result in elevated levels and aggregation rates of Aβ protein in the brain,
mirroring the plaque formation seen in human AD (Porquet et al., 2015;
Chen and Zhang, 2022). Cognitive impairments, particularly in learning
and memory, become evident as early as 3 months of age in these mice,
with progressive worsening by 6 months (Lok et al., 2013). Our
experimental findings from the Morris water maze and Y-maze tests
indicated that APP/PS1 mice demonstrated significantly increased escape
latencies, reduced time in target quadrants, and fewer platform crossings.
Furthermore, these mice displayed a lower spontaneous alternation rate,
reduced time in thenovel arm, and fewer entries.However,APP/PS1mice
treated with EJW showed marked improvements in these areas,
suggesting EJW’s potential to enhance spatial working memory and
reference memory in APP/PS1 mice.

FIGURE 10
Pathological changes in the hippocampal CA1 area across groups. (A) HE staining revealed neat neuronal arrangement in the blank group, whereas
the model group showed scattered and diminished cells, with the control and EJW groups displaying densely packed neurons. (B) Nissl staining
highlighted prominent Nissl bodies in the blank group, absent in the model group, but significantly present in the control and EJW groups. (C, D)
Immunohistochemical staining indicated minimal Aβ1-42 in the blank group, increased in the model group, but reduced in the control and EJW
groups. Data are expressed as mean ± SD (n = 4). *p < 0.05 and **p < 0.01 versus the blank group, #p < 0.05 and ##p < 0.01 versus the model group.
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When excessive Aβ accumulates in the brain, its neurotoxic
effects can cause nerve cell damage and loss, alongside a decrease in
Nissl bodies, resulting in impaired memory and learning. Studies
have shown that intracerebral injection of Aβ25-35 reduces nerve cell
and Nissl body counts in rats, elevates acetylcholinesterase (AchE)
levels, and markedly diminishes learning and memory capabilities
(Du et al., 2020). Similarly, elevated Aβ levels in APP/PS1 mice
brains lead to neuron and synapse reduction and increased oxidative
stress (Wang et al., 2011). In our study, a notable decline in neuron
and synapse numbers in the hippocampus of APP/PS1 mice was
observed, accompanied by nuclear loss, reduced cytoplasm, and
heightened Aβ plaque accumulation. Conversely, EJW preserved
neuronal morphology in the hippocampus and lowered Aβ plaque
deposition, aligning with results from the Y-maze and Morris water
maze tests. These findings suggest EJW’s potential to mitigate Aβ

accumulation, safeguard neuronal integrity, and enhance cognitive
functions in mice.

Dysfunction in lipid metabolism can lead to various diseases,
including atherosclerosis, diabetes, and hyperlipidemia. Recent
studies have demonstrated that impaired lipid transport and
degradation can impact cognition and memory, potentially
contributing to the development of AD. Notably, lipid-lowering
medications such as lovastatin and atorvastatin have shown efficacy
in ameliorating AD clinical symptoms (Ben-Aicha et al., 2020; Song
et al., 2021; Ezkurdia et al., 2023). Lipid cholesterol is crucial for cell
membrane stability and is found in blood lipoproteins such as HDL,
LDL, VLDL, and chylomicrons. These lipoproteins interact with
apolipoproteins to regulate cholesterol homeostasis in the central
nervous system (CNS) (Hottman et al., 2014). APOA-I facilitates the
efflux of cholesterol and phospholipids from cells, whereas

FIGURE 11
A comparison of the pathological changes in the area of the cortex in each group of mice. (A) HE staining showed neatly arranged neurons in the
blank group, dispersed in the model group, but not observed in the control and EJW groups. (B) Nissl staining displayed clear Nissl bodies in the blank
group, absent in the model group, but evident in the control and EJW groups. (C, D) Immunohistochemical results for the cortex mirrored those of the
hippocampus, with the least Aβ1-42 in the blank group, themost in themodel group, and significant reductions post-donepezil and EJW intervention.
Data are expressed as mean ± SD (n = 4).*p < 0.05 and **p < 0.01 compared to the blank group, #p < 0.05 and ##p < 0.01 compared to the model group.
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APOB48 and APOB100 are involved in the cellular uptake of
triglycerides and cholesterol, leading to potential cholesterol
accumulation and increased blood-brain barrier (BBB)
permeability. This facilitates the entry of lipoproteins and Aβ
into the CNS. Studies have indicated that low HDL levels and
high cholesterol may contribute to cognitive decline, though
findings in this area are mixed (Tynkkynen et al., 2016; de Dios
et al., 2023). Notably, APOE is instrumental in transporting
cholesterol and phospholipids within the brain, with its
APOE4 variant binding preferentially to LDL and VLDL, thus
elevating CNS cholesterol levels. Such an environment promotes
Aβ generation and aggregation, as high cholesterol influences the
APP processing pathway, enhancing β-secretase and γ-secretase
activity (Di Paolo and Kim, 2011). Furthermore, the
APOE4 allele, a significant risk factor for AD, exhibits a higher
affinity for Aβ. Complexes formed between APOE4 and Aβ exhibit a

reduced internalization rate due to clearance by the Very Low
Density Lipoprotein Receptor (VLDLR) alone, as opposed to
additional clearance by LRP1 and VLDLR at the BBB, leading to
Aβ plaque accumulation (Deane et al., 2008; Holtzman et al., 2012).
Our research indicates that EJW significantly decreases TG, TC, and
LDL levels in APP/PS1 mice plasma, increases HDL levels, and
reduces APOB and APOE4 mRNA expression while enhancing
APOA-I mRNA expression. These findings align with behavioral
and pathological observations, suggesting EJW’s potential in
improving lipid metabolism, reducing Aβ deposition, and
enhancing learning and memory in APP/PS1 mice.

AGE are generated through non-enzymatic reactions between
amino groups in amino acids or proteins and reduced sugar
carbonyl groups, as well as through sugar oxidation under
oxidative stress (Gill et al., 2019; Reddy et al., 2022). AGEs can
bind to various cell surface receptors, notably the receptor for

FIGURE 12
Biochemical analysis of mouse serum. (A) TG levels were lowest in the blank group, significantly higher in the model group, but reduced following
EJW and Donepezil intervention. (B) TC levels followed a similar pattern, with the model group showing a significant increase compared to the blank
group, which was mitigated by EJW and Donepezil treatment. (C) HDL-C levels were highest in the blank group, significantly decreased in the model
group, but increased after treatment, with no marked difference in the EJW-M and EJW-L groups. (D) LDL-C levels were lowest in the blank group,
significantly increased in the model group, but decreased following treatment. Data are presented as mean ± SD (n = 6).*p < 0.05 and **p <
0.01 compared to the blank group, #p < 0.05 and ##p < 0.01 compared to the model group.

FIGURE 13
Detection of inflammation and oxidative stress markers in mouse brains. (A, B) In the blank group, brain levels of the inflammatory markers IL-6 and
IL-1β were the lowest. In comparison, these levels were significantly elevated in the model group but notably reduced following EJW and Donepezil
treatment. (C, D) Relative to the blank group, the model group exhibited increased ROS and decreased SOD levels in the brain, which were normalized
after EJW and Donepezil intervention. Data are presented as mean ± SD (n = 6).**p < 0.01 compared to the blank group, #p < 0.05 and ##p <
0.01 compared to the model group.
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FIGURE 14
mRNA detection of apolipoprotein and AGEs/RAGE/NF-κB pathway in the brains of mice in each group. (A–C) Compared to the blank group. Post-
EJW and Donepezil treatment, APOE4 mRNA decreased, whereas APOA-I and APOB mRNA levels increased. (D–F) AGE, RAGE, and NF-κB mRNA levels
increased in the model group compared to the blank group but normalized following EJW and Donepezil intervention. Data are presented as mean ± SD
(n = 6).**p < 0.01 compared to the blank group, #p < 0.05 and ##p < 0.01 compared to the model group.

FIGURE 15
Detection of Tau and AGEs/RAGE/NF-κB pathway related proteins in mice brains. (A–C) Levels of AGE, RAGE, and NF-κB proteins were higher in the
model group’s brain compared to the blank group but were lowered after treatment with EJW and Donepezil. (D) Tau protein levels increased in the
model group but decreased following EJW and Donepezil intervention. Data are expressed asmean ± SD (n = 6).**p < 0.01 compared to the blank group,
#p < 0.05 and ##p < 0.01 compared to the model group.
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advanced glycation end products (RAGE), a pattern recognition
receptor (Neeper et al., 1992; Cai et al., 2018). The AGE-RAGE
complex activates multiple signaling pathways, including mitogen-
activated protein kinases (MAPKs), Janus kinases (JAK),
phosphoinositide 3-kinase (PI3K), and the NF-κB pathway. NF-
κB, a transcription factor, induces the expression of pro-
inflammatory genes and activates inflammatory cytokines (IL-1,
IL-6, and TNF-α). Interestingly, RAGE can also facilitate the
transport of Aβ across the blood-brain barrier (BBB) into the
brain. Additionally, AGE-RAGE binding triggers the activation of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
leading to increased production of reactive oxygen species (ROS),
malondialdehyde (MDA), and superoxide anion, thus exacerbating
oxidative stress and AGE levels (Reddy et al., 2023). Studies have
shown that overexpression of proteins in the AGEs/RAGE/NF-κB
pathway in the brains of SD rats injected with lipopolysaccharide
(LPS) results in elevated levels of IL-1β, IL-6, and TNF-α, alongside
increased oxidative stress (Li et al., 2022). Another study highlighted
the activation of the AGEs/RAGE/NF-κB pathway and
mitochondrial dysfunction in SH-SY5Y cells exposed to oxidative
magnesium (Wang et al., 2014). The scavenger receptor family,
which includes class A scavenger receptor (SR-A), recognizes
oxidized or acetylated low-density lipoprotein (OxLDL or
AcLDL) and mediates the internalization and degradation of
AGEs, competing with LDL (Araki et al., 1995). Our research on
the efficacy of EJW in treating AD by regulating cholesterol
metabolism involved analyzing mRNA expression in the AGEs/
RAGE/NF-κB pathway, informed by network pharmacology results.
We discovered that EJW reduces the expression of AGEs, RAGE,
NF-κB, and the activity of IL-1β, IL-6, and ROS, while increasing
superoxide dismutase (SOD) levels. This suggests EJW inhibits the
AGEs/RAGE/NF-κB pathway, diminishing inflammation and
oxidative stress in the brains of APP/PS1 mice, and enhancing
their learning and memory capabilities. Furthermore, EJW was
found to decrease Tau protein expression in the brains of APP/
PS1 mice, potentially due to the high APOE4 expression leading to
Aβ aggregation and subsequent Tau protein overexpression
[(Gomes et al., 2019; Zhang et al., 2021b)].

5 Conclusion

In summary, we identified four key components of EJW for
treating AD through network pharmacology: iosgenin, baicalein,
beta-sitosterol, and quercetin, and we screened ten core targets,
including AKT1, IL6, VEGFA, TP53, CASP3, among others. Our
experimental results demonstrate that EJW can reduce TG, TC,
LDL, and APOE4 mRNA levels while increasing HDL, APOA-I
mRNA, and APOB mRNA levels. This indicates an improvement in
cholesterol metabolism in APP/PS1 mice. Additionally, EJW
inhibits the overexpression of Aβ1-42, Tau, IL-6, IL-1β, and ROS,
increases SOD levels, and enhances learning and memory abilities in

mice. The therapeutic effect of EJW on AD may be attributed to its
inhibition of the AGEs/RAGE/NF-κB pathway.
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Teriparatide: an innovative and
promising strategy for protecting
the blood-spinal cord barrier
following spinal cord injury

Moliang Xiong, Yun Feng, Caiguang Luo, Jia Guo, Jihuan Zeng,
Liang Deng and Qiang Xiao*

Department of Orthopedics, Jiangxi Provincial People’s Hospital, The First Affiliated Hospital of
Nanchang Medical College, Nanchang, China

The blood-spinal cord barrier (BSCB) is disrupted within minutes of spinal cord
injury, leading to increased permeability and secondary spinal cord injury, resulting
in more severe neurological damage. The preservation of blood-spinal cord barrier
following spinal cord injury plays a crucial role in determining the prognosis.
Teriparatide, widely used in clinical treatment for osteoporosis and promoting
fracture healing, has been found in our previous study to have the effect of
inhibiting the expression of MMP9 and alleviating blood-brain barrier disruption
after ischemic stroke, thereby improving neurological damage symptoms.However,
there are limited research on whether it has the potential to improve the prognosis
of spinal cord injury. This article summarizes the main pathological mechanisms of
blood-spinal cord barrier disruption after spinal cord injury and its relationship with
Teriparatide, and explores the therapeutic potential of Teriparatide in improving the
prognosis of spinal cord injury by reducing blood-spinal cord barrier disruption.

KEYWORDS

spinal cord injury, blood spinal cord barrier, teriparatide, MMP9, neural damage

1 Introduction

Spinal Cord Injury (SCI) is a devastating neurological disorder caused by mechanical
trauma, which has profound physical, emotional, and economic consequences. It often results
in impaired motor function, sensory deficits, and autonomic dysfunction, leading to
significant impacts on patients, their families, and society as a whole (Badhiwala et al.,
2019; Badhiwala et al., 2021; Zipser et al., 2022). Although there have been numerous studies
on neuroprotection and regeneration, the treatment options for spinal cord injury patients
remain limited (Badhiwala et al., 2021). Research has shown that when the spinal cord is
damaged due to various reasons, it can lead to disruption of the blood-spinal cord barrier,
resulting in the production of neurotoxic substances that impair the function of synapses and
neurons, ultimately leading to permanent neurological deficits (Lee et al., 2012). The blood-
spinal cord barrier is an endothelial structure primarily composed of endothelial cells. These
cells are interconnected through tight junctions to form a physical barrier between the blood
and the spinal cord substance. This barrier prevents toxins, blood cells, and pathogens from
entering the spinal cord andmaintains a strictly controlled chemical balance in the spinal cord
environment, which is necessary for the normal functioning of neural activities (Lee et al.,
2012). Given the high incidence and significant harm of spinal cord injury in recent years,
prevention of blood-spinal cord barrier disruption has emerged as a potential approach for
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therapeutic intervention after spinal cord injury, which holds great
significance for the prevention and treatment of spinal cord injury.

Teriparatide, also known as recombinant human parathyroid
hormone, is an analog of parathyroid hormone composed of the first
34 amino acid residues of the parathyroid hormone molecule. It is the
first bone-forming medication approved by the U.S. Food and Drug
Administration (FDA) for clinical use. Teriparatide is commonly used
in the treatment of postmenopausal osteoporosis and has been shown
to significantly increase bone mass in patients with osteoporosis
(Langdahl et al., 2017; Edwards et al., 2018; Kendler et al., 2018;
Reid and Billington, 2022). Our previous research has found that
teriparatide can inhibit the formation of matrix metalloproteinase 9
(MMP9), reduce blood-brain barrier permeability, and improve the
prognosis of ischemic stroke. Currently, there is limited literature on
the use of teriparatide in the treatment of spinal cord injury. This
article aims to review the relevant mechanisms of blood-spinal cord
barrier disruption following spinal cord injury, the connection
between teriparatide and these mechanisms, and explore the
potential therapeutic effects of teriparatide in spinal cord injury.

2 The mechanisms underlying
disruption of the blood-spinal cord
barrier following spinal cord injury

The blood-spinal cord barrier (BSCB) is a fully differentiated and
highly specialized endothelial structure within the neurovascular unit
(NVU). It primarily consists of endothelial cells, perivascular cells,

astrocytes, and the basement membrane, connected by various tight
junction proteins and adhesion molecules. It serves as the most
important interface mediating substance exchange between blood
and the spinal cord, restricting the entry of plasma components and
blood cells into the spinal cord. The BSCB maintains the ion
homeostasis necessary for neural signal transmission in spinal cord
tissue, as well as the separation of central and peripheral
neurotransmitters to reduce neural crosstalk. Additionally, the BSCB
ensures a low-protein microenvironment within the spinal cord
substance, supporting immune surveillance and protecting the spinal
cord during trauma and infection (Lee et al., 2012; Jin et al., 2021;
Martins et al., 2023). Most previous studies have predominantly posited
that the blood-spinal cord barrier is an extension of the blood-brain
barrier (BBB), potentially sharing similar morphological structures and
functions to maintain homeostasis in the central nervous system
(Bartanusz et al., 2011; He et al., 2023). However, recent research
has identified certain differences between the blood-brain barrier and
the blood-spinal cord barrier, primarily manifested in the ultrastructure
of endothelial cells. For instance, glycogen deposits are only present on
BSCB microvessels, leading to increased permeability to tracers and
cytokines. Additionally, there is a decrease in the expression of transport
proteins, tight junction proteins, and adhesion junction proteins
(Bartanusz et al., 2011; Jin et al., 2021), Consequently, these
differences contribute to the disparity in permeability between the
BBB and BSCB. Additionally, studies have shown that the BSCB
exhibits higher permeability than the BBB (Bartanusz et al., 2011).

The impairment of blood-spinal cord barrier is associated with
various central nervous system disorders. Currently, the most
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extensively studied condition in this regard is the disruption of blood-
spinal cord barrier following spinal cord injury (Bartanusz et al., 2011).
SCI can be categorized into the initial damage occurring at the time of
injury and a subsequent complex cascade of secondary injuries. The
traumatic impact during a spinal cord injury leads to the disruption of
the BSCB, allowing peripheral immune substances from the blood
vessels to enter the spinal cord. This triggers a cascade of downstream
pathophysiological responses, such as oxidative stress, necroptosis,
apoptosis, ferroptosis, and neuroinflammation, resulting in the death
of neurons and glial cells. This causes changes in the tissue and
structural architecture of the spinal cord, including the formation of
glial scars and cystic cavities. The presence of glial scars, cystic cavities,
and the insufficient capabilities for endogenous myelin regeneration
and axonal regrowth imply that the spinal cord has poor intrinsic
recovery potential. Consequently, SCI often lead to permanent
neurological functional deficits (Ahuja et al., 2017; Venkatesh et al.,
2019). Research has revealed that BSCB dysfunction can occur within
5 min after spinal cord injury and can persist in a compromised state up
to day 56 post-injury (Maikos and Shreiber, 2007; Cohen et al., 2009;
Bartanusz et al., 2011). The study conducted by Zhang et al. (Li et al.,
2019) found that after spinal cord injury, there were significant dynamic
changes in intramedullary pressure. Within 7 h after injury, there was a
rapid increase, followed by a slow increase within 8–38 h. From 39–72 h
after injury, a decrease in pressure is observed. They discovered that the
early rapid increase may be related to spinal cord bleeding, while edema
and disruption of the blood-spinal cord barrier were key factors in the
subsequent slow increase. After the disruption of the blood-spinal cord
barrier, significant leakage can occur, reaching its peak at 24 h post-
injury and showing a second peak on the fifth day (Chang and Cao,
2021). It was found that most of the leakage occurs in the pericellular
space, and intercellular pathways are less common, with TJ proteins
being the main component connecting BSCB cells (Zhou et al., 2023).
The study of He et al. (2023) indicates that spinal cord injury can induce
lysosomal damage, leading to disruption of the endothelial cell
autophagic flow and dysfunction of the autophagy-lysosomal
pathway (ALP). This dysfunction ultimately results in degradation of
TJ proteins and breakdown of the blood-spinal cord barrier. TJ proteins
mainly include zonula occludens (ZO-1) and occludin. They play a
crucial role in the BSCB, functioning as both a “barrier” and a “fence”
and regulate the selective permeability of the BSCB (Kumar et al., 2017).
Studies have shown that there is no significant decrease in TJ proteins in
the early stages of spinal cord injury, specifically at the 1st and 3rd
hours. However, a significant reduction can be observed from the 8th to
the 24th hour (Zhou et al., 2023). The decrease in TJ expression, along
with changes in TJ localization or post-transcriptional modifications,
are the main reasons leading to an increased permeability of the BSCB
(Deli et al., 2005; Chio et al., 2019; Zhou et al., 2023). Chang and Cao
(2021) indicates that spinal cord anterior horn damage often leads to
more severe lower limb symptoms and blood-spinal cord barrier
(BSCB) disruption. The main reason for this may be that tight
junction (TJ) proteins are primarily produced by anterior horn gray
matter cells. Following anterior horn damage, the formation of TJ
proteins decreases, resulting in more severe BSCB disruption. Cohen
et al. (2009) study showed that damage to the spinal cord anterior horn
often leads to more severe lower limb symptoms and BSCB damage,
possibly because TJ proteins are mainly produced by anterior horn gray
matter cells, and after anterior horn damage, TJ protein formation
decreases, leading to more severe BSCB damage.

However, Zhou et al. (2023) found in their study that after
spinal cord injury, the structures and functions of the paracellular
connections are disrupted, and the extensive formation of gaps
may be the main cause of blood-spinal cord barrier (BSCB)
disruption. They discovered that alleviating pathological
hemodynamic changes partially reduced the formation of gaps
in the BSCB after SCI. They believe that pathological
hemodynamic changes play a crucial role in the rapid and
extensive BSCB disruption after SCI, possibly through increased
pathological shear and transmural forces exerted on the
endothelium. Additionally, the study also found that leukocytes
start to move along the blood vessels within minutes after spinal
cord injury and reach the core of the lesion in the gray matter of the
spinal cord within 4 h. Subsequently, leukocytes can actively
induce the formation of gaps in the BSCB. When leukocyte
extravasation is inhibited, the formation of gaps in the BSCB is
reduced, indicating that the involvement of leukocyte migration is
involved in the early stages of BSCB leakage after SCI (Zhou et al.,
2023). After BSCB injury, there is an increase in permeability,
allowing a large number of immune cells, toxins, blood cells, and
pathogens to enter the spinal cord, leading to a series of secondary
damages such as spinal cord edema, hemorrhage, oxidative stress,
and excessive inflammatory reactions (Jin et al., 2021), These
further exacerbate the spinal cord injury and cause more severe
neurological dysfunction. Increasing evidence suggests that
maintaining the integrity of BSCB can serve as a
neuroprotective target for reducing spinal cord injury (Jing
et al., 2020), Therefore, preserving the integrity of BSCB is
beneficial for the repair and improvement of neurological
function following spinal cord injury.

Currently, the therapeutic approaches for the BSCB primarily
focus on maintaining its normal function by protecting key cells
and structures, such as endothelial cells, tight junctions, astrocytes,
and the basement membrane, to alleviate spinal cord injury (Jin
et al., 2021). Although the protective mechanisms of many drugs
have been elucidated, the complex pathophysiology of BSCB
disruption has limited the successful transition of effective
drugs from the laboratory to clinical use. Jin et al. (2021)
summarized the current therapeutic approaches for BSCB,
finding that treatment targets may primarily focus on the
substructures of the BSCB, such as using new molecules or
drugs to maintain the integrity of endothelial cells and inhibit
the low-level expression of TJ proteins, thereby reducing the
severity of SCI. Additionally, a few studies have focused on the
roles of the endoplasmic reticulum (ER), autophagy, and MMPs in
the BSCB. Furthermore, they discovered that with the development
of regenerative engineering and biomaterial scaffolds, research has
been applied to repair the damaged BSCB using stem cells and
biomaterials.

3 The relationship between blood-
spinal cord barrier disruption and
matrix metalloproteinases (MMPs)

Research has demonstrated that proteases, particularly matrix
metalloproteinases, serve as the primary mediators of blood-spinal
cord barrier (BSCB) disruption following spinal cord injury (Noble
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et al., 2002; Jang et al., 2011), Matrix metalloproteinases (MMPs) are
a group of zinc-dependent endopeptidases that play a role in the
degradation of extracellular matrix components such as collagen,
fibronectin, and laminin. Their overexpression has been implicated
in a range of central nervous system (CNS) pathological processes
(Zhao et al., 2006; Jang et al., 2011). Up to date, there are
24 structurally and functionally related members of MMPs
within mammalian organisms, with each member possessing
distinct functionalities (Vandenbroucke and Libert, 2014). Studies
have found that MMP9 plays a pivotal role in the immediate
abnormal vascular permeability and inflammation after spinal
cord injury (Bo Fang et al., 2013), MMP9 rapidly increases after
spinal cord injury, reaching its peak at 24 h, significantly decreasing
at 72 h, and becoming undetectable 7 days after the injury. Blocking
MMP9 formation within 3 days of spinal cord injury can alleviate
vascular permeability and improve motor recovery (Noble
et al., 2002).

Under normal conditions, MMP9 is expressed at low levels in
microglia, astrocytes, and hippocampal neurons. After spinal
cord injury, the expression of MMP9 rapidly increases and
reaches its peak in inflammatory cells and endothelial cells (Bi
et al., 2020), Linda et al. (Noble et al., 2002) found that the
abnormal increase of MMP-9 in inflammatory cells and
endothelial cells may jointly impair the blood-spinal cord
barrier function by degrading the vascular basement
membrane. Li et al. (Bi et al., 2020) demonstrated that the
activation of MMP9 can lead to the degradation of type IV
collagenase and destruction of the extracellular matrix,
resulting in increased permeability of the microvascular
basement membrane and damage to the blood-spinal cord
barrier. Moreover, studies have also found that MMP9 can
disrupt the integrity of the BSCB by degrading tight junction
proteins such as ZO-1 (Jing et al., 2020).

However, subsequent studies have also indicated that, apart
from MMP9, other members of the MMP family are also
associated with the disruption of BSCB, The research conducted
by Kumar et al. (2017) demonstrated that MMP8 is involved in the
degradation of TJ proteins in endothelial cells, thereby disrupting
BSCB. Lee et al. (2014) also found that MMP3 can degrade TJ
proteins, causing damage to BSCB. Furthermore, research has also
found that MMP2 and MMP12 have the ability to regulate vascular
permeability and disrupt the integrity of BSCB (Wells et al., 2003;
Yang et al., 2013). Although the aforementioned MMPs are all
involved in the breakdown of BSCB, most current research
suggests that MMP2/MMP9 are the key enzymes responsible
for BSCB disruption following spinal cord injury, as they
increase BSCB permeability by degrading the basement
membrane cells (Min-Sheng Piao et al., 2014; Łukomska et al.,
2020). MMP9 can induce protein degradation associated with
blood-spinal cord barrier, while upregulation of MMP2 can lead
to the initial opening of blood-brain barrier/blood-spinal cord
barrier (Ying et al., 2020). Subsequent studies have found that
although both MMP2/MMP9 are strongly induced after spinal
cord injury, the expression and activation of MMP9 precede those
of MMP2. MMP2 starts to increase around 48 h after spinal cord
injury, while MMP9 reaches its peak at 24 h after injury. Therefore,
MMP9 mainly participates in the early disruption of BSCB after
spinal cord injury (Min-Sheng Piao et al., 2014). The study by Gao

et al. (2016) found that selective inhibition of MMP2 expression
does not alter neural recovery after spinal cord injury. They
observed compensatory increase in MMP-9 activity in
MMP2 knockout mice following spinal cord injury. Therefore,
there is an increasing number of studies focused on inhibiting
MMP9 activity, which is currently considered a therapeutic target
for improving blood-spinal cord barrier disruption after spinal
cord injury.

The integrity of BSCB is related to multiple pathways mediated
by MMPs, Wang et al. (Xin et al., 2021) demonstrated that
activation of the TIMP2/MMP signaling pathway can reduce
the expression of MMP2 and MMP9, alleviate BSCB disruption,
and promote neural function recovery after spinal cord injury
(SCI). In addition, studies have found that the mTOR/
JMJD3 signaling pathway can also mediate the expression of
MMP2 and MMP9, regulating the integrity of BSCB (Park
et al., 2023). Lee et al. (2014) found that NF-κB is involved in
the expression of MMP-3, As an important central nervous system
regulator, recent studies have also found that NF-κB can also
mediate the expression of MMP9 and regulate the integrity of
BSCB (Xin et al., 2023). TLR4 signaling pathway has also been
found to be involved in the protection of BSCB, Researchers have
discovered that activation of TLR4 can induce polarization of
astrocytes into an inflammatory phenotype (Jang et al., 2011),
and astrocytes can contribute to blood-brain barrierinjury through
the activation of MMP9 (Jing et al., 2020), After inhibiting the
activation of TLR4 signaling pathway, It can reduce the expression
of MMP9 in endothelial cells, thereby protecting BSCB function
(Zhu et al., 2023).

4 The relationship between teriparatide
and spinal cord injury

The deficiency of neurological function after spinal cord
injury (SCI) is related to the level of parathyroid hormone
(PTH) (Mechanick et al., 1997), Studies have found that PTH
significantly decreases within 1–2 weeks after SCI (Vaziri et al.,
1994; Rouleau et al., 2007), According to a study by del Rivero
and Bethea (2016) the average plasma PTH level in the control
group of mice was 30.65 pg/mg, while the average plasma PTH
level in SCI mice was 20.5 pg/mg at 1week post-injury and
14.25 pg/mg at 4 weeks post-injury, indicating a gradual
decline in parathyroid hormone. At present, most of the
research on the relationship between parathyroid hormone
and SCI focuses on the changes in parathyroid hormone levels
after SCI, with few studies on the use of parathyroid hormone
therapy for SCI.

Teriparatide is a parathyroid hormone analog that is commonly
used in the treatment of postmenopausal osteoporosis. It has been
shown to significantly increase bone mass in patients with
osteoporosis (Langdahl et al., 2017; Edwards et al., 2018; Kendler
et al., 2018; Reid and Billington, 2022). In addition, some scholars
have utilized its osteogenic properties to treat bone defects in limbs,
mandibles, skulls, and other areas (Cohn Yakubovich et al., 2017; Xie
et al., 2017; Zhang et al., 2017; Yukata et al., 2018; Zandi et al., 2019),
Moreover, it has also been used for the treatment of nonunion
fractures with satisfactory outcomes (DeRogatis et al., 2020; Marin,
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2021), As for the application of Teriparatide in spinal cord injury,
most studies have focused on changes in bone mass and strength
after spinal cord injury (Edwards et al., 2018; Haider et al., 2019),
and there are few relevant reports on the treatment of SCI with
Teriparatide. Further research is needed to determine whether
Teriparatide can improve the prognosis of spinal cord injury.
Our previous studies have shown that Teriparatide can promote
vascular regeneration around the ischemic stroke area and improve
neurological symptoms after stroke. Further investigation revealed
that Teriparatide can alleviate neuronal damage and improve
neuronal function after stroke by inhibiting oxidative stress and
neuroinflammation (Xiong et al., 2022). However, whether it has the
same effect and its exact mechanisms after spinal cord injury still
need further clarification.

5 The relationship between teriparatide
and BSCB

In our previous study, we utilized Teriparatide to treat the rat
MCAO model and found that Teriparatide could induce the
generation of Angiopoietin-1 (Ang-1), thereby reducing the
disruption of the blood-brain barrier (Xiong et al., 2022),
However, the specific mechanisms underlying this effect have
not been investigated. Ang-1 is not only a growth factor
involved in central nervous system vascular development,
maturation, remodeling, and stability, but also a crucial factor
in regulating brain and spinal cord vascular function (Herrera
et al., 2010; Durham-Lee et al., 2012). Similar to Ang-1, Ang-2 is a
secreted growth factor that exerts downstream signaling effects
through binding to Tie receptors. In the central nervous system, a
dynamic balance between high levels of Ang-1 and low levels of
Ang-2 is essential to maintain barrier integrity. After binding to
Tie receptors, Ang-1 can induce phosphorylation to inhibit
endothelial cell apoptosis, thereby protecting the integrity of the
central nervous system barrier. On the other hand, Ang-2 can
competitively bind to Tie receptors with Ang-1, inhibiting
phosphorylation and mediating endothelial cell death, leading
to increased vascular permeability and disruption of the
integrity of the central nervous system barrier (Zhu et al., 2005;
Gu et al., 2016). Ang-1 levels immediately decrease after spinal
cord injury and remain at a low level at all time points examined,
while Ang-2 expression continues to increase, starting on the third
day after spinal cord injury and reaching its peak at 21 days. It
remains highly expressed even at day 70 (Herrera et al., 2010;
Durham-Lee et al., 2012).

Researchers have found that Ang-1 can effectively reduce the
level of MMP9 mRNA, thereby inhibiting the expression of MMP9
(Wu et al., 2015), Other studies have also found that Ang-1 can
modulate the activity of MMPs, counteract the effects of VEGF, and
improve the permeability of the central nervous system barrier
(Valable et al., 2005). Furthermore, the study by Hou et al. (Hou
et al., 2021) found that the binding of Ang-2 to Tie receptors leads to
the expression of MMP2 and MMP9. Therefore, promoting the
generation of Ang-1 is more beneficial for reducing the disruption of
blood-spinal cord barrier (BSCB) after spinal cord injury. Our
previous study found that teriparatide can promote the
generation of Ang-1 and reduce the expression of MMP9.

However, the mutual relationship between them and the specific
mechanism have not been thoroughly investigated. Meanwhile, we
also discovered that teriparatide can reduce the expression of Ang-2,
but these studies mainly focused on ischemic stroke. There are few
reports on whether teriparatide has similar mechanisms after spinal
cord injury. Therefore, it is a new treatment option to explore
whether teriparatide can alleviate the disruption of blood-spinal
cord barrier after spinal cord injury by promoting the generation of
Ang-1.

In clinical settings, treatment methods for SCI mainly include
pharmacotherapy and surgical approaches. Currently, drugs that
have entered clinical trials include methylprednisolone sodium
succinate, minocycline, riluzole, and basic fibroblast growth
factor (Ahuja et al., 2017). Methylprednisolone sodium
succinate, which has immunosuppressive effects, can reduce
cytotoxicity, but it may lead to severe consequences such as
wound infection, elevated blood sugar, obesity, and ischemic
necrosis of the femoral head. Minocycline can protect neural
functions by reducing oligodendrocyte apoptosis and lowering
local inflammation, but it may cause an increase in liver enzyme
levels. Additionally, riluzole can prevent the sustained activation
of neuronal voltage-gated sodium channels, thereby preventing
cell swelling and death, and reducing excitotoxicity, but it can
also lead to elevated liver enzymes (Ahuja et al., 2017; Venkatesh
et al., 2019). Teriparatide, a derivative of human parathyroid
hormone, is currently widely used in the treatment of
osteoporosis, with no studies reporting adverse reactions.
Moreover, patients with spinal cord injuries are prone to
significant bone loss due to prolonged bed rest after the
injury. Teriparatide not only treats spinal cord injuries but
also promotes bone growth, which is more beneficial for the
prognosis of spinal cord injuries.

6 Conclusion

In summary, the disruption of the blood-spinal cord barrier after
spinal cord injury is primarily associated with the degradation of
basement membrane components, leading to increased permeability
and exacerbation of neurological damage following spinal cord
injury. Currently, research on teriparatide mainly focuses on
improving the prognosis of osteoporosis, and there is limited
research on improving the integrity of the blood-spinal cord
barrier after spinal cord injury. Further studies are needed to
clarify this relationship.
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Dementia is a devastating disorder characterized by progressive and persistent
cognitive decline, imposing a heavy public health burden on the individual and
society. Despite numerous efforts by researchers in the field of dementia,
pharmacological treatments are limited to relieving symptoms and fail to
prevent disease progression. Therefore, studies exploring novel therapeutics
or repurposing classical drugs indicated for other diseases are urgently
needed. Metformin, a first-line antihyperglycemic drug used to treat type
2 diabetes, has been shown to be beneficial in neurodegenerative diseases
including dementia. This review discusses and evaluates the neuroprotective
role of metformin in dementia, from the perspective of basic and clinical studies.
Mechanistically, metformin has been shown to improve insulin resistance, reduce
neuronal apoptosis, and decrease oxidative stress and neuroinflammation in the
brain. Collectively, the current data presented here support the future potential of
metformin as a potential therapeutic strategy for dementia. This study also
inspires a new field for future translational studies and clinical research to
discover novel therapeutic targets for dementia.

KEYWORDS

metformin, dementia, insulin resistance, oxidative stress, neuroinflammation

1 Introduction

Dementia is a clinical syndrome characterized by progressive cognitive deterioration
accompanied by behavioral, social and emotional function disability, imposing a heavy
burden on society (van der Steen et al., 2018). Approximately 50 million people had
dementia worldwide in 2018; (Alzheimers Dement, 2023); is estimated to triple worldwide
in 2050 and is higher in low- and middle-income countries than in high-income countries
(Prince et al., 2016; Scheltens et al., 2021). Although progress in treating neuropsychiatric
symptoms is being reported, the benefit is limited and temporary (Moran et al., 2019). In
addition, many disease-modifying therapies for dementia are discontinued due to toxicity
or futility (Cummings et al., 2020). Improving insights into the biological processes,
abundant biomarkers and clinical features of dementia contribute to the discovery of
new therapeutic targets or reuse of classical drugs (Scheltens et al., 2021).

The molecular pathways underlying different types of dementia primarily involve oxidative
stress, mitochondrial bioenergetics, neuroinflammation, neurodegeneration, and insulin
resistance (Jurcău et al., 2022; Gaikwad et al., 2024). Oxidative stress is a classic molecular
mechanism (Yang et al., 2016; Yang et al., 2017; Tang et al., 2021; Zhang et al., 2023). In recent
years, emerging evidence has revealed the close relationship between diabetes, cognitive
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dysfunction and dementia (Little et al., 2022). People with type 2 diabetes
(T2D) have a 1.5- to 2-fold higher risk of dementia than those without
diabetes (Gregg et al., 2000; Cukierman et al., 2005; Roriz-Filho J et al.,
2009). Diabetes and prediabetes have been shown to accelerate the
progression from mild cognitive impairment to dementia (Xu et al.,
2010; Xing et al., 2020; Li et al., 2022). T2D and dementia share the same
risk factors, such as older age, obesity, and insulin resistance
(Pugazhenthi et al., 2017; Arnold et al., 2018). At the cellular level,
T2D has been implicated in oxidative stress, mitochondrial dysfunction,
and inflammation that are also present in individuals with dementia
(Pugazhenthi et al., 2017). Considering the common risk factors and
pathological mechanisms prevailing in T2D and dementia, antidiabetic
drugs may exert promising protective effects on brain metabolism and
dementia. Antidiabetic drugs encompass metformin, sulfonylurea,
thiazolidinediones (TZD), dipeptidyl peptidase-4, GLP-1 receptor
agonists, sodium-glucose cotransporter 2 inhibitors, meglitinides, and
alpha-glucosidase inhibitors (Slouha et al., 2023). Metformin is the first-
line drug treatment for T2D, and exerts antidiabetic effects mainly by
inhibiting hepatic glucose production (Duca et al., 2015; Li et al., 2020; Li
and Ma, 2020; Li et al., 2021; Li et al., 2022; Du et al., 2022). Moreover,
metformin activates 5′AMP-activated protein kinase (AMPK) (Ma et al.,
2016; Li et al., 2017; Rena et al., 2017; Hu et al., 2021), improves insulin
resistance (Ford et al., 2015), decreases neuronal apoptosis (Li et al.,
2019), and reduces oxidative stress and the inflammatory response in the
brain (Obafemi et al., 2020). In recent clinical studies, the use of

metformin in elderly patients with T2DM is significantly linked to a
substantial decrease in the risk of dementia (Sun et al., 2024; Tang et al.,
2024). In light of the important roles of metformin in peripheral and
central metabolism, the present review discusses recent breakthroughs in
metformin treatment of dementia.

Based on currently published data, we speculate that metformin
is a potential alternative drug candidate for the treatment of
dementia. This review will first introduce the general background
on dementia, mainly including Alzheimer’s disease (AD)-related
dementia and T2D-related dementia, as well as the common
pathways in T2D and dementia. Second, we describe the
mechanisms by which metformin regulates peripheral and central
metabolism in cell and animal models. Then, we summarize the
clinical evidence that metformin is able to treat dementia. Finally, we
propose potential research directions and provide insights into the
treatment of dementia with metformin (Figure 1).

2 General background on dementia

2.1 AD and dementia

AD is the most common type of dementia in the elderly, and
with the advent of the aging era, AD imposes a heavy economic and
social burden worldwide (Diniz Pereira et al., 2021; Liao et al., 2021;

FIGURE 1
Novel target and therapies of metformin in dementia.
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Ning et al., 2022). According to a European memory clinic cohort,
the median survival time depends on the type of dementia, and the
survival time of individuals with AD-related dementia is 6.2
(6.0–6.5) years (Rhodius-Meester et al., 2019). The characteristic
pathological changes of AD are neuronal fibers and axonal tangles in
the brain, and the formation of large amounts of senile plaques; these
changes drive neuronal dysfunction and cell death (Scheltens et al.,
2021). Biomarkers for the diagnosis of AD were defined as the
presence of amyloid β (Aβ) and phosphorylated tau (Jack et al.,
2018). Strong evidence from a community-based cohort study
suggests that advanced age and at least one APOE ε4 allele are
the most powerful risk factors for AD (van der Lee et al., 2018). The
risk of disease onset is doubled every 5 years after the age of 65 years,
and approximately 50% of patients with AD carry the
apolipoprotein E (APOE) ε4 allele (Pierce et al., 2017). Moreover,
diabetes/metabolic syndrome, cardiovascular disorders and stroke
are also established risk factors for AD (Tosto et al., 2016; Campos-
Peña et al., 2017). In addition, stress and glucocorticoids have also
recently been identified as potential factors that increase the risk of
developing AD (Caruso et al., 2018). The latest perspectives noted
that glucose metabolism moved to center stage in AD research
(Kuehn, 2020; Park et al., 2023).

The treatment principles of AD include early diagnosis, timely
treatment, and lifelong management. Although existing anti-AD
drugs do not reverse the disease, they prevent cognitive decline and
dementia, and patients should adhere to long-term treatment as
much as possible. Currently approved drugs for the standard
treatment of patients with AD include cholinesterase inhibitors
and the N-methyl-D-aspartate receptor antagonist memantine
(Scheltens et al., 2016). The first choice for the psychobehavioral
symptoms of dementia is the nonpharmacological intervention, and
psychotropic drugs can be used when necessary, but the efficacy and
side effects should be assessed regularly and long-term use should be
avoided. Agitation and aggression are common neuropsychiatric
problems associated with AD, and brexpiprazole (an atypical
antipsychotic), citalopram (a selective serotonin reuptake
inhibitor) and nabilone (a cannabinoid) represent relatively safe
treatment options for agitation and aggression (Liu et al., 2016).
Other disease-modifying therapies for AD have also been developed.
For example, aducanumab, BAN2401, and gantenerumab reduce the
amyloid β plaques burden (van Dyck, 2018). Health education,
psychological support and practical help can improve the quality of
life of patients with AD. The future of personalized treatment for AD
should include multimodal interventions, which are based on the
individually customized incorporation of lifestyle changes
and drugs.

2.2 T2D and dementia

Due to the growing elderly population, the incidence of both
diabetes and neurodegenerative diseases is increasing worldwide.
The relationship between diabetes and dementia is likely to be
complex and multifactorial. The Rotterdam Study is the first to
identify a remarkably increased risk of dementia in patients with
T2D, including vascular dementia and AD (Ott et al., 1996; Ott et al.,
1999). Compared with the general population, patients with T2D
have a 1.5–2-fold higher risk of dementia (Gregg et al., 2000;

Cukierman et al., 2005). One in every 10 to 15 cases of dementia
is attributable to type 2 diabetes (Biessels et al., 2006). The
mechanism of T2D-related dementia includes hyalinization of the
basal membrane of cerebral arterioles due to diabetes, causing
endothelial cell damage; meanwhile, the hemodynamics, vascular
reactivity and autoregulation function are also affected, resulting in
reduced cerebral blood flow and thereby increasing the occurrence
of clinically silent cerebral infarction (Kalaria, 2002). Moreover, the
metabolism of glucose, lipids and amino acids in the brains of
patients with T2D may be disturbed due to factors such as poor
blood glucose control, increased glycosylated hemoglobin levels,
central and peripheral insulin resistance, oxidative stress and the
inflammatory response, which affects the transmission of
neurotransmitters and changes the homeostasis of the local
microenvironment, coupled with long-term ischemia and hypoxia
of the brain tissue, ultimately causing neuronal necrosis and
apoptosis as well as cognitive decline (Berlanga-Acosta et al.,
2020; Zhou et al., 2020; Abosharaf et al., 2024). Indeed, T2D and
dementia share the same risk factors, such as older age, obesity,
insulin resistance and physical inactivity. Thus, theoretically, drugs
used to treat T2D could modify these risk factors and pathogenesis
(Areosa Sastre et al., 2017).

2.3 Principal mechanisms linking T2D
and AD

Although T2D appears to be primarily a peripheral organ
disease and AD is a central nervous system disorder, evidence
from experimental and clinical studies has indicated a close link
between T2D and AD (Craft, 2009; Kuehn, 2020). A meta-analysis
of diabetes and the risk of dementia included 28 prospective studies
examining 89708 patients with diabetes and revealed that the
relative risks of developing all types of dementia and AD were
1.73 and 1.56 in patients with diabetes, respectively (Gudala et al.,
2013). First, accumulating evidence shows that glucose
hypometabolism may play a key role in AD pathology (Kuehn,
2020). Insulin resistance in the brain may cause AD pathology,
which has led some scientists to propose that AD may be a brain-
specific “type 3 diabetes”. Insulin exerts neurotrophic effects at
moderate concentrations, but excessive insulin in the brain leads
to decreased Aβ clearance due to competition for the common and
main clearance enzyme, insulin-degrading enzyme (IDE).
Therefore, the accumulation of large amounts of Aβ in the brain
due to pathological insulin levels contributes to the pathological
features associated with AD (J et al., 2009). In addition, insulin may
rapidly increase tau phosphorylation, which causes the
accumulation of neurofibrillary tangles (NFTs) and senile plaques
(Lesort and Johnson, 2000). Mechanistically, the mitogen-activated
protein kinase (MAPK) pathway is activated in response to insulin
receptor signaling and plays an important role in AD pathogenesis.
The activation of MAPK regulates cell proliferation, is associated
with Aβ plaques and NFTs and is also involved in tau
phosphorylation, neuroinflammation, and synaptic plasticity
(Munoz and Ammit, 2010). On the other hand, impaired glucose
metabolism is considered a risk factor for AD, as evidenced by a
decrease in glucose metabolism in the regions related to memory
processing and learning (Mosconi et al., 2008). Chronic
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hyperglycemia might damage the brain through the accumulation of
advanced glycation end products (AGEs) and increased oxidative
stress (Vlassara and Uribarri, 2014). AGEs also accelerate the
progression of AD through increases in Aβ levels, senile plaques
and intracellular NFTs (Iannuzzi et al., 2014).

Second, decreases in the hippocampal volume and cortical
thickness have been observed in patients with T2D, changes that
are closely associated with cognitive decline (Ben Assayag et al.,
2017). These harmful phenomena are potentially attributed to
increased neuronal apoptosis and decreased neurogenesis.
Impaired neurogenesis is associated with elevated levels of
glucocorticoids and decreased expression of brain derived
neurotrophic factor (BDNF), both of have been observed in
patients with T2D and AD (Marosi and Mattson, 2014; Dey
et al., 2017). Activation of the cyclic adenosine monophosphate
(cAMP)/protein kinase (PKA) signaling pathway has been
documented in AD and T2D mice and causes neuronal apoptosis
(Li et al., 2018). Third, oxidative stress and neuroinflammation are
two important pathological processes in T2D and AD. The brain is
susceptible to an oxidative imbalance because of the attributes of a
high energy demand and oxygen consumption, leading to a large
number of oxidized polyunsaturated fatty acids (Mecocci et al.,
2018). Oxidative stress causes peroxidation of mitochondrial
membranes and enzymatic proteins, whose accumulation has
been detected in the hippocampus and frontal and temporal
lobes of patients with mild cognitive impairment (Zabel et al.,
2018). Increased ROS generation and oxidative stress are also
common in T2D (Dos Santos et al., 2018). Meanwhile, ROS-
mediated oxidative stress is associated with an inflammatory
phenotype (Sindhu et al., 2018). An excessive inflammatory
response may lead to Aβ accumulation, Tau phosphorylation,
and changes in synaptic plasticity, which lead to AD pathology
(Carret-Rebillat et al., 2015; Falcicchia et al., 2020). Additionally,
unresolved inflammation contributes to insulin resistant pathology,
cell death, and excessive ceramide production, which subsequently
aggravate inflammation (Keane et al., 2015). A meta-analysis of
170 studies revealed that peripheral inflammation is associated with
AD (Shen et al., 2019). Other common mechanisms, such as blood-
brain barrier (BBB) disruption (Kaminari et al., 2018),
acetylcholinesterase (AChE) metabolism (Rao et al., 2007), and
senescence (Palmer et al., 2015), likewise link AD and T2D
closely. Pereira and his colleagues reported that 17 common
biomarkers were differentially expressed in patients with AD or
T2D compared with healthy controls. These biomarkers provide a
strong reference for detecting patients with T2D at risk of
developing AD (Diniz Pereira et al., 2021). Altogether, most of
the current evidence indicates that T2D may hasten the progression
of AD, and there are numerous shared mechanisms between
AD and T2D.

3 Metformin acts as a potential
protective agent against dementia

Considering the multifaceted links between T2D and dementia,
researchers have good reasons to believe that antidiabetic drugs can
treat dementia. Metformin, a biguanide derivative, is now widely
used and a first-line therapeutic option for the treatment of T2D

(Nathan et al., 2009). Metformin lowers hyperglycemia by inhibiting
hepatic glucose production, improving insulin sensitivity, and
increasing peripheral glucose uptake in muscle (Duca et al.,
2015). In addition, metformin exerts positive effects by
improving cell metabolism, decreasing neuronal apoptosis, and
reducing oxidative stress and the inflammatory response in the
brain. Hundreds of clinical studies have examined the protective
effects of metformin on dementia, suggesting that metformin shows
therapeutic potential as a treatment for dementia. Next, we will
delineate the role of metformin in dementia at the basic and
clinical levels.

3.1 Cell and animal experiments

The results of current preclinical and mechanistic studies have
provided some insights into the effects of metformin on dementia.
Metformin has the potential to activate the AMPK pathway, which
plays a crucial role in the pathogenesis of dementia (Nikbakhtzadeh
et al., 2021). There is increasing evidence suggesting that the
activation of AMPK may have extensive neuroprotective effects
for dementia, such as promoting autophagy, maintaining
mitochondrial quality control, reducing insulin resistance, and
alleviating oxidative stress (Yang et al., 2020). Some studies have
provided evidence that metformin ameliorates cognitive
impairment and memory loss. Allard et al. (Allard et al., 2016)
found that prolonged metformin treatment prevents the high-fat
diet-induced impairment in spatial reference memory in mice.
Similarly, Chen et al. (2016) showed that chronic treatment of
db/db mice with metformin ameliorates memory impairment, as
confirmed by improved performance on behavioral tests. The
generation of amyloid peptides and aggregation of abnormally
folded proteins are important shared pathological characteristics
of T2D and AD (Knowles et al., 2014). According to one study,
metformin decreases hippocampal β-amyloid (Aβ) levels, inhibits
neuronal apoptosis, and ameliorates the memory impairment in db/
db mice (Chen et al., 2016). Metformin significantly decreases beta-
secretase 1 (BACE1) protein expression and activity both in cell
culture models and in vivo; this enzyme is involved in the production
of Aβ(Hettich et al., 2014; Markowicz-Piasecka et al., 2017). As
shown in another study by Gupta et al. (2011), metformin
ameliorates neuronal insulin resistance and AD-like changes
including markedly increased Aβ levels. Chakravarty and Nielsen
(1986) also showed that the brains of db/db mice have multiple AD-
like properties including impaired cognitive functions, increased
phospho-tau and Aβ levels and decreased levels of synaptic proteins,
changes that were attenuated by metformin (Li et al., 2012). In
contrast to the abovementioned articles, Chen et al. (2009) found
that metformin treatment of a transgenic mouse model of AD
contributed to the increased expression of BACE1 in an AMPK-
dependent manner, which led to an increase in Aβ production. This
finding suggests a potential harmful effect on accelerating AD
pathogenesis, and metformin should be used with caution in
elderly patients with diabetic.

Metformin has also been shown to decrease the activity of
acetylcholine esterase (AChE) and subsequently improves
memory in diabetic rats. AChE is responsible for degrading
acetylcholine, the main neurotransmitter involved in learning and
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memory processes (Bhutada et al., 2011). A recent study found that
metformin might preserve hippocampal synaptic plasticity, inhibit
AChE activity, and normalize acetylcholine clearance (Pilipenko
et al., 2020). These data indicate a promising protective effect of
metformin on severe cognitive decline. Many studies have revealed a
pivotal role for oxidative stress in the pathological process of
dementia, which subsequently increases the levels of its markers,
such as oxidized lipids and proteins (Butterfield et al., 2006). The
oxidation of proteins contributes to impaired cerebral glucose
metabolism in AD, which in turn results in neuronal
degeneration and cognitive deficits (Chen and Zhong, 2013). In
addition, oxidative stress promotes Tau hyperphosphorylation
(Sultana et al., 2006). Obafemi et al. (2020) found that
metformin significantly reduces the levels of malondialdehyde
and increases the activities of SOD, GPx and catalase. Moreover,
the levels of ER stress markers are attenuated in the hippocampus.
These results indicate the inhibitory effect of metformin on diabetes-
induced oxidative stress. In addition to oxidative stress, the
inflammatory response also plays a major role in the
development and progression of T2DM and AD (Mushtaq et al.,
2015). Lu et al. (2020) showed that metformin decreases
neuroinflammation (IL-1 and IL-6) and oxidative stress (MDA
and SOD) in APP/PS1 transgenic mice, thereby improving
learning and memory abilities. Mitochondrial dysfunction has
been proposed as an important process in the etiology of
dementia and is closely associated with oxidative stress and the
inflammatory response (Feng et al., 2024). Ruegsegger et al. (2019)
observed high-fat diet-induced brain insulin resistance in mice with
decreased oxidative enzyme activities, resulting in the accumulation
of oxidatively damaged mitochondrial proteins and increased
mitochondrial fission, which were counteracted by metformin
treatment. These results suggest that metformin might restore
brain mitochondrial function in the pathological insulin-
resistant state.

Findings from other mechanistic studies showed that metformin
treatment is closely associated with neuronal survival. Li et al. (2019)
found that metformin inhibits apoptosis and decreases intracellular
Ca and ROS signaling by reducing the neurotoxicity of excitatory
amino acids in Aβ -treated SH-SY5Y cells. Moreover, Chen et al.
(2016) reported that metformin alleviates Aβ-induced apoptosis in
cultured hippocampal neurons in a JNK-dependent manner. In an
in vivo study, metformin decreased neuronal loss in the
hippocampus, enhanced neurogenesis, and attenuated spatial
memory deficits in APP/PS1 mice (Ou et al., 2018). Another
similar study also showed that metformin enhances neuronal
survival and improves spatial memory in a mouse model of
neurodegeneration (Ahmed et al., 2017). Metformin also has
shown the promise in slowing age-related cognitive impairment
by alleviating microglial activation and enhancing autophagy in the
hippocampus. However, metformin treatment does not change
neurogenesis or neosynaptogenesis in the hippocampus,
suggesting that metformin does not improve cognitive function
(Kodali et al., 2021). BBB permeability was seen in AD patients
in clinical studies using dynamic contrast-enhanced magnetic
resonance imaging (MRI) (Starr et al., 2009). Metformin has
been shown to protect endothelial cell tight junction, prevent
damage to the BBB through the activation of AMPK and
inhibition of NF-κB (Zhao et al., 2016). In another study, Takata

et al. (Ismail Hassan et al., 2020) also found that metformin
upregulates the expression of ZO-1, occludin, and claudin-5 in
brain microvascular endothelial cells via AMPK activation.

3.2 Human studies

The results from human studies have provided evidence that
metformin prevents cognitive decline or dementia (Barbera et al.,
2024; Doran et al., 2024). A cohort study utilizing UK primary
healthcare records, involving 211,396 individuals, revealed that the
use of metformin was linked to a reduced risk of dementia (adjusted
HR = 0.86) and mild cognitive impairment (adjusted HR = 0.92)
(Doran et al., 2024). In a cohort study of 12,220 metformin users,
including 12,220 early terminators and 29,126 routine users,
discontinuation of metformin treatment was found to be
associated with an increased incidence of dementia. This
association was largely independent of changes in HbA1c levels
and insulin usage (Zimmerman et al., 2023). A longitudinal
observational study involving 1393 participants found that the
use of metformin was significantly associated with a reduced risk
of dementia in individuals with type 2 diabetes, particularly those
without neuropsychiatric disorders and non-steroidal anti-
inflammatory drug use (Tang et al., 2024). Another large
epidemiological clinical study from the Taiwan Health Insurance
database, patients with T2D who took the antidiabetic drug
metformin exhibited a remarkably decreased the risk of dementia
compared with patients treated without medication after adjustment
for cerebrovascular disease (Hsu et al., 2011). In the population-
based Singapore Longitudinal Aging Study, older people with
diabetes receiving metformin (n = 204) had a lower risk of
cognitive decline (OR 0.49, 95% CI 0.25–0.60) than those not
receiving metformin (n = 161). At the same time, individuals
receiving metformin for more than 6 years experienced a lower
level of cognitive decline than those receiving metformin for less
than 6 years, suggesting that long-term metformin treatment may
decrease the risk of cognitive impairment (Ng et al., 2014). A large
retrospective cohort study of US veterans over 65 years of age with
T2D found that metformin treatment was associated with a lower
subsequent dementia risk than sulfonylurea treatment in
veterans <75 years of age (HR 0.67, 95% CI 0.61–0.73) (Orkaby
et al., 2017). Similarly, 8276 patients with diabetes presenting with
dementia and 8276 matched patients with diabetes but without
dementia were included in a large population study from German.
Metformin prescribed as a monotherapy (OR 0.71, 95% CI
0.66–0.76) or as dual therapy with sulfonylureas (OR 0.90, 95%
CI 0.89–0.92) was associated with a decrease in the risk of
subsequent dementia (Bohlken et al., 2018). More recently, a
large prospective observational study, the Sydney Memory and
Ageing Study, found that older people with diabetes receiving
metformin experienced slower cognitive decline and lower
dementia risk. Incident dementia was significantly higher in the
nonmetformin group than in the group receiving metformin (OR
5.29, 95% CI 1.17–23.88) (Samaras et al., 2020).

Pilot data from a randomized placebo-controlled crossover
study showed that metformin penetrates the blood-brain barrier
and improves learning, memory and attentional abilities in
nondiabetic patients with mild cognitive impairment or mild
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dementia due to AD, although it did not exert a measurable effect on
CSF AD biomarkers (Koenig et al., 2017). However, this exploratory
study has some limitations including the limited sample size
(20 subjects) and relatively short length of the trial (16 weeks).
These positive findings are promising, especially in subjects with AD
but without T2D, and warrant further exploration with larger
sample sizes and longer time spans.

A comparison the efficacy (pro-cognitive effects) different
antidiabetic agents for dementia and mild cognitive impairment
is interesting. A network meta-analysis including nineteen eligible
studies (n = 4855) was conducted to evaluate the effects of 6 different
antidiabetic drugs (intranasal insulin, pioglitazone, rosiglitazone,
metformin, sitagliptin and liraglutide) on dementia (Cao et al.,
2018). Cao and others showed that the greatest pro-cognitive
efficacy for 15–30 mg of pioglitazone compared to the placebo.
However, the included studies have a high risk of bias, and the
current analysis did not investigate moderating factors such as age,
sex, and the ApoE ε4 allele, which weakens the reliability of the
conclusion to some extent. A recent nationwide real-world
longitudinal study (n = 701193) found that compared with
metformin + sulfonylurea, metformin + dipeptidyl peptidase-4
inhibitor and metformin + thiazolidinediones were associated
with a significantly lower risk of AD (HR = 0.922 and 0.812),
suggesting that adding thiazolidinediones or dipeptidyl peptidase-
4 inhibitor instead of sulfonylurea as second-line antidiabetic
treatment contributed to delaying or preventing dementia (Kim
et al., 2021).

In a cross-sectional study of 350 late middle-aged adults without
dementia, the use of diabetes medication (with metformin being the
most commonly used) was associated with reduced brain Aβ burden
as determined by Positron Emission Tomography imaging
(Luchsinger et al., 2020). In an analysis of investigating
relationships among T2D treatment and AD biomarkers,
McIntosh and others found that T2D treatment was related to
lower CSF levels of p-tau, t-tau, and p-tau/Aβ1-42 when
compared to untreated persons with T2D (McIntosh and Nation,
2019). Due to the limited sample size, the aforementioned studies
did not individually investigate a specific therapeutic drug; however,
it is worth noting that metformin is the most frequently utilized
diabetes medication in these studies. Subsequent research endeavors
should focus on examining the impact of metformin treatment on
dementia-related markers in order to gain further insights into
its effects.

Notably, however, other clinical evidence has shown that
metformin treatment might increase the risk of dementia. For
example, in the well-established UK General Practice Research
Database (GPRD), long-term use of metformin was associated
with a higher risk of developing AD-related dementia compared
with no metformin use (OR 1.71, 95% CI 1.12–2.60) (Imfeld et al.,
2012). Nevertheless, long-term use of sulfonylureas,
thiazolidinediones, or insulin was not associated with an
increased risk of developing AD. Another cross-sectional
observational study showed that individuals with self-reported
T2D who were taking metformin had worse cognitive
performance than those who were not taking the drug (OR 2.23,
95% CI 1.05–4.75) (Moore et al., 2013). One explanation for this
finding may be the lack of vitamin B12 due to the use of metformin.
However, the small size of the sample, insufficient information

regarding the duration of metformin use and the duration and
severity of diabetes raised doubts about the validity of the findings.
Thus, prospective and controlled trials are needed to explore the
association between diabetes, dementia, and the effect of metformin
therapy, as well the possible improvements in cognitive performance
mediated by vitamin B12 supplementation. More recently, findings
pooled from 5 population-based cohorts showed no significant
association between metformin use and cognitive function,
dementia prevalence, or brain structure (Weinstein et al., 2019).
Overall, currently published data suggest a protective effect of
metformin treatment on the brain, but further clinical trials are
needed to support this conclusion.

4 Potential directions

Based on the current studies, we speculate that metformin exerts
multidirectional effects on dementia (Feng et al., 2016; Zhang et al., 2017;
Xin et al., 2019; Li et al., 2021; Zhang et al., 2021). However, manymixed
conclusions have been reported, showing that metformin does not
protect against dementia or even enhances the development of
dementia. Well-designed, multicenter randomized and controlled
clinical studies must be conducted to explore the effects of
metformin on dementia. In addition, a high-quality Cochrane
systematic review and meta-analysis is needed to provide a high level
of evidence. As mentioned above, vitamin B12 deficiency may be an
important reason why metformin promotes the development of
dementia. Therefore, future clinical trials are needed to observe the
effect of metformin on dementia in the presence of vitamin
B12 supplementation. Next, metformin quickly crosses the blood-
brain barrier and reaches various regions of the brain. In view of this
biological property, metformin is a relatively good and appropriate drug
candidate for neurodegenerative diseases such as dementia. However,
little is known about what concentration of metformin reaches various
regions of the brain and what is the most appropriate concentration
needed. The safety and efficacy of the use of metformin in patients with
different types of dementia must be developed. On the other hand, the
biological activity of metformin is reduced after oral administration, and
its structure should be modified to improve the absorption rate. It is
essential to conduct further research on the impact of metformin on
brain metabolism, cell signaling, inflammation, and autophagy,
particularly in relation to its potential impact on insulin signaling
regulation in brain. Considering the use of metformin in
combination with other drugs or treatments, we should determine
whether the combination of drugs can improve the management of
dementia. Moreover, although the use of metformin alone does not
induce hypoglycemia under normal circumstances, the potential side
effect of hypoglycemia cannot be overlooked when considering
hypoglycemic drugs for conditions such as dementia. In elderly
individuals, falls resulting from hypoglycemia can have severe
consequences, and patients should be advised to use these
medications only when there is strong evidence of benefit for
dementia. Future studies in the design of such drugs should consider
the mechanism of such drugs, such as regulating the insulin pathway,
having minimal effect on blood glucose (or stabilizing blood glucose
within a reasonable range) (Huang et al., 2023).

Current research on dementia focuses mainly on elderly
individuals because dementia mainly occurs in this population.
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Research data on the younger patients with dementia are lacking.
Evidence for the efficacy of metformin in the treatment of dementia
in younger people is also lacking. The mechanism of dementia is
age-related; for example, intraneuronal amyloid levels increase
30–50-fold from young to old ages (Brewer et al., 2020).
Extensive studies have been performed to ensure that people with
dementia receive an accurate diagnosis and treatment of their
condition. Future research studies should also focus on the
prevalence of dementia in younger age groups and whether
metformin exerts a protective effect on younger people
with dementia.

Finally, the potential influence of metformin on aging mechanisms
may be the basis for its overall protective effects against age-related
neurodegenerative diseases. Human observational data supports the role
of metformin in preventing age-related decline, and molecular analyses
of septuagenarians treated with metformin indicate that it modulates
multiple biological pathways in aging (Kulkarni et al., 2018). The
properties of metformin will garner significant attention from the
research and industry for the development of indications for
metformin as an anti-aging therapeutic in humans. Aging is a
complex process, and individuals within the same population may
exhibit varying responses to metformin. Therefore, it is necessary to
conduct large-scale, multicenter, randomized, placebo-controlled trials
in order to further investigate the anti-aging effects of metformin.

5 Conclusion

Metformin, the most frequently used first-line antidiabetic drug,
exerts a strong protective effect on cognitive impairment. These
beneficial properties of metformin might stem from its molecular
mechanism, including improved insulin resistance, decreased
neuronal apoptosis, and reduced oxidative stress and inflammatory
responses in the brain. Here, we proposed that metformin is a
potential drug candidate for dementia. Based on the current studies,
we 1) introduced the general background of dementia, including AD-
related dementia and T2D-related dementia; 2) summarized the
common principal mechanisms linking AD and T2D; 3) described
the effects of metformin on dementia in cells, animals, and humans; and
4) provided potential research directions. Overall, metformin, with its
rich properties that modulate multiple pathways, is a possible and
attractive candidate for the prevention of neurodegenerative diseases

such as dementia; however, further large-scale clinical randomized
controlled studies are warranted to ensure its success.
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Introduction: Premenstrual dysphoric disorder (PMDD), a severe form of
premenstrual syndrome (PMS), is a serious health disorder that affects patient
moods. It is caused by cyclic psychological symptoms and its pathogenesis is still
unclear. Abnormalities in the basolateral amygdala (BLA) orexin system, which are
important causes of the development of depressive mood, have not been
reported in PMDD, so exploring its intrinsic mechanisms is meaningful for
enriching the pathomechanisms of PMDD.

Methods: High performance liquid chromatography was used for the
determination of the active ingredients of Jingqianshu granules. Developing a
rat model of premenstrual depression using the forced swimming test (FST). The
experiment consisted of two parts. In Part 1, the rats were divided into the control
group, the model group, the model + Jingqianshu group, and the model +
fluoxetine group. The FST, open field test, and elevated plus maze test, were used
to assess the behavior of the rats as well as to evaluate the effect of drug
intervention. Immunofluorescence and RT-qPCR were used to detect the
expression of orexin and its receptors OX1R and OX2R genes and proteins.
The expression of Toll-like receptor 4, nuclear factor kappa-B, tumor necrosis
factor-α, interleukin 6, and interleukin-1β in the BLA brain region was detected by
Western-Blot. In part 2, the rats were injected intracerebrally with orexin-A.
Observe the behavioral activities of rats in the control group, model group, and
model+orexin-A group. Immunofluorescence was used to detect microglia in
the BLA area of rats, and the expression levels of the above inflammatory factors
were detected by Western-Blot.

Results: The five components of Jingqianshu granules are: paeoniflorin, erulic
acid, liquiritin, hesperidin, and paeonol. During the estrous cycle, rats exhibited
depressive-like behavior during the non-receptive phase of the behavioral test,
which disappeared during the receptive phase. Immunofluorescence and RT-
qPCR showed reduced gene and protein expression of orexin, OX1R, andOX2R in

OPEN ACCESS

EDITED BY

Rui Liu,
Chinese Academy of Medical Sciences and
Peking Union Medical College, China

REVIEWED BY

Ewa Obuchowicz,
Medical University of Silesia, Poland
Lucía Martínez-Mota,
National Institute of Psychiatry Ramon de la
Fuente Muñiz (INPRFM), Mexico
Ping Dong,
University of North Carolina at Chapel Hill,
United States

*CORRESPONDENCE

Yuexiang Ma,
myx1008@126.com

Zhen Zhang,
zhangzhen035@gzy.edu.cn

Shuhua He,
744863317@qq.com

Feng Zheng,
dr.fengzhegn@gmail.com

Peng Sun,
sunpeng@sdutcm.edu.cn

RECEIVED 14 September 2023
ACCEPTED 15 May 2024
PUBLISHED 14 June 2024

CITATION

Dong P, Dai W, Zhao T, Gong Y, Weng N, Lv S,
Zhao Y, Du C, Ma Y, Zhang Z, He S, Zheng F and
Sun P (2024), Jingqianshu granules mitigates
premenstrual depression by regulating
orexin signaling.
Front. Pharmacol. 15:1294122.
doi: 10.3389/fphar.2024.1294122

COPYRIGHT

© 2024 Dong, Dai, Zhao, Gong, Weng, Lv, Zhao,
Du, Ma, Zhang, He, Zheng and Sun. 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.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 14 June 2024
DOI 10.3389/fphar.2024.1294122

320

https://www.frontiersin.org/articles/10.3389/fphar.2024.1294122/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1294122/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1294122/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2024.1294122&domain=pdf&date_stamp=2024-06-14
mailto:myx1008@126.com
mailto:myx1008@126.com
mailto:zhangzhen035@gzy.edu.cn
mailto:zhangzhen035@gzy.edu.cn
mailto:744863317@qq.com
mailto:744863317@qq.com
mailto:dr.fengzhegn@gmail.com
mailto:dr.fengzhegn@gmail.com
mailto:sunpeng@sdutcm.edu.cn
mailto:sunpeng@sdutcm.edu.cn
https://doi.org/10.3389/fphar.2024.1294122
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2024.1294122


the BLA region of rats in the model group.WB showed elevated levels of
inflammatory factors. All returned to control levels after drug treatment. In part
2, injection of orexin-A into the BLA brain region of model rats resulted in reduced
immunoreactivity of microglia and decreased expression levels of
inflammatory factors.

Discussion: Jianqianshu granules can achieve the purpose of treating premenstrual
depression by regulating orexin-mediated inflammatory factors, which provides a
new idea for further research on the pathogenesis of PMDD. However, the current
study is still preliminary and the pathogenesis of PMDD is complex. Therefore, more
in-depth exploration is needed.

KEYWORDS

Jingqianshu granules, premenstrual, orexin, OX1R, OX2R, inflammatory factor

Introduction

Premenstrual dysphoric disorder (PMDD), a severe form of
premenstrual syndrome (PMS), is a condition in which women of a
childbearing age exhibit cyclic discomfort, mood, and physical
disturbance symptoms during the luteal phase, includes
depressive and anxiety-like mood changes, and locomotor activity
alterations (Mishra et al., 2023). In particular, the depressed mood of
the patient severely affects the ability to learn, work, and the quality
of life, which adds to the social burden (Tiranini and Nappi, 2022).
However, the exact mechanisms involved are not clear and are
generally considered to be a consequence of multiple factors.
Currently, first-line therapeutic drugs that target 5-
hydroxytryptamine transporter, such as the serotonin reuptake
inhibitors (SSRIs) in PMDD have shown limited efficacy and
high side effects in clinical practice (Marjoribanks et al., 2013).
In a study of antidepressant medication adherence for the treatment
of PMS/PMDD (Sundström-Poromaa et al., 2000), it was noted that
101 patients treated with SSRIs for several months to more than
2 years experienced the following adverse effects: Reduced libido
(45%), Dysorgasmia (28%), Nausea (22%), Weight gain (20%),
Sweatings (19%), Headache (16%), Vertigo (14%), Sleeping
disorders (12%). In addition, alternative therapies, such as
behavioral cognitive therapy (Weise et al., 2019), herbal medicine
(Xu et al., 2020), and acupuncture (Armour et al., 2018) have been
gaining widespread attention, Jingqianshu granules have been
recognized for their clinical efficacy (Zhongqiu, 2016).

Orexin (also known as hypocretin) is a recently discovered
hypothalamic neuropeptide that includes hypocretin-A/orexin -A
and hypocretin-B/orexin -B. Its receptors include type 1 HcrtR1/
OX1R and type 2 HcrtR2/OX2R (Sakurai et al., 1998; de Lecea et al.,
1998; Li et al., 2014). Orexin is encoded by prepro-orexin mRNA
and then cleaved by protein hydrolysis to form orexin-A and orexin-
B, the former with 33 amino acid residues and two intramolecular
disulfide bridges in its N-terminal structural domain, and the latter
with 28 amino acid residues. Orexin-A and orexin-B share 46%
sequence homology (Tsunematsu and Yamanaka, 2012). Orexin
peptides are highly conserved in vertebrates, especially in mammals:
orexin-A has 100% sequence homology, while orexin-B differs only
by 1 or 2 amino acids between species (Jacobson et al., 2022).
Orexin-A has an equally high affinity for OX1R and OX2R, while
orexin-B has approximately 10-fold selectivity for OX2R (Pizza
et al., 2014). Studies have shown that orexin is expressed in

many brain regions, with the amygdala receiving orexinergic
fibers originating from the lateral hypothalamus and expressing
OX1R (Pan et al., 2020). The BLA, which is the inner subnucleus of
the amygdala, plays a key role in the regulation of depression and
behavior (Grogans et al., 2022). There is evidence that the amygdala
shows estrous cycle-related activity in emotional memory (Blume
et al., 2017) and that the major affective disorders more commonly
seen in women (e.g., depression, anxiety, posttraumatic stress
disorder) are associated with excessive activation of the BLA
(Victor et al., 2010). A meta-analysis (Etkin and Wager, 2007) of
a neuroimaging study of women aged 18–55 years noted that
women showed greater activation of negative emotions in the left
amygdala than did men, it is consistent with the results of Sheline
et al. for functional magnetic resonance imaging studies, where the
left amygdala was significantly more activated in depressed patients
than in controls (Sheline et al., 2001). Recent studies have found that
orexin and its receptors can modulate the inhibitory and excitatory
effects of BLA neurons (Gyawali and James, 2022), but this has not
been reported in PMDD. In addition, research has shown that orexin
is a promising target for the treatment of depression, that orexin
dysregulation is an important mechanism for the onset of depressive
symptoms (Khairuddin et al., 2020) and that orexin levels vary with
depression-like behavior (Nocjar et al., 2012). Moreover, studies
have demonstrated a high degree of concordance between PMDD
and major depressive disorders (MDD) at the macroscopic level,
including onset, symptoms, and population, and at the microscopic
level, as shown in internal pathogenesis studies. The co-morbidity
rate of PMDD and MDD ranged from approximately 30%–70%
(Klatzkin et al., 2010). Therefore, we hypothesized that orexin has
the same potential role in PMDD and that modulation of orexin-A
in BLA could be effective in treating premenstrual depression.

In addition, orexin has been shown to have a neuroimmune role,
and Zhang et al. found that orexin-A was able to suppress
endothelial cell inflammation by inhibiting MAPK p38 and NF-
κB inflammatory signaling pathways (Zhang et al., 2018). In an
experiment, Sun et al. found that orexin-A treatment reduced the
secretion of interleukin 1β (IL-1β), interleukin 6 (IL-6), and
interleukin 8 (IL-8) and the production of reactive oxygen
species (ROS), and inhibited the activation of TNF-α-induced
nuclear factor-κB (NF-κB) signaling pathway (Sun et al., 2018).
Emerging trends in neuroendocrinology link inflammatory
processes to mental and somatic disorders with common features
of PMS/PMDD, low-grade inflammation is associated with changes
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in mood and pain (Puder et al., 2006), and inflammatory markers in
women are associated with the degree of menstruation and
premenstrual symptoms and are expressed at higher levels than
in healthy women (Bertone-Johnson et al., 2014). Therefore, the
relationship between orexin and inflammation needs to be further
investigated.

Jingqianshu granules are made of 11 Chinese herbs, including
White peony, Bupleuri Radix, Angelica, Atractylodes, Moutan
Cortex, Rhizoma Cyperi, Tangerine peel, Turmeric Root Tuber,
Amomi Fructus, Ginseng, and Liquorice. It has the effect of relieving
depression and relieving pain. It is mainly used for the treatment of
premenstrual depression and melancholy (Zhang and Ma, 2010; Su
and Xue, 2011). In this study, ovariectomized rats exposed to
repeated hormone injections and FST tests were used as a
PMDD model (Wei et al., 2020). The effects of Jingqianshu
granules on behavior and the expression of orexin-A and orexin
receptors in BLA brain regions were assessed, and the coordinated
role of orexin and inflammatory factors in the disease was further
investigated.

Experimental materials and methods

UHPLC-PDA measurement of
Jingqianshu granules

The Jingqianshu granules were analyzed using UHPLC (Waters
e 2965, United States). After preparation of the test solution of
Jingqianshu 10 μL was taken and injected into the liquid
chromatograph and the chromatogram was recorded for 120 min.
AWaters Symmetry C18, 250 mm × 4.6 mm, 5 μm column was used
for all analyses. The flow rate was 1.0 mL/min, the detection
wavelength was 292 nm, and the column temperature was 30°C.
The mobile phase was a mixture of acetonitrile (A) and 0.1%
phosphoric acid (B). The samples were scanned at a full
wavelength from 200 to 400 nm using a PDA detector, and the
absorbance maps were analyzed.

Animals

One hundred female Wistar rats weighing 180 ± 15 g at
6–8 weeks of age were purchased from Jinan Pengyue
Experimental Animal Breeding Co., Ltd., Jinan, China. The rats
were placed at an ambient temperature of 21°C ± 1°C and 55%
relative humidity with a 12 h/12 h light/dark cycle (light on at 20:00;
light off at 8:00). All procedures were performed under dim light
(<25lux), with food and water available ad libitum. The animals were
allowed to acclimatize for a week before the experiment. The animal
study was reviewed and approved by the Ethics Review Committee
of Shandong University of Traditional Chinese Medicine [No.:
SDUTCM20210806003].

Ovariectomy

Ovariectomy was performed on all rats. The rats were
anesthetized with 2% sodium pentobarbital (60 mg/kg)

intraperitoneally and operated under aseptic conditions. The skin
of the rat’s abdomen was cut open (1 cm wide) with a scalpel to
expose the abdominal cavity. The ovaries were searched for in the
midline of the rat abdomen on both sides, and bilateral tubal ligation
and removal of the ovaries were performed. Finally, the incision was
sutured and a few drops of penicillin were applied to the wound.
Penicillin injection was administered daily and the rats were allowed
to recover for 3 days while maintaining the original feeding
conditions.

Hormone initiation program

Studies have shown that the rat estrous cycle consists of a receptive
phase (proestrus/estrus) and a non-receptive phase, with the non-
receptive phase consisting of diestrus 1, diestrus 2, and metestrus,
each lasting approximately 1 day (Ho et al., 2001). After wound healing,
exogenous estrogen and progesterone were administered to induce
cyclic estrus in the rats to establish a regular estrous cycle: 0.5 µg
estradiol benzoate (Hefei Xinkexin Animal Pharmaceutical Company,
Hefei Anhui,20220201) was injected into the first day as phase D1,
0.5 µg estradiol (Shanghai Macklin Biochemical Co., Ltd., Shanghai,
China, C13752449) on the day of phase D2, and 0.5 mg of progesterone
(Hefei Xinkexin Animal Pharmaceutical Company, Hefei
Anhui,20220201) on the day of P/E phase. These hormones were
dissolved in 0.1 mL of dimethyl sulfoxide and injected
subcutaneously at 12:00 daily (Wei et al., 2020). For the second
cycle of the hormone pre-stimulation protocol, FST was performed
on the day of the D1 and P/E phases, and the hormone stimulation
protocol was continued until the end of the experiment.

Forced swimming test

The FST was used to establish a model of premenstrual
depression in rats and depression-like behavior was assessed
(Castagné et al., 2011). The rats were placed in a plexiglass
cylinder with a diameter of 20 cm, a water depth of 30 cm, and a
temperature of 23°C for 5 min. The cumulative duration of
immobility and the latency of immobility (time from the
beginning of the experiment to first immobility) were calculated.
Immobility was defined as the absence of movement except for that
necessary to keep the nose above the water surface for breathing.
After each test, the water was changed and the cylinders were
carefully cleaned. This test was performed between 12:00 and 16:00.

Grouping

The experiment is divided into two parts. FST data were
collected from rats in the non-receiving D1 and receiving P/E
phases, and the rats were ranked from highest to lowest based on
the differences between the immobility duration of the two phases.
In Part 1 of the experiment (Figure 1), the top 30% of rats were
randomly divided into the model group, model + Jingqianshu
granules group (model + JQS) and model + fluoxetine group
(model + FLT), while the bottom 10% of rats were assigned to
the control group. Each group contains 10 rats. In Part 2 of the
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experiment (Figure 2), the former 20% of the rats were randomly
divided into model and model + orexin-A groups, while the last 10%
of the rats were the control group, each group contains 10 rats.

Drug treatment

From day 9 to day 16, rats in the model + JQS group were given
Jingqianshu granules (10 g/kg) (Zhang andMa, 2010) and rats in the

model + FLT group were given fluoxetine (5 mg/kg) (Gómez et al.,
2014). Jingqianshu granules (batch number: 20220501, Shanhaiguan
Pharmaceutical Co., LTD, Qinhuangdao, Hebei) and fluoxetine
dispersible tablets (batch number:220113, Shandong Linuo
Pharmaceutical Company, Jinan, Shandong) were dissolved in
distilled water and administered intragastrically (2 mL) at 08:
00 daily. Rats in the control and model groups received the same
volume of distilled water. After drug treatment, FST was performed
on day 17 (D1) and day 19 (P/E), respectively.

FIGURE 1
The first part of the animal experimental protocol of this study. D1, Diestrus 1 phase; D2, Diestrus 2 phase; P/E, Proestrus/Estrus phase; M, Metestrus
phase; FST, Forced swimming test.

FIGURE 2
The second part of the animal experimental protocol of this study. D1, Diestrus 1 phase; D2, Diestrus 2 phase; P/E, Proestrus/Estrus phase; M,
Metestrus phase; FST, Forced swimming test.
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BLA brain area injection of orexin-A

The rat was anesthetized with 2% pentobarbital sodium, placed in
a prone position, the head was fixed on a brain stereotaxic apparatus,
the top of the head was shaved, sterilized with alcohol, and a
0.5–1.0 cm incision was made in the center of the head to expose
to the skull, and the BLA position was determined according to the rat
stereotaxic atlas: AP2.8 mm, RL5. 0 mm, H8.6 mm, and labeled. A
dental drill is used to drill through the marker point to the duramater,
the duramater is punctured with a needle, and the catheter with inner
core is punctured to a depth of 4.5 mm. The puncture cannula was
fixed to the skull with self-coagulating toothrest powder, and the
incision was sutured. After the surgery, penicillin was given
intramuscularly (100,000 units/kg once daily) for 3 days to prevent
intracranial infection. Recovery 7 days after surgery, the blood-brain
barrier was restored, and the model + orexin-A group was given
orexin-A (Glpbio, Shanghai, China) in the BLA brain region for four
consecutive days at a dose (Han et al., 2022) of 5 nmoL/5 μL
(dissolved in saline); the control group was given saline 5 μL. In
the awake state of the animal, the inner core of the catheter was pulled
out, and the inner needle was inserted into the destination site with a
micro pump to inject drug or solvent (1 μL/min), and the inner core
was inserted again to close the tube.

Open field test

The open field test was performed after drug treatment (on days
21 and 23 of the experiment). In a quiet environment, a faint red light
(<12lux) was turned on and the rats were placed at the center of a black
open field box (100 cm × 100 cm) with their backs turned to the
researcher and allowed to move freely. The area of the open field box
was divided into nine grids, with the central area occupying 1/9 of the
entire open field and the rest being the peripheral area. SuperMaze+
high-throughput animal behavior analysis software was used to record
and track the total distance traveled by the rats, average roaming speed,
and time to enter the central area over 5 min.

Elevated plus maze test

On days 21 and 23 of the experiment, 2 open arms (10 cm × 50 cm)
and 2 closed arms (10 cm × 50 cm) were used. The apparatus was
elevated 76 cm above the ground and the rats were placed on the central
platform with their heads facing the outstretched arms. The behavior of
the rats was recorded for 5 min using the SuperMaze+ high-throughput
tracking system. The number of open arm entries (OE), number of closed
arm entries (CE), time to enter the open arm (OT), and time to enter the
closed arm (CT) of the rats were analyzed. Based on these results, OT%
and OE% were calculated according to the following equations: OT% =
OT/ (OT + CT) × 100%; OE% = OE/ (OE + CE) × 100%.

Sample collection

At the end of the behavioral experiment, the rats were anesthetized
with 2% sodium pentobarbital (200 mg/kg), and BLA tissue was
removed, dispensed into cryopreservation tubes, sealed with

parafilm, and stored at −80°C until processed. The entire brains of
the remaining rats in each group were fixed in 4% paraformaldehyde
(PFA) solution and prepared for tissue sectioning.

Immunofluorescence staining

Paraffin sections were obtained from the brain tissue of each rat. The
sections were stained with anti-orexin-A, anti-OX1R, and anti-OX2R,
respectively. The process involved in immunofluorescence staining is
briefly described as follows: first, the paraffin sections were dewaxed and
rehydrated, then the antigens were extracted, circulated, and blocked
with endogenous peroxidase, and then blocked with serum. The slides
with the first primary antibody (appropriately diluted with PBS) were
incubated overnight at 4°C and placed in a wet box containing a small
amount of water. Then, the samples were washed with PBS for 3 min ×
5 min and incubated with the corresponding secondary antibodies. Self-
fluorescent bursting agents were added and the nuclei were inhibited
with DAPI (G1012; Servicebio; Wuhan, China) and covered with anti-
fading fluorescent fixation medium (G1401; Servicebio; Wuhan, China).
Finally, the sections were observed with a fluorescence microscope
(Nikon Eclipse C1, NIKON, Japan) and with ImageJ software to
analyze the mean fluorescence intensity.

Reverse transcription PCR and quantitative
real-time PCR

Total RNA was isolated using the RNA Rapid Extraction Kit
(Servicebio, G3013) and reverse transcribed into cDNA using the
Revert Aid First Strand cDNA Synthesis Kit (Servicebio, G3330) and
was then amplified using PCR with specific primers (Supplementary
Table S1). The reaction products were separated using
electrophoresis and images were captured using a gel image
analysis system (Bio-Rad, United States). The intensity of the
bands was analyzed using Image Pro Plus 6.0 software and the
values were normalized to that of GAPDH. Quantitative real-time
PCR was performed using a Bio-Rad IQ5 real-time PCR system (Bio
Rad, United States), while relative fold changes in mRNA expression
were determined using the 2-(ΔΔCt) method. GAPDH was used as
the loading control.

Western blot

The rat tissue blocks were washed 2-3 times with pre-cooled PBS to
remove blood stains, cut into small pieces, and placed in homogenization
tubes, two 4 mm homogenization beads were added, 10 times the
volume of tissue lysate was added, and the homogenization program
was set to homogenize. After completion, the homogenization tube was
removed and placed on ice in lysis solution for 30 min, shaking every
5 min to ensure complete lysis of the tissue. Then centrifuge at
12000 rpm, 4°C, for 10 min and collect the supernatant, which is the
total protein solution. Total protein concentrations were determined
using a BCA kit (G2026; Servicebio; Wuhan, China) according to the
manufacturer’s instructions. Proteins were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (G2003-50T;
Servicebio; Wuhan, China), transferred to polyvinylidene difluoride
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(PVDF) membranes, blocked with 5% bovine serum albumin (BSA) for
1 h, and incubated with primary antibody at 4°C overnight. The primary
antibodies used were as follows: ACTIN (GB15003; Servicebio; Wuhan,
China); TNF-a (CST; Servicebio; Wuhan, China); TLR-4 (GB11519;
Servicebio; Wuhan, China); NF-κB p65 (GB12142; Servicebio; Wuhan,
China); IL-6 (GB11117; Servicebio; Wuhan, China); IL-1β(GB11113;
Servicebio;Wuhan, China); The secondary antibody usedwasHRP-goat
anti-rabbit (GB23303; 1:5000; Servicebio; Wuhan, China). Finally, the
strips are displayed by chemiluminescence and the optical density values
of the target strips are analyzed by the Image software processing system.

Statistical analysis

The above experimental data were analyzed and plotted using
GraphPad Prism 8 software. Behavioral data using a two-way
ANOVA followed by a post hoc Sidak multiple comparison test.
For neurochemical data, used one-way ANOVA and post hoc
Tukey’s multiple comparison test. The results are expressed as
mean ± standard error (mean ± SEM) with p < 0.05 indicating a
statistical difference between the groups.

Results

Quality control of the Jingqianshu granules

The quality control of the Jingqianshu granules was investigated
using UHPLC-PDA. The UHPLC-PDA chromatogram of

Jingqianshu is shown in Figure 3. Five components were
identified: (1) paeoniflorin, (2) ferulic acid, (3) liquiritin, (4)
hesperidin, and (5) paeonol.

FST results after model building
and screening

After dividing the experimental rats into control and model
groups, the results of FST in the diestrus 1 (D1) phase (non-
receiving phase [N]) and the proestrus/estrus (P/E) phase
(receiving phase [R]) were analyzed. Analysis results showed that
group factors had a significant effect on immobility duration (F(1,
6) = 70.49, p = 0.0002) and immobility latency (F(1, 6) = 6.330, p =
0.0455). During the N phase test, the rats in the model group were
immobile for a longer duration (p < 0.0001) and had a shorter
immobility latency (p < 0.05) compared with the control group
(Figure 4B). However, there was no difference between the two
groups in the R phase (Figure 4C).

Jingqianshu granules improved
premenstrual behavior in rats

Compared with the control group, the model group showed a
significant decrease in body weight at day 21 (p = 0.0005),
Jingqianshu granules (p = 0.0216) and fluoxetine (p = 0.038)
reversed this phenomenon (Figure 4A). FST results are shown in
Figures 4D, E, the group factor had an obvious effect on the

FIGURE 3
High Performance Liquid Chromatography (HPLC) analysis of ingredients from the Jingqianshu sample.
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immobility duration in the non-receptive phase (F(3, 12) = 54.85,
p < 0.0001), the model group had a longer immobility duration
(p < 0.0001) compared to the control group, which was alleviated

by Jingqianshu granules (p < 0.0001) and fluoxetine (p < 0.0001)
interventions. Also, the same effect of group factor was observed
for the immobility latency (F(3, 12) = 14.70, p = 0.0003), with the

FIGURE 4
Weight and behavior tests. (A) Body Weight. (B) Immobility duration. (C) Immobility latency; (D) Immobility duration. (E) Immobility latency. (F) Total
distance. (G) Average speed. (H)OT%. (I)OE%. N, the test in the non-receptive phase; R, the test in the receptive phase. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 compared to the control group.#p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared to the model group; two-way ANOVA
followed by post-hoc Sidak’s multiple comparisons test.
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model group showing a shorter latency (p < 0.0001) than the
control group. Jingqianshu granules (p < 0.0001) and fluoxetine
(p < 0.0001) reversed the shortening of immobility latency caused
by FST. During the receptive phase, there was no difference

between the four groups based on immobility duration and
immobility latency.

The results of OFT are shown in Figures 4F, G, the group
factor had a significant effect on total distance (F(3, 12) = 7.393, p =

FIGURE 5
Immunofluorescence and RT-qPCR. (A)Measurement of immunoreactivity of orexin-A OX1R, and OX2R by immunofluorescence. (B) Detection of
mRNA expression levels corresponding to orexin-A, OX1R, and OX2R proteins by RT-qPCR. (C) Brain regions examined. BLA, basolateral amygdala. *p <
0.05,**p < 0.01 compared to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the model group via one-way ANOVA.
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0.0046), and average speed (F(3, 12) = 10.87, p = 0.0010). During
the non-receiving phase, the model group showed a significantly
shorter total distance (p = 0.0013) and decreased average speed
(p = 0.0003) compared to the control group, and these changes
returned to the control level after treatment with Jingqianshu
granules (p = 0.0231, 0.0021, respectively) and fluoxetine (p =
0.0011, 0.0027, respectively). During the receptive phase, there
were no differences in total distance and average speed among the
four groups. In addition, the EPMT results are shown in Figures
4H, I. The group factor affected the OT% (F(3, 12) = 7.003, p =
0.0056) and OE% (F(3, 12) = 4.515, p = 0.0243) in the non-
receptive phase, the OT% (p = 0.0019) and OE% (p = 0.0064)
were lower in the model group than in the control
group. Interestingly, both Jingqianshu granules and fluoxetine
increased OT% (p = 0.0004, 0.0002, respectively) and OE% (p =
0.0016, 0.0012, respectively). There was no difference in OT%
and OE% between the four groups during the receiving phase.
The behavioral results suggest that a successful and reliable
model of premenstrual depression was established using FST
and that Jingqianshu granules have similar effects to fluoxetine in
the treatment of premenstrual depression.

Jingqianshu granules altered the expression
of the orexin system

Based on the immunofluorescence results (Figure 5A), the levels of
orexin-A (F(3, 12) = 15.76, p = 0.0002; control vs. model p = 0.0014),
OX1R (F(3,12) = 11.47, p = 0.0008; control vs. model p = 0.0085), and
OX2R (F(3,12) = 8.642, p = 0.0025; control vs. model p = 0.0054) were
decreased in the model group compared with the control group, while
the opposite was true for the rats treated with Jingqianshu granules (p =
0.0004, 0.0007, and 0.0105, respectively) and fluoxetine (p = 0.0004,
0.0039, and 0.0048, respectively). In addition, the mRNA levels of
orexin-A (F(3,12) = 12.92, p= 0.0120; control vs. model p= 0.033), OX1R
(F(3,12) = 5.188, p = 0.0158; control vs. model p = 0.0349), and OX2R
(F(3,12) = 6.848, p = 0.0061; control vs. model p = 0.0468) were decreased
in the BLA brain region of the model rats (Figure 5C), compared with
the control group, while the mRNA levels of the related proteins were
increased after Jingqianshu granules (p = 0.0389, 0.0438, and 0.0122,
respectively) and fluoxetine (p = 0.0127, 0.0235, and 0.0081,
respectively) treatment (Figure 5B). These results indicate the
protective effect exerted by Jingqianshu granules on orexin neurons,
which may help to rescue premenstrually depressed rats.

FIGURE 6
Protein expression of inflammatory factors after treatment with Jingqianshu granules. (A)Western blot for inflammatory factors. (B) TLR-4. (C) NF-
κB p65. (D) TNF-α. (E) IL-6. (F) IL-1β. *p < 0.05,**p < 0.01 compared to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to themodel group
via one-way ANOVA.
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Jingqianshu granules regulate the
expression of inflammatory factors

The immune response of Jingqianshu granules on brain
regions of premenstrually depressed rats was examined by the
levels of TLR4 (F(3,8) = 23.24, p = 0.0003; control vs. model p =
0.0016), NF-κB (F(3,8) = 11, p = 0.0033; control vs. model p =
0.0089), TNF-α (F(3,8) = 12.96, p = 0.0019; control vs. model p =
0.0325), IL-6 (F(3,8) = 16.75, p = 0.0008; control vs. model p =
0.0175), and IL-1β (F(3,8) = 12.17, p = 0.0024; control vs. model
p = 0.0187) (Figure 6). As shown, inflammatory factor protein
levels were generally increased in the model rats compared to the
control group, and Jingqianshu granules (p = 0.0003, 0.0032,

0.0017, 0.0005, 0.0023, respectively) and fluoxetine (p = 0.0011,
0.0239, 0.0059, 0.0149, 0.0068, respectively) restore these to
control levels.

Orexin-A improved premenstrual behavior
in rats

The effect of orexin-A injection in the BLA brain region on
rat behavior is shown in Figure 7. The group factor had an
obvious effect on the immobility duration in the non-receptive
phase (F(2, 15) = 81.98, p < 0.0001), which was longer in the model
group than in the control group (p < 0.0001), which was

FIGURE 7
Behavior tests. (A) Immobility duration. (B) Immobility latency. (C) Immobility duration. (D) Immobility duration. (E) Total distance. (F)Average speed.
(G)OT%. (H)OE%. N, the test in the non-receptive phase; R, the test in the receptive phase. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared
to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared to the model group, two-way ANOVA followed by post-hoc Sidak’s
multiple comparisons test.
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alleviated by orexin-A (p < 0.0001) intervention. Meanwhile, the
same effect of group factor was observed for the immobility
latency (F(2, 9) = 5.457, p = 0.0280) with a lower value in the model
group (p = 0.0269) compared to that in the control group,
treatment with orexin-A (p = 0.0275) reversed this effect.
During the receptive phase, there was no difference between
the three groups according to the duration of immobility and the
latency of immobility. Similarly, the group factor had a
significant effect on total distance (F(2, 15) = 6.692, p = 0.0084)
and average speed (F(2, 15) = 5.537, p = 0.0158). During the non-
receptive phase, the total distance was significantly shorter (p =
0.0013) and the average speed decreased (p = 0.0061) in the
model group compared to the control group, and these changes
returned to control levels after orexin-A treatment (p = 0.0121,
0.0108, respectively). There was no difference in total distance or
average speed between the three groups during the receptive
phase. In addition, the group factor affected the OT% (F(2, 15) =
9.974, p = 0.0018) and OE% (F(2, 9) = 4.961, p = 0.0353) in the
non-receptive phase, EPM results showed that OT% (p = 0.0012)
and OE% (p = 0.0346) were lower in the model group than in the
control group. Interestingly, orexin-A increased OT% (p =
0.0006) and OE% (p = 0.0201). There was no difference in OT
% and OE% between the three groups during the receptive phase.
The above behavioral evidence suggests a positive role of orexin-
A in the treatment of premenstrual depressive disorders.

Orexin-A treatment attenuates microglia
activation

We used IBA-1 markers in immunofluorescence to assess the
microglia activation status in BLA brain regions of rats, the results
are shown in Figure 8. Compared with the control group, the model
group of rats showed increased IBA-1 immunoreactivity (F(2,6) =
14.29, p = 0.0052; control vs. model p = 0.0067). And orexin-A (p =
0.0115) treatment reduced the area of IBA-1staining, thus reducing
microglia activation.

Orexin-A reverses the increase in TLR-4
expression and activation of NF-κB signaling
in BLA brain regions

Toll-like receptors have a regulatory role in the type of acquired
immune response. Activation of most TLRs induces anti-microbial
defense systems that produce IL-1β, IL-6, and TNF pro-
inflammatory cytokines (Squillace and Salvemini, 2022). NF-κB is
a common regulator of cytokine production and can be activated by
TLR signaling and other pro-inflammatory stimuli. Therefore, we
investigated the expression of TLR4 and NF-κB as well as
downstream signaling. Analysis of western blot results showed
that TLR4 (F(2,6) = 27.16, p = 0.0010; control vs. model p =
0.0028), NF-κB (F(2,6) = 15.76, p = 0.0041; control vs. model p =
0.0355), TNF-α (F(2,6) = 17.50, p = 0.0031; control vs. model p =
0.0282), IL-6 (F(2,6) = 30.68, p = 0.0007; control vs. model p =
0.0041), and IL-1β (F(2,6) = 11.30, p = 0.0092; control vs. model p =
0.0141) protein levels were increased in model rats compared with
controls, and orexin-A (p = 0.0012, 0.0034, 0.0026, 0.0007, 0.0154,
respectively) intervention reduced the expression levels of these
factors (Figure 9).

Discussion

In this study, an FST-based model of premenstrual depression
was developed in which model rats exhibited a range of depressive-
like behaviors. During the non-receptive phase, with prolonged
immobility and shortened immobility latency in the FST,
similarly shorter total distance and lower average speed in the
OFT, and reduced time and number of entries into the open
arm, which disappeared during the receptive phase. In Part 1 of
the experiment, behavioral tests and the detection of orexin system
and inflammatory factors found that Jingqianshu granules reversed
behavioral symptoms and changes in the levels of orexin and
inflammatory signals TLR4, NF-κB, TNF-α, IL-6, and IL-1β. In
Part 2 of the experiment, through behavioral testing and detection of

FIGURE 8
Measurement of immunoreactivity of IBA-1, orexin-A inhibits microglia cell activation.
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microglia and inflammatory factor levels, orexin-A was found to
inhibit microglia activation and reverse changes in inflammatory
factor levels such as TLR4, NF-κB, TNF-α, IL-6, and IL-1β.

Orexin was first identified as a neuropeptide in the
hypothalamus, which is associated with feeding behavior (Tsujino
and Sakurai, 2009) and regulation of sleep arousal (Sakurai, 2007)
and acts through the hypothalamus projections into multiple brain
regions. The BLA receives direct fiber projections from the lateral
hypothalamic region and releases orexin, which regulates the activity
of excitatory, inhibitory neuronal loops in the BLA by activating
presynaptic OX1R (Tsunematsu and Yamanaka, 2012). It is
significant that during the experiment we found the expression of
orexin and its receptor in the rat BLA brain region. A recent
systematic review of studies conducted over the past 15 years
indicated that orexin was associated with depressive behavior,
and scientists have found that orexin levels varied along with
depression-like behavior (Khairuddin et al., 2020). In addition to
depression, orexin also has been associated with several other
disorders that coexist with depression, including narcolepsy,
addiction, and appetite disorders. Dysregulation of the orexin
system is an important mechanism involved in the onset of
depressive symptoms. Depressed patients with concomitant
suicidal tendencies had lower serum orexin-A, compared with

normal subjects (Brundin et al., 2007). It was found that serum
orexin-B levels were lower in depressed patients than in normal
controls and that the orexin-B levels and HAMD scores were
significantly negatively correlated. Similarly, orexin-B levels were
significantly higher at the end of 4 and 8 weeks of treatment, with
statistically significant differences (Salomon et al., 2003). The
relationship between neurotransmission of the orexin system and
depression has also been confirmed in a rat model of depression. The
abnormal changes of orexin-A/OX1R in the lateral hypothalamus of
chronic stress-induced depressed rats were found to be closely
associated with the pathogenesis of depression with somatic
symptoms (Hou et al., 2020). Based on the above reports and the
similarity between the microscopic mechanisms of PMDD and
MDD, we hypothesized that the pathogenesis of PMDD is related
to a malfunction of the orexin system. The experimental results
demonstrated reduced levels of orexin, OX1R, and OX2R genes and
proteins of rats in premenstrual depression model, which were
restored to the control levels after drug intervention. Thus,
orexin may be one of the targets for premenstrual
depression treatment.

It was found that mood-related behaviors may also depend on
the stage of the estrous cycle, and differences in the amygdala may be
one of the reasons for this (Blume et al., 2017). During the menstrual

FIGURE 9
Protein expression of inflammatory factors after treatment with orexin-A. (A) Western blot for inflammatory factors. (B) TLR-4. (C) NF-κB p65.
(D) TNF-α. (E) IL-6. (F) IL-1β. *p < 0.05,**p < 0.01 compared to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the model group via
one-way ANOVA.
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cycle, amygdala responses correlate with progesterone levels. And,
amygdala reactivity in PMDD patients may be more sensitive than
subjective scores. This parallels the increased reactivity of the
amygdala to emotional stimuli (Gingnell et al., 2014). The BLA is
a core brain region that integrates sensory information from cortical
and subcortical afferents into glutamatergic projection neurons
(PNs) and transmits them to downstream brain structures
responsible for the expression of emotions, such as depressive
behavior (Hakamata et al., 2022). Therefore, we investigated the
expression of orexin in the BLA brain region of premenstrually
depressed rats. The results reveal that the pathomechanism of
PMDD is related to the dysfunction of BLA.

Interestingly, we found that inflammatory factor expression was
elevated in premenstrually depressed rats and decreased after
treatment. Abnormalities in inflammatory cytokines have been
reported to be associated with the pathogenesis of PMDD, and the
interaction of orexin with inflammatory factors has been
demonstrated. In an investigation of the relationship between
changes in physical and psychological symptoms and
inflammatory markers in normal-weight and overweight women
during the menstrual cycle, Puder et al. found that changes in
TNF-α and hs-CRP serum concentrations were associated with
physical and psychological symptoms of the menstrual cycle
(Puder et al., 2006). In a study of the relationship between
inflammatory markers and the severity of menstrual symptoms
and PMS in young women, mean levels of IL-4, IL-10, IL-12, and
IFN-g were found to be significantly higher in women meeting PMS
criteria than in healthy women (Bertone-Johnson et al., 2014). In a
review of the epidemiology and treatment of PMDD, Hantsoo et al.
indicated that inflammatory factors may play a role in the pathology
of PMDD and that a study conducted in women with premenstrual
symptoms showed an increase in pro-inflammatory markers
compared to controls (Hantsoo and Epperson, 2015). There
appears to be sufficient preliminary evidence for a link between
neuroinflammation and the etiology of PMDD (Bannister, 2019;
Gold et al., 2016). Modi et al. using intranasal Orexin in a rat
model of cardiac arrest (CA) found that CA increased pro-
inflammatory markers in all brain regions and that ORXA
treatment significantly improved CA-induced neuroinflammatory
markers in the hypothalamus, increased the production of orexin
receptors (ORX1R and ORX2R), had anti-inflammatory effects and
accelerated cortical EEG and behavioral recovery (Modi et al., 2017).
In his experiments, Xu et al. found that orexin reduced the
inflammatory response in cerebral ischemia/reperfusion injury by
inhibiting the levels of IL-1β, TNF-α, and IL-6 inflammatory factors
(Xu et al., 2021). We wondered whether Jingqianshu granules might
regulate the coordinated action of orexin with inflammatory factors to
treat premenstrual depression. To confirm this conjecture, we used
orexin injections in the brain and found that orexin-A alleviated
depressive-like behavior and inhibited microglia activation and TLR
production, thereby inhibiting the activation of the NF-κB signaling
pathway and reducing the release of inflammatory factors.

However, our study has certain limitations. Firstly, Of the five
components identified in the Jingqianshu granules, paeoniflorin is
involved in upregulating monoaminergic neurotransmitter levels,
suppressing hypothalamic-pituitary-adrenal axis hyperfunction,
and having broad immune and anti-inflammatory effects (Zhang
and Wei, 2020); ferulic acid has anti-inflammatory and antioxidant

effects (Zduńska et al., 2018); liquiriti affects neuro-endocrine-
immune network regulation (Lan et al., 2020); hesperidin is
involved in hippocampal neurotrophic factor regulation and
inhibition of inflammatory response (Xie et al., 2020); paeonol
can inhibit the inflammatory response and is involved in
neurotransmitter regulation (Tao et al., 2016). All five chemical
components have been shown in separate studies to be effective in
alleviating depressive symptoms. However, little is known about the
effects of the orexin system. Jingqianshu granules can effectively
modulate the orexin system to alleviate premenstrual depression,
which may be related to the synergistic effects of their complex drug
components. The specific mechanism of chemical components and
their derivatives involved in orexin regulation remains to be
investigated. Secondly, Fluoxetine is used as a first-line drug for
PMDD treatment, and Jingqianshu granules show similar effects to
it. However, due to the limited experimental sample size and short
treatment time, there was no observed change of adverse side effects
after fluoxetine was given to rats. Therefore, long-term therapeutic
studies are necessary. Once again, it is difficult to fully reproduce the
symptoms of PMDD patients in an animal model. We followed
previous studies to establish an FST-based model of premenstrual
depression under the condition of ensuring a normal estrous cycle in
rats. However, due to the complex pathogenesis of PMDD and
possible differences in pathology, physiology, and drug resistance
between animal models and patients, more in-depth exploration
is needed.

In conclusion, our findings suggest that orexin system
dysfunction may be a potential pathological mechanism leading
to depression-related symptoms and that Jingqianshu granules may
achieve the treatment of premenstrual depression by modulating
orexin-A-mediated inflammatory factors, providing new insights for
further research into the pathogenesis of PMDD. Of course, the
present study is preliminary, and the pathogenesis of PMDD is
complex. So more in-depth exploration is needed, such as the
evaluation of the downstream molecular signaling pathways of
orexin or the metabolic mechanism of orexin in the brain. We
will explore this further in the future.
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Background: There have been numerous studies on NMDA receptors as
therapeutic targets for depression. However, so far, there has been no
comprehensive scientometric analysis of this field. Thus, we conducted a
scientometric analysis with the aim of better elucidating the research hotspots
and future trends in this field.

Methods: Publications on NMDAR in Depression between 2004 and 2023 were
retrieved from the Web of Science Core Collection (WoSCC) database. Then,
VOSviewer, CiteSpace, Scimago Graphica, and R-bibliometrix—were used for the
scientometric analysis and visualization.

Results: 5,092 qualified documents were identified to scientometric analysis. In
the past 20 years, there has been an upward trend in the number of annual
publications. The United States led the world in terms of international
collaborations, publications, and citations. 15 main clusters were identified
from the co-cited references analysis with notable modularity (Q-value =
0.7628) and silhouette scores (S-value = 0.9171). According to the keyword
and co-cited references analysis, treatment-resistant depression ketamine (an
NMDAR antagonist), oxidative stress, synaptic plasticity, neuroplasticity related
downstream factors like brain-derived neurotrophic factor were the research
hotspots in recent years.

Conclusion: As the first scientometric analysis of NMDAR in Depression, this
study shed light on the development, trends, and hotspots of research about
NMDAR in Depression worldwide. The application and potential mechanisms of
ketamine in the treatment of major depressive disorder (MDD) are still a hot
research topic at present. However, the side effects of NMDAR antagonist like
ketamine have prompted research on new rapid acting antidepressants.
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1 Introduction

Depression is a psychiatric disorder which affects emotions,
behavior, and general health. People suffering from depression may
also experience loss of appetite, insomnia, and difficulty in
concentrating (Malhi and Mann, 2018). Furthermore, people with
major depression are often accompanied by suicidal ideation.With a
global incidence of 4.4% (Marwaha et al., 2023), depression affects
over 300 million individuals worldwide and is a prevalent and
recurring (Friedrich, 2017). Depression has emerged as a major
global mental health concern and the primary cause of disability
connected to mental health globally (Herrman et al., 2019). A
significant fraction of people with depression do not react to
current treatments, in spite of the multiple antidepressants and
therapeutic strategies available. The current first-line
antidepressants, like SSRIs (selective serotonin reuptake
inhibitors) and serotonin-norepinephrine reuptake inhibitors
(SNRIs), require weeks, if not months, to generate a response.
The underlying mechanisms of these antidepressants are based
on the monoamine system. Nevertheless, long-term usage of
these medications has been linked to cardiotoxicity, trouble
sleeping, and sexual dysfunction as side effects (Rush et al.,
2006). Given this, it is now generally acknowledged that to
enhance patient prognosis, drug discovery needs to expand
outside the monoamine system. Particularly, the glutamate
system has become a dynamic research field (Murrough et al.,
2017; Marwaha et al., 2023).

Along with other ionotropic receptors (AMPA receptors and
kainate receptors) and G-protein coupled receptors, N-methyl-D-
aspartate receptors (NMDARs) are a class of cation-selective ligand-
gated ion channels that mediate glutamatergic synaptic transmission
all over the central nervous system (Traynelis et al., 2010; Hansen
et al., 2021). In general, NMDARs are heteromeric tetramers
containing two glycine-binding GluN1 subunits and two identical
glutamate-binding GluN2 subunits (GluN2A- GluN2D) (Hansen
et al., 2018). Nevertheless, NMDARs can also be composed of two
GluN1 and two glycine-binding GluN3A/GluN3B subunits (Paoletti
et al., 2013; Hansen et al., 2021). The molecular structure of each
GluN subunit is similar and consists of four semi-autonomous
domains: a transmembrane domain (TMD) which contains
4 transmembrane segments (M1-M4) and the M2 segment forms
a ion channel, the ligand binding domain (LBD or the agonist
binding domain, ABD), an intracellular carboxyl tail domain (CTD),
and the aminoterminal extracellular domain (NTD) (Hansen et al.,
2017; Lu et al., 2017). NMDARs are essential for neurodevelopment,
synaptic plasticity, sensory/motor integration, learning and memory
(Gécz, 2010; Paoletti et al., 2013; Burnashev and Szepetowski, 2015;
Hansen et al., 2021). Glutamate is the primary excitatory
neurotransmitter in the central nervous system, and NMDARs
are essential for synaptic plasticity. As a result, dysregulation in
NMDAR function is associated with a variety of neuropsychiatric
disorders, including schizophrenia, addiction, anxiety, and
depression (Murrough et al., 2017; Chen et al., 2018; Yang et al.,
2018; Daneshparvar et al., 2019; Uno and Coyle, 2019; Salimando
et al., 2020; Shin et al., 2020; Ma et al., 2023). Considering the
physiologic role and pathological impact in the CNS, NMDARs are
potential targets for developing therapeutic agents for
neuropsychiatric disorders.

It is commonly established that NMDAR and depression have
a strong connection (Petrie et al., 2000; Gerhard et al., 2016;
Amidfar et al., 2019). Patients with MDD have been shown to
have dysfunctional glutamatergic neurotransmission (Skolnick
et al., 2009; Musazzi et al., 2013; Kim and Na, 2016), and there
have been reports of NMDAR complex dysfunctions in the
frontal cortex of suicide victims, including decreased
glutamate recognition site and glycine-mediated allosteric
modulation of this site (Nowak et al., 1995; Karolewicz et al.,
2005). Moreover, long-term antidepressant drug therapy causes
adaptive modifications in the NMDA receptor’s binding
properties (Nowak et al., 1993; Paul et al., 1994).
Antidepressants may modify the subunit makeup of NMDARs
as well as the region-specific expression of NMDARs, according
to a few animal experiments (Nowak et al., 1993; Nowak et al.,
1996; Skolnick et al., 1996; Boyer et al., 1998; Feyissa et al., 2009).
Therefore, these adaptive changes in NMDAR may be the
ultimate common pathway in the mechanism of action of
antidepressants. In addition, numerous studies have revealed
that NMDAR antagonists have rapid and sustained
antidepressant effects (Berman et al., 2000; Zarate et al., 2006;
Krystal et al., 2019; Phillips et al., 2019). In summary, NMDAR is
an important future therapeutic target for depression, but our
understanding of the relationship between NMDAR and
depression remains vague.

Numerous reviews in recent years have offered explanations of
the role of NMDAR in depression (Amidfar et al., 2019; Hanson
et al., 2023; Zhou and Duan, 2023). It is important to use novel
methods to uncover underlying connections and trends given the
abundance of research in this field. Recently, a novel method known
as “research weaving” was presented (Nakagawa et al., 2019). It
combines bibliometrics with systematic mapping to facilitate the
synthesis of research on both influence and evidence. Systematic
mapping not only gives researchers an overview of the present state
of knowledge, but also highlights fields that require further
investigation and fields that are ready for a comprehensive
synthesis. Meanwhile, bibliometrics helps researchers understand
the relationships between scientific findings, illuminating the
structure and development of a topic. This combinatorial
approach called “scientometric analysis” provides researchers
with a comprehensive overview of a particular area.

Though systematic reviews and meta-analyses are available in
this field. Comprehensive, wide-scale analysis of trends and hotspots
on this field are scarce, Thus, the purpose of this study is to give a
comprehensive analysis of the publications on NMDAR’s role in
depression over the last 20 years, highlight emerging trends and
hotspots in the field, and serve as a guide for future research
directions.Article types.

2 Materials and methods

2.1 Data source and search strategy

In this study, we selected articles that were indexed in theWeb of
Science Core Collection (WoSCC) database, a sizable,
multidisciplinary, worldwide, comprehensive, and highly
influential academic database. Twenty thousand academic
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journals of the highest caliber and global influence, covering
250 subjects of study, are available on WoS. Our search formula
was as follows: (((TS=(antidepressant)) OR TS=(antidepressive))
OR TS=(depression)) AND (((TS=(N-methyl-D-aspartate
receptor)) OR TS=(NMDAR)) OR TS=(NMDA Receptor)), and
we restricted the document type to “article” or “review”. There were
no limitations on language. Publication date was from 2004/01/01 to
2023/11/12. All of the records and cited articles were exported as
plain text files. The flowchart in Figure 1 illustrates the process of
selecting publications.

2.2 Data extraction and analysis

To guarantee the validity of the findings, data extraction and
literature screening were carried out by two separate researchers
(Chen and Wang). From the obtained literature, we extracted and
analyzed several elements such as the number of annual
publications, countries or regions, institutions, authors, journals,
keywords, and co-cited references.

The number of co-occurrences, citations and co-citations were
the bibliometric metrics used in the analysis. The results of the

systematic mapping included co-citation clusters, occurrence
networks, citation networks, and co-citation networks.

CiteSpace was used to calculate metrics of significance,
including betweenness centrality, silhouette score, modularity,
citation bursts.

Betweenness centrality is a measure that describes the
significance of a node in terms of the count of shortest paths
through the node (Hansen et al., 2020). The higher the
betweenness centrality of a node, the more important it is in the
network. Nodes with betweenness centrality values ≥0.1 are defined
as turning points and are highlighted with purple circles.

Modularity value (Q-value) is a metric of the strength of
classifying networks into clusters or modules through data
clustering approaches. Networks with high modularity include
stronger connections among nodes inside the same cluster (Sabe
et al., 2023). Weighted mean silhouette value (S-value) is a metric for
assessing the effectiveness of the clustering algorithm, which
calculates how similar a sample is to its own cluster in relation
to other clusters. The Q-value >0.3 indicates a distinct significant
clustering structure. The S-value is greater than 0.7 means the
homogeneity between members within the cluster is good (Tao
et al., 2022).

FIGURE 1
Flow chart of scientometric analysis.
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Utilizing the likelihood ratio method, cluster labels
were extracted from the lists of co-cited references inside
each cluster.

The R-Bibliometrix package tool was used to retrieve data about
authors, nations/institutions, and journals. Author/country co-
authorship network analysis and co-occurring keyword analysis
were finished using VOSviewer (1.6.17). Collaboration network
between institutions and co-cited reference analysis were
preformed using Citespace (5.7.R5).

3 Results

3.1 Annual publications and trends

Through a search of WOSCC, 5,092 documents in total with the
retrieval standards described above were included in this study,
consisting of 4,148 articles (81.46%) and 944 reviews (18.53%).
According to Figure 2, the number of annual publications in this
area fluctuated since 2004, but overall it showed a increase trend.
From 2004 to 2010, the number of publications fluctuated slowly,
with an annual publication volume of less than 300. The volume of
annual publications grew quickly between 2011 and 2017,
surpassing 300 for the first time in 2015. Starting from 2018, the
annual publication volume slightly decreased and maintained
around 300 after reaching a peak of 357 articles in 2021. As of
November 2023, the number of annual publications has slightly
decreased compared to the previous year. Research on the role of
NMDAR in depression has been growing and stabilizing after
decades of investigation. This is indicative of the scientific
community’s growing interest in this area.

3.2 Contributions of Countries or regions

Since 2004, publications in this field had been published in a
total of 72 countries (Figure 3A). Among them, there were
42 countries with a cumulative publication volume of over
8 articles. Table 1 displays the total number of publications (NP),
total citations (TC), average citations (Avg.C), and H-index for the
top ten countries producing the most work in the field of “NMDAR
in Depression”. Among them, USA had the highest NP (1,590/
31.2%), TC (124,277), Avg.C (78.20), and H-index (256), far
surpassing other countries, followed by China (631/12.4%) and
Germany (289/5.7%). China ranked second in terms of
publication volume but had the lowest Avg.C (22.7), indicating
that China needs to improve the impact of its research globally.
There was a highly notable top effect and a highly unequal
distribution of publications in this field among the nations. In
this area, the United States leads research and collaborates closely
with countries like China and the United Kingdom, (Figures 3B,D).
Even though Switzerland, Denmark, and Sweden produced
relatively little research, their lines’ strength and color showed
that they had close ties to other countries and had a significant
influence on the research of other countries. The growing interest
and focus of nations on “NMDAR in Depression” is depicted
in Figure 3C.

3.3 Contributions of Institutions

Publications on NMDAR in Depression were produced by more
than 3,500 institutions. Using Citespace, co-authorship analysis of
institutions was performed with a threshold of 30 documents, and

FIGURE 2
Trend of “NMADR in depression” publications from 2004 to 2023.
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48 institutions were included in the analysis. According to Figure 4B,
Polish Academy of Sciences (138) were notable leaders in the
number of documents, followed by Yale University (112) and
National Institute of Mental Health (90). National Institute of
Mental Health, Yale University, and University of British
Columbia, however, accounted for the top 3 with the most
average citations and Polish Academy of Sciences Poland had the

lowest average citations among the top ten institutions. As seen in
Figure 4A, the centrality of Yale University, University of Toronto,
and Karolinska Institute >0.1, indicating that these institutions
maintain close connections with other organizations. It is worth
noting that half of the universities or research institutes in the top
10 productivity rankings are in the United States or Poland. These
outcomes demonstrate that they are at the forefront of the global.

3.4 Contributions of authors

A totally 20,607 authors had contributed to the research on
“NMDAR in Depression”. Zarate CA, Nowak G, and Rodrigues ALS
were the three most productive authors in this field (Figure 5A;
Table 2). Zarate CA, Duman RS and Hashimoto K, however, were
more influential based on the H-index. Interestingly, Collingridge
GL only published 34 publications, yet his average citations of
140 indicates that he had a significant impact in this field.
Authors with more than six publications were included in the
co-authorship network analysis. The authors were grouped into
17 clusters, as seen in Figure 5A. The largest cluster of co-authors
was the red one, with 35 authors. Figure 5B demonstrates that Todd
D. Gould, Panos Zanos and Kenji Hashimoto were emerging
authors in the studies published in recent years, whereas the
authors Andrzej Pilc, Ewa Poleszak and Gabriel Nowak were
associated with the studies published in the earlier years.

FIGURE 3
Contributions of Countries or Regions (A)Global distribution of publications. (B) Intensity of cooperation between countries. (C)Cumulative number
of publications in the top 10 countries. (D) Country cooperation network. The size of the nodes represents the number of publications, and the thickness
of the lines represents the frequency of cooperation between countries.

TABLE 1 The top 10 productive countries/regions.

Rank Country NP TC Avg.C H-index

1 United States 1,590 124,277 78.20 256

2 China 631 14,346 22.70 89

3 Germany 289 12,128 42.00 96

4 Japan 263 9,907 37.70 84

5 Canada 238 10,558 44.40 93

6 United Kingdom 238 15,776 66.30 102

7 Poland 210 5,077 24.20 67

8 Italy 178 6,783 38.10 78

9 France 170 7,977 46.90 83

10 Brazil 160 5,533 34.60 66
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3.5 Analysis of journals

Publications pertaining to “NMDAR in Depression” have
been found in 768 journals overall. According to the H-index
ranking, Table 3 displays the top ten influential Journals. With
288 articles published, Journal of Neuroscience has the most
publications, followed by Neuropharmacology (198) and
Neuroscience (135). Almost a quarter of the articles came from
the top ten journals. The impact factor of the top 10 journals in
2022 ranged from 2.5 to 16.2. Based on 2023 JCR journal ranking,
the majority of the top 10 influential journals were identified as
Q1. Among them, Neuron has the highest impact factor and
average number of citations. Yet, Journal of Neuroscience is
another journal that has significantly influenced this field’s
progress in terms of the H index.

3.6 Analysis of keywords

As the core for a paper, keywords may indicate research
trends and hotspots within a topic when they are analyzed for
co-occurrence. Among all the keywords retrieved from the
articles, 321 were discovered to have more than
30 occurrences. As is shown Figure 6A, each keyword
represents a node, and the larger the node, the more times
the keyword appears, and the more it can represent the
hotspots in this field. Besides, the same-colored nodes in
Figure 6A indicate that these keywords belong to the same
cluster, and there were five clusters altogether. “synaptic
plasticity,” “glutamate receptors,” and “long term depression,”
make the majority of the red cluster. The green cluster is
primarily concerned with the classification and treatment of

FIGURE 4
Contributions of Institutions (A) Total number of publications and average number of citations for the top 10 institutions in terms of publications. (B)
Cooperation network of institutions. The size of the nodes represents the number of publications, and the thickness of the lines represents the frequency
of cooperation between institutions. Nodes with centrality values ≥0.1 are defined as turning points and are highlighted with purple circles.
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depression. The purple cluster is mainly associated with the
mechanisms of antidepressants. And the blue one is associated
with animal experiment and NMDAR. Additionally, the overlay
visualization map displayed the average year of publication for
each keyword that appeared in these articles, and it revealed that
keywords of “NMDAR in Depression” were gradually shifting
from the structure and function of NMDAR to NMDAR
antagonists and antidepressants. (Figure 6B).

Burst keyword is the occurrence of a term appearing
frequently during a specific period of time. Thus, not only can
we identify how research hotspots have changed over time, but
we can also examine current research trends and offer
recommendations for further research. CiteSpace software was
utilized to analysis the top 25 keywords with the strongest
citation bursts. As shown in Figure 6C, we can see that early
research hotspots were mostly found in synaptic transmission,
long-term potentiation induction, and synaptic plasticity.
However, “Anxiety”, “NMDA receptor blockade”,

“Antidepressant”, “Oxidative stress”, “Treatment resistant
depression”, “Ketamine” and “BDNF” have been the keywords
with the strongest citation bursts in recent years. Based on the
results mentioned above, it is reasonable to assume that research
hotspots and future trends in this field will be strongly associated
with the treatment of MDD and TRD. In addition, mechanisms
and targets of NMDAR antagonists are a focus of current and
future research.

3.7 Analysis of Co-cited references

When two or more publications are cited simultaneously by one
or more subsequent papers, this is referred to as a co citation
relationship. The top 10 co-cited papers in “NMDAR in
Depression” are displayed in Table 4. The most co-cited
publication was authored by Berman RM on Biological
Psychiatry in 2000, who initially discovered that ketamine (an
NMDAR antagonist) showed a rapid antidepressant effect
(Berman et al., 2000). Then, Zarate CA et al. authored the
publication with the second most co-citations, and they
conducted another trial on patients with TRD. As a result, they
found the robust and rapid antidepressant effects of NMDAR
antagonist (Zarate et al., 2006). Furthermore, it is worth
mentioning that Zarate CA’s subsequent research published in
Science in 2010 discovered that mTOR-dependent synapse
formation contributes to the quick antidepressant effects of
NMDA antagonists (Li et al., 2010).

As is shown in Figure 7A, we created a co-cited reference
network utilizing the CiteSpace software, then clustered them and
showed cluster label by log-likelihood ratio (Figure 7B). 15 highly
credible main clusters were identified with notable modularity
(Q-value = 0.7628) and silhouette scores (S-value = 0.9171).
Cluster#0 (“suicidal ideation”) is the largest cluster that has
“bipolar depression”, “antidepressant efficacy”, “randomized
controlled trial”, “treatment-resistant major depression”, and
“neurocognitive effect” as the top keywords. Cluster#1 (“ketamine
metabolite”) was the second largest and had “prototype

FIGURE 5
Authors co-authorship network maps by VOSviewer (A) Authors co-authorship network maps. (B) Overlay visualization of authors co-authorship
network. The size of the nodes represents the number of publications, and the thickness of the lines represents the frequency of cooperation between
authors. The nodes color indicates average publication year.

TABLE 2 The top 10 productive authors.

Rank Author NP TC Avg.C H-index Start

1 Zarate CA 69 11,412 165.39 45 2006

2 Nowak G 60 2,560 42.67 33 2004

3 Rodrigues
ALS

48 1925 40.10 28 2004

4 Duman RS 47 11,535 245.43 40 2008

5 Hashimoto K 47 3,548 75.49 33 2009

6 Poleszak E 39 1,443 37 24 2004

7 Szewczyk B 38 1,666 43.84 24 2004

8 Pilc A 37 2012 54.38 28 2004

9 WangY 36 941 26.14 16 2004

10 Collingridge
GL

34 4,844 142.47 27 2004
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antidepressant”, “potential mechanism”, “gamma power”, “long-
term depression”, and “crossover trial” as the keywords. These
findings suggest that the current focus is on Ketamine and its
metabolites, potential mechanism, treatment-resistant major
depression, synaptogenesis, and NMDA receptor antagonists.
At last, we screened out the top 25 references with the strongest
citation bursts (Figure 6C), indicating that these papers have
been frequently cited in a short period of time. It is obvious that
“Zanos P, 2016, NATURE, V533, P481” (Zanos et al., 2016) had the
highest citation burst strength of 94.81. Furthermore, from 2018 to
2023, “Zanos P, 2018, MOL PSYCHIATR, V23, P801” (Zanos and
Gould, 2018) and “Zanos P, 2018, PHARMACOL REV, V70, P621”
(Zanos et al., 2018) had the highest citation burst strengths,
suggesting that Zanos P has been actively conducting research in
this area lately and giving us clues about potential hotspots for future
study in this area.

4 Discussion

4.1 Main findings

In this study, a scientometric analysis was conducted to better
elucidate current research trends regarding the role of NMDA
receptor in the treatment of depression. Scientometric analyses,
in contrast to systematic reviews, are able to forecast future
directions of study in a specific field by effectively synthesizing
findings that have been published so far. Annual publications can
provide a general overview of the development process of NMDAR
in the treatment of depression. We observed a steady increase in the
number of annual publications in this field. This suggests that
depression is still a field of great interest, and that NMDAR is an
important therapeutic target for depression. Therefore, future
research may continue to emphasize NMDAR in the treatment
of depression.

Countries, institutions, and authors’ levels of scientific research
are judged in large part by the number and quality of publications
they produce in a particular field. Among countries, USA had the
highest number of publications, total citations, average citations, and

H-index, far surpassing other countries. This phenomenon
demonstrates that the United States has made the greatest
contribution and is in a leadership position in this field. Even
though Switzerland, Denmark, and Sweden produced relatively
little research, they had close ties to other countries and had a
significant influence on the research of other countries. Research of
NMDAR in the treatment of depression has received extensive
attention worldwide, and there is a need to further strengthen
international cooperation in the future. Polish Academy of
Sciences were notable leaders in the number of documents.
However, out of the top ten institutions, the Yale University has
the highest average citations, indicating that it is the most influential
institution across the world.

Zarate CA and Nowak G were the two most productive authors
in this field. Zarate CA and Duman RS, however, were more
influential based on H-index and citations. In addition, Berman
has also made significant contributions to the field. His most
frequently cited publication was published in 2000 under the
title “Antidepressant effects of ketamine in depressed patients”
(Berman et al., 2000). This clinical trial is the first to report the
rapid antidepressant effect of ketamine. After that, Zarate CA
carried out a double-blind randomized controlled trial, and the
results showed that ketamine was effective in treating patients with
resistant major depression who had not responded to at least two
traditional antidepressant treatments (Zarate et al., 2006). Duman
RS has led or participated in numerous studies on NMDAR. One of
Duman’s highly cited papers was published in Science in 2010 (Li
et al., 2010). In this study, they found that ketamine rapidly
activated the mammalian target of rapamycin (mTOR)
signaling, increasing the number and functionality of new spine
synapses in rats as well as synaptic signaling proteins in the
prefrontal cortex. The rapid antidepressant action of ketamine
may be facilitated by these effects.

As for journals, Journal of Neuroscience is a prestigious journal
with the largest number of articles published in the field. Authors
may consider this journal for their manuscripts. Among the top
10 journals, the majority of them were identified as Q1.
Consequently, research quality and article quality are very high
in this field of study. Furthermore, scholarly journals possessing

TABLE 3 The top 10 influential journals in terms of h-index.

Rank Journal NP TC Avg.C IF/JCR (2022) H-index

1 Journal of Neuroscience 288 21,711 75.39 5.3 Q1 88

2 Neuron 69 13,002 188.43 16.2 Q1 57

3 Proceedings of the National Academy of Sciences of the United States of America 86 7,514 87.37 11.1 Q1 52

4 Neuropharmacology 198 9,146 46.19 4.7 Q2 46

5 Neuropsychopharmacology 102 8,384 82.20 7.6 Q1 46

6 Biological Psychiatry 60 7,478 124.63 10.6 Q1 42

7 Molecular Psychiatry 64 5,903 92.23 11.0 Q1 42

8 Journal of Neurophysiology 95 3,061 32.22 2.5 Q3 34

9 Journal of Physiology-London 65 2,812 43.26 5.5 Q1 34

10 Neuroscience 135 4,049 30.00 3.3 Q3 34
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elevated JCR rankings and impact factors can function as superior
references for our work.

Notably, as Figure 5A illustrates, a bibliometric analysis of
keywords revealed the existence of several publication clusters.
For instance, “synaptic plasticity”, “classification and treatment of
depression”, “mechanism of antidepressant”, and “animal
experiment”. In addition, the overlay visualization map revealed

that NMDAR antagonists and antidepressants are emerging
keywords in recent years (Figure 6B). Figure 6C illustrates that
the majority of early research hotspots were related to synaptic
plasticity and synaptic transmission. Nevertheless, the keywords
with the highest citation bursts in recent years have been “NMDA
receptor blockade”, “Antidepressant”, “Oxidative stress”,
“Treatment resistant depression”, “Ketamine”, “Pathophysiology”,

FIGURE 6
Analysis of keyword (A) Keywords co-occurrence networkmap. (B)Overlay visualization of keywords co-occurrence network. The size of the nodes
represents the number of keyword occurrences, and the nodes color indicates average publication year. (C) The top 25 keywords of “NMADR in
depression” with the highest citation bursts.
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and “BDNF”. In summary, these results raise significant concerns
about the correlation between NMDAR antagonists and depression.

4.2 NMDAR antagonists

NMDAR antagonists are gaining more and more interest as a
class of medications with potential treatment benefits for a wide
range of disorders. NMDAR antagonists influence glutamatergic
signaling by fully or partially blocking NMDAR. Four binding sites
were identified in the receptor: one on the N-terminal domain
(NTD), one on the glutamate or glycine binding sites, and one
on the ion channel pore (Monaghan et al., 2012). NMDARs’
complicated structure allows for various sites of inhibition, which
makes them potential targets for a variety of drugs. NMDAR
antagonists can be competitive or noncompetitive. There are two
types of uncompetitive NMDA receptor blockers: partially trapping
blockers and trapping blockers (Szewczyk et al., 2012). When taken
properly, NMDAR antagonists have a positive safety profile despite
long-standing concerns about their side effects. Additionally, they
are a promising family of medications that may produce effective
therapies for a variety of CNS illnesses due to their rapid-acting
mechanism of action, which produces rapid effects in comparison to
other therapeutic drugs. In the past two decades, research has mainly
focused on NMDAR antagonists for the treatment of depression.
Numerous clinical and preclinical research has demonstrated the
rapid antidepressant properties of NMDAR antagonists (Berman
et al., 2000; Zarate et al., 2006; Amidfar et al., 2018a; Amidfar et al.,
2018b; Fava et al., 2020; Dwyer et al., 2021; Tabuteau et al., 2022).

4.3 Ketamine

The first NMDAR antagonist to be utilized in clinical practice,
ketamine was demonstrated to have fast antidepressant effects in
MDD patients (Berman et al., 2000). The safety and effectiveness of
ketamine and esketamine for the treatment of major depressive
disorders have been confirmed by further research. Many
randomized controlled trials have demonstrated that intravenous
sub-anesthetic doses of ketamine (0.5 mg/kg over 40 min) produce
rapid and sustained antidepressant actions (Nikolin et al., 2023). In
addition, ketamine has demonstrated efficacy in treating TRD
(Phillips et al., 2019) and bipolar disorder (Diazgranados et al.,
2010). The S-enantiomer of ketamine, known as esketamine, has
been developed as an intranasal antidepressant. Randomized
placebo-controlled trials have shown that esketamine is safe and
effective in long-term use (Daly et al., 2018; Popova et al., 2019).
Furthermore, for MDD patients who are at immediate risk of
suicide, intranasal esketamine quickly reduces depressed
symptoms like suicidal thoughts (Canuso et al., 2018). Likewise,
ketamine was shown in numerous studies to rapidly ameliorate
suicidal ideation and the threat of suicide in TRD patients (Abbar
et al., 2022; Grunebaum et al., 2018; Ionescu et al., 2019; Ionescu
et al., 2016; Wilkinson et al., 2018). Despite the rapid and robust
antidepressant effects of ketamine and other NMDAR antagonists,
their abuse potential, dissociative side effects, and neurotoxicity limit
their use (Short et al., 2018). Furthermore, there is a higher chance of
severe psychosis and euphoria with repeated use (Machado-Vieira
et al., 2009). Further study on NMDAR antagonists, in particular
selective NMDAR subunit antagonists, is necessary since NMDAR

TABLE 4 The top 10 co-cited references.

Rank Title First
author

Year Journal (IF/JCR) Co-
citations

1 Antidepressant effects of ketamine in depressed patients Berman, RM 2000 BIOLOGICAL PSYCHIATRY (10.6/Q1) 830

2 A randomized trial of an N-methyl-D-aspartate antagonist in
treatment-resistant major depression

Zarate, CA 2006 ARCHIVES OF GENERAL PSYCHIATRY
(14.4/Q1)

791

3 mTOR-Dependent Synapse Formation Underlies the Rapid
Antidepressant Effects of NMDA Antagonists

Li, NX 2010 SCIENCE (56.9/Q1) 656

4 NMDA receptor blockade at rest triggers rapid behavioural
antidepressant responses

Autry, AE 2011 NATURE (64.8/Q1) 532

5 Cellular mechanisms underlying the antidepressant effects of
ketamine: Role of α-amino-3-hydroxy-5-methylisoxazole-4-

propionic acid receptors

Maeng, S 2008 BIOLOGICAL PSYCHIATRY (10.6/Q1) 428

6 LTP and LTD: An embarrassment of riches Malenka, RC 2004 NEURON (16.2/Q1) 360

7 A synaptic model of memory: long-term potentiation in the
hippocampus

Bliss, TV 1993 NATURE (64.8/Q1) 332

8 Glutamate N-methyl-D-aspartate Receptor Antagonists Rapidly
Reverse Behavioral and Synaptic Deficits Caused by Chronic

Stress Exposure

Li, NX 2011 BIOLOGICAL PSYCHIATRY (10.6/Q1) 327

9 NMDAR inhibition-independent antidepressant actions of
ketamine metabolites

Zanos, P 2016 NATURE (64.8/Q1) 323

10 Activation of glutamatergic neurotransmission by ketamine: a
novel step in the pathway from NMDA receptor blockade to
dopaminergic and cognitive disruptions associated with the

prefrontal cortex

Moghaddam, B 1997 JOURNAL OF NEUROSCIENCE (5.3/Q1) 313
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seem to be potential target for developing more effective and safer
therapeutic strategies.

4.4 Mechanisms of ketamine

Currently, ketamine is mainly used in research due to its adverse
reactions. However, by comprehending the molecular mechanisms
underlying its therapeutic effects, we may be able to identify new
targets for novel rapid-acting antidepressants. The mechanism of
action of NMDAR antagonists as rapid antidepressants mainly
includes synaptic plasticity and NMDAR blockade (blockade of
spontaneous NMDAR-mediated transmission, blockade of
NMDAR on GABAergic inhibitory interneurons, and blockade of
extra-synaptic NMDAR).

Duman et al. suggest that rapid alterations in synaptic
transmission and function are the molecular and cellular
mechanisms responsible for the rapid antidepressant effects of
ketamine and other NMDAR antagonists (Duman et al., 2016).
Synaptic plasticity signaling systems including BDNF signaling
(Lepack et al., 2015; Amidfar et al., 2018a; Zanos and Gould,
2018), mTOR signaling (Li et al., 2010; Workman et al., 2013),
eukaryotic elongation factor 2 kinase (eEF2K) (Autry et al., 2011)
and glycogen synthase kinase-3 (GSK-3) (Beurel et al., 2011; Liu
et al., 2013) are engaged in mediating the antidepressant effects of
NMDAR antagonists. In addition, Monteggia and colleagues
recently discovered that the antidepressant effects of ketamine
were significantly reliant on a novel type of rapid homeostatic
synaptic plasticity (Kavalali and Monteggia, 2020). Synapse-
specific changes in synaptic strength caused by Hebbian types of

FIGURE 7
Analysis of co-cited references by CiteSpace (A) Co-cited references network visualization (B) and its corresponding clusters. The calculated
clusters are displayed on this network. In this network, every node represents an individual publication, and the size of a node is directly correlated with
the number of co-citations of that publication. (C) The top 25 references of “NMADR in depression” with the highest citation bursts.
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plasticity follow the direction of the initial conditioned stimulus
(Kavalali and Monteggia, 2023). However, homeostatic plasticity
counteracts substantial increases or decreases in activity by
rebalancing synaptic strength with negative feedback. Due to the
possibility of little disruption to cognitive function, this
characteristic of homeostatic synaptic scaling makes it the
desirable kind of plasticity for mediating ketamine actions.

According to studies conducted in the Duman lab, ketamine acts
via blocking NMDARs on GABAergic interneurons (Gerhard et al.,
2020; Pothula et al., 2021). It is hypothesized that this brief decrease
in excitatory drive to these NMDARs expressed on inhibitory
GABAergic interneurons will lower GABA release tonic release
and disinhibit target excitatory neuron activity. The subsequent
rise in glutamatergic activity causes the function of the mammalian
target of rapamycin complex 1 (mTORC1) to be activated
downstream, increasing the development of dendritic spines and
synaptic protein synthesis, therefore producing the rapid and
sustained antidepressant actions (Li et al., 2010; Workman et al.,
2013; Moda-Sava et al., 2019). On the other hand, ketamine and
other NMDAR antagonists have been demonstrated to inhibit
NMDAR-mediated neurotransmission at rest. This results in a
de-suppression of protein synthesis, which in turn causes
synaptic potentiation in the hippocampal CA1 area and
behavioral effects (Autry et al., 2011; Nosyreva et al., 2013). It is
hypothesized that the antidepressant effects of ketamine are partly
intermediated by spontaneous NMDAR-mediated
neurotransmission, which increases synaptic neurotransmission
via a protein synthesis-dependent process including BDNF and
eEF2K. Another hypothesis proposes that ketamine selectively
inhibits extra-synaptic GluN2B-containing NMDARs, therefore
blocking ambient glutamate-driven tonic activation of these
receptors and further inducing excitation in pyramidal neurons
(Miller et al., 2014). Blockade of extra-synaptic NMDARs leads to
de-suppression of mTOR function, which in turn promotes protein
synthesis and antidepressant effects.

Monteggia lab explored the mechanism of ketamine’s sustained
antidepressant actions (Kim et al., 2021), and they found that the
translation-dependent effects of ketamine are essential for initiating
its sustained actions. Initial synaptic plasticity elicits transcriptional
modulation, which is required for the sustained effects.
Furthermore, the particular function of Methyl-CpG-binding
protein 2 (MeCP2) is necessary for the transcriptional
modulation of sustained ketamine actions. According to a recent
study by Hu and colleagues published on Science, ketamine can
block NMDARs in the lateral habenula (LHb) and reduce burst
firing for up to 24 h following a single systemic injection. The use-
dependent trapping of ketamine in NMDARs is necessary for the
long-term blockage of NMDARs, resulting in sustained
antidepressant effects.

Overall, three sequential processes are assumed to be responsible
for the rapid antidepressant effects of ketamine. First, blockade of
NMDAR expressed on inhibitory interneurons causes derepression
of presynaptic neurons, which in turn causes an influx of glutamate
into the synaptic gap. Then, there is an enhanced activation of
AMPAR together with extra-synaptic NMDAR blockade by
ketamine. eventually, these general changes in glutamatergic
transmission initiate signaling systems associated with
postsynaptic neuroplasticity (Driver et al., 2022). In addition,

activation of AMPAR may modulate signaling pathways involved
in synaptic plasticity, including promoting the release of BDNF and
triggering the activation of tropomyosin receptor kinase B (TrkB)
and mTORC1 (Yavi et al., 2022).

5 Strengths and limitations

Through the application of bibliometrics and systematic
mapping, a scientometrics approach is proposed.
Scientometric analyses provide a comprehensive overview of
the field of study which cannot be acquired from systematic
reviews or meta-analyses alone. The networks derived from this
kind of analysis visualize areas of research focus as well as
associations between authors, countries, and institutions.
Researchers can utilize this information in a variety of ways to
guide current and future research and clinical practice. However,
there were also some limitations to this paper. Firstly, we only
retrieved data from the WoSCC database, and publications not
included in the WoSCC database were omitted. Future studies
could expand the inclusion of literature, merge databases, and
conduct updated scientometric analysis to ensure completeness.
Second, because the co-citation analysis focuses only on the first
author, it may not fully capture the impact of all authors. Finally,
it is possible that most cutting-edge, novel studies, especially
from smaller institutions are disregarded. Regarding the
scientometric analysis, two possible sources of bias are
publication bias and bias against novelty. There is a bias
against innovation in research since novel publications may be
published in journals with lower impact factors, have larger
citation variance, and take longer to be recognized (Wang
et al., 2017). Publication bias occurs when authors, editors,
and reviewers choose to publish research with significant
results over those with non-significant ones for a variety
of reasons, including lack of interest or contradictory
results that do not fit into planned goals (DeVito and
Goldacre, 2019). As a result, potentially influential
publications may not have been included in our analysis due
to low citation counts.

6 Conclusion

As the first scientometric analysis of NMDAR in Depression,
this study sheds light on the development, trends, and hotspots of
research about NMDAR in Depression worldwide, which may be
useful to other researchers. The mechanisms of ketamine and other
NMDAR antagonist, synaptic plasticity and neuroplasticity related
downstream factors in antidepressant action of NMDAR
antagonists are hot research topics at present. The adverse effects
of NMDAR antagonist like ketamine and the risk of neurotoxicity
associated with long-term use have prompted research on new rapid
acting antidepressants.

Further study of the mechanism of action of NMDAR
antagonists will contribute to the development of novel rapid-
acting antidepressants especially for TRD patients. In addition,
large-scale clinical trials are necessary to assess the antidepressant
efficacy and safety of other oral NMDAR antagonists. NMDAR
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modulators, such as subunit-selective NMDAR antagonist, NMDAR
partial agonists, and positive allosteric modulators of NMDAR
require more attention because they may be future perspective
antidepressants. These studies will further advance our
understanding of depression and will contribute to the
development of safer and more effective rapid-acting
antidepressants.
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Treatment of vascular dementia  
in female rats with AV-001, an 
Angiopoietin-1 mimetic peptide, 
improves cognitive function
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Elizabeth Findeis 1, Alex Zacharek 1, Brianna Powell 1, 
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Background: Vascular dementia (VaD) is a complex neurodegenerative disorder. 
We previously found that treatment of VaD in middle-aged male rats subjected to 
multiple microinfarction (MMI) with AV-001, a Tie2 receptor agonist, significantly 
improves cognitive function. Age and sex affect the development and response 
of VaD to therapeutic intervention. Thus, the present study investigated the 
therapeutic effect of AV-001 on VaD in aged female rats subjected to MMI.

Methods: Female 18-month-old Wistar rats were subjected to MMI by injecting 
either 1,000 (low dose, LD-MMI) or 6,000 (high dose, HD-MMI) cholesterol 
crystals of size 70–100  μm into the right internal carotid artery. AV-001 (1  μg/
Kg, i.p.) was administered once daily after MMI for 1  month, with treatment 
initiated 1  day after MMI. A battery of behavioral tests to examine sensorimotor 
and cognitive functions was performed at 21–28  days after MMI. All rats were 
sacrificed at 1  month after MMI.

Results: Aged female rats subjected to LD-MMI exhibit severe neurological 
deficits, memory impairment, and significant white matter (WM) and 
oligodendrogenesis injury in the corpus callosum compared with control rats. 
HD-MMI in aged female rats induces significant anxiety- and depression-like 
behaviors, which were not detected in LD-MMI aged female rats. Also, HD-
MMI induces significantly increased WM injury compared to LD-MMI. AV-001 
treatment of LD-MMI and HD-MMI increases oligodendrogenesis, myelin 
and axon density in the corpus callosum and striatal WM bundles, promotes 
WM integrity and attenuates neurological and cognitive deficits. Additionally, 
both LD-MMI and HD-MMI rats exhibit a significant increase, while AV-001 
significantly decreases the levels of inflammatory factors in the cerebrospinal 
fluid (CSF).

Conclusion: MMI reduces oligodendrogenesis, and induces demyelination, 
axonal injury and WM injury, and causes memory impairment, while HD-MMI 
induces increased WM injury and further depression-like behaviors compared to 
LD-MMI rats. AV-001 has a therapeutic effect on aged female rats with MMI by 
reducing WM damage and improving neuro-cognitive outcomes.
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Introduction

Vascular dementia (VaD) is a complex neurodegenerative disease 
that affects cognition and memory. VaD is the second most frequent 
subtype of dementia after Alzheimer’s disease, accounting for about 
20% of dementia cases in North America (Wolters and Ikram, 2019). 
According to Alzheimer’s Disease International, there will be nearly 
82 million VaD patients in 2030 and more than 152 million in 2050 
(Patterson, 2018). VaD patients experience cognitive decline, 
including memory loss and difficulty with problem-solving, and 
decision-making (Gao et al., 2023). VaD patients are more likely to 
be unable to live independently and safely, which causes a huge socio-
economic burden. However, to-date there are no FDA-approved drugs 
for the treatment of VaD. Therefore, there is an urgent need to develop 
specific treatments for VaD.

Depression and anxiety are highly prevalent complications of 
cerebrovascular dementia (CVD) occurring in 25–80% of patients 
during their CVD course. Clinical studies have reported that dementia 
is correlated with depression in the post-stroke period (Aström et al., 
1993; Allan et al., 2013). Post-stroke depression is a risk factor for VaD 
and is more common in females than in males (Pendlebury and 
Rothwell, 2009). Despite the fact that males may experience their first 
stroke at a younger age, females have a greater lifetime stroke risk 
because of their longer life expectancy and the increased stroke risk 
with age (Reeves et al., 2008). Thus, investigation into the pathogenesis 
and therapeutic approaches for VaD in aged females is valuable.

Microinfarcts are a common clinical feature in the observed post-
mortem brains of 62% patients with vascular cognitive impairment and 
dementia (VCID) and 43% of patients with Alzheimer’s disease. 
Numerous autopsy studies have now shown that a greater microinfarct 
is correlated with increased likelihood of cognitive impairment (Shih 
et  al., 2018). We  and other laboratories have demonstrated that 
cholesterol crystal-induced MMI can induce reproducible multiple 
microinfarcts in deep cortex and subcortical tissues including corpus 
callosum and striatum. This model shows a correlation between 
induced microinfarcts and both behavioral deficits and histopathological 
changes，which mimic the observation in clinic (Shih et al., 2013). 
Therefore, this model was employed in the present study. We and other 
researchers have reported that multiple microinfarction (MMI) causes 
white matter (WM) injury in the corpus callosum and striatum and 
associated cognitive deficits (Chandran et al., 2020; Venkat et al., 2021; 
Gao et al., 2023). The corpus callosum consists of millions of WM fibers 
connecting the hemispheres of the brain, and it is an essential 
component in cerebral information transfer and integration (Wu and 
Baeken, 2023). The presence of corpus callosum damage is one of the 
most commonly replicated neurobiological findings in major depression 
(Zhao et al., 2021). The striatum consists of interconnected nuclei in the 
basal ganglia, which is involved in decision-making functions (Gabbay 
et al., 2013). Striatum-based circuits have been implicated in both major 

depressive disorder and anhedonia (Gabbay et al., 2013). Therefore, in 
the present study we tested the effects of both low dose (LD) and high 
dose (HD) MMI on the neurocognitive outcomes and WM injury in 
aged female rats.

AV-001, a direct analog of Vasculotide, is a synthetic Angiopoietin 
1 mimetic and a novel agonist that activates the Tie2 receptor, which 
is highly expressed on the surface of endothelial cells within the 
vasculature (Gutbier et  al., 2017; Dekker et  al., 2018). Previous 
preclinical studies have reported that Vasculotide promotes blood 
brain barrier (BBB) restoration in Alzheimer’s disease and VaD (Lynch 
et al., 2021; Gao et al., 2023). In our previous study, we tested different 
doses of AV-001 and determined that 1 μg/Kg is the optimal dose in 
MMI rats (Culmone et al., 2022). In our previous study, we found that 
Vasculotide treatment reduced neuroinflammation and BBB leakage 
after stroke in type 1 diabetes mellitus rats (Venkat et al., 2021). Also, 
we found that AV-001 treatment significantly enhances neuroplasticity 
and improves cognitive function in middle-aged male rats with VaD 
(Culmone et al., 2022). However, the therapeutic effects of AV-001 in 
aged female rats subjected to MMI are unknown. This study aims to 
investigate the neurocognitive outcomes and WM injuries in aged 
female rats subjected to LD- or HD-MMI as well as to evaluate the 
therapeutic effects of AV-001.

Methods

All research procedures were in compliance with the National 
Institutes of Health (NIH) Guide for the Care and Use of Laboratory 
Animals and were approved by the Institutional Animal Care and Use 
Committee (IACUC) of the Henry Ford Health System. This 
manuscript was prepared following the ARRIVE guidelines (Kilkenny 
et al., 2010).

Multiple microinfarction model

Female Wistar rats were obtained as retired breeders from Charles 
River Laboratories (Wilmington, MA), housed 2 per cage with access 
to food and water ad libitum, and aged to 18 months. MMI was 
induced by injecting either 1,000 (low dose, LD-MMI) or 6,000 (high 
dose, HD-MMI) cholesterol crystals sized between 70 and 100 μm 
(Sigma, Catalog no. 1131960) into the internal carotid artery (ICA). 
Cholesterol crystals were prepared following previously described 
methods (Rapp et al., 2008; Venkat et al., 2017; Wang et al., 2017; Yu 
et al., 2019; Chandran et al., 2020; Gao et al., 2023).

Briefly, freshly prepared cholesterol crystals were counted using a 
hemocytometer after being filtered through 100 μm and 70 μm cell 
strainers. A final concentration of 1,000 crystals/300 μL saline or 6,000 
crystals/300 μL saline was prepared and loaded into a syringe with a 
1 cc volume attached to a PE-50 tube with a tapered end. After 
anesthetizing the rats with 4% isoflurane, they were spontaneously 
respired with 2% isoflurane mixed with a 2:1 N2O: O2 through a nose 
cone. A modified FLUOTEC 3 Vaporizer (Fraser Harlake) was used 
to regulate anesthesia, and the animals’ temperature was maintained 
at 37°C with a heating pad throughout the surgical procedures. Rats 
were placed in a supine position, and a small central midline incision 
of about 1.5 cm was made on their neck. The carotid bifurcation was 
carefully exposed under a dissecting microscope, without damaging 

Abbreviations: BBB, Blood brain barrier; BS, Bielschowsky silver; CCA, Common 

carotid artery; CC, Corpus callosum; CECs, Cerebrovascular endothelial cells; 

CNS, Central nervous system; CSF, Cerebrospinal fluid; ECA, External carotid 

artery; H&E, Hematoxylin and eosin; HD-MMI, High dose MMI; ICA, Internal carotid 

artery; LD-MMI, Low dose MMI; LFB, Luxol fast blue; MMI, Multiple microinfarction; 

OPCs, Oligodendrocyte progenitor cells; PVS, Perivascular space; VaD, Vascular 

dementia; WM, White matter.
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the muscles and vagus nerve, and the common carotid artery (CCA) 
and ICA were separated and temporarily clamped. Meanwhile, the 
distal end of the external carotid artery (ECA) was permanently 
occluded using a 4–0 silk suture. The catheter, containing cholesterol 
crystals, was carefully inserted into the ICA through a small incision 
on the ECA. The cholesterol crystals were then slowly injected into the 
ICA while the CCA remained clamped. The catheter was gently 
removed approximately two min after the crystals were injected, and 
the ECA was ligated while the CCA and ICA remained patent. The 
neck incision was closed with a 4–0 nylon suture. Animals received 
routine post-surgical support and care including analgesia (Ethiqa XR, 
0.65 mg/Kg, subcutaneously).

AV-001 treatment and experimental groups

Stock solutions and aliquots of AV-001 (Vasomune Therapeutics) 
were prepared in Dulbecco’s phosphate-buffered saline and stored at 
−20°C. AV-001 treatment was initiated 1 day after MMI and 
administered once daily intraperitoneal (i.p.) until sacrifice at 30 days 
post MMI. Rats were randomly assigned to Sham, LD-MMI, 
HD-MMI, LD-MMI + AV-001, and HD-MMI + AV-001 groups. A 
battery of neuro-cognitive tests was performed at 21–28 days after 
MMI. Cerebrospinal fluid (CSF) and brain tissues were harvested at 
30 days after MMI.

Neurological evaluation

To assess neurological deficits, the modified neurological severity 
score (mNSS) test was performed after MMI on day 1 and weekly 
thereafter until sacrifice. The mNSS test is commonly employed to 
assess neurological function in rodents after brain injury, 
encompassing a variety of tests that evaluate motor skills, sensory 
perception, balance, and reflexes, providing a standardized method 
for assessing functional outcomes in rodents (Zhang et  al., 2005; 
Schaar et al., 2010). Scoring on a scale of 0–18, a score of 0 indicates 
no deficits, while a score of 18 indicates the presence of maximum 
deficits. mNSS was performed in sham, LD-MMI, and 
LD-MMI + AV-001 groups.

Cognitive function test

A series of cognitive tests including three-chamber social test, 
elevated plus maze open field test, as well as odor recognition test was 
conducted using the advanced video tracking and analysis system 
Any-Maze (Stoelting Co., IL, United States). The tests were carried out 
starting 3 weeks after MMI, with each test performed on a different 
day. All rats were acclimatized to the testing environment 1 day prior 
to testing.

Three-chamber social test

The assessment of sociability and preference for social novelty was 
conducted using a three-chamber social test (Yang et al., 2011). This 
test is based on the premise that rodents exhibit a natural inclination 

toward social interactions. They prefer to interact with other rodents 
(S1) rather than an empty chamber. Moreover, they display a greater 
interest in novel social stimuli with a stranger (S2) rather than with a 
familiar rat (S1), demonstrating a preference for social novelty. The 
non-test control animals, S1 and S2, used in the test were of the same 
sex, similar age, and weight. The testing apparatus consisted of three 
chambers made of plexiglass, with each chamber being of proportional 
size, allowing the animals to freely move between them. Prior to the 
test, the animals were kept alone in a holding cage for 30 min. This 
period of social deprivation prior to the test has been shown to elevate 
baseline levels of social behavior and enhance the sensitivity of the test 
(Varlinskaya et al., 2018). During the sociability test, S1 was placed in 
a wire cup in one chamber, while an empty wire cup was placed in 
another corner of the chamber. In the social novelty test (Varlinskaya 
et al., 2018), S1 and S2 were each placed in separate wire cups in two 
different corner chambers. In both tests, the rat was introduced to the 
center chamber, and the time spent investigating S1 and the empty cup 
during the sociability phase, as well as the time spent investigating S1 
and S2 during the social novelty phase, were recorded. Following each 
test, the apparatus was cleaned using a solution of 3% peroxide 
hydrochloride and water. Animals that remained inactive and did not 
transition between the chambers were excluded from the analysis 
(Yang et al., 2011). Social test was performed in sham, LD-MMI, and 
LD-MMI + AV-001 groups.

Elevated plus maze
We employed the EPM paradigm to investigate depression- and 

anxiety-like behavior (Walf and Frye, 2007). Prior to testing, a 30-min 
habituation period in the experimental room was provided to 
minimize stress-related confounds. The EPM consisted of two open 
arms (50 cm × 10 cm) and two enclosed arms (50 cm × 10 cm × 40 cm) 
arranged in a plus-shaped configuration, with a central platform 
(10 cm × 10 cm) connecting the arms. The animals were individually 
placed in the center of the maze facing an open arm, and their 
behavior was recorded for a period of 5 min using Any-maze.  
Key parameters, including time spent in open arms, time spent in 
closed arms, and the number of entries into each arm type, were 
quantified. EPM was performed in sham, HD-MMI, and 
HD-MMI + AV-001 groups.

Open field test
The open field test was conducted to assess exploratory behavior 

and general locomotor activity (Seibenhener and Wooten, 2015). The 
testing arena consisted of a square-shaped open field arena 
(100 cm × 100 cm) with opaque walls and a gray floor divided into a 
virtual grid to facilitate behavioral analysis. Prior to testing, animals 
were acclimated to the experimental room for 30 min. Each animal 
was gently placed facing the corner of the arena and allowed to freely 
explore for a period of 5 min. Behavior was recorded using an 
overhead camera, and subsequently analyzed using Any-maze to 
quantify parameters such as total distance traveled, time spent in the 
center versus periphery, and the number of rearing events. The arena 
was thoroughly cleaned with 70% ethanol between each trial to 
minimize olfactory cues. Open field test was performed in all groups.

Odor recognition test
We conducted a three-day odor recognition test to assess long-

term memory, during which animals were single housed. Two sets of 
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odor beads (N1 and N2) were obtained by placing 1″ round wooden 
beads in two cages of donor rats for 1 week to allow odor build up. The 
odor test procedure has been described in detail previously (Spinetta 
et  al., 2008; Venkat et  al., 2017). On the first day of testing, four 
wooden beads were placed in the animals’ home cages to familiarize 
them with the presence of beads and to collect familiar odor beads (F). 
On the second day of testing, the animals were made familiar with the 
novel odor N1. For this purpose, they were allowed to explore three F 
beads and one N1 bead for three 1-min trials. The spatial arrangement 
of N1 and F beads was changed randomly for each trial. On the third 
day, we assessed the animals’ memory retention after a delay of 24 h 
by performing a 1-min test. During the test, we  introduced two 
familiar odor beads (F), one N1 odor bead, and one N2 odor bead into 
the center of the animals’ cages. The trial was recorded on video, and 
the time spent by the rats exploring each odor (F, N1, N2) was 
recorded. We used a four-choice procedure to assess relative odor 
preference, which increased sensitivity and reliability compared to 
two-choice procedures. To avoid scent marking, a fresh N1 and N2 
bead was used for each trial. We calculated the discrimination index 
as the ratio of time spent exploring the N2 odor to the total time spent 
exploring all the beads. Animals that were inactive and failed to 
explore any of the beads were excluded from the test. Odor test was 
performed in sham, LD-MMI, and LD-MMI + AV-001 groups.

Cerebrospinal fluid collection

Rats were sacrificed at 30 days after MMI. Rats were anesthetized 
using ketamine [87 mg/kg]/xylazine [13 mg/kg] (i.p.). The head was 
fixed using a stereotaxic apparatus at a 45° angle between animal’s 
head and horizontal line. The base of the skull was exposed by making 
a vertical incision from the forehead to the neck. A 27G needle was 
inserted into the cisterna magna and approximately 100 μL of 
uncontaminated CSF was collected and stored at −80°C (Gao 
et al., 2023).

Brain collection

Rats were perfused transcardially with 0.9% saline. After 
perfusion, the brains were carefully removed and post-fixed in 4% 
PFA for 48 h.

Histological and immunohistochemical 
assessment

A paraffin embedded brain coronal tissue section was prepared 
for the assessment of WM integrity using Hematoxylin and Eosin 
(H&E) staining. Three fields of view were captured and the WM of 
two brain regions was evaluated: medial and lateral corpus callosum. 
The severity of WM damage was classified on a scale of 0 to 3: normal 
appearance (grade 0), disarrangement of nerve fibers (grade 1), 
marked vacuole formation (grade 2), disappearance of myelinated 
fibers (grade 3) (Wakita et al., 1994; Shibata et al., 2004). A series of 
adjacent 6 μm thick coronal tissue sections were cut and employed for 
the following three staining. Antibodies against APC (oligodendrocyte 
marker, Genway, 1:20, Catalog: GWB-D835F1), NG2 (oligodendrocyte 

progenitor cell marker, MilliporeSigma, 1:400, Catalog: AB5320), 
Oligo 1 (Millipore, 1:50, Catalog: AB15620), Caspase-3 (Santa Cruz, 
1:50, Catalog: SC-56053), Luxol fast blue (LFB), Bielschowsky silver 
(BS). All the immunostaining quantification analysis was performed 
by an investigator who was blinded to the experimental groups. The 
whole slide imaging was scanned using Aperio CS2 digital pathology 
scanner, and the staining intensity was quantified by QuPath 0.2.3 
(Github) digital image analysis software. For oligo1 and Capase-3 
staining, 6–8 fields of view of cc and striatum were digitized under a 
40× objective (Olympus BX40) using a 3-CCD color video camera 
with an MCID image analysis system (Imaging Research). For BS and 
LFB measurements positive areas of immunoreactive cells were 
measured in the striatum and CC. For APC and NG2 immunostaining, 
positive areas of immunoreactive cells were measured in the cortex, 
striatum and CC. For oligo1 and Capase-3 assay, Caspase-3+/ oligo1+ 
Cells [cell density (cell/um2)] were measured in the CC and striatum.

CSF cytokine array

To assess the expression levels of inflammatory factors in CSF, 
cytokine array was performed (R&D Systems Catlog: ARY028). CSF 
samples were pooled by groups and tested in duplicates (Sham, 
LD-MMI, LD-MMI + AV-001, HD-MMI and HD-MMI + AV-001). 
BCA kit (Thermo Scientific) was employed to measure protein 
concentration and 150 μg protein was used for each group. The 
immunoblot images were obtained using a Biotechne fluorChem E 
system (Bio-Techne) and images were analyzed by ImageJ software.

Statistical analysis
Data are presented as mean ± SEM. Data were evaluated for 

normality; ranked data were used for analysis when data were not 
normally distributed. One-way Analysis of Variance (ANOVA) was 
used for the evaluation of functional outcome and histology, 
respectively. “Contrast/estimate” statement was used to test the group 
difference. If an overall treatment group effect was detected at p < 0.05, 
pair-wise comparisons were made.

Results

LD-MMI induces neurological deficits and 
cognitive impairment

To assess whether LD-MMI induces neurological deficits and 
long-term memory impairment in rats, a battery of neuro-cognitive 
tests was performed at 21–28d post-MM. mNSS was assessed weekly 
including baseline and 1d after surgery. Our data shows that aged 
female rats subjected to LD-MMI exhibited severe neurological 
deficits indicated by higher mNSS scores on days 1, 21, and 28 after 
LD-MMI compared with age-matched sham female rats (Figure 1A).

The discrimination index in the odor test for rodents is a 
quantitative measure used to assess the ability of rodents to discriminate 
between different odors, calculated based on the time spent investigating 
familiar versus novel odors (Spinetta et al., 2008). We observed that aged 
female rats subjected to LD-MMI displayed a lower discrimination 
index in the odor test compared to sham rats (p = 0.07) (Figure 1B). The 
three-chamber social test is one of the most commonly used methods 
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for evaluating social deficits and social recognition in rodents (Rein 
et al., 2020). Normally, rodents spend less time investigating familiar 
individuals, compared to novel individuals (Macbeth et  al., 2009). 
We  found (Figure 1C) that aged female rats subjected to LD-MMI 
exhibited a significantly lower preference for social novelty in a three-
chamber social test compared to sham rats, indicating that rats subjected 
to LD-MMI were less likely to explore or engage with novel social 
stimuli. Our data suggest that LD-MMI induced neurocognitive 
impairment in aged female rats compared to Sham rats.

HD-MMI induces anxiety- and 
depression-like behavior

The open field test and elevated plus maze test are widely used to 
evaluate anxiety- and depression-like behaviors. Higher freezing time 
in the open field test generally indicates increased anxiety-like behavior. 
The distance traveled in open field test can be used as a measure of 
overall locomotor activity and exploratory behavior (Seibenhener and 
Wooten, 2015). In the EPM test for rodents, reduced time spent in the 
open arms is generally interpreted as an indicator of increased 

anxiety- or depression-like behavior. The distance traveled in the EPM 
is often used as a measure of anxiety-like behavior, with increased 
distance indicating reduced anxiety and increased exploration of the 
open arms (Anyan et  al., 2017). To test whether LD-MMI and 
HD-MMI induce anxiety- and depression-like behaviors in aged 
female rats, open field test and elevated plus maze test were conducted 
at 3–4 weeks after MMI. We found that HD-MMI in aged female rats 
increased freezing time in the open field test (Figure 2C) and reduced 
time in the open arms of an elevated plus maze compared to sham rats 
(Figure 2E). However, LD-MMI in aged female rats did not significantly 
alter their freezing time and their time in the open arm compared to 
sham rats (Figures 2A,B). These data indicate that HD-MMI, but not 
LD-MMI induces significant anxiety- and depression-like behaviors.

AV-001 treatment alleviates neurological 
deficits and long-term memory impairment

Although our prior study has demonstrated a therapeutic effect of 
AV-001 on male MMI rats, whether AV-001 has a therapeutic benefit for 
the neurocognitive recovery of female MMI aged animals, is unknown. 

FIGURE 1

(A) Rats subjected to MMI show severe neurological deficits indicated by higher mNSS scores on days 1, 21, and 28. AV-001 treatment reduced 
neurological impairment indicated by significantly reduced mNSS scores on days 21 and 28 after MMI. (B) MMI in aged female rats induces significant 
cognitive impairment at 3–4  weeks after MMI compared to Sham control rats indicated by significantly reduced discrimination index in odor test. 
Treatment of MMI with 1  μg/Kg AV-001 significantly improves long-term memory as well as (C) preference for social novelty compared to MMI rats. 
Values are given as mean  ±  SEM (n  =  8–15 rats per group).
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To this aim, female aged rats were administered AV-001 intraperitoneally 
once daily for 30 days. We found that AV-001 treatment of rats subjected 
to LD-MMI significantly lowered the mNSS scores on days 21 and 28 
after LD-MMI compared to non-treated LD-MMI group (Figure 1A). 
Moreover, AV-001 treatment LD-MMI rats significantly increased 
discrimination index in the odor test (Figure 1B) and preference for 
social novelty (Figure  1C) compared to rats subjected to 
LD-MMI. Furthermore, treatment with 1 μg/Kg AV-001 reduced anxiety 
and depressive behavior in aged-female rats subjected to HD-MMI, as 
indicated by increased time spent in the open arms of an EPM compared 
to untreated HD-MMI rats (Figure 2E). However, we did not observe a 
significant diffrence of traveled distance in the EPM and OFT test 

between these 3 groups (Figures 2D,F). These data suggest that AV-001 
treatment improves sensorimotor and long-term memory function and 
reduces anxiety-and depression-like behavior induced by HD-MMI in 
aged-female rats.

AV-001 treatment improves WM integrity 
and promotes axonal/WM remodeling

Growing evidence shows that VaD patients have extensive WM 
damage in the periventricular region (Ihara et al., 2010; Kalaria, 
2018). We tested whether AV-001 treatment reduced WM damage. 

FIGURE 2

There were no significant differences in either freezing time (A) or total distance traveled (B) in the aged female rats treated with LD-MMI in the open 
field test. However, HD-MMI in aged female rats induces significant anxiety- and depression-like behavior indicated by increased freezing time in the 
open field test (C) and decreased time spent in the open arms of the elevated plus maze (E) but not in total traveled distance (D,F), compared to Sham 
rats. Values are given as mean  ±  SEM (n  =  8–15 rats per group).
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H&E staining showed that both LD-MMI and HD-MMI induced 
significant WM injury, demonstrated as increased rarefaction and 
vacuolation in the corpus callosum compared to sham rats 
(Figure 3). Furthermore, HD-MMI induces significantly greater WM 
injury than LD-MMI. However, AV-significantly improved WM 
integrity indicated by reduced rarefaction and vacuolation in the 
corpus callosum when compared to both untreated LD-MMI and 
HD-MMI rats (Figure  3). AV-001 treatment of HD-MMI 
significantly improves WM integrity compared to HD-MMI control 
rats (Figure 3).

To evaluate the effects of AV-001 treatment on axon density 
and myelin density, LFB and BS immunostaining were performed. 
LD-MMI significantly reduced myelin density (LFB) 
(Figures 4A,C) and axon density (BS) (Figures 4B,D) compared to 
control rats, while treatment with AV-001 demonstrated 
significantly higher myelin density and axon density compared to 
LD-MMI rats in the corpus callosum and striatum (Figure  4). 
Oligodendrocytes are glial cells responsible for myelination of 
axons in the CNS (Dulamea, 2017). Oligodendrocyte progenitor 
cells (OPCs) have a high rate of division and constitute ~5% of all 

FIGURE 3

H&E staining was used to evaluate white matter injury. MMI induces significant white matter injury in the corpus callosum compared to Sham rats at 
28  days after MMI (A,B,F). HD-MMI induces even worse white matter damage compared to LD-MMI (D,F). Treatment with 1  μg/Kg AV-001 significantly 
improves white matter integrity indicated by reduced rarefaction and vacuolation in the corpus callosum when compared to control MMI rats (C,E,F). 
(F) Quantification data of H&E staining. Values are given as mean  ±  SEM (n  =  8 rats per group).

FIGURE 4

AV-001 treatment of MMI rats significantly increases myelin density (Luxol fast blue, LFB) (A) and axon density (Bielschowsky silver, BS) (B) in the corpus 
callosum and striatum compared to LD-MMI rats at 28  days after MMI. Quantification data of LFB (C) and BS immuno-stainings (D). Values are given as 
mean  ±  SEM (n  =  8 rats per group).
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cells in the CNS and are uniformly distributed throughout the CNS 
(Dulamea, 2017). Our data show that both LD-MMI and HD-MMI 
in aged female rats significantly reduced the number of APC+ 
oligodendrocytes (Figures 5A,B) and NG2+ OPCs (Figures 5C,D) 
in the corpus callosum. Moreover, HD-MMI resulted in a more 
pronounced decrease in these cell populations compared to 
LD-MMI. While AV-001 treatment significantly increased the 
number of APC+ oligodendrocytes in aged-female rats subjected 
to both LD-MMI and HD-MMI (Figures 5A,B). AV-001 treatment 
significantly increased the number of NG2+ OPCs in aged-female 
rats subjected to LD-MMI (Figures  5C,D). Additionally, 
we examined the effect of AV-001 on oligodendrocyte cell viability 
by means of double immunofluorescent staining using antibodies 
against Oligo1, a marker of oligodendrocytes, and Caspase-3, a 
marker of apoptosis. Our data show that the AV-001 treatment did 
not significantly change the number of Caspase-3+/Oligo1+ cells 
compared to MMI alone and sham groups, indicating that AV-001 
did not significantly change oligodendrocyte cell viability 
(Supplementary Figure S1). Our data indicate that MMI impairs 

oligodendrogenesis and induces axonal/WM damage, while 
AV-001 treatment suppresses the MMI-induced WM injury in 
female aged rats.

Treatment of both LD-MMI and HD-MMI 
with AV-001 significantly decreases the 
expression of cytokines in CSF

A chronic inflammatory state in the brain contributes to WM 
degeneration (Rosenberg, 2009; Ben-Ari et al., 2019). CSF cytokine 
array was employed to assess the expression levels of cytokines in the 
different groups. Our data show that both LD-MMI and HD-MMI 
significantly increases CSF cytokine expression including Cystatin C, 
Fetuin A, GAS 6 (Growth Arrest-Specific 6) and IL-33 (6). These 
cytokines have been implicated in the pathogenesis of cognitive 
impairment in diseases such as multiple sclerosis and AD (Harris 
et al., 2013; Laughlin et al., 2014; Mathews and Levy, 2016; Owlett 
et al., 2022). Studies suggest that cystatin C may play a role in the 

FIGURE 5

(A) MMI significantly reduces the number of APC+ oligodendrocytes in the corpus callosum compared to Sham control rats. 1  μg/Kg AV-001 treatment 
significantly increases the number of APC+ oligodendrocytes in the corpus callosum compared to the MMI control group. The HD-MMI group shows a 
more severe decrease in the number of APC+ oligodendrocytes in the corpus callosum compared to LD-MMI. (B) Quantification data of APC+ staining. 
(C) MMI significantly decreases the number of NG2+ oligodendrocyte progenitor cells (OPCs) in the striatum and corpus callosum compared to Sham 
control rats. 1  μg/Kg AV-001 treatment significantly elevates the number of NG2+ OPCs in the striatum and corpus callosum compared to the MMI 
control group. The HD-MMI group displays a more reduced number of NG2+ OPCss in the corpus callosum and striatum compared to LD-MMI. 
(D) Quantification data of NG2+ staining. Values are given as mean  ±  SEM (n  =  6 rats per group).
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clearance of beta-amyloid, a protein that accumulates in the brains of 
individuals with AD, and its dysregulation may contribute to the 
development and progression of AD (Sundelöf et al., 2010). Fetuin A 
may contribute to neuroinflammation and neuronal damage through 
various pathways (Demiryurek and Gundogdu, 2018). GAS6 is a 
protein involved in cell survival, proliferation, and inflammation. 
Studies have suggested that GAS6 levels may be  dysregulated in 
neurodegenerative diseases such as AD (Owlett et al., 2022). IL-33 is 
a cytokine involved in regulating the immune response and 
inflammation (Tamagawa-Mineoka et al., 2014). Treatment of both 
LD-MMI and HD-MMI with AV-001 significantly decreased the 
expression of these cytokines in CSF (Figure 6).

Discussion

In this study, we found LD-MMI and HD-MMI induce significant 
memory impairment and affect social behavior, while HD-MMI 
selectively induces significant anxiety- and depression-like behavior. 
AV-001 treatment significantly improves neurological function, 
memory function, as well as preference for social novelty in rats 
subjected to LD-MMI, and reduces anxiety- and depression-like 
behavior in aged female rats subjected to HD-MMI. MMI induces 
significant WM injury, demyelination, axonal injury, as well as reduces 
oligodendrogenesis which is attenuated by AV-001 treatment. AV-001 
treatment also reduces CSF cytokine expression which may drive 
some of the neuro-cognitive recovery and improvement in 
WM integrity.

Depression and anxiety are highly prevalent complications of 
CVD. Accumulating data demonstrate the presence of post-stroke 
depression and dementia, a major contributing factor to poor 
recovery, unfavorable rehabilitation outcomes, and impaired 
functional abilities after a stroke (Wijeratne and Sales, 2021). Our 
current data show that MMI induces significant cognitive impairment 
including short-term memory loss, long-term memory loss, reduces 
preference for social novelty, and impairs spatial learning and memory 
in female aged animals compared to age matched sham rats, which is 
in line with our previous findings on male rats (Gao et al., 2023). Of 
note, we for the first time discovered that HD-MMI induced anxiety- 
and depression-like behaviors compared to LD-MMI. HD-MMI rats 

show significantly higher freezing time in the open field test, not 
detected in LD-MMI rats. In the EPM test, HD-MMI rats spend less 
time in the open arms than the closed arms compared to sham rats. 
Given the prevalence of depression in VaD patients, this HD-MMI 
model can be employed to study the mechanism or therapeutic target 
of MMI-induced dementia and depressive disorders.

The frequency of dementia and depression is most common in 
disorders with lesions of the frontal lobes, either cortical or subcortical 
(Cummings, 1988; Byers and Yaffe, 2011). Dementia and depression 
are highly associated with the changes in WM due to impaired 
cerebral blood flow, impaired BBB function, inflammatory factors, 
genes and environmental factors (He et al., 2022). We also found that 
MMI induces WM injury, demyelination, axonal injury in the brain 
compared to sham rats. More importantly, HD-MMI induces even 
greater WM damage compared to LD-MMI. According to a clinical 
study including 1,077 subjects individuals with severe WM injury 
were 3 to 5 times more prone to experiencing depressive symptoms as 
compared to those who had only mild or no WM lesions (de Groot 
et  al., 2000). Therefore, the greater WM damage observed in the 
corpus callosum of HD-MMI rats in this study may contribute to the 
occurrence of depression-like behaviors.

The dose of 1 μg/Kg AV-001 in female aged rats was employed 
based on the optimal therapeutic dose identified for VaD in male rats 
(Culmone et al., 2022). We found that AV-001 treatment significantly 
decreases the mNSS scores on days 21 and 28 after MMI. Moreover, 
AV-001 treatment improves long-term memory indicated by increased 
novel odor recognition and increased social preference with novel 
objects in rats subjected to LD-MMI compared to MMI rats. AV-001 
treatment attenuates depression- and anxiety-like behaviors, increases 
oligodendrogenesis, and increases axon and myelin density in the 
corpus callosum and striatum in aged female rats subjected to 
LD-MMI model. Our data suggest that AV-001 could promote 
oligodendrogenesis, leading to the enhancement of myelination and 
axonal density because AV-001 does not affect oligodendrocyte 
apoptosis. Given the critical role of WM in the cognitive function and 
mental disorders, our data suggest that AV-001 treatment induced 
attenuation of WM and axonal injury caused by MMI facilitates the 
improvement of neurocognitive function in female aged rats.

Growing evidence shows that inflammation precedes the onset of 
VaD clinical symptoms and is involved in the pathogenic pathways 

FIGURE 6

(A) A multiplex antibody array kit was used to simultaneously evaluate the relative expression levels of several different cytokines, chemokines, and 
acute-phase proteins in the CSF. Both LD-MMI and HD-MMI significantly increase CSF cytokine expression such as Cystatin C, Fetuin A, GAS 6 and 
IL-33. Treatment of both LD-MMI and HD-MMI with AV-001 significantly decreases the expression of these cytokines in CSF. CSF samples were pooled 
for each group. (B) Quantification data of CSF cytokine array.
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leading to VaD (Schmidt et al., 2002; Engelhart et al., 2004; Ravaglia 
et al., 2007; Kravitz et al., 2009). Cerebral emboli are very common in 
patients with VaD (Purandare et al., 2006). Chronic hypoperfusion can 
lead to BBB disruption, which further cause inflammation and cytokine 
changes in the brain (Doyle et al., 2008; Amantea et al., 2009). A cross-
sectional study containing more than 130 participants reported that 
plasma Cystatin C levels were higher in patients with VaD than in 
healthy subjects. Plasma Cystatin C levels were significantly correlated 
with dementia (Wang et al., 2017). Higher CSF Fetuin-A and IL-33 
levels are strongly correlated with multiple sclerosis (Harris et al., 2010; 
Jafarzadeh et al., 2016). CSF Gas6 levels are significantly increased in 
AD patients compared to controls (Sainaghi et al., 2017). Our data show 
an increase in Cystatin C, Fetuin-A GAS 6, and IL-33 levels in CSF 
derived from rats subjected to LD-MMI and HD-MMI, while 1 μg/Kg 
AV-001 treatment significantly decreases above inflammatory 
mediators. Our results suggest that inflammation after MMI contributes 
to both LD-MMI and HD-MMI-induced WM damage, whereas 
reduction of inflammatory response by AV-001 may be correlated to the 
alleviation of WM damage and neurorecovery after MMI in female 
aged rats.

Limitations

Although we  demonstrate the therapeutic effect of AV-001  in 
female aged rats, we did not compare the efficacy to male aged rats. The 
molecular changes and signaling pathways affected by AV-001 
treatment have not been studied and future investigation is warranted. 
Our previous study has demonstrated that MMI in retired breeder 
(RB) rats induces vascular injury in the striatum (Venkat et al., 2017). 
We did not examine the effect of AV-001 on cerebral blood vessels 
following MMI in the present study. However, we have revealed that 
AV-001 [Vasculotide (VT)] treatment can significantly increase 
vascular density in the ischemic brain of T1DM stroke rats as well as 
promotes capillary tube formation in vitro (Culmone et al., 2022). Also, 
multiple studies have shown that AV-001 alleviates vascular leakage 
and preserves microcirculatory perfusion (Patterson et al., 2022; Zou 
et al., 2024). These data suggest that AV-001 has beneficial effects on 
cerebral blood vessels following MMI, which is warranted for the 
future study.

Conclusion

In this study, we demonstrate that LD-MMI induces significant 
memory impairment and affects social behavior, while HD-MMI, 
in addition, induces significant anxiety- and depression-like 
behavior. AV-001 treatment improves neurological function, 
memory function as well as preference for social novelty in aged 
female rats subjected to LD-MMI and reduces anxiety- and 
depression-like behavior in rats subjected to HD-MMI. MMI 
induces significant WM injury, demyelination, and axonal injury, 
as well as reduces oligodendrogensis which is attenuated by 
AV-001 treatment. AV-001 treatment also reduces CSF cytokine 
expression which may drive some of the neuro-cognitive recovery 
and improvement in WM integrity. Our study provides evidence 
that AV-001 may be  a novel therapeutic agent for the 
treatment of VaD.
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SUPPLEMENTARY FIGURE S1

Immunofluorescence co-staining for Olig1 (green) and Caspase-3 (red) in 
the LD-MMI, Sham, and LD-MMI+AV-001 groups. DAPI (blue) was used for 
nuclear counterstaining. Across all groups, the cell density of Caspase-3+ 
cells within Olig1+ cells did not show significant differences. Values are given 
as mean  ±  SEM (N = 6).
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Introduction: Siraitia grosvenorii (Swingle) C. Jeffrey, is an edible and traditional
medicine widely used in China. Mogroside V (MGV) and mogrol (MG) are its main
active ingredients, which have been found to be effective in the treatment of
neurodegenerative diseases recently. However, whether they can effectively treat
Parkinson’s disease (PD) and their underlying mechanisms have not been
sufficiently explored. In this study, we investigated the neuroprotective and
metabolic regulatory effects of MGV and MG on PD.

Materials and methods: Using SH-SY5Y cell models and an MPTP-induced
mouse model of PD, we evaluated the compounds’ efficacy in mitigating
MPP+-induced neurotoxicity and ameliorating motor deficits and
dopaminergic neuron loss. Employing widely targeted metabolomics and
bioinformatics analysis to investigate the Metabolic imbalance rectification
caused by MGV and MG treatment. The vivo experimental protocol
encompassed a 14-day drug administration regimen with mice randomly
allocated into six groups (n = 9) receiving distinct compound dosages
including a control group, a model group, MGV-H (30 mg/kg/day), MGV-L
(10 mg/kg/day), MG-H (15 mg/kg/day), and MG-L (3 mg/kg/day).

Results:Our findings revealed that pre-treatment with MGV and MG significantly
enhanced cell viability in SH-SY5Y cells exposed to MPP+, demonstrating a
potent protective effect against neurotoxicity. In the MPTP mouse model,
MGV-H, MGV-L, and MG-H significantly enhanced motor coordination as
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assessed by the rotarod test (p < 0.05); MGV-L and MG-H evidently inhibited
dopaminergic neuronal loss in the substantia nigra pars compacta (p < 0.05).
Furthermore, metabolomic analysis of the substantia nigra highlighted the
restoration of metabolic balance, with MGV-L and MG-H impacting
160 differential metabolites and modulating key pathways disrupted in PD,
including sphingolipid metabolism, fatty acid metabolism, and amino acid
metabolism. Notably, treatment with MGV-L and MG-H led to the regulation of
106 metabolites, showing a recovery trend towards normal levels, which
constitutes approximately 17.5% of the identified metabolites. Key metabolites
such as n-acetyl-l-glutamate, hexadecanoic acid, and 9-octadecenal were
significantly altered (p < 0.05), underscoring their broad-spectrum metabolic
regulatory capacity.

Conclusion: This study underscores the potential of natural compounds in
developing comprehensive treatment strategies for neurodegenerative diseases,
paving the way for future clinical research to validate the therapeutic efficacy of
mogrosides in PD.

KEYWORDS

mogroside V, mogrol, Parkinson’s disease, metabolism, neuroprotection

1 Introduction

Siraitia grosvenorii (Swingle) C. Jeffrey ex A. M. Lu et Z. Y.
Zhang, belonging to the Cucurbitaceae family, is distinguished as a
remarkable instance of the “medicine food homology” concept in
China (Duan et al., 2023). Native to China’s southern locales,
especially notable in Guilin, Guangxi Province, this perennial
vine, commonly referred to as Luo Han Guo, holds a cherished
position in traditional medicine (Lu and Zhang, 1984; Wu et al.,
2022). The dried fruits of Luo Han Guo are traditionally used for
their therapeutic properties, such as dissipating heat, alleviating
coughs, moisturizing the lungs and intestines, and facilitating bowel
movements (Li et al., 2014; Soejarto et al., 2019; Lin et al., 2023).
Among its bioactive constituents, MGV stands out for its abundance
and efficacy. Additionally, MG, the aglycone form of mogrosides, is
produced through the metabolism of MGV, involving the
detachment of five glucosides in the digestive system, thereby
enabling MG to cross the blood-brain barrier and distribute
within the brain (Xu et al., 2015). The neuroprotective properties
of MGV and MG have been acknowledged (Chen et al., 2019; Ju
et al., 2020; Luo et al., 2022; Liu et al., 2023), prompting further
investigation into their potential benefits.

Parkinson’s disease (PD) emerges as a widespread
neurodegenerative condition predominantly affecting the elderly,
with more than 2% of individuals over the age of 65 worldwide being
afflicted (Poewe et al., 2017). PD is characterized by a spectrum of
motor symptoms, including bradykinesia, muscle rigidity, resting
tremor, and postural instability, alongside non-motor symptoms
such as sleep disturbances, anxiety, depression, cognitive deficits,
and constipation (Kalia and Lang, 2015; Bloem et al., 2021). The
disease’s neuropathological signature is marked by the degeneration
and loss of dopaminergic neurons in the substantia nigra (SN) and
the abnormal aggregation of α-synuclein within cells (Armstrong
and Okun, 2020; Bloem et al., 2021). While oxidative stress and
inflammation mediated by cytokines have long been focal points in
PD research (Chen et al., 2018; Wei et al., 2018), recent
advancements in metabolomics have revealed metabolic

alterations in both PD patients and animal models, particularly
noting dysregulation in the striatum and SN (Lu et al., 2018; Zhang
et al., 2023).

Given the potential neuroprotective effects of MGV and MG,
a primary aim of this study is to explore their therapeutic
potential in the context of PD. This exploration is particularly
timely, as current treatments for PD are largely symptomatic and
do not halt disease progression. Understanding the metabolic
underpinnings of PD and how MGV and MG might influence
these pathways could pave the way for novel therapeutic
strategies. To achieve this, our research conducts a
comprehensive metabonomic analysis of the SN from mice
treated with MGV and MG. This investigation into the
metabolic profile alterations seeks to uncover the mechanisms
by which MGV and MG exert their neuroprotective effects,
potentially influencing the complex molecular pathways
involved in PD. By elucidating these mechanisms, our study
not only aims to deepen the scientific community’s
understanding of the neuroprotective actions of MGV and
MG but also to investigate their viability as therapeutic agents
against PD. Through this research, we endeavor to expand the
treatment landscape for PD, offering new hope and possibilities
for those facing this debilitating disease.

2 Material and methods

2.1 Materials and reagents

Mogroside V (CAS:88901-364) and Mogrol (CAS: 88930-15-
8) were purchased from Chengdu Lemaitian Pharmaceutical
Technology Co., Ltd. (Chengdu, China). MPTP and MPP+
were purchased from Macklin (Shanghai, China). MTT assay
kit was given by Solarbio (Shanghai, China). Antibodies against
Tyrosine hydroxylase (TH), β-actin were recruited from Cell
Signaling Technology (Shanghai, China). Secondary antibodies
were recruited from ZSGB-Bio (Beijing, China).
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2.2 Cell culture and treatment

Human neuroblastoma SH-SY5Y cells were obtained from
American Type Culture Collection (ATCC, Manassas, VA,
United States) and cultured in DMEM containing 10% fetal
bovine serum, 1% stable glutamine, and antibiotics, under a 5%
CO2 atmosphere at 37°C. The SH-SY5Y cells were seeded at a
density of 5 × 10^4 cells/mL in a 96-well plate and incubated for 24 h
until reaching stable growth. Subsequently, the cells were subjected
to MPP+ damage for 20 h, and their viability was assessed using the
MTT assay. A gradient of MPP+ concentrations (1, 2, 3, 4, 5 mM)
was employed to determine the optimal damaging concentration.
Following a 24-h incubation of SY5Y cells, MPP+ and varying doses
of MGV (10, 50, 100 μM) and MG (10, 50, 100 μM) were
administered to evaluate their neuroprotective effects.

2.3 Animals and treatment

Eight-week-old male C57BL/6J mice (20 ± 2 g) were obtained
from Vital River Laboratory (Beijing, China). After a week of
acclimatization, the animals were housed under controlled
conditions (24°C ± 1°C, 50% ± 1% humidity, and a 12 h light/
dark cycle) with ad libitum access to food and water. All behavioral
experiments were conducted in accordance with the guidelines
approved by the Animal Care and Use Committee of Minzu
University of China (Approval No. ECMUC2019001AO).

The drug administration procedures are depicted in Figure 1 and
span a period of 2 weeks. To establish the Parkinson’s disease (PD)
model, mice were intraperitoneally injected with 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) (Macklin, Shanghai, China) on the
third day. Mice were then randomly assigned to six groups (n = 9 each):
Control, Model, MGV-H, MGV-L, MG-H, and MG-L. In detail,
Control: saline injections; Model: Mice received MPTP and saline
injections; MGV-H (high dose of MGV): Mice received MPTP and

MGV (30 mg/kg/day); MGV-L (low dose of MGV): Mice received
MPTP and MGV (10 mg/kg/day); MG-H (high-dose MG): Mice
received MPTP and MG (15 mg/kg/day); MG-L (low dose of MG):
Mice received MPTP and MG (3 mg/kg/day).

2.4 Behavioral analysis: rotarod test

Motor coordination and balance were evaluated using the rotarod
test on the final day of the experiment, as previously described (Sun et al.,
2020). Briefly, mice underwent 3 days of pretraining at 10 rpm until they
could stay on the rod for a minimum of 90 s. During the test, the rod’s
speed was increased from 4 to 40 rpm over 5 min. The time each mouse
remained on the rod before falling was recorded.

2.5 Brain immunohistochemistry

Subsequent to the rotarod test, the mice were euthanized with
pentobarbital and perfused with saline. The brains were fixed in 4%
paraformaldehyde, cryoprotected in sucrose solutions, sectioned at
40 μm using a cryostat, and stored in a cryoprotectant at −20°C.
Following washing with PBS and treatment with 3%H2O2, the brain
sections were blocked with 10% goat serum and 0.3% Triton X-100
and then incubated with primary antibodies against TH (CST,
Boston, MA, United States) at 4°C, followed by incubation with
secondary antibodies (goat anti-rabbit, 1:400) at room temperature
(approximately 25°C). The sections were mounted, dehydrated, and
cover-slipped prior to bright-field microscopy analysis.

2.6 Neuron counting

The half brain slices of the SN compacta were obtained by
freezing and slicing the brain into continuous 40 μm-thick slices.

FIGURE 1
The vitro experimental design.
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Every fourth slice underwent immunohistochemical staining, and
TH positive neurons in the SN were manually counted under a light
microscope. The neuron count from one slice was multiplied by four
to represent the number of TH positive neurons in half of the brain’s
SN, and then further multiplied by two to estimate the total number
in the whole brain’s SN. Subsequently, this count was utilized for the
statistical analysis of neurons in the SN compacta.

2.7 Western blot analysis

The SN and striatum were dissected, homogenized in RIPA
buffer, and analyzed for protein concentration using a BCA Protein
Assay Kit. Samples were prepared with 4× loading buffer, denatured
at 95°C for 5 min, and subjected to SDS‒PAGE. The proteins were
then transferred to a nitrocellulose membrane, blocked with 5%
skim milk, and incubated with primary and secondary antibodies,
after which the proteins were visualized via enhanced
chemiluminescence.

2.8 Metabolite measurement

Targeted metabolomics of SN samples from the Control, Model,
MGV-L, and MG-H groups was conducted using UPLC‒MS/MS
(Shim-pack UFLC SHIMADZU CBM30A system; 4500 QTRAP,
Applied Biosystems). Metabolites were identified using the
MetWare database and quantified via multiple reaction monitoring.

2.9 Differential expression analysis

Orthogonal projections to latent structures discriminant
analysis (OPLS-DA) was applied to assess the differential
expression of metabolites. Variable importance in projection
(VIP) values were extracted from the model. Metabolites with
VIP ≥ 1 and an absolute Log2FC (fold change) ≥ 2, as
determined by the Mann‒Whitney U test, were considered to be
differentially expressed (Du et al., 2021).

2.10 Bioinformatics analysis

Differentially expressed metabolites were annotated using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) and analyzed
for pathway enrichment with MetaboAnalyst software as described
in the previously published literature (Du et al., 2023). The
enrichment significance was set at p < 0.05. Standardizing and
centering the relative content of differentially abundant
metabolites, followed by K-means clustering analysis, was used to
study the relative variation trends of metabolites in
different samples.

2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0.
The data are presented as the mean ± SEM. Student’s t-test assessed

group differences, while one-way ANOVA and multiple test
comparisons analyzed differences between independent groups.
p < 0.05 indicates a statistically significant difference.

3 Results

3.1 Protective effects of MGV and MG
against MPP+-induced neurotoxicity in SH-
SY5Y cells

The SH-SY5Y cell line, a dopaminergic neuronal model, is
widely used in Parkinson’s disease (PD) research to study
neurotoxicity and neuroprotection (Xie et al., 2010). In this
study, MPP+, a neurotoxin, was utilized to induce a PD-like
condition by causing cellular toxicity (Xicoy et al., 2017). Initial
experiments evaluated the protective capabilities of MGV and MG
against MPP+-triggered neurotoxicity in SH-SY5Y cells. Exposure
to MPP+ at varying concentrations (1–5 mM) significantly reduced
cell viability, with a concentration of 2 mM notably halving cell
survival (Figure 2A). Compared to the control group, the
introduction of 100 uM MGV and 50 uM MG did not show any
significant impact on cell viability (Figure 2B), suggesting that
concentrations equal to or below this threshold are non-toxic to
the cells. Strikingly, pre-treatment with eitherMGV (10, 50, 100 μM)
or MG (10, 50, 100 μM) effectively mitigated MPP+-induced cell
death, as evidenced in Figures 2C, D. Notably, the average cell
viability levels and statistical significance were the highest with
10 μM MGV (71.59 ± 4.421, p < 0.05) and 10 μM MG (72.80 ±
4.602, p < 0.01). Consequently, we selected 10 μMMGV and 10 μM
MG for actin immunofluorescence staining. As depicted in Figures
2E, F, the results demonstrated a significant decrease in cell count
and neurite branching following MPP+ treatment, effects that were
effectively attenuated by pretreatment with MGV (p < 0.05) or MG
(p < 0.05). These results confirm the potent protective effect of MGV
and MG against MPP+-induced damage in SH-SY5Y cells,
underscoring their potential as neuroprotective agents in
PD research.

3.2 Alleviation of MPTP-induced motor
dysfunction and neuronal degeneration by
MGV and MG

To further investigate the neuroprotective effects of MGV and
MG, an MPTP-induced PD mouse model was developed as
previously reported (Sun et al., 2023), mimicking PD-like
symptoms. Motor function, assessed using the rotarod test on
day 14, showed severe impairments in MPTP-treated mice
compared to controls. Notably, both MGV and MG-H
significantly enhanced motor performance in MPTP-treated mice,
whereas a low dose of MG showed no effect, suggesting a dose-
dependent response (Figure 3A).

The degeneration of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) represents a critical pathological aspect
of PD. TH, essential for dopamine synthesis, is used as a marker for
dopaminergic neurons. Analysis revealed a profound reduction in
TH-positive neuron density within the SNpc and caudate putamen
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(CPu) in the MPTP model group compared to controls. However,
both MGV-L and MG-H treatments significantly preserved TH-
positive neurons in these areas (Figures 3B, C).Western blot analysis
supported these findings, showing a significant decrease in TH
expression in MPTP-treated groups, which was effectively
reversed by treatments with MGV-L or MG-H in both the SNpc
and CPu (Figures 3D, E). These combined results highlight the
substantial neuroprotective capabilities of MGV-L and MG-H,
offering promising avenues for addressing dopaminergic neuronal
loss and motor dysfunctions associated with PD.

3.3Metabolic reconstitution byMGV andMG
in a Parkinson’s disease mouse model

We next explore the impact of MGV and MG on metabolic
alterations within the SN of a Parkinson’s disease (PD) mouse
model, employing widely targeted metabolomics to delineate the

metabolic changes and pathways influenced by these compounds. A
comprehensive analysis identified 605 metabolites across four
groups: Control (C), Model (M), MGV-L and MG-H. Principal
component analysis (PCA) compared the C, MGV-L, and MG-H
groups against the Model group, revealing significant principal
component variances indicative of metabolic differences. The
OPLS-DA (Figures 4A–C) and subsequent model validation
(Supplementary Figure S1) underscored these distinctions.

Differential metabolite expression was quantified through a
combination of VIP scores from OPLS-DA and Mann-Whitney
U test p-values. This approach identified 61, 65, and
122 differentially expressed metabolites in the C, MGV-L, and
MG-H groups, respectively, compared to the Model group
(Supplementary Tables S1–S3). Clustering heat maps visualized
the regulation patterns of these metabolites, showing notable
upregulation and downregulation trends across the comparisons
(Figures 4D–F). Further PCA of the entire dataset revealed a
proximal distribution of MGV-L, MG-H, and C groups,

FIGURE 2
Mogroside V and Mogrol attenuate MPP+-induced Cell Damage in SH-SY5Y Cells. (A) Establishment of PD cell model; (B) 100 uM MGV and 50 uM
MG are not toxic to SH-SY5Y cells; (C)MGV and (D)Mogrol alleviated damage in PD cell model; (E) Actin immunofluorescence staining images (Scale bar:
100 μM) and (F) quantitative analysis of actin level in SH-SY5Y cells. Data were expressed as mean ± SEM. ns, #p < 0.05, ##p < 0.01, ###p < 0.001, vs.
Control group; *p < 0.05, **p < 0.01, ***p < 0.001, vs. Model group; ns, no significance.
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contrasting with the Model group’s distinct separation (Figure 5A).
K-mean analysis of 160 differential metabolites highlighted a
recovery trend in approximately 17.5% of the identified
metabolites following treatment with MGV and MG (Figures 5B,
C). Key metabolites bridging the control and treatment groups
included 1,11-undecylic acid, hexadecanoic acid (c16:0), 9-
octadecenal, dihydro-d-sphingosine, and n-acetyl-l-glutamic acid
(Figure 6A). Their expression patterns and significant alterations
were depicted through a clustering heat map (Figure 6B) and violin
plots (Figure 6C), showcasing the regulatory effects of mogrosides
on these metabolites.

Enrichment analyses linked these key metabolites to critical
biochemical pathways, such as arginine biosynthesis, sphingolipid
metabolism, and fatty acid metabolism, as per the KEGG database
(Figure 7). The overarching KEGG enrichment analysis further
revealed that mogrosides’ treatment modulated 34 metabolic
pathways between the Control and Model groups, with a
substantial overlap in pathways affected by both MGV-L and

MG-H treatments (Figure 7). This observation suggests that
MGV and MG treatments target nearly all metabolic pathways
disrupted by MPTP in the disease model, underscoring their
potential to rectify PD-associated metabolic dysregulations.
Detailed pathway analysis (Figures 7C–E) and (Supplementary
Table S4) support the comprehensive impact of mogrosides on
metabolic restoration in PD model mice, offering new insights into
their therapeutic potential.

4 Discussion

The neuroprotective effects of mogrosides, particularly MGV
and its metabolite MG, in the context of PD, offer a promising
avenue for therapeutic intervention. This study not only
corroborates previous findings regarding the neuroprotective
properties of mogrosides but also extends our understanding by
elucidating their potential to rectify metabolic dysfunctions within

FIGURE 3
Mogrosides ameliorates MPTP-induced Motor dysfunction and Attenuates MPTP-Induced Loss of Dopaminergic Neurons in the SN and Striatum.
(A) The exercise time of different groups ofmice in the rotarod test after drug treatment. Th immunofluorescence staining images and statistical results of
(B) substantia nigra and (C) striatum in different groups. Statistical results of TH and Actin protein content and TH/actin relative content in (D) substantia
nigra and (E) striatum of different groups. Data were expressed as mean ± SEM. #p < 0.05, ##p < 0.01, ###p < 0.001, vs. Control group; *p < 0.05,
**p < 0.01, ***p < 0.001, vs. Model group; ns, no significance.
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FIGURE 4
Differential expression of metabolites between the model group and other groups. After PCA analysis, OPLS-DA scores of model group compared
with (A) C, (B) MGV, (C) MG. Heatmap analysis of differential metabolites of (D) C, (E) MGV, (F) MG compared with the model group.

FIGURE 5
Mogroside V and Mogrol treatment restored metabolism in PDmice. (A)OPLS-DA score chart, (B) K-means value analysis result chart, (C) statistical
chart of significance analysis of all metabolites, the number of identified metabolites is 605 (gray), the number of differential metabolites is 160 (yellow),
and the number of metabolites showing recovery trend after administration is 106 (red).
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the substantia nigra, a critical region affected in PD. The significant
reduction in neuronal cell death and restoration of dopaminergic
content observed in our models suggest mogrosides may exert a
direct neurorestorative effect. This aligns with and enhances the
findings from prior research, such as the work by Hanjiang Luo et al.
(Luo et al., 2022), which highlighted the neuroprotective capabilities
of MGV in both in vitro and in vivo PD models.

Changes in metabolite levels have a significant impact on
neurodegenerative diseases such as PD and AD (Song et al.,
2020). The capacity of mogrosides to modulate key metabolic
pathways disrupted in PD underscores a potentially
groundbreaking approach to treating neurodegenerative
diseases. By influencing almost all pathways of metabolic
disorder highlighted in our PD model, mogrosides
demonstrate a broad spectrum of action that could address
the multifactorial etiology of PD. This comprehensive
metabolic intervention is particularly compelling given the
growing recognition of metabolic dysfunction’s role in PD
pathogenesis.

Our discussion on sphingolipid metabolism, pivotal for both
cell survival and apoptosis, sheds light on the dual role these
metabolites play in determining cell fate. The balance between
sphingolipid metabolites, such as ceramide, sphingosine, and
sphingosine-1-phosphate, is crucial for autophagy and apoptosis
regulation (Shi et al., 2023). These processes are intimately
linked to the progressive cell loss characteristic of PD (Motyl
et al., 2021). Our findings suggest mogrosides may offer a
protective mechanism by stabilizing sphingolipid metabolism,
thus safeguarding against autophagy and apoptotic death of
neuronal cells. This mechanism could represent a novel

therapeutic target, emphasizing the importance of lipid
metabolism in neurodegenerative disease progression
and treatment.

The study also highlights the normalization of palmitic acid
levels following mogrosides treatment, which provides an
opportunity to further explore the role of fatty acids in
neuroinflammation and PD progression. The regulatory effect of
mogrosides on fatty acid distribution suggests a potential
neuroprotective mechanism, possibly by attenuating
neuroinflammation and oxidative stress (Mi et al., 2023). This is
significant considering the exacerbating role of certain fatty acids in
inflammatory pathways, contributing to PD’s progression (Shen
et al., 2022). Understanding how mogrosides influence fatty acid
metabolism could uncover new strategies for mitigating
neuroinflammation in PD and other neurodegenerative conditions.

Our examination of amino acid metabolism, particularly the
normalization of n-acetyl-l-glutamate, delves into the potential
impact of mogrosides on mitochondrial function. Given the
central role of mitochondrial dysfunction in PD (Moradi
et al., 2023), the observed changes in amino acid profiles are
indicative of mogrosides’ contribution to maintaining
mitochondrial integrity. This is crucial, as amino acids are
not only precursors of neurotransmitters and
neuromodulators but also essential for energy metabolism
and neuronal communication (Katagiri, 2023). The protection
offered by mogrosides on these levels may directly affect
neurotransmitter synthesis and release, thereby supporting
the function and survival of neurons.

The transition from preclinical findings to clinical
applications is the next critical step in evaluating mogrosides’

FIGURE 6
Analysis result of differential metabolites. (A) Venn diagram showed that five key differential metabolites were present in all three groups; (B)
Heatmap analysis of key differential metabolites; (C) violin diagram of single key differential metabolites. *p < 0.05, **p < 0.01, ***p < 0.001, vs.
Model group.
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potential as therapeutic agents for PD. Future research should
focus on clinical trials to assess the efficacy, optimal dosing
regimen, and long-term safety of mogrosides in human patients.
This transition is essential for determining the real-world
applicability of our findings and the potential of mogrosides
to serve as protective and therapeutic agents against PD.
Moreover, the emerging significance of the gut-brain axis in
PD underscores the necessity to explore the effects of
mogrosides on gut microbiota further (Nishiwaki et al., 2022;
Hirayama et al., 2023). Given the positive impact of Siraitia
grosvenorii tea on intestinal health (Dong et al., 2021), the
therapeutic effects of MGV and its metabolites on PD may
extend to improvements in gut microbiome composition and
function. This aspect represents a promising research direction,
potentially leading to novel therapeutic strategies that leverage
the gut-brain axis to combat PD.

5 Conclusion

In conclusion, this study enriches the existing body of
knowledge by providing novel insights into the neuroprotective
mechanisms of MGV and MG, emphasizing their potential to
address the complex interplay of factors contributing to PD. The

ability of mogrosides to reverse metabolic imbalance, protect
mitochondrial function, and possibly influence gut microbiota
presents a holistic approach to combating neurodegeneration. As
we advance our understanding of PD towards a more
comprehensive view of its multifactorial nature, the exploration
of natural compounds like mogrosides becomes increasingly vital.
The journey from bench to bedside, while challenging, holds the
promise of introducing innovative, multi-targeted therapeutic
strategies that could significantly improve the quality of life for
individuals living with PD.
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Protein nanoparticles induce the
activation of voltage-dependent
non-selective ion channels to
modulate biological osmotic
pressure in cytotoxic cerebral
edema
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Introduction:Cytotoxic cerebral edema is a serious complication associatedwith
cerebral ischemic stroke and is widely treated using the hypertonic dehydrant.
Here, we propose, for the first time, the decrease of intracellular osmosis as a
treatment strategy for alleviating cytotoxic cerebral edema.

Methods: We established a fluorescence resonance energy transfer-based
intermediate filament tension probe for the study and in situ evaluation of
osmotic gradients, which were examined in real-time in living cells from
primary cultures as well as cell lines. The MCAO rat model was used to
confirm our therapy of cerebral edema.

Results: Depolymerization of microfilaments/microtubules and the production
of NLRP3 inflammasome resulted in an abundance of protein nanoparticles (PNs)
in the glutamate-induced swelling of astrocytes. PNs induced changes in
membrane potential and intracellular second messengers, thereby
contributing to hyper-osmosis and the resultant astrocyte swelling via the
activation of voltage-dependent nonselective ion channels. Therefore,
multiple inhibitors of PNs, sodium and chloride ion channels were screened as
compound combinations, based on a decrease in cell osmosis and astrocyte
swelling, which was followed by further confirmation of the effectiveness of the
compound combination against alleviated cerebral edema after ischemia.

Discussion: The present study proposes new pathological mechanisms
underlying “electrophysiology-biochemical signal-osmotic tension,” which are
responsible for cascade regulation in cerebral edema. It also explores various
compound combinations as a potential treatment strategy for cerebral edema,
which act by multi-targeting intracellular PNs and voltage-dependent
nonselective ion flux to reduce astrocyte osmosis.
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astrocyte edema, protein nanoparticles, osmosis, voltage-dependent nonselective ion
channels, multi-targeting
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1 Introduction

Cerebral edema is a serious complication of ischemic stroke
and cerebral hemorrhage, with high incidence, disability and
fatality rates. In general, the fatal cases are associated with the
intracranial hypertension-induced nerve cell deformation and
neurological impairment. Alleviating cerebral edema is an
effective strategy for the clinical treatment of ischemic brain
injury, and has been shown to prevent disease progression and
improve prognosis (Bar and Biller, 2018; Wu et al., 2018; Gu
et al., 2022; Han et al., 2022). Cytotoxic edema occurs in the
primary stage of cerebral edema and is mainly presented as
astrocyte swelling (Halstead and Geocadin, 2019; Jha et al.,
2019). As the most abundant cells in the central nervous
system, the astrocytes stimulated by ischemia and hypoxia
show considerable swelling, leading to cerebral injury and
difficult prognosis for stroke patients (Lee et al., 2022).
Multiple lines of evidence suggest that the excessive
accumulation of the extracellular neurotransmitter glutamate
can activate intracellular calcium, leading to the abnormal
accumulation of intracellular cations and resulting in
astrocyte edema (Mahmoud et al., 2019; Song et al., 2020; van
Putten et al., 2021; Menyhárt et al., 2022). Therefore, osmotic
pressure (OP) disequilibrium leads to the influx of ions and
water, which is the predominant driving force of cytotoxic brain
edema. The most common treatment for cerebral edema is
osmotic therapy, with mannitol serving as the hypertonic
agent. However, repeated treatments would result in an
accumulation of mannitol in the injured brain tissue,
resulting in the reflux of interstitial fluid and edema
recurrence (Deng et al., 2016; Papagianni et al., 2018; Cook
et al., 2020). Hence, we propose that a decrease in astrocyte
osmosis can help alleviate cytotoxic edema.

Previous studies on cerebral edema pathogenesis and
treatment focus on the aquaporins (AQPs). AQP4, the
predominant AQP, has high protein expression during
cytotoxic cerebral edema and has been shown to be involved in
cerebral water balance and glial scar. However, the transmembrane
OP gradients are prerequisites for the AQP-induced water flux. Ion
channels determine the ion disequilibrium between the two sides
of the cell membrane. Sulfonylurea receptor 1-transient receptor
potential melastatin subfamily member 4 (SUR1-TRPM4) non-
selective cation channel connects with AQP4 to form complex that
enhances ion-water coupling osmosis, thereby facilitating
astrocyte swelling (Stokum et al., 2018; Jha et al., 2021).
Glyburide (SUR1-TRPM4 inhibitor) was developed as a
targeted drug for treating edema (Tan et al., 2014; King et al.,
2018; Nakayama et al., 2018); however, its effectiveness has since
been challenged. In a double-blind and placebo-controlled trial in
the United States, glyburide was tolerated in patients with cerebral
infarction, although there was no significant difference in
prognosis (Sheth et al., 2016). SUR1-TRPM is unlikely to be the
only channel determining cytotoxic edema. Chloride channel
TMEM16A and hyperpolarization-activated cyclic nucleotide-
gated (HCN) channel are also involved in brain infarct and
neurological deficits after ischemic stroke (Liu et al., 2019; Park
et al., 2019). Cystic fibrosis transmembrane conductance regulator
(CFTR) is a chloride ion channel involved in edema formation, and

its activity is enhanced by the increased cAMP levels (Kunzelmann
and Mehta, 2013a; Pankonien et al., 2022).

Our previous studies have shown that protein nanoparticles
(PNs) play a crucial role in regulating cell osmosis (Zheng et al.,
2021; Qian et al., 2022). The depolymerization of microfilaments
(MF) and microtubules (MT) stimulate the production of PNs,
thereby facilitating astrocyte swelling (Zhang et al., 2019). This raises
a few questions. How does the low concentration of PNs trigger
hyper-osmosis in living cells? What is the underlying
electrochemical and mechanical mechanism associated with the
selective opening of ion channels? We used a fluorescence
resonance energy transfer (FRET)-based intermediate filament
(IF) tension probe for this study. Its tension is linearly related to
the transmembrane OP in living cells (Zheng et al., 2022a). This
probe can be used for the real-time in situ monitoring of astrocyte
osmosis. The present study identifies the voltage-dependent ion
channels, which are co-activated by PN-induced membrane
potential and intracellular chemical signals. Inhibitors specific to
PNs production, as well as various non-selective ion channels are
screened. Multi-targeted blocking and balancing of the intracellular
osmosis could be new therapeutic strategies for the treatment of
cerebral edema.

2 Materials and methods

2.1 Cell culture and reagents

Suckling mice aged 24–48 h were used to extract primary cells.
Cerebral cortex tissues were stripped and minced, followed by
digestion with trypsin. The digestion was terminated by the
addition of 20% FBS in the DMEM medium. Cells were cultured
in a flask kept inside an incubator maintained at 37°C and 5% CO2.
After 48 h, the primary astrocytes were digested with 0.125%
Trypsin EGTA. The digestion was terminated by the addition of
20% FBS-DMEM medium. The cells were centrifuged and
resuspended, followed by their inoculation in a new culture flask
to allow for the growth of adherent cells for further experiments.
Astrocyte U87 cells were cultured at 37°C, in 5% CO2 with
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS;
Gibco), 100 μg/mL penicillin, and 100 μg/mL streptomycin (Gibco).

The ischemia reperfusion model of astrocyte was cultured
in vitro by oxygen glucose deprivation/reperfusion method. The
cells were cultured in sugar-free DMEM medium in an incubator
maintained at 37°C in an atmosphere of 95%N2 and 5% CO2 for 4 h.
This was followed by further culture of the cells in normal DMEM
medium for the subsequent experiments.

2.2 GFAP FRET probe construction and
transfection

The FRET-based tension probes of glial fibrillary acidic protein
(GFAP)-cpst-GFAP (GcpG) were designed and constructed as
described in previous reports (Zhang et al., 2019; Zheng et al.,
2022a). The integrity of all expression constructs was confirmed by
DNA sequencing. Plasmids encoding the FRET sensor were
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transfected into cells with FuGENE® 6 transfection reagent (Roche
Diagnostics, Basel, Switzerland) and Opti-MEM™ media
(Invitrogen, Carlsbad, CA, United States), according to
manufacturers’ instructions. The samples were analyzed using the
following excitation lasers and emission filters: Cyan-458-nm laser
and 447/60 bandpass filter; Yellow-514-nm laser and 580/
23 bandpass filter. Cells were sorted with the simultaneous
detection of cyan and yellow emission wavelengths.

2.3 cpstFRET analyses

The efficiency of FRET is determined by the distance and the
dipole angular orientation between the donor/CFP and the acceptor/
YFP. The cells were imaged using a confocal microscope (SP5; Leica,
Wetzlar, Germany) equipped with a ×63 oil-immersion objective
lens. The donor and acceptor were observed under 458 nm and
514 nm argon lasers, respectively. CFP/FRET ratios were calculated
using the equation 1/E = Cerulean (donor)/Venus (acceptor) (Hu
et al., 2022).

2.4 Measurement of cytoplasmic OP and
count rate of protein particles

Astrocyte U87 cells were cultivated in 90-mm Petri dishes.
When the cell proliferation reached about 95%, the medium was
discarded, the cells were washed twice with isotonic Hepes buffer,
and appropriate experimental stimulation was added. After 24 h, the
drug-containing culture medium was aspirated, digested by typsin
and washed, and the cell suspension was collected into 1.5 mL
microcentrifuge tube. Centrifuge at 1,000 g at 4°C for 5 min and
discard supernatant. Following ultrasonification (75% amplitude,
five times, 5 s) (Sonics and Materials, Connecticut, CT,
United States) and ultracentrifugation (20,000 g, 1 h, room
temperature), 50 µL of the supernatant solution (cytoplasm) was
transferred into 0.5-mL test tubes. The cytoplasmic OP was
measured using the Osmomat 3000 Freezing Point Osmometer
(Gonotec, Berlin, Germany) The diluted supernatant was used to
assess the count rate (kilocycles per second, kcps) of cytoplasmic
nanoparticles (NanoSight NS300; Malvern Instruments, Malvern,
United Kingdom).

2.5 Ca2+, Na+ and Cl− fluorescent imaging to
detect the intracellular ion content

Calcium, chloridion and sodium fluorescent imaging was
performed using the dyes Fluo-4 a.m. (excitation at 494 nm and
emission at 516 nm, purchased from Abcam, Cambridge, England),
N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide
(MQAE, excitation at 355 nm and emission at 460 nm,
purchased from Beyotime, Shanghai, China), and Enhanced
NaTrium Green (ENG)-2 a.m. (excitation at 488–525 nm and
emission at 545 nm, purchased from New Research Biosciences,
Xian, China), respectively. After the specific treatment, the cell
cultures were examined by confocal microscopy to confirm
comparable fluorescence intensities.

2.6 DAG and cAMP content determination

Cell cytoplasm supernatants were obtained and processed
according to the instructions of the human diglyceride (DAG)
and cAMP ELISA kit provided by Jiangsu Enzyme Immunoassay
Industry Co., Ltd. and Nanjing Yifeixue Biotechnology Co., Ltd,
respectively.

2.7 3D cell imaging

Cells were inoculated into a glass plate with a diameter of
35 mm. The cells adhered to the wall and were allowed to grow
until they reached 60%–70% confluence. They were subsequently
treated with drugs and maintained in an incubator at 37°C in an
atmosphere of 95% O2 and 5% CO2. After 12 h, the cells were
analyzed using ×3 objective 60D tomographic scanning microscope
(Nanolive SA, Tolochenaz, Switzerland) and STEVE software
(Nanolive SA, Tolochenaz, Switzerland) to determine the changes
in their morphology.

2.8 Electrophysiology

Whole-cell patch recordings were conducted as previously
described (Pankonien et al., 2022). Briefly, the cells were
transferred to a submersion-type recording chamber and
perfused (1~2 mL/min) with an extracellular solution
composed of 140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 10 mM glucose, and 10 mMHEPES, with the pH adjusted
to 7.4 using NaOH. The intracellular solution for membrane
potential recordings was composed of 130 mM K-gluconate,
10 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM EGTA,
2 mM Na2ATP, pH adjusted to 7.2 with KOH. The average
resistance of the recording pipettes was 2~6 MΩ, when filled
with internal solution. Recordings were performed using a
MultiClamp 700B amplifier and a Digidata 1550B interface
(Molecular Devices, CA, United States) at room
temperature (24~25°C).

Whole-cell voltage clamp recordings were performed on
astrocyte cells. Cells were spread at an appropriate density on
polylysine-coated cell slides, placed in a bath on the stage of an
inverted microscope, and perfused with the desired solution. The
electro physiological results were performed using a Multiclamp
700B amplifier at a data-sampling rate of 2 kHz with a Digidata
1550B Digitizer controlled using PClamp 10.6 software
(Molecular Devices, Sunnyvale, CA, United States). A glass
electrode (outer diameter 1.5 mm; internal diameter 0.86 mm;
World Precision Instruments, Sarasota, FL, United States) using
a drawing instrument (P-1000; Narishige Scientific Instrument
Lab., Tokyo, Japan) were drawn with resistance values of 2–5 MΩ
after filling the inner fluid, and all experiments were performed at
room temperature (23°C–25°C). Adjustments for capacitance
compensation and series resistance compensation were made
before recording. Series resistance was routinely compensated
by 60%–80%. If the recording channel was unstable during the
experiment (the series resistance increased by more than 15% at
the end of the experiment), the cell was discarded from the data
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FIGURE 1
NLRP3 inflammasome and MF/MT depolymerization induced PNs, resulting in hyperosmosis. (A) Immunofluorescence image and relative
fluorescent intensity analysis of ASC and NLRP3 in primary astrocytes under glutamate (Glu, 2 mM) co-treated with MCC950 (NLRP3 specific inhibitor,
1 μM), Z-VAD-FMK (caspase-1 pan inhibitor, 20 μM) and JK (microfilament stabilizer, 1 μM)-TAX (microtubule stabilizer, 10 μM). (B) Normalized cell
volume of primary astrocytes, as detected by the 3D Cell Imaging. (C) Representative images and mean values of normalized CFP/FRET ratios of IF
tension using GFAP FRET-based tension probe in primary astrocytes. Calibration bar was set from0.1–1.5. (D)Cytoplasmic OP values of astrocyte cell line
U87 were measured using a freezing point osmometer. (E) Count rate of PNs in U87 cells. (F) Na+ imaging micrographs and traces of relative ENG
fluorescence intensity (Ft/F0) of primary astrocytes. (G) Cl− imaging micrographs and traces of relative MQAE fluorescence intensity (F0/Ft) of primary
astrocytes. The increase in intracellular Cl− levels results in the decrease of MQAE fluorescence value instead. The values represent mean
of ≥3 experiments ±SEM. Values marked with asterisks represent statistically significant differences.
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analysis. The Current trace diagram was performed in
Graphpad Prism 7.

2.9 Establishment of the rat MCAO model,
assessment of cerebral ischemic volume and
determination of brain water content

Rats were anesthetized using an intraperitoneal injection of 2%
sodium pentobarbital (30 mg/kg). Body temperature was monitored
andmaintained at 36.5°C–37.5°C. Briefly, after making an incision in
the midline skin, the right common carotid artery, external carotid

artery (ECA), and internal carotid artery (ICA) were exposed.
Subsequently, a 6–0 nylon monofilament with a rounded tip was
inserted into the right ICA through the broken end of the ECA, in
order to block the origin of the middle cerebral artery (MCA).
Cerebral ischemia through the intraluminal suture was maintained
for 60 min. It was followed by the removal of the monofilament and
reperfusion. After 24 h of middle cerebral artery occlusion (MCAO),
the brains were obtained by decapitation. This experiment was
approved by the ethics committee of the Affiliated Huaian First
People’s Hospital of Nanjing Medical University.

The infarct volume was evaluated at 24 h after MCAO using 2, 3,
5-triphenyltetrazolium chloride (TTC) staining. The volumes of

FIGURE 2
PNs induce membrane potential changes and increase the level of secondmessenger. (A)Membrane potential of primary astrocytes was measured
using the whole-cell current clamp. (B) DAG was detected from primary astrocytes using ELISA. (C) cAMP was detected from primary astrocytes using
ELISA. (D) Ca2+ imaging micrographs and traces of relative Fluo-4 fluorescence intensity (Ft/F0) of primary astrocytes.
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contralateral and non-infarcted tissue of the ipsilateral hemispheres
were outlined and measured with ImageJ software (NIH). The
formula used for calculating infract volume is given below:
Infract volume = (volume of contralateral—volume of non-
ischemic ipsilateral)/2*(volume of contralateral) *100% (Zhou
et al., 2021). The brains were harvested from different groups of
rats and weighed (wet weight). They were dried for 2 days in a 70°C
incubator, which was followed by the determination of their dry
weight. The water content was calculated using the formula: Water
content = (wet weight – dry weight)/wet weight * 100%.

2.10 Serum biochemical assays

The blood obtained from different groups was placed at room
temperature for 1 h, followed by centrifugation at 3,000 rpm/min for
10 min in order to obtain serum. The levels of glutamic-pyruvic
transaminase (ALT), glutamic oxalacetic transaminase (AST),
alkaline phosphatase (ALP), blood urea nitrogen (BUN) and
creatinine (CRE) in serum were measured using specific kits
(Nanjing Jiancheng Bioengineering Institute, China) in
accordance with the manufacturer’s instructions.

FIGURE 3
Voltage-dependent ion channels are involved in glutamate-induced astrocyte hyperosmosis. (A) Representative images and mean values of
normalized CFP/FRET ratios of IF tension using GFAP FRET-based tension probe in primary astrocytes under different treatments of glutamate and Glyb
(TRPM4 inhibitor, 10 μM), Niclo (TMEM16A inhibitor, 1 μM), CFTRinh-172 (CFTR inhibitor, 1 μM) or Arte (HCN inhibitor, 10 μM). Calibration bar was set from
0.1–1.5. (B) Cytoplasmic OP values of astrocyte cell line U87. (C) Na+ imaging micrographs and traces of relative ENG fluorescence intensity (Ft/F0)
of primary astrocytes. (D) Cl− imaging micrographs and traces of relative MQAE fluorescence intensity (F0/Ft) of primary astrocytes. The values represent
mean of ≥3 experiments ±SEM. Values marked with asterisks represent statistically significant differences.
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2.11 Data analysis

Data analysis was conducted using the statistical program Graph
Pad Prism 7. More than three biological replicates were presented as
mean ± SEM. Unpaired t-test (two-tailed p-value) was used to
determine the statistical significance (p < 0.05 was considered to
be statistically significant).

3 Results

3.1 Inhibition of intracellular PNs via
inflammasome suppression and MF/MT
stabilization can decrease osmolarity and
astrocyte swelling

Cerebral ischemic injury induces extracellular glutamate
accumulation, further facilitating intercellular accumulation of
cations and neurocyte swelling (Mahmoud et al., 2019; van
Putten et al., 2021). We exposed primary astrocytes and the
astrocyte cell line to medium containing glutamate (2 mM). Our
previous research demonstrated that glutamate stimulated MF and
MT depolymerization in astrocytes, resulting in the production of
actin and tubulin monomers. These monomers function as
intracellular PNs and promote hyper-osmosis and astrocyte
swelling (Zheng et al., 2021). We hypothesize that protein
nanoparticle-induced osmotic pressure (PN-OP) plays a
significant role in astrocyte edema. In this study, we found that
glutamate induced an increase in the levels of NLRP3 and ASC.
MCC950 (NLRP3 specific inhibitor) or Z-VAD-FMK (caspase-
1 pan inhibitor) effectively rescued the glutamate-induced ASC
and NLRP3 in the primary astrocytes (Figure 1A). Interestingly,
MF stabilizer jasplakinolide (JK) and MT stabilizer taxol (TAX) co-
treatments also reduced ASC and NLRP3, suggesting that MF and
MT stabilization relieved the NLRP3 inflammatory effects in
response to glutamate stimuli. In addition, MCC950, Z-VAD-
FMK, JK-TAX treatments significantly decreased glutamate-
induced astrocyte swelling, as shown by 3D cell imaging
(Figure 1B). Thus, we postulate that NLRP3 inflammasome is
another intracellular PNs involved in astrocytic OP regulation.
To investigate this theory, a glial fibrillary acidic protein (GFAP)
FRET-based tension probe was applied in primary astrocytes to
monitor IF tension in real-time, as it has been shown to be an
effective probe in evaluating the transmembrane OP effects in living
cells (Qian et al., 2022). MCC950, Z-VAD-FMK, and JK-TAX
treatments significantly reduced glutamate-induced IF tension
(Figure 1C). In parallel, these inhibitors decreased the
cytoplasmic OP and the amount of intracellular PNs, as detected
by the freezing point osmometer and nanoparticle tracking analyzer,
respectively (Figures 1D,E). Meanwhile, the fluorescent imaging
results showed that NLRP3 and MF/MT inhibition decreased the
sodium and chloride ion levels in primary astrocytes (Figures 1F,G),
which are closely associated with intracellular osmosis. Similar
results were also observed in the astrocyte cell line U87
(Supplementary Figure S1). Taken together, the cell volume, IF
tension, cytoplasmic OP and the intracellular ion levels showed
variations which were consistent with regard to the inhibition of
PNs. These findings suggest that NLRP3 inflammasome production

and MF/MT depolymerization are the two main sources of
intracellular PNs, which upregulate cell osmosis and promote
astrocyte swelling.

3.2 Intracellular PNs trigger membrane
potential changes and an increase in the
levels of second messenger

According to the Donnan effect, intracellular PNs can absorb
cations and promote the re-arrangement of free ions near the plasma
membrane, leading to changes in membrane potential (Nguyen and
Kurtz, 2006; Lang et al., 2014; Yu et al., 2021). Membrane potential
was measured by the current clamp of primary astrocytes and
showed depolarization corresponding to the glutamate stimuli.
However, a decrease in the intracellular PNs through the MF/MT
stabilization and NLRP3 inhibition resulted in a significant recovery
of the depolarized astrocytes (Figure 2A).

Astrocytes respond to external stimuli by activating cell surface
receptors that increase the intracellular levels of secondary
messengers, including diacylglycerol (DAG), cyclic adenosine
phosphate (cAMP) and Ca2+. Increased Ca2+ concentration in
cells can activate adenylate cyclase 3, leading to the enhanced
synthesis of intracellular cAMP. We performed the DAG and
cAMP ELISA assays, and the Flou-4 a.m. Ca2+ fluorescent
imaging in primary astrocytes. Glutamate stimulated an increase
in the levels of the second messengers, including diacylglycerol
(DAG), cAMP and Ca2+. However, when PN production was
blocked by the NLRP3 inhibitor MCC950, caspase-1 inhibitor
Z-VAD-FMK, or MF/MT stabilizers JK/TAX, it also caused a
decrease in the levels of second messengers (Figures 2B–D).
These results indicate that intracellular PNs can trigger changes
in the membrane potential and induce second messengers during
astrocyte swelling.

3.3 Voltage and second messenger-
dependent ion channels involved in
astrocyte swelling

Corresponding to changes in the membrane potential and the
levels of various second messengers, we predict the activation of
voltage-dependent ion channels. Ca2+-activated TRPM4 channel
has been reported to predominantly control the massive Na+

influx involved in edema progression (Stokum et al., 2018).
Furthermore, Ca2+-activated TMEM16A (also known as
anoctamin-1) function as Cl− channels, and open in response
to cerebral infarction (Liu et al., 2019). To investigate the
involvement of these ion channels in astrocyte osmosis,
primary astrocytes induced by glutamate and the U87 cell line
were individually exposed to glyburide (Glyb, TRPM4 inhibitor)
and niclosamide (Niclo, TMEM16A inhibitor). Results showed
that the two inhibitors effectively attenuated the osmotic effects,
including IF tension (Figure 3A), cytoplasmic OP (Figure 3B),
and the Na+ and Cl− levels in astrocytes (Figures 3C,D,
Supplementary Figure S2).

Another second messenger of cAMP promotes voltage-
dependent activation of hyperpolarization and cyclic nucleotide
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gated (HCN) cation channel involved in the Na+/K+ electrochemical
gradient flow (Benarroch, 2013). Cystic fibrosis transmembrane
conductance regulator (CFTR) is a chloride ion channel, and its
activity is enhanced by an increase in the cAMP levels
(Kunzelmann and Mehta, 2013b; Weidenfeld and Kuebler,
2017). We found that artemisinin (Arte, HCN inhibitor) and
CFTRinh-172 (CFTR inhibitor) caused a significant
suppression of glutamate-induced IF tension, cytoplasmic
OP, and the Cl− and Na+ content in both primary astrocytes
and the U87 cells (Figure 3 and Supplementary Figure S2).
Further, Arte could effectively reduce the HCN current
(Supplementary Figure S3). Taken together, the glutamate
stimuli simultaneously induced various ion channels, which
were dependent on both membrane potential and second
messengers. These ion channels could federatively promote
the ion influx-mediated astrocyte swelling.

3.4 Screening of compound combination
screened by reducing cell osmosis against
astrocyte swelling

As intracellular PNs and various ion channels regulate astrocyte
swelling, we next screened for potential compounds against edema.
Shingshot (SSH) inhibitor Sennoside A (SenA) can inhibit cofilin
dephosphorylation to stabilize MF (Lee et al., 2017). Taxol is widely
used as a MT stabilizer (Yang and Horwitz, 2017). Nimodipine is a
voltage-gated L-type calcium channel inhibitor that blocks Ca2+

influx to maintain intracellular calcium homeostasis (Carlson
et al., 2020). Glyburide (Glyb) is SUR1-TRPM4 channel inhibitor
(King et al., 2018; Nakayama et al., 2018), while Niclosamide (Niclo)
and Benzbromarone (Bbr) function as TMEM16A inhibitors (Miner
et al., 2019; Dwivedi et al., 2023). Artemisinin (Arte) and Ivabradine
are specific blockers of HCN channel (Ide et al., 2019), and

FIGURE 4
Screening of compounds against astrocyte swelling. (A), (B) Representative images and mean values of normalized CFP/FRET ratios of IF tension
using GFAP FRET-based tension probe in astrocyte cell line U87 under different treatments of glutamate and SenA (microfilament stabilizer 50 μM), Arte
(HCN inhibitor, 10 μM), Ivabradine (HCN inhibitor, 50 μM), Niclo (TMEM16A inhibitor, 1 μM), Bbr (TMEM16A inhibitor, 1 μM), Nimodipine (VGCC Ca2+

channel inhibitor, 30 μM), CFTRinh-172 (CFTR inhibitor, 1 μM), Glyb (TRPM4 inhibitor, 10 μM) and Taxol (microtubule stabilizer, 10 μM). (C)
Cytoplasmic OP values of astrocyte cell line U87. (D), (E) Representative images and mean values of normalized CFP/FRET ratios of IF tension in primary
astrocyte OGD model individually treated with different compounds. Calibration bar was set from 0.1–1.5. The values represent mean
of ≥3 experiments ±SEM. Values marked with asterisks represent statistically significant differences.
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CFTRinh-172 is a specific inhibitor of CFTR channel (Melis et al.,
2014). The glutamate-induced astrocyte U87 cells and oxygen-
glucose deprivation (OGD)-induced primary astrocytes were
individually treated with the above-mentioned inhibitors. All of
them attenuated the glutamate-induced effects on IF tension and
cytoplasmic OP; with SenA, Glyb, Niclo, Arte and CFTRinh-172
showing high efficiencies (Figure 4).

To investigate whether these MF stabilizer and ion channel
inhibitors display a combined effect against glutamate-induced
primary astrocyte edema, different compound designs were
tested for their osmotic effects. Glyb is widely used as a drug
against edema; however, Glyb treatment alone failed to ensure
complete recovery of the glutamate-induced IF tension
(Figure 5A). Combinations of two compounds (SenA and
Glyb) and three compounds (SenA, Glyb and Niclo) showed
mild effects. Combinations of four and five compounds,
containing Glyb/SenA/Niclo/Arte and Glyb/SenA/Niclo/Arte/
CFTRinh-172, showed the highest efficacy on the IF tension

(Figure 5A). However, including CFTRinh-172 in the
combination dramatically reduced cell viability (Figure 5C),
and had little impact on cytoplasmic OP (Figure 5B), thereby
suggesting that SenA/Glyb/Niclo/Arte is the optimal
combination for the treatment of cytotoxic edema.

3.5 Drug-combination treatment effectively
alleviates brain edema in the MCAO
rat model

Cerebral ischemia induces extracellular glutamate
accumulation, ion disequilibrium and the resultant edema. The
MCAO rat model was used to further confirm the efficacy of the
above combination compounds in vivo. The MCAO group showed a
significant increase in the volume of cerebral infarction and water
content in brain tissues, while the combination compounds
treatment attenuated injuries (Figures 6A–C). In addition, the

FIGURE 5
Compound combination effectively alleviates glutamate-induced astrocyte hyperosmosis. (A) Representative images and mean values of
normalized CFP/FRET ratios of IF tension using GFAP FRET-based tension probe in primary astrocytes treated with different drug combinations. (B)
Cytoplasmic OP values of astrocyte cell line U87. (C) Cell viability of primary astrocytes treated with different drug combinations, as detected by
CCK8 assay. The values represent themean of ≥3 experiments ±SEM. Valuesmarkedwith asterisks represent statistically significant differences while
ns represents no significant difference.
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serum biochemical analysis, which included ALT, AST, ALP, BUN
and CRE, and hematoxylin and eosin (HE) staining of tissue section
(heart, liver, spleen, lung and kidney), showed no difference among

the control, MCAO and drug combination-treated MCAO groups
(Figures 6D,E). This confirmed the safety of the drug combination as
well as its effective inhibition of cerebral edema.

FIGURE 6
Application of the compound combination in the MCAO rat model to confirm drug efficacy and safety. (A), (B) Volumes of contralateral and non-
infarcted tissue of the ipsilateral hemispheres were outlined and measured with ImageJ software. The percentage of infarct volume= (volume of
contralateral–volume of non-ischemic ipsilateral)/2*(volume of contralateral) *100%. Scare bar: 1 cm (C) The water content of brain = (wet weight–dry
weight)/wet weight * 100%. (D) Serum biochemical assays, (E) HE staining of rat tissue sections were performed to determine safety of drug
combination. The values represent the mean of 3 experiments ±SEM. Values marked with asterisks represent statistically significant differences while ns
indicates no significant difference. Scale bar, 100 μm.
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4 Discussion

The present study demonstrates that the simultaneous
inhibition of multiple ion channels can effectively attenuate the
glutamate-induced Na+/Cl− influx and the resultant intracellular
hyperosmosis. Intracellular PNs are crucial factors for controlling
osmosis in living cells (Kunzelmann and Mehta, 2013a; Park et al.,
2019; Zheng et al., 2021; Pankonien et al., 2022). We observed that
glutamate simulates the production of abundant intracellular PNs
from MF/MT depolymerization and NLRP3 inflammasome, which
is accompanied by astrocyte swelling. These PNs carry negative
charge and can absorb cations and further drive the changed
contents of free ions in and out of the cells. In the present study,
we performed whole-cell patch clamp experiments and
demonstrated the presence of PN-induced membrane
depolarization. Therefore, PNs can induce changes in membrane
potential and lead to the rearrangement of intracellular free ions,
thereby promoting hyper-osmosis. In contrast to the traditional OP
theory, which states that the number of solute particles determine
osmosis (Darwish and Lui, 2019; Mitchison, 2019), our new
viewpoint proposes that intracellular PNs play an amplified role
in promoting hyperosmosis, depending on membrane potential and
converting to electrochemical modulation in cerebral edema.

Ion channels are classified into voltage-gated, voltage-dependent
and ligand-dependent channels. Membrane potential is not an
absolute factor for maintaining the continuous opening of
channel, and voltage-gated channels could limit the number of
incurrent ions. Multiple ion channels open simultaneously during
astrocyte swelling, depending not only on membrane potential, but
also on second messengers. Our study showed that the glutamate
stimuli induced changes in membrane potential and caused the
upregulation of second messengers, including Ca2+, cAMP and
DAG. The changes in membrane potential are closely associated
with the production of secondmessengers (Figure 2). This occurs via
the modulation of Ca2+ influx and intracellular Ca2+ mobilization,
along with the regulation of adenylyl cyclase activity to induce
cAMP synthesis (Izumi et al., 1999; Billups et al., 2006; Albarrán
et al., 2013). Therefore, second messengers, as intercellular chemical
signals, are associated with the synergistic effects on membrane
potential changes, thereby leading to the continuous opening of
voltage-dependent non-selective ion channels.

Large scale ion influx in the course of astrocyte swelling and
cerebral edema enhances the intracellular OP and results in the rapid
influx of water. The cation influx was the result of the opening of
TRPM4 and HCN channels in response to intracellular Ca2+ and
cAMP signals (Nilius et al., 2005; Cho et al., 2015; Saponaro et al.,
2021). The chloride ions resulted from the opening of chloride
channel TMEM16A in response to high levels of intracellular Ca2+

(Dutta et al., 2016; Ji et al., 2019). Notably, the Na+ and Cl− channels
may have a mutual influence on the intracellular cations and anions.
TRPM4 and TMEM16A inhibitors decreased the content of both
ions in astrocytes. This finding suggests that Cl− influx is not just a
Na+-driven posterior influx; rather, Na+ and Cl− channels have a
synergistic role in the regulation of osmosis and edema.

In this study, we show that PN inhibition cannot antagonize the
simultaneous opening of various ion channels, thereby implying that
PN-induced electrochemical activity is not the only factor
promoting hyper-osmosis. Our previous study also showed that

cell osmosis is determined not only by the PNs, but also by ion
content. For instance, albumins present in isotonic solutions with
different ion components (Na+ or K+) have variable osmotic effects.
Therefore, osmotic re-equilibrium is controlled by PNs as well as the
various ion channel-mediated rearrangement of the ionic
components. PNs and ion channel inhibitors should be taken in
combination in order to block the occurrence and development of
cerebral edema via the downregulation of intracellular OP. The
compound combinations containing Glyb, SenA, Niclo and Arte can
simultaneously reduce intracellular PNs and recover intracellular
cation and anion levels via the inhibition of various ion channels.
This can ultimately lead to a decrease in the intracellular osmosis in
cerebral edema.

The present study proposes a new viewpoint of “biological OP,”
which is highly dependent on PN-induced electrochemical activity,
the synergistic effects of multiple ion channels, the ionic
components and content-driven osmosis. Physical OP supports
semi-permeable membrane accessible to flow of ions,
indiscriminate ion identity. However, the plasma membrane is
permeable and allows selective uptake of ions. The
transmembrane ion channels control the ion flow in living cells,
depending on their ion selectivity. In the physiological condition, the
osmotic equilibrium is maintained by the antagonizing
transmembrane permeabilities of K+ and Na+. However, the
adsorption of PNs induce membrane potential, while second
messengers activate voltage-dependent ion channels, thereby
maintaining the osmotic pressure between the two sides of
plasma membrane. Thus, the frequency and duration of the
opening of various cation and anion channels involved in
regulating “biological OP” (Zheng et al., 2022b), as the term of
life activity different from the traditional physical OP. Biological OP
is crucial mechanical activity in living cells, as regulator of cell
morphology, structure and function. Thus, the osmometer
developed on the basis of the traditional van der Hoff theory can
only detect ions or colloidal solutions, which has defects in
evaluating the mechanical effects of the mixed solution of
biological ions and protein particles. New established IF tension
probe is able to convert the changes of osmotic tension in living cells
into optical signals. The transmembrane osmotic pressure of cells
generates tension by pulling the intermediate fiber filaments, and the
change of the intermediate fiber tension is linearly correlated with
the cell osmotic pressure. Observing the fluorescence resonance
energy transfer efficiency can effectively evaluate the change of the
osmotic potential energy of living cells in real time.

5 Conclusion

In summary, the synergistic regulation of “electrophysiological-
biochemical signal-osmotic tension” cascades, which aggravate
intracellular osmosis and further induce astrocyte swelling,
controls the occurrence and development of cytotoxic brain
edema. Therefore, based on a number of regulatory factors
including PN production and ion channels, we propose a new
therapeutic strategy of multi-target blocking and reestablishment
of osmotic equilibrium in cells. This provides the pharmacological
mechanism for the use of drug combinations for the treatment of
cerebral edema.
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The Quaking protein (QKI) belongs to the STAR protein family and plays a 
significant role in the development of the nervous system. It serves as a crucial 
regulator in the processes of tumor progression and cardiovascular system 
development. Within the central nervous system, QKI has been associated with 
the onset and progression of numerous neuropsychiatric disorders, including 
schizophrenia, depression, ataxia, and Alzheimer’s disease. In malignant tumors, 
the methylation of the QKI promoter inhibits its expression. QKI primarily involves 
in the generation, stability, and selective splicing of non-coding RNA, as well as 
in mRNA translation. The role of QKI in the tumor microenvironment should 
not be overlooked. Especially in Glioblastoma Multiforme (GBM), although QKI 
is not the primary mutation, it still plays a vital role in maintaining the stemness 
of GBM. However, the mechanisms and further studies on this topic demand 
extensive basic and clinical trials.

KEYWORDS

quaking protein, neuropsychiatric disorders, tumor progression, non-coding RNA, 
glioblastoma multiforme

1 Overview of QKI

The Quaking gene encodes the QKI protein, a member of the STAR (signal transduction 
and activation of RNA) family of RNA-binding proteins with KH domains, also known as GSG 
(GRP33, Sam68, and GLD-1) or SGQ (Sam68, GLD-1, and Qk1). The genes encoding QKI 
proteins are located on chromosome 6 in humans and chromosome 17 in mice. The Quaking 
gene spans approximately 65 kb and contains 9 exons. Through alternative splicing, it can 
produce 5 different mRNA isoforms that share the first four exons (Kondo et al., 1999). The 
three primary alternatively spliced mRNAs of the Quaking gene, measuring 5, 6, and 7 kb, 
encode the QKI-5, QKI-6, and QKI-7 proteins, respectively. These proteins differ in the last 
30 amino acids at their C-terminus (Ebersole et  al., 1996). They also differ in cellular 
localization: QKI-5 is found in the nucleus and regulates the alternative splicing of myelin-
associated glycoprotein (Scott et al., 2004) and the nuclear retention of myelin basic protein 
mRNA (Wu et al., 2002). QKI-6 is present in both the cytoplasm and nucleus, while QKI-7 is 
predominantly found in the steady-state cytoplasm (Pilotte et al., 2001). Both QKI-6 and 
QKI-7 mainly function in the cytoplasm, responsible for the transport of target RNA and 
participate in stability regulation, promoting the differentiation of oligodendrocytes (Larocque 
et al., 2002).
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Members of the STAR protein family contain one to two 
heterogeneous ribonucleoprotein granule K homologous (abbreviated as 
KH) domains and several Src homology 3 (SH3) domains related to 
tyrosine phosphorylation signal transduction (Chen and Richard, 1998). 
Due to the high conservation of amino acid sequences in STAR proteins 
and their dual function of signal transduction and RNA binding, they play 
crucial roles in embryogenesis, tissue organ development, and the 
regulation of protein synthesis and expression. Moreover, QKIs can also 
exert functions by influencing transcription, translation, transport 
between the nucleus and cytoplasm, and non-coding RNA actions 
(Larocque et al., 2002; Wang et al., 2013; Zong et al., 2014; Conn et al., 
2015). QKI plays an essential role in nerve and myelin sheath formation, 
regulating the differentiation of neural stem cells at various aspects of 
post-transcriptional level, and is indispensable for embryonic 
development. Several point mutations in the homozygous state within the 
QKI gene coding region lead to embryonic lethality at early stages (Cox 
et  al., 1999). In the context of cardiac muscle development, QKI is 
involved in the formation of myofibrillar structures in cardiomyocytes by 
modulating the alternative splicing of mRNAs such as ACTN2 (Chen 
et al., 2021). It has also been recently discovered that disruptions in QKI 
regulation during the late stages of pregnancy may be associated with 
developmental abnormalities of the congenital diaphragmatic hernia lung 
(Miyake et  al., 2024). Additionally, QKI plays diverse roles in the 
progression of cancers.

2 Principal mechanisms of QKI’s 
function in the nervous system

2.1 Role of QKI in myelination and 
oligodendrocytes

Within the central nervous system (CNS), oligodendrocytes are 
responsible for forming myelin sheaths around neuronal axons, which 
provide physical protection and metabolic support to axons. The 
QKI-6 and QKI-7 isoforms are almost completely absent in the 
oligodendrocytes of Qkv (The Qkv mouse) mice, leading to abnormal 
expression of downstream mRNAs and proteins. This disruption 
affects the differentiation of oligodendrocytes and consequently 
results in the formation of abnormal myelin sheaths. Additionally, 
QKI-5 is a regulatory factor for myelin sheath formation and is 
significantly associated with oligodendrocyte damage. QKI-6 
primarily influences the formation of early myelin sheaths, and QKI-6 
alone selectively rescues the expression of its high-affinity mRNA 
ligands, such as myelin basic protein (MBP) mRNA (Hardy et al., 
1996). The role of QKI-7 is bidirectional, inducing apoptosis in 
fibroblasts and oligodendrocytes. The target mRNAs s of QKI include 
myelin basic protein (MBP), early growth response protein 2 (EGR-2), 
p27Kip1, hnRNP A1, microtubule-associated protein 1B (MAP1B), 
apoptosis-inducing protein 1 (AIP-1), and cardiotrophin. Thus, QKI 
appears to play a major role in development, morphogenesis, cell 
adhesion, cell growth and maintenance, and cell communication. For 
example, QKI-6 can enhance the stability of MBP mRNA (Neumann 
et  al., 2022), while reducing the expression of AIP-1 mRNA and 
hnRNPA1 (Doukhanine et  al., 2010), thus promoting the 
differentiation and maturation of oligodendrocyte precursor cells 
(OPCs). Additionally, the stability of two key genes in myelin sheath 
development, MAP1B (Zhao et  al., 2006) and Sirtuin 2 (SIRT2) 

(Thangaraj et al., 2017), is also regulated by normal QKI function 
(Shaoping et al., 2011).

Furthermore, QKI plays a central regulatory role in lipid 
metabolism within the central nervous system. It is reported that 
cholesterol biosynthesis within oligodendrocytes is crucial for the 
formation of myelin sheaths (Smolič et  al., 2021), the absence of 
QKI-dependent coactivation can significantly disrupt the transcription 
of proteins related to the cholesterol biosynthesis pathway mediated 
by SREBP2 (sterol regulatory element binding protein-2), leading to 
the destabilization of myelin and resulting in severe congenital 
hypomyelination (Shin et al., 2021).

2.2 Regulation of astrocytes by QKI

Astrocytes (often abbreviated as AS) accompany the development of 
neurons throughout the entire process within the CNS (Central Nervous 
System). Their primary functions include providing a connective scaffold 
for neuronal cells, offering nutritional, metabolic, and immune support 
to neural networks, making them critical cells in maintaining the 
physiological homeostasis of the CNS (Smolič et al., 2021). QKI plays a 
significant and intricate role in regulating astrocytes. Larocque and 
colleagues found a connection between QKI and the differentiation of 
neural progenitor cells, with progenitor cells transfected with QKI 
differentiating into GFAP-positive astrocytes (Larocque et  al., 2005). 
GFAP is an acknowledged marker for astrocyte differentiation and forms 
the primary intermediate filament protein in mature astrocytes. In 
primary human astrocytes, the silencing of QKI leads to a notable 
decrease in GFAP mRNA levels (Radomska et al., 2013). RNA sequencing 
of mouse brain astrocytes has also shown significant enrichment of QKI 
(Sakers et al., 2017). Whole-genome RNA sequencing (RNA-seq) studies 
on SCZ patients have confirmed that QKI is among the genes that show 
significant differences in these patients (Wu et al., 2012).

Gene analysis of specific subgroups of mature astrocyte genes lost 
due to QKI knockout indicates an enrichment of glycoproteins, lipid 
metabolism, and signaling peptide genes. This suggests that QKI 
regulates the translation of proteins located on or near the cell surface. 
In the mature phase of astrocytes, QKI might dynamically modulate 
lysosomal functions associated with synaptic pruning in astrocytes, as 
well as the degradation and clearance of its products (Takeuchi 
et al., 2020).

3 Research on QKI in neurological 
diseases

3.1 Schizophrenia

The human QKI gene is located on chromosome 6q26 (Li et al., 
2002). Vulnerable gene loci associated with schizophrenia (SCZ) are 
situated on chromosome 6q25-27 (Lindholm et al., 2001; Taştemir 
et al., 2006). Specifically, they are pinpointed to a 0.5 Mb region, with 
QKI identified as the sole gene in this area deemed of significant 
research value (Aberg et al., 2006). Several independent studies have 
indicated that QKI mRNA expression is reduced in multiple regions 
of the brain in SCZ patients (Aberg et al., 2006; Haroutunian et al., 
2006; McCullumsmith et al., 2007). Increasing evidence suggests that 
dysfunction in myelin and oligodendrocytes might contribute to the 
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progression of this disease. Proper and functional neural circuits in 
the brain depend on the ability of oligodendrocytes to form normal 
myelin. Given the essential role of QKI in oligodendrocyte and myelin 
developmental regulation, it might be  implicated in the 
etiology of SCZ.

Pathological changes often seen in schizophrenia patients include 
white matter abnormalities and decreased mRNA expression of 
oligodendrocyte/myelin-associated genes (Katsel et al., 2005). These 
changes resemble those observed in qkv mice. Haroutunian and 
colleagues found reduced QKI mRNA expression in Brodmann areas 
44, 46, 23, 32, 22, 36, 7, and the hippocampus in SCZ patients, 
suggesting that aberrant QKI expression might lead to schizophrenia 
by inducing anomalies in oligodendrocyte and subsequent myelin-
associated gene expression (Haroutunian et al., 2006). Aberg et al. 
observed myelin pathological changes in the brains of SCZ patients, 
accompanied by a decrease in the expression of oligodendrocyte/
myelin genes and levels of QKI-7 and QKI-7b splice variant mRNAs. 
Moreover, QKI-7 and -7b were predominantly and significantly 
reduced in SCZ brains (Aberg et al., 2006), implying that the QKI-7 
subtype might have a greater contribution to the pathological 
development of SCZ. Notably, the QKI deficiency in SCZ correlates 
with reduced mRNA expression vital for oligodendrocyte and myelin 
development (Katsel et al., 2005; Aberg et al., 2006), including Myelin-
Associated Glycoprotein (MAG), MBP, Proteolipid Protein 1 (PLP1), 
SOX10, and transferrin (Aberg et al., 2006; McCullumsmith et al., 
2007). Some of these genes contain QKI binding sites (Artzt and Wu, 
2010; Feng and Bankston, 2010; Morikawa and Manabe, 2010). The 
expression defects of QKI in schizophrenia might lead to selective 
splicing defects of several myelin genes. In adult mice, structural 
defects in the nodes and paranodal regions of axons emerge after the 
loss of QKI expression in oligodendrocytes. Abnormal function in 
neural networks is believed to be  central to the etiology of 
schizophrenia. Thus, the lack of QKI might lead to dysfunctional 
domains on axons (Ranvier nodes), potentially impairing neuronal 
function and neurotransmitter release (Davis et al., 2003). In studies 
on psychotic patients, those treated with typical neuroleptics showed 
increased QKI mRNA levels compared to those treated with atypical 
neuroleptics (McInnes and Lauriat, 2006), suggesting that 
antipsychotic drugs can influence QKI levels. Therefore, QKI 
deficiency might be a potential factor in the impaired development of 
oligodendrocytes and myelin in SCZ.

3.2 Depression

QKI plays a significant role in the process of neural demyelination. 
Pathological changes in neural myelin are widely observed in patients 
with depression, indicating that the QKI protein may play a vital role 
in the onset and progression of depression. In microarray studies of 
the frontal cortex regions of brains from individuals who died by 
suicide, there was a significant reduction in the expression of 
neuroglial-specific genes, especially genes involved in myelin 
formation (Klempan et al., 2009). There’s a reduced expression of 
oligodendrocyte-related genes in the temporal pole of patients with 
depression (Aston et  al., 2005). Moreover, studies by Aston and 
colleagues detected nearly identical oligodendrocyte abnormalities in 
both non-suicidal and suicidal groups with depression, suggesting that 
changes in the expression of myelin formation-related genes might 

be  specific to depression. Post-mortem studies focusing on the 
neuropathology of glial cells in depression reinforced this concept, 
although findings remain inconsistent in various cases. There’s a 
pronounced decrease in the expression, at both the protein and 
mRNA levels, of multiple QKI protein subtypes in the cortical, 
hippocampal, and amygdala regions of individuals with severe 
depression who died by suicide (Klempan et al., 2009). Currently, 
comprehensive research regarding the regulatory function of QKI in 
the onset and development of depression within the central nervous 
system, as well as its underlying mechanisms, has not been conducted. 
This could become a novel direction for future QKI functional research.

3.3 Ataxia

A characteristic feature of many human hereditary 
neurodegenerative diseases is the degeneration of Purkinje cells (PC). 
In an analysis of 54 proteins from 23 hereditary forms of ataxia in 
Purkinje cells, a total of 29 proteins were identified that interact with 
QKI. Many proteins that cause ataxia interact with each other and 
share binding regions. Although these ataxic diseases are caused by 
different gene mutations, they share common protein interactions and 
pathways (Lim et al., 2006). The qkv mice are categorized alongside 
other autosomal recessive hereditary human ataxias. Both qkv and 
qke5 mice exhibit swelling of Purkinje cell axons, suggesting neuronal 
degeneration (Suzuki and Zagoren, 1975; Noveroske et al., 2005). 
Moreover, the myelin levels in the central and peripheral nervous 
systems (CNS and PNS) of qkv mice are significantly reduced, 
emphasizing QKI’s vital role therein. From this, it can be inferred that 
there may be a link between QKI and ataxia. Additionally, the three 
QKI subtypes – QKI-5, QKI-6, and QKI-7 – all possess a common KH 
domain. Studies have found that mutations in other proteins with the 
KH domain are associated with ataxia-like syndromes, such as Nova 
(Yang et al., 1998) and FMRP (Hagerman, 2006).

3.4 Alzheimer’s disease

Neuroglial cells play a central role in brain physiology, primarily 
maintaining the homeostasis of the brain. The most common 
pathological feature of AD is the accumulation of abnormal protein 
aggregates, such as the abnormal deposition of β-amyloid (Aβ) 
plaques in the brain, leading to neuronal death. Other pathological 
features include morphological changes in neuroglial cells, especially 
the hypertrophy and reactivity of astrocytes. Reactivity is a 
pathological marker of astrocytes responding to injury or toxic 
molecules (Ju et al., 2022). The progression of AD is characterized 
by astrocytes transitioning from a neuroprotective state to a state of 
reactive gliosis (Canning et al., 1993), which prevents axonal growth 
and reduces neuronal inhibition (Ortinski et  al., 2010). The 
activation of astrocytes and microglia is associated with the 
formation of β-amyloid aggregates (Orre et  al., 2014). GFAP, a 
protein essential for astrocyte proliferation, has been found to 
be upregulated in human AD brain tissues (Kamphuis et al., 2014). 
GFAP is associated with the activation of astrocytes and is regulated 
by QKI. Moreover, the density of astrocytes and GFAP expression 
levels correlate with the severity of the Braak stage (Wharton et al., 
2009), suggesting a link between astrogliopathy and the severity of 
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AD. Myelin basic protein (MBP), a component of oligodendrocyte 
and Schwann cell myelin formation, co-localizes with amyloid in the 
brains of AD patients and increases in AD, possibly due to axonal 
injury (Zhan et al., 2015). Furthermore, MBP has been shown to 
interfere with the formation of β-amyloid precursor (Hoos et al., 
2009). All subtypes, QKI5, QKI6, and QKI7, are upregulated in AD 
samples, and the expression of QKI increases with the severity of the 
AD state (Gómez Ravetti et  al., 2010; Farnsworth et  al., 2016). 
However, analysis by Feng and colleagues suggests that QKI may 
have expression differences in the early stages of AD, but not in the 
later stages (Feng et al., 2014). Still, any link between QKI expression 
and AD-related genes is currently speculative, and whether QKI is 
involved in the pathogenesis of AD needs further elucidation.

4 Research on QKI in malignant 
tumors

4.1 QKI’s tumor suppressive function in 
brain tumors

Gliomas originate from the glial cell lineage, primarily astrocytes, 
oligodendrocytes, and ependymal cells. Surgical resection, radiation 
therapy, chemotherapy, and temozolomide (TMZ) treatment remain 
the gold standard for managing GBM. However, the average survival 
time for GBM patients is less than 1 year, with the majority at risk of 
recurrence except for a few long-term survivors. In about 30% (6/20) 
of human glioblastomas, QKI expression has been altered, whereas in 
neurofibromas and meningiomas, QKI expression remained 
unchanged (Li et al., 2002). Subsequent studies on astrocytomas and 
GBM identified deletions in the 6q25-26 region, primarily involving 
QKI and PACRG genes (Ichimura et al., 2006; Mulholland et al., 2006). 
Angiocentric glioma (AG) is a rare subtype of neuroepithelial tumor 
in children and young adults, characterized by a vascular-centric and 
slender star-shaped cellular morphology. It often presents with epileptic 
seizures and has been identified with MYB locus deletions (Roth et al., 
2014). Zhang et al. reported MYB rearrangements in AG (Zhang et al., 
2013), followed by Bandopadhayay and colleagues confirming 
MYB-QKI rearrangements in AG (Bandopadhayay et  al., 2016). 
MYB-QKI fusions were also found in pediatric low-grade gliomas 
(pLGG) (Ramkissoon et al., 2013). The breakpoint of the MYB-QKI 
rearrangement occurs in intron 4 of QKI, while MYB occurs between 
introns 9–15. Of the 147 non-angiocentric gliomas analyzed by WGS 
or RNA-seq, none exhibited MYB-QKI fusions, suggesting that this 
fusion might be a specific target for AG (Bandopadhayay et al., 2016) 
(Table 1). However, MYB-QKI rearrangements are not common in all 
GBMs (Ramkissoon et al., 2013), with most GBMs primarily presenting 
p53 mutations (Ichimura et al., 2006), EGFR amplifications and/or 
rearrangements (Liu et al., 2000), and PTEN deletions (Knobbe and 
Reifenberger, 2003). The QKI locus is a common fragile site, 
characterized by significant genomic instability and resulting frequently 
mutations of various cancers (Smith et al., 2006). QKI and PARK2 are 
located within the same minimal common region on chromosome 
6q26-27; PARK2 (Veeriah et al., 2010) is a tumor suppressor gene in 
GBM (glioblastoma), and has an additive effect with QKI in tumor 
suppression. Therefore, the dual inactivation of PARK2 and QKI may 
collaboratively drive the development of GBM (Chen et al., 2012).

QKI primarily functions as a tumor suppressor gene in 
GBM. Previous studies have identified downregulation of QKI in a 

subset of GBM patients. QKI is a downstream target of p53, which is the 
most frequently mutated tumor suppressor gene in primary GBM. p53 
directly activates QKI, and influencing relative genes and pathways 
(Chen et al., 2012). Pten controls the renewal and differentiation of 
neural and glioma stem cells in synergy with P53. The concurrent 
specific deletion of p53 and Pten in central nervous system of mice 
could lead to high-grade malignant glioma phenotypes which closely 
resemble human primary GBM in clinical, pathology, and molecular 
characteristics (Zheng et al., 2008). Subsequently, Takashi Shingu and 
colleagues established the first mouse model of QKI-deficient GBM, 
demonstrating that the co-deletion of Pten, p53, and QKI in mice NSCs 
(neural stem cells) resulted in 92% malignant glial tumors, which closely 
resemble human glioblastoma in terms of morphology, metastasis, 
proliferation, and heterogeneity. The QKI protein is involved in RNA 
processing and splicing, participating in the regulation of protein 
translation and other processes, and the absence of QKI gene indicates 
a decrease in endosome and lysosomal generation ability. Neural stem 
cells normally maintain the stemness only in the subventricular zone 
(SVZ), however, the loss of QKI significantly elevates the levels of 
receptors necessary for maintaining stemness on the cell membrane, 
allowing them to preserve stem cell characteristics even after leaving 
SVZ (Shingu et al., 2017). Thus, QKI has the function of reducing the 
stemness of tumor cells, and the loss of QKI may affect downstream 
RNA targets involved in carcinogenesis, transformation, or angiogenesis, 
potentially being an important condition for the progression of GBMs.

QKI can regulate RNA homeostasis in multiple aspects, such as RNA 
stability, alternative splicing, translation, miRNAs, and circular RNAs. 
miRNAs are small non-coding RNAs that bind to specific mRNAs and 
regulate their translation and/or stability, and are associated with the 
pathogenesis in nearly all known cancer pathways. QKI has been shown 
to influence the stability of downstream miR-20a, thereby suppressing 
the TGFβR2 signaling pathway. This regulatory effect has been 
substantiated both in vitro and in vivo using primary mouse astrocytes 
and human glial cells, demonstrating its impact at the molecular, 
biochemical, and functional levels. Moreover, all three common isoforms 
of QKI are implicated in the modulation of miR-20a (Chen et al., 2012).

miR-29a has been identified to directly repress the expression of 
QKI-6, with WTAP (Wilms’ tumor 1-associated protein) serving as its 
downstream target, which inhibit the phosphoinositide 3-kinase/AKT 
and extracellular signal-regulated kinase pathways (Xi et al., 2017). 
Furthermore, an increased expression of miR-148a has been observed 
in GBM glioma cell lines, which targets and diminishes the expression 
of QKI, leading to the augmented and sustained activation of NF-κB 
and TGF-β/Smad signaling pathways, which in turn inhibits cell 
proliferation, migration, and invasion.

The role of QKI in malignant tumors is garnering increasing 
attention. Consequently, elucidating the regulatory network and 
mechanism of QKI, including its upstream and downstream effectors, 
is instrumental in exploring its potential value in the diagnosis and 
treatment of malignant tumors.

4.2 Regulatory mechanisms of QKI in other 
malignant tumors

In brain tumors, previous research mainly focused on AG subset, 
characterized with MYB-QKI rearrangement primarily. In GBM, only 
WTAP, SHH, GLI1, NF-κB, and TGF-β pathways have been identified. 
We  also found that QKI is involved in the regulation of multiple 
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miRNAs, a type of non-coding RNAs. The potential influence of QKI 
on other non-coding RNAs remains to be  determined, therefore, 
we attempted to find direction by investigating the mechanism of 
action of QKI in other tumors.

4.2.1 QKI and non-coding RNA in tumors
QKI is closely associated with the occurrence and progression of 

various cancers, including lung, gastric, and prostate cancer, etc. As a 
tumor suppressor in multiple malignancies, QKI is increasingly 
recognized as a significant biomarker for evaluating tumor progression 
and prognosis. Numerous studies have indicated that QKI can 
modulate tumor growth by enhancing the stability of non-coding 
RNAs, selective splicing, and cellular cycle regulation, and it influences 

epithelial-mesenchymal transition (EMT) to promote tumor 
metastasis. Furthermore, QKI is subject to methylation of its promoter 
region (de Miguel et  al., 2016) and the impact of the tumor 
microenvironment. Non-coding RNAs, which mainly include 
microRNA (miRNA), long non-coding RNA (lncRNA), and circular 
RNA (circRNA), play important roles in the initiation and 
development of cancer.

The QKI protein possesses the function of regulating the formation 
and activity of miRNAs and also can regulated by miRNAs, forming a 
regulatory network. QKI can influence the cell cycle, migration, and 
proliferation by modulating the expression of miRNAs, for example, 
QKI-5 regulates miR-196b-5p (Liang et al., 2020) and miR-31 (Zhu et al., 
2023). In most instances, QKI serves as a target gene for miRNAs, 

TABLE 1 QKI related variants in AG.

References No. Site Genetics Op and adjuvant Tx Outcome

Qaddoumi et al. 

(2016)

6 Parietal MYB::QKI fusion NM NM

7 Parietal MYB::QKI fusion NM NM

8 Frontal MYB::QKI fusion NM NM

9 Temporal MYB::QKI fusion NM NM

10 Temporal MYB::QKI + BRAF V600E NM NM

11 Temporal MYB::QKI fusion NM NM

12 Frontoparietal MYB::QKI fusion NM NM

13 Temporal MYB::QKI fusion NM NM

14 Parietal MYB::QKI fusion NM NM

15 Temporal MYB::QKI fusion NM NM

16 Occipital MYB::QKI + BRAF V600E NM NM

17 Frontal MYB::QKI fusion NM NM

18 Temporal MYB::QKI fusion NM NM

19 Temporal MYB::QKI fusion NM NM

20 Temporal QKI NM NM

Bandopadhayay 

et al. (2016)

21 NM MYB::QKI fusion NM NM

22 NM MYB::QKI fusion NM NM

23 NM MYB::QKI fusion NM NM

24 NM MYB::QKI fusion NM NM

25 NM MYB::QKI fusion NM NM

26 NM MYB::QKI fusion NM NM

27 NM Other MYB mutation NM NM

Chan et al. (2017) 28 Inferior Pons MYB::QKI fusion Biopsy only NM

D'Aronco et al. 

(2017)

29 Pons and medulla MYB::QKI fusion
Biopsy only, Unresectable, Carboplatin, and 

Vincristine + Bevacizumab

Initially progressed but stable size in 

12 months

30 Brainstem MYB::QKI fusion
Biopsy only, Unresectable, carboplatin, and 

vincristine + Bevacizumab, mTOR inhibitor

Initially progressed but stable in 

4 years

Lake et al. (2020) 31 Thalamus MYB::QKI fusion Radiotherapy NM

32 Lt frontal MYB::QKI fusion Chemotherapy NM

Suh et al. (2023) 33 Lt frontal MYB::QKI fusion CCRT + trial

One recurs 20 months after surgery 

and no further recurs 40 months 

after the initial surgery

Suh et al. (2023) 34
Rt hemisphere CC 

and Thalamus
MYBL1::QKI fusion
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including miR-155, miR-221, miR-200c, miR-200, miR-574-5p, 
miR-143-3p (He et al., 2016), and miR-362-5p (Wei et al., 2020), which 
mostly are associated with tumor proliferation and migration. miR-155 
and miR-221 can regulate the cell cycle and invasive capacity of colon 
cancer by reducing the production of QKI (He et al., 2015; Mukohyama 
et  al., 2019), while miR-574-5p inhibits the expression of QKI, 
particularly QKI-6/7, increasing proliferation, migration, and invasion, 
and decreasing differentiation and cell cycle arrest (Ji et al., 2013).

The expression of QKI is also related to tumor angiogenesis. It is 
reported that the miR-200 family inhibits tumor cell migration by 
regulating tumor angiogenesis. miR-200 blocks the expression of QKI 
in tumor endothelial cells, leading to increased production of QKI, 
thereby promoting angiogenesis and nutrient supply (Azam et al., 
2019). Moreover, QKI is involved in tumor metastasis. miR-574-5p 
targets QKI to inhibit the growth and metastasis of cervical cancer 
cells and enhances chemosensitivity (Ji et al., 2013; Tong et al., 2020). 
By regulating miR-200c, QKI-5 inhibits EMT and the invasion and 
migration of renal clear cell carcinoma. Upregulation of QKI-5 also 
increases the EMT related proteins, including vimentin, snail, and slug 
proteins, while downregulating E-cadherin, promoting cell migration 
and invasion (Zhang et al., 2021).

Circular RNAs (circRNA) are recently discovered non-coding RNA 
molecules derived from the back-splicing of precursor mRNA. These are 
endogenous closed-loop RNAs. Their circular form confers resistance to 
nuclease degradation, making them more stable than linear RNAs. 
Aberrant expression of circRNA influences various biological 
mechanisms such as gene transcription regulation, acting as miRNA 
sponges, involvement in protein translation, and interactions with RBPs 
(Du et al., 2017; Xu et al., 2018). Studies have shown that they can serve 
as pivotal regulators in the cancer cell cycle, apoptosis, proliferation, 
invasion, and migration (Chen et al., 2020). The biogenesis of circRNAs 
is modulated by exon-skipping events and RNA binding proteins (RBPs). 
These RBPs include ESRP1, ESRP2, PTBP1, TNPO1, RBM, and QKI, 
which function as splicing factors modulating selective splicing (Jeck and 
Sharpless, 2014). Quaking (QKI) belongs to the STAR family with KH 
domains and affects the splicing of pre-mRNA. Introducing common 
binding sequences of QKI into flanking introns leads to the formation of 
circRNAs from exons that are typically subjected to standard linear 
splicing. Due to the dimerizing capability of QKI, it is believed to target 
flanking introns, bringing circularized exons closer together, thereby 
enhancing the generation of circRNAs (Conn et al., 2015).

In NSCLC, QKI can directly bind to the flanking introns of 
circ-SLC 7A6, promoting the production of circ-SLC7A6, which 
inhibits proliferation and invasion. Furthermore, miR-21 is a direct 
functional target of circ-SLC7A6 (Wang et al., 2020). Although QKI 
facilitates circRNA formation, some studies found that QKI expression 
is regulated by circRNAs. For instance, circ-UBR5 can bind to the KH 
domain of QKI (Qin et al., 2018), circ-MTO1 acts as a sponge for 
oncogenic miR-17, promoting QKI-5 expression, leading to the 
inactivation of the Notch signaling pathway, thus inhibiting LUAD 
growth. Similarly, circSHPRH acts as a sponge for miR-224-5p, 
regulating QKI expression, significantly suppressing the proliferation, 
EMT, invasion, and migration of human bronchial epithelial BEAS-2B 
cells (Zhou et al., 2021). The G-protein-coupled estrogen receptor 
(GPER) can also promote NSCLC cell growth through the YAP1/QKI/
circNOTCH1/m6A methylation of NOTCH1 pathway (Shen et al., 
2021). Recent research suggests that in many instances, circRNAs do 
not act as miRNA sponges (Guo et al., 2014). For example, while QKI 
promotes the formation of circNDUVB2, inhibiting the progression of 

NSCLC (Li et al., 2021), circNDUFB2 does not function as a miRNA 
sponge in the studies. Downregulation of QKI-5 is associated with the 
decreasion of circZKSCAN1 (Zhu et al., 2019), and is involved in the 
generation of circGSK3B (Li et al., 2020). Additionally, QKI serves as 
a miR-1265 sponge, positively regulating CAB39, which promotes the 
reprogramming of glutamine metabolism. High expression of QKI 
facilitates alternative splicing and the production of circRNAs, leading 
to an RNA storm that upregulates genes related to proliferation, 
migration, and angiogenesis, thereby enhancing the malignancy of 
liver cancer (Han et al., 2019). Furthermore, circSPIRE1, circARFGEF2, 
circBCAR3, circRNA-SFMBT2, and circSLC26A4 are all positively 
regulated by QKI through a feedback mechanism (Ji et al., 2020; Xi 
et al., 2022; Kong et al., 2023; Li et al., 2023; Shu et al., 2023).

Long non-coding RNAs (lncRNAs) are defined as RNAs longer than 
200 nucleotides that do not code for proteins. Similar to mRNAs, they are 
transcribed by RNA polymerase II. However, in contrast to mRNAs, 
many lncRNAs are preferentially located in the cell nucleus. They perform 
a multitude of functions, including nuclear functions such as regulating 
gene expression in cis or trans, splicing modulation, and nucleation of 
sub-nuclear domains (Goodall and Wickramasinghe, 2021).

LncRNAs can act as oncogenes. LncRNA-MEG3 affects the ability 
of cell proliferation, migration, and invasion, as well as the rate of cell 
apoptosis. This regulation is dependent on miR-9-5p and QKI-5 (Wu 
et al., 2019). LncRNAs can also function as tumor suppressor genes. 
LncRNA TPT1-AS1 is involved in the development of various cancers. 
In breast cancer, TPT1-AS1 and QKI share a binding site in 
miR-330-3p. A low expression of TPT1-AS1 is significantly associated 
with some clinical features of malignant tumors, such as high TNM 
staging, lymph node metastasis, Her-2 negative status, and a shorter 
overall survival (Hu et al., 2020) (Figure 1).

Thus, it is evident that QKI plays a p crucial role in the regulation of 
non-coding RNA in other types of tumors. Moreover, miRNAs, 
lncRNAs, and circRNAs interact with each other and are dependent on 
QKI’s regulation. QKI may act as an upstream or downstream 
component within this network, which provides a reference for our 
research into the mechanisms of brain tumorigenesis. For instance, 
we can investigate whether it has the same functional pathways in brain 
tumors and whether it can serve as a target for therapy and prevention.

4.3 Methylation of QKI

Research has discovered that the low expression of QKI in various 
tumors may be related to the methylation of its promoter, with this 
methylation facilitating the inactivation of QKI. In colorectal cancer 
(CRC), QKI is significantly downregulated, to the point of being absent, 
in part due to hypermethylation of its promoter. Studies have identified 
that high methylation of the QKI promoter is the reason for decreased 
QKI expression in colorectal cancer, stomach cancer, and prostate 
cancer (Flores et al., 2008). In CRC, methylation of the QKI promoter 
was detected in 32.1% of CRC patients. Compared to matched normal 
tissues, these patients had significantly reduced QKI mRNA expression 
in their tumor tissues, with a notable correlation between low QKI 
expression and postoperative recurrence (Iwata et  al., 2017). 
Furthermore, QKI manifests as highly methylated in the cfDNA of CRC 
patients, suggesting it might serve as a CRC-specific methylation 
biomarker (Zhang et al., 2022). Overexpression of QKI in CRC cells 
elevates the expression of intestinal differentiation markers, intestinal 
alkaline phosphatase, and lactase, concurrently increasing the protein 
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expression levels of p27Kip1 (Yang et  al., 2010). In lung cancer, 
hypermethylation of the QKI-5 promoter leads to reduced expression 
and inhibits EMT induced by TGF-β1 (Zhou et al., 2017). It is not yet 
known whether QKI is regulated by methylation in brain tumors. 
Moreover, MGMT promoter methylation is an important predictive 
biomarker for chemosensitivity to alkylating agents and patient 
prognosis in GBM. Therefore, whether QKI methylation could serve as 
an additional biomarker is also worth exploring and investigating.

4.4 QKI and cancer treatment

QKI plays a regulatory role in multiple aspects of tumor 
progression, including tumor growth, metastasis, and angiogenesis, 
and is associated with prognosis. Targeting QKI can serve as a tool to 
counteract the stemness, invasiveness, angiogenesis, and treatment 
resistance of tumors, benefiting the disease. Reports indicate that 
QKI-5 can modulate cicZKSCAN1 and influence hepatocellular 
carcinoma (HCC) cells treated with sorafenib (Song et al., 2023). The 
YY1 binds to the super-enhancer and promoter of QKI, leading to its 
abnormal activation, subsequently inducing the formation of 
circRNAs in HCC and triggering epithelial-mesenchymal transition 
(EMT) and tumor metastasis. Hyperoside, one of the flavonol 
glycoside compounds derived from several plants, can target the YY1/
p65/p300 interaction, obstructing the assembly of this complex. This 
hinders the binding to the super-enhancer, suppressing QKI 
expression and exerting anti-liver cancer effects (Han et al., 2019). A 
recent study demonstrated that the combined therapy of radiation 
(RT) and metformin suppresses the progression of prostate cancer 
(PCa) by modulating the QKI/circZEB1/miR-141-3p/ZEB1 signaling 
pathway, enhancing radiation sensitivity. Additionally, metformin-
induced AMPK signaling converges at FOXO3 to stimulate SETD2 
expression, subsequently enhancing its substrate EZH2’s enhancer to 
delay PCa metastasis. The combination of metformin and the EZH2 
inhibitor GSK126 synergistically inhibits PCa cell growth in vitro and 

in vivo, affirming metformin as a promising therapeutic approach for 
future prostate cancer treatment (Chen et al., 2020).

A primary reason for cancer treatment failure is the acquisition of 
drug resistance. CCAT1 promotes HCC proliferation and reduces cell 
apoptosis induced by oxaliplatin. Knocking out CCAT1 can enhance 
chemical sensitivity both in vitro and in vivo. Further studies revealed 
that QKI-5 is a crucial mediator, and blocking the QKI-5/p38MAPK 
signaling pathway can enhance the sensitivity to oxaliplatin (Xia et al., 
2022). In ER+ breast cancer, QKI promotes the formation of circRNA-
SFMBT2. Elevated expression levels of circRNA-SFMBT2 promote cell 
growth and tamoxifen resistance (Li et al., 2023). Moreover, QKI and 
circRNA participate in cellular irradiation responses. After ionizing 
radiation, the transcription of QKI and its interaction with KIRKOS-71 
and KIRKOS-73 significantly increases (O'Leary et al., 2017).

The role of immune modulation in the development of malignant 
tumors cannot be  underestimated, and recently, the significance of 
immunotherapy in cancer treatment has become increasingly prominent. 
The QKI protein can exert anti-tumor effects through immune regulation. 
Studies have reported that the knock-out of QKI can upregulate genes 
induced by interferons, suggesting that QKI may act as an immune 
suppressor (Liao et al., 2021). Overexpression of QKI can increase the 
production of the anti-inflammatory cytokine IL-10. Macrophages, as key 
players in innate immunity and the primary cells initiating inflammation, 
develop into tumor-associated macrophages (TAMs) within tumors. QKI 
can dynamically regulate the polarization state of macrophages and 
function in inhibiting innate immune responses by modulating the 
NF-κB pathway (Wang et al., 2017). In early differentiated monocyte 
progenitor cells, transcriptional activation of QKI-5 can downregulate the 
expression of CSF1R, thereby negatively regulating macrophage 
differentiation and forming a negative feedback loop during the 
macrophage differentiation process (Fu et al., 2012). Therefore, QKI may 
influence tumor immune modulation by participating in inflammation. 
Additionally, QKI is associated with the prognosis of diffuse large B-cell 
lymphoma (DLBCL) (Pan et al., 2021), NSCLC (Li et al., 2021), and 
leukemia (Tili et al., 2015). In summary, research has revealed that QKI 

FIGURE 1

Regulation of QKI.
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FIGURE 2

QKI regulates neural development and glioma formation. Left: QKI regulates oligodendroglial cells and astrocytes; Right: In GBM (Glioblastoma 
Multiforme), QKI acts as a tumor suppressor gene and is involved in multiple signaling pathways. MYB: QKI fusion is commonly observed in AG 
(Astrocytoma Grade).

plays a critical role in angiogenesis, apoptosis, cell growth, and immunity, 
and it may become a novel biomarker for diagnosis, treatment, and 
evaluation in brain tumors. The development of targeted or 
immunotherapeutic drugs related to QKI is a promising direction; 
however, the signaling pathways and molecular mechanisms involved are 
not yet fully understood and require substantial basic and clinical trial 
support for further research and evaluation.

5 Conclusion

QKI has long been believed to participate in the differentiation, 
development, and regulation of the central nervous system, playing a 
crucial role in processes like alternative splicing, the stability and 
localization of mRNA, and non-coding RNA, as well as mRNA translation. 
The association of QKI protein with human pathology suggests that in the 
central nervous system, QKI is involved in the onset of various 
neuropsychiatric disorders, including schizophrenia, depression, ataxia, 
and Alzheimer’s disease. However, its core regulatory functions and 
specific mechanisms have not been systematically elucidated. Research on 
QKI has revealed its pivotal functions in angiogenesis, cell apoptosis, and 
cell growth. Its mechanism primarily involves participation in the 
formation or stability of non-coding RNAs, especially miRNAs and 
circRNAs, further affecting the prognosis of cancer patients. 
Simultaneously, QKI might also be  regulated in return, influencing 
downstream signaling. It has been found that low expression of QKI 
appears in various tumors and might be  controlled by its promoter 
methylation. Methylation of the promoter promotes the inactivation of 
QKI. The outcomes of immunotherapy in cancer treatment in recent years 
have been very promising. QKI has also been involved in immune-related 
pathways. Some anti-cancer drugs, as well as radiotherapy treatment 
methods, also involve QKI. Hence, QKI may potentially become a new 
biomarker for the diagnosis, treatment, and evaluation of malignant 
tumors in the future. The MYB-QKI fusion in GBM mainly occurs in 
angiogenic gliomas, primarily affecting the stemness of glioblastomas. The 

signaling pathways and signaling molecules involved in QKI’s participation 
in tumorigenesis have not been fully studied. QKI affects the resistance to 
chemotherapy and some targeted drugs, but its influence in tumors is 
relatively superficial, and its regulatory mechanism remains unclear. 
Although the direct development of small molecule inhibitors targeting 
MYB is challenging, targeting MYB-QKI, such as KIT or CDK6, might 
be a promising avenue for drug development. Additionally, MYB-QKI can 
bind to H3K27ac enhancer elements. Indirect inhibition of MYB-QKI, 
possibly through BET inhibitors or CDK7 suppression, might also play a 
role in GBM treatment. Further research requires the support of extensive 
basic and clinical trials (Figure 2).
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The apelin/APJ system has garnered increasing attention in recent years. In this
review, we comprehensively discuss the physiological and pathological
mechanisms of the apelin/APJ system in stroke. The apelin/APJ system is
widely expressed in the central nervous system (CNS). However, the
distribution of the apelin/APJ system varies across different regions and
subcellular organelles of the brain. Additionally, the neuroprotective effects of
the apelin/APJ system have been reported to inhibit oxidative and nitrative
stresses via various signaling pathways. Despite this, the clinical application of
the apelin/APJ system remains distant, as apelin has numerous active forms and
signaling pathways. The development of a range of drugs targeting the apelin/APJ
system holds promise for treating stroke.

KEYWORDS

apelin, APJ, stroke, oxidative stress, neuroprotection

1 Introduction

Cerebrovascular diseases rank as the second leading cause of death, following heart
diseases (Heron, 2007; Zhang et al., 2021a). Stroke is characterized by a sudden disturbance
in blood flow, leading to mild or severe neurological dysfunction (The World Health
Organization, 1988; World Health Organization, 2004). According to reports, 15 million
people suffer from stroke annually, with 5.5 million succumbing to the disease (Banerjee
et al., 2005). Stroke rates are increasing, particularly in developing countries, posing a
significant societal burden (Zhang et al., 2021b; Shen et al., 2020).

Strokes can be classified as ischemic or hemorrhagic (Xu et al., 2018a; Wang et al., 2022;
Xu and Zhong, 2013). They result from an interruption in the blood supply to brain tissues,
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leading to reduced oxygen and nutrients. Extensive research has
been conducted on the pathological mechanisms and various
therapeutic drugs for stroke, including studies on cellular
apoptosis, oxidative stress, inflammation, brain edema, and cell
death (Yi et al., 2013; Han et al., 2004). Currently, no drugs are
specifically effective in treating stroke.

The apelin protein and its receptor APJ are extensively
distributed in the brain, primarily located in oligodendrocytes
and neurons (Gregory et al., 2004; Lee et al., 1993). Growing
evidence suggests that apelin and its receptor APJ play crucial
roles in protecting neural cells post-stroke (Bhalala et al., 2013;
Tatemoto et al., 1998). Therefore, targeting the apelin/APJ system
offers neuroprotection for stroke patients. This review aims to
highlight the latest developments in the study of the apelin/APJ
system’s functions and therapeutic potential in stroke patients.

2 Introduction of the apelin/APJ system

2.1 Apelin

The apelin gene expresses a 77-amino acid preproprotein, which
is cleaved into several active peptides (Habata et al., 1999; Hosoya

et al., 2000; Reaux et al., 2001). The full-length apelin, originating
from bovine stomach extracts, consists of 36 amino acids. The
presence of apelin-36 was further confirmed in bovine colostrum,
and a 13-amino acid peptide (apelin-13) was also identified.

In the peptide, the N-terminus is modified by pyroglutamate, a
post-translational modification that renders the protein resistant to
enzymatic cleavage. Several potential proteolytic sites on apelin-36
suggest the existence of other endogenous apelin isoforms, such as
apelin-19, apelin-17, apelin-16, and apelin-12, all of which can
activate the APJ receptor (Kawamata et al., 2001; Tatemoto et al.,
2001; Lee et al., 2005; Szokodi et al., 2002; Ronkainen et al., 2007).
However, peptides containing fewer than 12 amino acids are
inactive. In contrast to preproprotein, shorter forms of apelin
exhibit higher binding affinity and greater activity, with
pyroglutamated apelin-13 being the most potent.

Under hypoxic conditions, hypoxia-inducible factor-1 (HIF-1)
upregulates apelin protein levels (Wang et al., 2006). During
lactation, apelin synthesis is upregulated in breast tissue via
upstream stimulatory factor-1 (Boucher et al., 2005). In fasting
states, adipocyte apelin gene expression decreases, while refeeding
stimulates its expression, possibly through changes in insulin and
counter-regulatory hormone concentrations (Wei et al., 2005;
Reaux-Le Goazigo et al., 2004). Furthermore, apelin expression in
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The Apelin/APJ system exerted neuroprotection after stroke via decreasing ROS levels and increasing antioxidant protein expression.
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hypothalamic neurons is increased through the regulation of
arginine vasopressin (Vickers et al., 2002). Post-translational
processing of apelin is less understood, but angiotensin-
converting enzyme 2 (ACE2) may be involved (O’Dowd et al.,
1993). ACE2 efficiently hydrolyzes apelin-13 and apelin-36,
although its physiological significance remains unknown.

2.2 The APJ receptor

The human APJ receptor, first reported by O’Dowd et al., is a G
protein-coupled receptor with a 377-amino acid sequence located
on chromosome 11 (Chng et al., 2013). In 1998, Tatemoto et al.
identified apelin as the endogenous ligand of APJ (Habata et al.,
1999). It wasn’t until 2013 that two groups independently
discovered Elabela as another APJ ligand (Pauli et al., 2014;
O’Carroll et al., 2006). The genetic regulation of APJ is
complex, with a TATA-less promoter region playing a role in
APJ gene expression. Physiological stimuli such as stress, salt
loading, and water deprivation induce APJ synthesis (Pugh and
Tjian, 1991). Several genes with TATA-less promoters are
activated by Sp1 (Japp and Newby, 2008), which is also crucial
for APJ promoter activation. Other factors influencing promoter
activity include estrogen, CCAAT/enhancer-binding protein, and
glucocorticoids (Pugh and Tjian, 1991).

2.3 Distribution of the apelin/APJ system in
the CNS

The apelin/APJ system is extensively distributed in the CNS and
other tissues (Lee et al., 2000) (Figure 1). In detail, the apelin/APJ
system is expressed in neurons of the cerebral cortex, pituitary gland
cells, hippocampus, hypothalamus, T-lymphocytes, and pancreatic
islet cells. Apelin expression levels are associated with APJ expression.

In the CNS, apelin is expressed both centrally and peripherally.
Northern blot analysis detected apelin mRNA in the CNS of rats
(O’Carroll et al., 2000; Medhurst et al., 2003). The highest mRNA
expression of apelin was observed in the cerebral cortex,
hippocampus, pineal gland, spinal cord, and olfactory tubercle of
rats (O’Carroll et al., 2000; Reaux et al., 2002) (Figure 2).
Immunocytochemical techniques identified apelin-LI in other
neural cells, including neurons of the hypothalamus, pons, and
medulla oblongata (Kawamata et al., 2001; Kleinz et al., 2005). In
humans, apelin expression was first reported in the hippocampus,
thalamus, basal ganglion, hypothalamus, frontal cortex, and basal
forebrain (O’Carroll et al., 2000). Another study localized apelin
mRNA in the corpus callosum, spinal cord, substantia nigra,
amygdala, and pituitary (Reaux et al., 2002). Apelin-LI is
expressed in the endoplasmic reticulum, secretory vesicles, and
Golgi complex of endothelial cells, but not in cell organelles of
inducible endothelial peptide secretion (Lee et al., 2004).

FIGURE 1
Expression and physiological functions of the apelin–APJ system. Reproduced with permission from ref. (Chng et al., 2013).
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In the CNS, APJ can be detected in the hippocampus, cerebral
cortex, pituitary gland, and hypothalamus, with the highest levels in
the hypothalamus (O’Carroll et al., 2000; Medhurst et al., 2003)
(Figure 3). Immunocytochemical detection showed that apelin
receptors are also expressed in the nuclei of several neuron types,
including hypothalamic and thalamic nuclei (Reaux et al., 2002).
APJ expressed in human embryonic kidney cells shares similar
characteristics with that expressed in rat hypothalamic and
cerebellar nuclei (Choe et al., 2000).

Studies on cells expressing APJ in the CNS revealed its presence
in neurons, astrocytes, and oligodendrocytes, but not in
macrophages or microglia. Immunocytochemical analysis using
an antibody against the apelin receptor confirmed its distribution
in the human brain (Masri et al., 2006). APJ-LI was detected only in
human pyramidal and cerebellar neurons in culture.

2.4 Biochemistry: intracellular signaling
mechanisms

Studies have shown that apelin inhibits the production of
forskolin-stimulated cyclic AMP, suggesting that APJ is coupled

with inhibitory G proteins (Gi) (Habata et al., 1999). Additionally,
apelin can activate extracellular-regulated kinases (ERKs) in a Ras-
independent manner (Masri et al., 2002) and activate p70S6 kinase in
an ERK- and Akt-dependent manner (Neves et al., 2002). Pertussis
toxin inhibits these signaling cascades, indicating that they are
supported by APJ-Gi coupling. However, pertussis toxin does not
completely suppress apelin’s inotropic effect (Ronkainen et al., 2007)
but can activate phospholipase C and protein kinase C, which are
activated by Gq proteins (Zhou et al., 2003). Therefore, it is possible
that APJ receptors couple with both Gq and Gi proteins.
Phosphatidylinositol-4,5-bisphosphate (PIP2) can be hydrolyzed by
phospholipase C to produce inositol-1,4,5-triphosphate (IP3) (Zhou
et al., 2003), demonstrating that apelin can increase intracellular Ca2+
concentrations (Masri et al., 2006). Notably, several apelin-mediated
signaling cascades are reduced in sensitization following activation
(Masri et al., 2002), likely due to the internal positioning of APJ
receptors (Eggena et al., 1979). Different sizes of apelin fragments lead
to different durations of receptor internalization, correlated with
varying patterns of desensitization (Masri et al., 2002; Eggena
et al., 1979). Finally, APJ receptors are also localized to the nucleus
(Choe et al., 2000), suggesting they can regulate transcription in
addition to activating intracellular cascades (Tang et al., 2021).

FIGURE 2
The expression and location of Apelin in the brain. Referenced from the human protein atlas: [Apelin-APJ system] (https://www.proteinatlas.org/
ENSG00000134817 - APLNR/brain).
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3 Oxidative stress in the CNS

3.1 Characteristics of oxidative stress in
the CNS

Oxidative stress causes significant damage to organs under
ischemic conditions, including the heart, liver, kidneys, and
especially the brain (Andrianova et al., 2020; Yang et al., 2016;
Ikeda and Miyahara, 2003; Frank, 2006). Anatomical,
physiological, and functional factors make the brain particularly
susceptible to oxidative injury. Human brains consume 20% of the
body’s oxygen due to their high metabolic rate, although they account
for only 2% of body weight. This higher oxygen availability results in
increased ROS production (Gu et al., 2011). The brain’s dependence
on glymphatic waste disposal, modest antioxidant defenses,
excitotoxic and auto-oxidizable neurotransmitters, polyunsaturated
fatty acids prone to peroxidation, limited regenerative capacity, redox-
active metal burden, and calcium load make it sensitive to ROS.

Oxidative stress-related neurofunctional damage may result from
various cellular pathophysiological processes within neural cells. The

oxidative stress vulnerability of neurons differs biochemically.
Psychological stress may compromise antioxidant enzyme function
by disrupting the oxidant-antioxidant balance in the brain, depleting
glutathione and increasing oxidative stress. When glutamate toxicity
occurs simultaneously with mitochondrial dysfunction, oxidative
stress, and calcium overload, it leads to brain damage, impaired
neural cell communication, and ultimately neuro-dysfunction.
Controlling ROS levels, either by quenching pro-oxidants or
enhancing antioxidant defense, is crucial for the CNS. This review
provides a biologically plausible explanation of how oxidative damage
might contribute to psychiatric symptoms [Figure 4].

3.2 Signal pathways of ROS in the brain

The mechanisms by which ROS induce brain injuries remain
unclear. However, ROS have been demonstrated to cause various
cellular pathologies, including blood-brain barrier disruption,
neuronal apoptosis, and neuroinflammation (Makino et al.,
1996). Evidence suggests that N-methyl-D-aspartate receptor

FIGURE 3
The expression and location of APJ in the brain. Referenced from the human protein atlas: [APJ System] (https://www.proteinatlas.org/
ENSG00000171388 -APLN/brain).
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glutamate toxicity and glucocorticoid receptor signaling are involved
(Okamoto et al., 1999; Tanaka et al., 1999; Albrecht et al., 2010;
Nguyen et al., 2011; Sorce and Krause, 2009). Neurodegenerative
diseases such as cerebrovascular disorders, Parkinson’s disease, and
Alzheimer’s disease have been linked to increased brain oxidative
damage (Kamata et al., 2005).

Oxidative stress is believed to damage macromolecules by
activating particular signaling pathways in cells, altering gene
expression, and leading to cell death (Finkel, 2000; Meng et al.,
2002; Hu and Wieloch, 1994). The mechanisms linking oxidative
stress signals to cellular responses remain unclear, but several
proteins play important roles, including mitogen-activated
protein kinases (MAPKs: JNK, ERK1/2, ERK5, p38MAPK) (Kuan
et al., 2003; Suzaki et al., 2002; Dunah et al., 2002), Sp1 (Susin et al.,
1999), oxidoreductase apoptosis-inducing factor (AIF) (Vahsen
et al., 2004; Chalovich et al., 2006), transcription factors such as
cAMP response element-binding protein (CREB) (Zaman et al.,
1999; Van Der Heide et al., 2004), and Forkhead (FOXO) (Brunet
et al., 2004; Essers et al., 2004; Orellana-Urzúa et al., 2020).

4 The functions of the apelin/APJ
system in stroke

4.1 Pathological mechanisms of stroke

Strokes result from an interrupted blood supply to brain tissues,
leading to reduced oxygen and nutrients. The lack of blood supply
causes a rapid increase in ROS production immediately after an
acute stroke. These ROS can damage neural cells, leading to further
pathological processes such as neuroinflammation, autophagy,
neuro-apoptosis, and blood-brain barrier disruption (Rodrigo
et al., 2013). The main sources of ROS after a stroke include
mitochondria, nitric oxide synthases, NADPH oxidase, and
xanthine oxidase (Wu et al., 2017). Targeting oxidative stress

post-stroke is critical to preventing oxidative damage and
subsequent pathological processes in stroke patients.

4.2 Expression of apelin/APJ after stroke

Apelin and APJ expression levels vary at different time points
during a stroke (Lv et al., 2013). In one of my previous studies, we
found that the endogenous level of apelin-13 increased at 12 h and
peaked at 24 h after SAH, while the levels of APJ started to increase
at 6 h and peaked at 24 h after SAH (Xu et al., 2019). Various
transcription factors, such as ATF4, Sp1, STAT3, and HIF-1α, play
crucial roles in regulating the apelin/APJ system (Pugh and Tjian,
1991; He et al., 2015; Han et al., 2008; Zhang et al., 2009; Yeh et al.,
2011). Cerebral ischemia results in oxygen and glucose deprivation,
which is associated with abnormal apelin/APJ signaling (Zhang
et al., 2009; Yeh et al., 2011). HIF-1α and Sp1 induce the
expression of apelin/APJ after a stroke (Pugh and Tjian, 1991;
He et al., 2015; Han et al., 2008). Under ischemic conditions,
HIF-1α translocates to the nucleus and activates the transcription
and expression of apelin and APJ proteins (Wang et al., 2006; Han
et al., 2008). Apelin and APJ expression is induced in neurons during
the early stages of ischemia by increased Sp1 via HIF-1α (Woo et al.,
2012; Fan et al., 2017). Reperfusion, however, results in the
downregulation of the apelin/APJ system. In mice subjected to
chronic normobaric hypoxia, APJ expression in the hippocampus
is significantly reduced, and apelin-13 can reverse this reduction
(Sheng et al., 2012). The apelin/APJ system is also affected by ER
stress, inflammation, and oxidative stress (Mei et al., 2015;
Morimoto et al., 2007). For example, cerebral I/R injury is
mediated by the ER stress response, which is activated during
reperfusion but not ischemia (Nakka et al., 2010; Xin et al., 2014;
Jeong et al., 2014). Reperfusion may induce apelin expression due to
ER stress regulation by ATF4 via the p38 MAPK pathway (Liu et al.,
2018). Apelin-12 has been shown to inhibit the JNK and p38MAPK

FIGURE 4
The different sources of oxidative stress.
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signaling pathways, leading to cell apoptosis in MCAO-induced
ischemic mice (Arani Hessari et al., 2022).

Due to the crucial roles of the apelin/APJ system in stroke,
targeting it could provide novel treatments for stroke.

4.3 Modulation of oxidative stress by the
apelin/APJ system after stroke

The apelin/APJ system is widely studied for its neuroprotective
properties, including anti-neuroinflammation, anti-apoptosis, and
antioxidative stress. Several studies have reported the
neuroprotective effects of the apelin/APJ system in the CNS.
However, research on stroke has largely focused on its anti-
apoptosis and anti-inflammatory effects, overlooking its antioxidative
stress effects (Gholamzadeh et al., 2021; Xu et al., 2018b; Xu et al., 2019).
This study focuses solely on the antioxidative stress effects of the apelin/
APJ system, providing guidance for future research.

The apelin/APJ system inhibits oxidative and nitrative stresses,
producing neuroprotective effects. Our previous study showed that
the apelin/APJ system exerts significant antioxidative effects by
suppressing endoplasmic reticulum stress-associated oxidative
stress via AMPK/TXNIP/NLRP3 signaling pathways (Wu et al.,
2015). It also increases superoxide dismutase activity and decreases
malondialdehyde (MDA) levels to reduce oxidative stress induced
by I/R injury (Duan et al., 2019). Apelin-13 has been shown to
significantly decrease ROS and MDA levels while increasing
antioxidant protein expression in a dose-dependent manner via
the AMPK/GSK-3β/Nrf2 pathway (Khoshnam et al., 2017). The
apelin/APJ system may protect cells from oxidative stress-induced
death by decreasing ROS production and promoting ROS clearance.

Nitric oxide (NO) exhibits different effects in ischemic stroke: it
is neuroprotective when produced by endothelial NOS (eNOS) but
mediates oxidative/nitrosative injuries when generated by neuronal
NOS (nNOS) (Iadecola et al., 1997; Salcedo et al., 2007). Similarly,
apelin has dual effects on vascular function. Activation of the apelin/
APJ axis induces peripheral arterial relaxation in a NO- and
endothelium-dependent manner (Japp et al., 2008; Modgil et al.,
2013). However, in male rats, the apelin/APJ system inhibits NO-
induced cerebral artery relaxation by blocking calcium-activated K
(BKCa) channels via the PI3K/Akt pathway (Mughal et al., 2018;
McKinnie et al., 2017). Further research is needed to determine how
apelin affects oxidative/nitrosative stress in ischemic stroke.

5 Potential targets of the apelin/
APJ system

As indicated above, the apelin/APJ system plays a major role in the
occurrence and development of several diseases, including strokes.
Therefore, targeting the apelin/APJ system can be a promising
approach to treating neurological diseases (Brame et al., 2015).
Recent studies have identified small molecule agonists and
antagonists targeting the apelin/APJ system. For example, an
antidiuretic hormone-inducing non-peptide agonist E339-3D6 has
been reported to induced vasorelaxation of rat aorta precontracted
with noradrenaline and potently inhibited systemic vasopressin release
by activating with apelin receptor, which can be a potential target to

allow development of a new generation of vasodilator and aquaretic
agents (Murza et al., 2014). [20040517]. Additionally,ML233 selectively
inhibits AT1 receptors, inducing vasoconstriction via phospholipase C
by binding to APJ (Gerbier et al., 2017). These molecules can decrease
renin levels generated via the cAMP pathway (Murza et al., 2012).
Research on antagonists of APJ receptors is also progressing rapidly.
ML221 was the first such antagonist to be developed (Jia et al., 2012);
another antagonist, ALX40-4C, has also been identified. TheALX40-4C
receptor antagonist, consisting of nine arginine residues, is effective for
both APJ and CXCR4 receptors and inhibits intracellular calcium
mobilization and receptor internalization in response to ligands, and
it can be the potential utility for further elucidation of HIV-1
neuropathogenesis and therapy of HIV-1-induced encephalopathy
(Jia et al., 2012). PMID: 12890632 Additionally, some apelin-13-
based molecules showed more potent and stable analogs targeted at
APJ (Juhl et al., 2016). Cao et al. showed that apelin analogs directly
reduced blood pressure by activating the Akt-eNOS/NO pathway.
Drugs targeting apelin might help treat inflammation-related
diseases associated with oxidative stress. Puerarin has been shown to
reduce apelin expression and protect against renal hypertension (Juhl
et al., 2016; Centers for Disease Control and Prevention, 2001),
suggesting its potential in treating oxidative stress-linked blood
pressure. To conclude, Apelin/APJ-targeting drugs contribute to
pharmacological research and understanding the mechanism of
oxidative stress-mediated diseases.

6 Conclusion

The apelin/APJ system is extensively distributed in the brain and
plays vital roles in regulating neurological diseases, including stroke.
It shows significant neuroprotective effects by suppressing oxidative
and nitrative stresses via different signaling pathways. Recent years
have seen the discovery of potential drugs targeting APJ and apelin
(E339-3D6, ML233, ML221, and ALX40-4C), and pharmacological
interactions with Apelin/APJ have become reliable tools for
exploring this system’s role in oxidative stress-mediated diseases.

Further in-depth studies on the physiological and pathological
effects of the apelin/APJ system and its potential mechanisms will
greatly aid clinical prevention and intervention in strokes. The
development of drugs targeting the apelin/APJ system will benefit
patients and alleviate the pressures on families and society.

This study extensively shows the apelin/APJ system and its
antioxidative roles in stroke. However, some limitations should
be addressed: 1. This study focuses solely on the antioxidative
effects of the apelin/APJ system in stroke, overlooking other
physiological roles such as anti-apoptosis and anti-
neuroinflammation. Application of this results should be more
carefully. 2. Although some clinical trials have been registered
(Num. ChiCTR2200060945, ChiCTR2100054712, ChiCTR-OOC-
15006043, ChiCTR-ODT-13004019), clinical application of apelin/
APJ has not yet been reported. The clinical values of apelin/APJ
system should be further explored in future studies. 3. Currently,
limited studies focus on the antioxidative effects of the apelin/APJ
system in stroke, which remains largely unexplored. Future studies
of the apelin/APJ system should include different cellular signaling
pathways of oxidative stress, various sources of ROS, and different
clinical drugs that can be further explored. 4. The connection of
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different signaling pathways mediated by apelin/APJ system should
be further explored, which can greatly increase the readability and
application of apelin/APJ system.
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